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Foreword

Both standard and developmental methods for nondestructive evaluation
(NDE) are reviewed in this survey. The high reliability required for aerospace
components has been one factor in the increasing development of more effective
methods, but many other sectors of industry are making use of these improve-
ments. Major fields of NDE (the use of liquid penetrants, magnetic particles,
X-ray radiography, ultrasonic vibrations, and eddy currents) have reached
a high state of development. Less widely used techniques in industry include
strain sensing, neutron radiography leak detection, heat (thermal or infra-red
methods), and the use of microwaves, acoustic emission and holography.

The principles involved are discussed and typical applications are given.
Advantages and disadvantages are listed, NASA contributions are summarized,
and an attempt is made to present practical considerations.

The National Aeronautics and Space Administration established its Tech-
nology Utilization Program to disseminate knowledge derived from aerospace
research so that the private sector and various public agencies could benefit.
Information is collected and evaluated in terms of its potential utility. This
survey is one of a series of documents designed to aid in the dissemination and
use of such developments.

The information in this survey is based on an examination of pertinent
literature from NASA and its contractors, and discussions with scientists in
the field. A comprehensive reference and bibliography will aid the reader who
seeks further details.

Director
Technology Utilization Office
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CHAPTER 1

Introduction

C. Gerald Gardner

Man has always been concerned with the
quality and reliability of the things he fashions
for himself, the products of his technology.
Moreover, he has continually sought to improve
upon his immediate senses as instruments by
which to test these products. Archimedes’
jubilant “eureka” was evoked not primarily
because he had discovered the principle of flo-
tation, but rather because that discovery af-
forded him a means of determining whether his
king’s newly made gold crown had been un-
duly alloyed with silver. In this respect, the
most gifted technologist of antiquity was con-
cerned with what today is called nondestructive
evaluation (NDE).

While man’s concern with nondestructive
evaluation has always been manifest, his skills
and implements for this task have generally
lagged behind his technology. Indeed, most
of the NDE methods presently used were de-
veloped within the past half century; some
are less than a decade old. Moreover, until quite
recently, NDE was commonly regarded as a
production shop activity, a mixture of craft
and lore, the province of the skilled tradesman ;
rarely (as in the case of Archimedes) was it an
area of concern for the engineer or scientist.
As long as serviceability and safety could be
secured by an engineering approach based on
overdesign with large safety factors, such an

unsophisticated approach to NDE was accept-
able. But, with the advent of the modern tech-
nological era, the need has arisen for com-
ponents and structures of unprecedented ef-
ficiency, the design of which requires that the
constituent materials are exploited close to their
ultimate capability. Such a design approach re-
quires both a greatly improved understanding
and exploitation of the engineering properties
of classical materials, and the development and
use of new materials including nonmetallics
and composites. With these developments has
come the need for commensurate improvements
in the technology of nondestructive evaluation.

By the close of World War II, the “big five”
NDE methods (liquid penetrant testing, mag-
netic particle testing, X-ray radiography, ultra-
sonic testing, and eddy-current testing) had
reached a high, though not definitive, state of
development. The post-war years brought the
introduction of nuclear power plants, jet-
powered aircraft, rocket-powered ballistic mis-
siles, unmanned spacecraft, and finally manned
spacecraft. These developments required fur-
ther refinement of the big five NDE methods,
as well as of strain sensing and leak detection.
The development of entirely new methods, in-
cluding thermal and infrared testing, micro-
wave testing, acoustic emission testing, and
holographic testing, was also stimulated. Most
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2 NONDESTRUCTIVRE TESTING

of these refinements and new developments are
based on advanced physics and electronics;
their development was brought about by the
efforts of highly trained scientists and engi-
neers as well as skilled technicians.

The contemporary period in NDE develop-
ment is characterized not only by the intro-
duction of novel, sophisticated technical ap-
proaches, but also by a trend away from hand
operations and toward substantially automated
inspection systems. By greatly reducing the
time required for inspection and by eliminat-
ing the uncertainties typically associated with
“operator dependence” of hand operations, such
automated systems are, in many cases, proving
to be cost-effective despite their greater initial
cost. Thus progress in systems engineering,
electromechanical design, signal processing, in-
formation theory, computer technology, and
cybernetics are increasingly prominent aspects
of NDE development.

The aerospace industries and government
agencies concerned with aerospace development.
are making significant contributions to the de-
velopment and growth of NDE. Among these
the National Aeronautics and Space Adminis-
tration (NASA), through its several Centers
and many of its contractors, is a significant con-
tributor. NASA’s contributions to NDE are, of
course, by-products of its primary mission, the
development of advanced aerospace vehicles
and the exploration of space. The extraordinary
efficiency and reliability of modern aerospace
structures has been achieved in no small measure
because of the systematic, painstaking programs
of reliability and quality assurance (R&QA)
that have accompanied their development and
production. In these R&QA programs, nonde-
structive evaluation is a significant factor,
though certainly not the only one. NASA’s in-
fluence on NDE technology is both indirect and
direct—indirect in the sense that its needs have
stimulated developments by suppliers, and di-
rect in the sense of explicit research and devel-
opment efforts by both NASA Centers and
NASA contractors. Many NASA-sponsored
advances in NDE technology have potential ap-
plications outside the aerospace field, and this

survey is intended to serve primarily as a me-
dium for the dissemination of these develop-
ments and for their transfer to nonaerospace
applications.

Throughout industry, popular demand for a
greater degree of quality, reliability, and safety
in all products is currently focusing attention
on NDE. The automotive and trucking industry,
the railroad and high-speed ground transporta-
tion industry, the pipeline industry, and the
shipbuilding industry all stand to profit from
advances in NDE technology. The electric util-
ity industry, the construction industry, the
home aprliance industry, and the food industry
likewise are recognizing that NDE, properly
implemented, can more than pay for itself
through improvements in product uniformity,
fewer rejections, and reduced incidence of in-
service failure.

Typically. the responsibility for recognizing
the need for, and assessing the potential cost-
benefit impact of, a new or revised NDE pro-
gram in industry rests primarily at the level of
middle management. For members of middle
management with such responsibility. a general
working knowledge of the available NDE
methods and their capabilities and limitations
has become a virtual necessity. It is to this audi-
ence that this Technology Utilization Survey is
principally addressed. While it is in no sense
intended to be a textbook or treatise, it is hoped
that it will serve the need of middle manage-
ment for an overview of the field of NDE. Al-
though a general technical faculty on the part
of the reader has been supposed, no expertise
in nondestructive evaluation has been assumed.

In addition to this introduction, the survey
contains nine chapters each of which deals with
a major NDE method, with a concluding chap-
ter on several methods still being developed.
Each of the nine major chapters contains a brief
synopsis of the fundamental principles and
practical procedures in standard use; the con-
tributions made by NASA Centers and con-
tractors are then presented against this back-
ground. These synopses are restricted in scope
to the essentials required for a general under-
standing of the significance of the NASA con-
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tributions subsequently presented. In present-
ing these contributions, emphasis has been
placed on basic principles and practical appli-
cations rather than on details of implemen-
tation.

The primary documentation on which this
survey is based consists of pertinent NASA
technical notes, technical memoranda, and con-
tractor reports. The survey is not intended as
a substitute for these referenced documents, but
as a summary and guide. Readers who find a
contribution of potential use to them should
refer to the referenced document (s) for further,
more detailed information.

Of the numerous NASA contributions de-
scribed herein, one in particular should be
noted. Recognizing that a successful NDE pro-
gram depends crucially on the knowledge and
skill of practicing technicians, NASA has,
through a contractor, prepared a series of in-
structional materials in each of the most widely
used NDE methods (refs. 1 to 18). A training
handbook is provided for each method, which
can be used as a classroom text, together with
one or more manuals of the so-called pro-
grammed type. These manuals are suitable for
self-study, and are designed to lead the student
step-by-step to an understanding of the prin-
ciples, apparatus, and procedures of an NDE
method. When used as part of a systematic
training program conducted by competent in-
structors, and including a period of supervised
apprenticeship, these materials provide the

student with the knowledge and experience nec-
essary for expert application of the method at
the technician level. These books (available
from the American Society for Nondestructive
Testing) may prove to be NASA’s most signif-
icant contribution to the practice of NDE.

Table 1-1 presents in brief outline a com-
parison of selected NDE methods. It contains
for each method the basic property sensed or
measured, some typical applications, and the
most notable advantages and limitations of the
method. This table (of which many similar ver-
sions are in circulation) is necessarily incom-
plete, and is intended to serve only the purpose
of orientation. It should not be relied on for
making critical assessments of the potential
application of a method to a specific NDE task.

Historically, the term “nondestructive test-
ing” has been widely used. Some have preferred
the term “nondestructive inspection.” The Ad
Hoc Committee on Nondestructive Evaluation
of the National Materials Advisory Board (ref.
19) has stated that “the term nondestructive
evaluation (NDE) is considered more appro-
priate . . . since: (1) this discipline also re-
quires the evaluation of test results and inspec-
tion; (2) the words ‘testing and inspection’ do
not properly imply the theoretical aspects of this
field; and (3) the name (nondestructive evalua-
tion) is more succinet and descriptive.” The
recommendation of the NMAB Ad Hoc Com-
mittee has been adopted for this survey.
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CHAPTER 2

Liquid Penetrants

Richard L. Pasley

Liguid-penetrant inspection is a process for
locating defects that are open to the surface
In solid, essentially nonporous materials by ob-
serving the presence of entrapped highly visi-
ble liquids. These liquids penetrate surface open-
ings, remain there during a rinsing operation,
and then emerge to the surface after a thin
coating of absorbent material, which acts as a
developer applied to the article under test. The
visibility of the trace amount of liquid with-
drawn from a defect into the coating is greatly
enhanced by a special additive in the penetrant.
The additive may be cither a very bright dye,
the color of which contrasts with that of the
absorbent coating, or a compound that strongly
radiates visible light under invisible ultraviolet
illumination.

In practice, the liquid-penetrant-inspection
procedure usually comprises six basic steps:

(1) Cleaning of the article to be inspected

(2) Application of the penetrant to the
article

(3) Removal of excess penetrant

(4) Application of an absorbent coating (de-
veloper) to the surface of the article

(5) Visual inspection of the article, and in-
terpretation of flaw indications

(6) Post-inspection cleaning
These steps are further discussed in ensuing
sections; certain special penetrant systems com-
bine or even omit some of these basic steps.

Liquid-penetrant inspection has become pop-
ular throughout industry, and today is probably
the single most widely employed nondestructive
testing method. It is popular because it has a
wide range of applications, is comparatively
casy to employ, and requires only a modicum of
special training or technical ability for its rou-
tine use. Within its normal application, pene-
trant inspection has proved to be both sensitive
and reliable in the hands of properly trained
and experienced technicians. Its fundamental
limitation is, of course, that it is useless for
detecting flaws that are present within the body
of an article, but not open to its surface.

Perhaps the earliest application of liquid-
penetrant inspection was by blacksmiths who, in
the fabrication of ironwares, noticed stains
caused by quenching liquids seeping out of
quench cracks. Liquid-penetrant inspection, as
it is practiced today, however, had its beginning
with the development of the “oil and whiting”
process in the railroad industry. In this process,
such railroad hardware as locomotive parts,
rail car axles, wheels, and couplers were first
coated with a thin liquid consisting of a mixture
of kerosene and heavy, dark lubricating oil.
The excess liquid was then removed from the
surface of the part, leaving the oil mixture en-
trapped in cracks and similar surface flaws. A
coating of a white chalk and alcohol mixture
was then applied to the surface of the part.

7
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When the aleohol evaporated, the part was left
with a thin, uniform film of dry, white powder
coating its surface. The part was then struck
with a hammer or similar tool to force or jar
the entrapped o1l from the defects, thus stain-
ing the white coating (ref. 1).

Although, in principle, the oil and whiting
process would work on both ferrous and non-
ferrous metal parts, the method was appar-
ently used only on steel parts. When the
magnetic-particle method for inspecting ferro-
magnetic materials was introduced, the oil
and whiting method began to decline in popu-
larity, and, by 1940, had been largely displaced
by the magnetic-particle method (ref. 2).

The next significant advancement in pene-
trant inspection was the addition of black-light
inspection to the process. After a penetrating
oil was allowed to seep into surface disconti-
nuities, the surface of the article under inspec-
tion was cleaned quickly with a solvent, then
viewed under ultraviolet light. Oil fluoresces,
or glows, emitting a pale blue light when illumi-
nated by ultraviolet (so-called “black”) light;
hence, the visibility of the traces of oil migrat-
ing out of very small surface defects was sub-
stantially enhanced. Usually both the oil and
the article being inspected were heated to in-
crease penetrating effectiveness, thus giving
rise to the name “hot-oil method.” Although
this development marked an improvement in
liquid-penetrant processes, it was, by modern
standards, low in sensitivity because of the
faintness of the oil’s fluorescence ; consequently,
it had only limited use (ref. 2).

With the onset of World War II, an urgent
need, especially in the aircraft industry, was
generated for improved nondestructive test
methods, which accelerated the development
of liquid penetrants. Tn 1941, Robert. C. Switzer
and Joseph L. Switzer developed an improved
penetrant test by introducing a highly fluores-
cent additive into a specially compounded pene-
trant liquid. Under black light, the resultant
material emitted a brilliant yellow-green fluo-
rescence, which exhibited high contrast when
viewed in a darkened room. The yellow-green
hue was close to the color range to which the
normal eye is most sensitive, and thus proved

to be ideally suited for the visual detection of
small defects, Commercial fluorescent penetrant
systems were quickly introduced and immedi-
ately accepted by industry (ref. 3).

About the same time that fluorescent pene-
trants were being developed, the Switzers also
thought of using brilliant colored dyes which
would be visible under ordinary white light.
Contributions in this direction were 2lso made
by Tabor de Forest (ref. 4). Because of the
difficulty in providing black-light inspection
for large welded structures, the welding indus-
try offered a good market for penetrants with
visible dyes. This and similar industrial re-
quirements prompted the commercial develop-
ment and widespread use of colored (usually
red) dye penetrants.

Although attempts were made to formulate
penetrants with water as the liquid vehicle,
such formulations originally were found to be
much inferior to penetrants with an oil base.
The convenience of using oil-base penetrants
was greatly increased with the development of
formulations containing an emulsifying agent
in the penetrant material itself. This made the
penetrant material washable by ordinary tap
water. Such self-emulsifiable penetrant systems
of the fluorescent type were the first to have
wide commercial success.

During the early 1950%s, the so-called post-
emulsifiable penetrant systems were developed,
in which the former practice of adding an
emulsifying agent to the penetrant liquid itself
was abandoned. Instead, a separate step was
introduced in which an emulsifying agent was
added after the liquid penctrant had been ap-
plied. This post-emulsifying technique proved
markedly superior to the use of self-emulsifiable
penetrants in detecting comparatively wide and
shallow defects such as seratches or gouges. It
also competed favorably with the self-emulsi-
fiable penctrants in revealing small defects
such as cracks (ref. 2).

The current demand for aerospace hardware
of near 100-percent reliability, as well as the
large-scale use of new engineering materials,
has continued to stimulate the development of
liquid-penetrant materials and methods. Mate-
rials that are safe for use on surfaces in contact
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with liquid oxygen have been developed. Others
have been formulated that are compatible with
titanium, nickel, and other alloys. Methods of
permanently recording penctrant-inspection
indications and penetrant materials with con-
trolled ranges of sensitivity have been intro-
duced. Promising alternatives to the standard
post-emulsification system are available; some
of which are treated in this chapter. There is
every indication that new advances will occur
as the manufacturers of penetrant materials
respond to the challenges of advancing tech-
nology. The same is true of penetrant
inspections.

The most important advantage of the pene-
trant method is its relative simplicity and econ-
omy. With very little investment in equipment,
supplies, and operator training, an excellent
liquid-penetrant inspection capability can be
established. Other advantages are listed below.

(1) The method will accommodate articles of
many sizes and shapes.

(2) Automation can be used to provide rapid,
uniform inspection of large quantities of simi-
lar objects.

(3) Many penetrant materials are available
to suit a wide range of special purposes.

(4) The penetrant method is comparatively
easily and quickly learned.

(5) In the hands of trained and experienced
technicians, the method has less tendency to
give false indications than many competing
techniques,

The principal limitation of nondestructive
testing by liquid penetrants, as noted earlier, is
that it can detect only those discontinuities hav-
ing an opening to the surface. Thus, the pene-
trant method is suited for detecting surface
cracks, seams, tears, pits, laps, and porosity.
(Another type of defect for which penetrants
are sometimes used is leaks in piping and con-
tainers. Leak testing with liquid penetrants is
discussed in another chapter.) Some of the
principal disadvantages of liquid-penetrant
inspection are listed below.

(1) The effectiveness of the method depends
on the skill and vigilance of the inspector; it is
operator dependent.

(2) Porous surfaces tend to absorb pene-

trants, thus producing an undesirable back-
ground which will mask defect indications.

(3) In general, penctrants are not useable
at very hot or very cold temperatures; i.e., below.
about 40° or above 120° F.

(4) The liquid materials may be contami-
nated by water, dirt, and other foreign sub-
stances, rendering the method ineffective,

(5) If penetrant or developer material affects
subsequent. processes, such as painting or etch-
ing, special post-inspection cleaning may be
required.

Other standard nondestructive test methods
that can detect surface flaws include magnetic-
particle, eddy-current and ultrasonic testing,
and radiography. Less frequently used than
these standard methods, magnetic-field pertur-
bation and electric-current injection also com-
pete with liquid-penetrant testing as methods
of detecting surface flaws. In general, radiog-
raphy is far less sensitive than liquid penetrants
in detecting fine surface flaws, and, generally, is
more costly. For the inspection of ferromag-
netic articles, magnetic-particle testing is
comparable in sensitivity to that by liquid pene-
trants, and, when dry magnetic powder is used,
has the advantage of being faster and less
messy. The magnetic particle method, however,
is inapplicable to nonferromagnetic articles; in
this respect, the liquid-penetrant method com-
plements the magnetic-particle method. In the
hands of a skilled technician, ultrasonics
approaches liquid penetrants in its ability to
detect surface flaws. Compared with liquid-
penetrant inspection, however, the use of ultra-
sonics for scanning any appreciably large area
is usually prohibitively time-consuming and
costly. Eddy-current inspection for surface
cracks has about the same deficiency in rate of
inspection as ultrasonics, and, with a few excep-
tions, is less sensitive than liquid-penetrant
inspection. Both the magnetic-field-perturba-
tion method (for ferromagnetic articles) and
the electric-current-injection method have been
shown to be generally more sensitive than the
liquid-penetrant method. Their use, however, is
generally restricted to the inspection of a large
number of articles of similar size and shape,
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thus justifying a semiautomatic and compara-
tively expensive inspection machine.

PHYSICAL PRINCIPLES

The penetrant inspection method depends on
a liquid that can effectively wet the surface of
a solid article, flow over that surface to form a
continuous and reasonably uniform coating,
and migrate into cavities that are open to the
surface, The cavities of interest are, of course,
usually exceedingly small, and the surface open-
ing may be quite invisible to the unaided eye.
The ability of a given liquid to flow over a given
surface and enter surface cavities depends prin-
cipally on the following factors:

(1) The cleanliness of the surface

(2) The geometry of the cavity

(3) The size of the cavity

(4) The surface tension of the liquid

(5) The ability of the liquid to wet the
surface.

The cohesive forces between the molecules of
a liquid cause a surface tension. An example of
the influence of surface tension is the tendency
of free liquid, such as water droplets, to con-
tract into a sphere. In such a droplet, the surface
tension is, of course, counterbalanced by the
internal hydrostatic pressure of the liquid.
When the liquid comes into contact with a solid
surface, the cohesive force responsible for sur-
face tension competes with the adhesive force
between the molecules of the liquid and the
solid surface. These forces jointly determine the
contact angle 6, which the liquid makes with the
surface (fig. 2-1). If it is less than 90°, the
liquid is said to wet the surface, or to have good
wetting ability.

Closely connected with wetting ability is the
familiar phenomenon of capillary rise or de-
pression (fig. 2-2). If the contact angle, which
the liquid makes with the wall of the capillary
tube, is less than 90° (i.e., if the liquid wets the
tube wall), the liquid meniscus in such a tube is
concave, and the liquid rises in the tube. If, on
the other hand, the liquid does not wet the tube
wall, the meniscus is convex, and the liquid is
depressed in the tube. In the case of capillary
rise 1llustrated here, the meniscus does not pull

Liquid

8 = Contact Angle

(a) 0 Greater Than

90° Poor Wetting Liquid
1
L i 7 7

{b) 8 Equal to 30° i

Poor Wetting v A 9

P

Liquid

(AIA IS SIS 2|
{c} 8 Less Than 90°
Good Wetting

FiGurRe 2-1.—The contact angle, 6, is the angle be-
tween the liquid and solid surfaces.
A = Contact Angle

y Tubes

Capilla
V4 .
J l ’ \

S TRy v g

(a) P Greater {b) A Equal to 90° (c} 6 Less Than 90°

Than 90° Results in Results in Capil-
Results in Neijther Capil- lary Rise
Capitlary lary Depression

Depression nor Capillary

Rise

F1cURE 2-2.—The rise or depression of liquids in small
vertical capillary tubes is determined by the con-
tact angle, 6.

the liquid up the tube; rather, the hydrostatic
pressure immediately under the meniscus is re-
duced by the distribution of surface tension in
the concave surface, and the liquid is pushed up
the capillary by the hydraulically transmitted
pressure of the atmosphers at the free surface
of the liquid outside the capillary. In fact, fig-
ure 2-3 clearly shows that if 7 is the surface
tension (i.e., the force per unit length of surface
edge), and » is the capillary radius, then the net
force on the liquid column, due to surface ten-
sion, is 2xr7 cos ; this must equal the weight
of the vertical liguid column, which is =r%gh,
where p is the mass density of the liquid, 24 is
the height of the liquid column, and g is the
acceleration due to gravity. This leads to the
equation:

2xrT cos §=nr’pgh
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# = Contact Angle
T = Surface Tension f

T coa #

B

- Surface Tension
¥ Meniacus

{a) Downward Force = Weight of
Liquid Column
Fp = 2relig

(b} Upward Force

Perimeter
Fu = (T cos 8) ¥ (2xr)

F16URE 2-3.—The forces involved in capillary rise are
the downward force from the weight of the liquid
column and the upward force from surface tension
along the meniscus perimeter.

This simplifies to the basic equation of capillary
rise:
_2T cos

g

h

Thus the height to which the liquid rises is di-
rectly proportional to the surface tension of
the liquid and to the cosine of the angle of con-
tact; it is inversely proportional to the density
of the liquid and to the radius of the capillary.
If, as in figure 24, the capillary tube is closed
rather than open, a wetting liquid will still rise
in the tube; but now there exists an extra pres-
sure due to the air and vapor compressed in the

FI16URE 2—4.—The rise and depression of liquids in
closed capillary tubes are affected by the com-
pressed air entrapped in the closed end.

479-913 0 - 73 -- 2

closed end of the tube, and the capillary rise is
not as great.

These examples of liquid-surface wetting and
capillary rise illustrate the basic physical prin-
ciples by which a penetrant may enter fine sur-
face discontinuities. It must be recognized,
however, that the practical circumstances en-
countered in the use of liquid penetrants are
somewhat more complex than these examples
may suggest. Cracks, for example, are not capil-
lary tubes; but the basic interaction between a
liquid and a solid surface, which is responsible
for capillary rise, is also responsible for the
migration of penetrants into fine surface open-
ings. Thus, a high-surface tension in a pene-
trant, combined with a small angle of contact
and low density, is generally desirable.

It is noteworthy that the viscosity of the
liquid is not a factor in the basic equation of
capillary rise. Viscosity is related to the rate at
which a liquid will flow under some applied un-
balanced stress; in itself, it has a negligible
effect on penctrating ability. In general, how-
ever, very viscous liquids are unsuitable as pene-
trants because they do not flow rapidly enough
over the surface of an article; consequently,
they require excessively long periods of time to
migrate into fine flaws.

Another desirable property of a liquid pene-
trant is its ability to dissolve an adequate
amount of a suitable dye or fluorescent com-
pound. Finally, the liquid must be compatible
with a suitable solvent or emulsifier (if it is to
be water-washable).

The foregoing discussion should make it clear
that the development of practical penetrant ma-
terials has entailed solving a wide range of
technical problems. The successful development
of a modern oil-base, self-emulsifiable, fluores-
cent penetrant of high sensitivity and low vola-
tility, and which is chemically stable over a
practical temperature range, tolerant of minor
contamination, and safe both for the user and
the material on which it is used (at a reasonable
price), is indeed a noteworthy achievement.

Just as it is important that a penetrant enter
surface flaws, it is also important that the pene-
trant emerge from the flaw after the superficial
coating is removed from the penetrant. It is a
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seeming paradox that the same interaction be-
tween a liquid and a surface that causes the
liquid to enter a fine opening is also responsible
for its emergence therefrom. The resolution of
the paradox is simple: once the surface has been
forcibly freed of the excess penetrant by the
washing operation and is again clean, it becomes
accessible to the entrapped liquid, which, under
the effect of the adhesive forces between liquid
and solid, spreads over the newly cleaned sur-
face until an equilibrium distribution is at-
tained, as illustrated in figure 2-5.

Although in some cases the amount of pene-
trant in the surface bead at equilibrium is suffi-
cient to be detected visually, sensitivity is vastly
increased by the use of a so-called developer.
The common developer is an extremely fine,
fluffy powder. When applied as a thin coat to
a surface immediately following the removal
of excess superficial penetrant, it forms a
sponge-like system of very fine, random capil-
lary paths. If the penetrant contacts the powder,
the powder then competes with the freshly
cleaned surface of the inspected item for the
penetrant liquid as it flows out of the flaw. If
the developer is properly designed, it readily
absorbs the liquid, and, under favorable condi-

FI1GURE 2-5.—After the excess penetrant has been re-
moved from the surface, the penetrant liguid re-
maining in a crack will emerge and form a bead
on the surface.

tions, can literally clean the flaw and the sur-
rounding surface of the penetrant liquid. The
liquid continues to migrate by capillary action,
spreading through the developer until either an
equilibrium is reached or the liquid evaporates,
leaving behind a residue of visible dye or fluo-
rescent material. This migrating action is shown
schematically in figure 2-6. The visibility of the
dye is greatly increased by the spreading or en-
largement of the indication, and also by the
contrast between the color of the dye (usually
red) against the color of the developer (usually
a flat white). In the case of fluorescent pene-
trants, the enlargement of indication is effective
in increasing sensitivity, but, of course, the color
of the developer no longer plays so important
a role.

It should be noted that the developer is a
mixed blessing. The enlargement of indication,
due to spreading in the developer, inevitably
causes a reduction in resolution, which makes it
difficult to discriminate between two separate
flaws that are close together. Also, the migra-
tion of the penetrant in the developer dilutes the
visible dye or fluorescent additive; and, if the
thickness of the developer coating exceeds a cer-
tain optimum value, the detectability of a flaw
will, in general, be reduced.

Developer

L/

- PP 2 o
0 92920 2
[/

7 "

FicURE 2-6.—Schematic of powder developer action.
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PENETRANT SYSTEMS

Classification of Penetrant Systems

The expression “penetrant system” is used
here to denote a particular set of materials that
have been specifically formulated in combina-
tion to perform a penetrant inspection; it does
not refer to a set of mechanical devices or other
apparatus which may be necessary in the proc-
ess. The most commonly used liquid-penetrant
systems are customarily categorized according
to the criteria below.

(1) The type of additive used to make the
penetrant visible; thus colored-dye penetrants
are distinguished from fluorescent penetrants.

(2) The rinse medium used to remove the
superficial coat of wet penetrant from an article;
thus water-washable penetrants are distin-
guished from the solvent-removable penetrants.

(3) The need for a separate emulsifier; thus
self-emulsifiable penetrants are distinguished
from post-emulsifiable penctrants. The self-
emulsifiable penetrants have an added constitu-
ent, an emulsifying agent, which makes them
miscible with ordinary water without further
treatment. The post-emulsifiable penetrants re-
quire, as a separate step in the inspection pro-
cedure, the addition of an emulsifying agent
directly to the penetrant on the surface of an
article under inspection.

Other characteristics which differentiate pen-
etrant systems are listed below.

(1) Nature of the liquid base of the penetrant.
The most common penetrants are formulated
with oil bases. However, there are also now
available water-base penetrants; water-soluble-
base penetrants (which do not require an emulsi-
fier), such as glycol-base penetrants; and pen-
etrants whose bases form gels when water is
added in certain proportions.

(2) Type of developer required in the pene-
trant system. Some systems have wet developers,
others, dry developers, and some have no devel-
opers at all. In cases of large surface openings,
penetrant material will emerge to the surface
in sufficient amounts to be easily detected with-
out the use of a developer. Also, highly sensitive
penetrant systems have been introduced that are
specifically intended to be used without devel-

opers. Developers are discussed in some detail
later in this chapter.

(8) Specific type of inspection for which the
penetrant system is formulated. Thus, there are
special penetrant systems for leak detection, for
inspection of electronic circuits, etc.

(4) Sensitivity of the penetrant system. In
some cases, it is useful to be able to select a
penetrant that is comparatively insensitive to
flaws smaller than a certain size. Several manu-
facturers now offer penetrants in a graded range
of sensitivities.

Developers

A properly designed developer causes pene-
trant material to emerge from small surface
openings and spread through the developer ma-
terial. This spreading action enlarges the area
covered by penetrant material, thereby enhanc-
ing the visibility of the penetrant indication.
There are two principal classes of developers—
powder-particle developers and dilution-expan-
sion developers. The powder-particle developers
further comprise three types: (1) the dry devel-
opers, (2) the aqueous wet developers, and (3)
the nonaqueous wet developers. The dry devel-
opers are special light fluffy powders that will
cling to dry metallic surfaces. Figure 2-7 illus-
trates the application of powder developers.
Aqueous wet developers are suspensions of pow-
der in water to which wetting agents have been
added. The nonaqueous wet developers are pow-
ders suspended in a volatile organic liquid. De-
veloper powders must, of course, be insoluble in
the penetrant.

With fluorescent penetrants, the aqueous wet
developers and the dry developers are generally
preferred, whereas nonaqueous wet developers
are usually used with visible dye penetrants.
Wet developers are best suited for use on very
smooth surfaces to which dry developers adhere
poorly; when a large number of small articles
are to be inspected ; or when wide, shallow dis-
continuities are sought. Dry developers are gen-
erally preferred for inspecting rough surfaces;
sharp fillets, holes and threaded articles; and

very large articles. . ‘
The so-called dilution-expansion developers
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Ficure 2-7.—Small parts in a wire basket are dipped
into a dry fluffy developer (ref. 2). (Courtesy of
Magnaflux Corp.)

are liquid or plastic film materials that do not
contain particulates. After the developer is ap-
plied, the penetrant diffuses into the liquid
developer so that it is simultaneously diluted
and expanded in the film, thus becoming more
visible to the test operator. If the plastic form
is used, the developer will set and freeze the
penetrant in a film which may be stripped from
the part surface and used as a recording of the
penetrant indication. Strippable developers are
further discussed in an ensuing section of this
chapter.

INSPECTION PROCEDURES

Basic Steps

Except in certain penetrant systems that re-
quire no developer, the penetrant-inspection
process involves six basic steps:

(1) Cleaning of the article to be inspected

(2) Application of the penetrant

(3) Removal of excess penetrant

(4) Application of developer to the surface

of the article (not required for some recently
introduced systems)

(5) Visual inspection of the article and inter-
pretation of indications

(6) Post-inspection removal of residue mate-
rials.

The details of each step depend on the par-
ticular penetrant system being used. For in-
stance, the post-emulsifiable-penetrant method
requires the addition of an emulsifying agent
as part of the wash operation for removal of
excess penetrant. Flow charts illustrating the
sequence of steps for the most commonly used
penetrant systems are shown in figures 2-8, 2-9,
and 2-10. Each of the basic steps is discussed
more fully in the remainder of this section.

Cleaning Methods

For effective penetrant inspection, the sur-
face of an article must be free of rust, scale,
welding flux, grease, paint, oily films, and dirt.
The complete removal of such contaminants is
quite important because if anything is left on
the surface which will prevent the penetrant
liquid from entering a defect, the inspection will
be ineffective. Some of the common cleaning

WATIR WASHARBLE
Visible or Fluorescenty

Clean
ltem

Apply
Penetrant
Drain
Item
Rinse Off
Penetrant
Wet
Deseloper
Ty f 1
Developer Aqurous Nunagueous
Dry
liem
Y
Apply Wet

Apply Dry

Py Nufidgueous
Frem Developer

L
Dry
Ispect Htem

Fieure 2-8.—Procedures for
water-washable liquid-pene-
trant systems.

Draclaper
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POST I MULSIFIABLE SYSTEM methods and their recommended applications
are as follows (ref.5) :
(lean (1) Detergent cleaning (or washing with soap
‘ and water) is generally recommended for re-
‘ popply moving superficial materials and contaminants
' from surface and void areas. Rags and brushes
em are commonly used with a detergent cleaner to
I wash or scrub a surface. Brushes with wire
o bristles should generally not be used, as the
—I— bristles may actually close the surface openings
Penetrant of some small defects.
—t— (2) Cleaning with organic solvents, such as
Dot paphtha or alcohql, is reFommendeq for remov-
. 7!; 1 ing grease and 01ls.. Thl§ method 1s ge?neraI.Iy
— e N“":‘“‘““ inadequate for solid soils embedded in void
Jtem Aqueous e areas.
Am:y - D‘ry P (3) ‘V apor deg.reasmg 1s recommen(‘led for
Developer tem | |Nonaqueous removing heavy oils, grease, and organic soils.
I—‘—l : - The article is suspended in a container at the
trepect F““""L] | e j bottom of which a quantity of chlorinated sol-
- vent is being heated and vaporized. Hot vapors
mpet condense on the article and dissolve the con-
Freure 2-9.—Procedures for tamination. For inorganic soils, detergent clean-
post-emulsifiable liquid-pen- ing is generally superior to this method.
etrant systems. (4) Descaling solutions, such as hydrochloric
SOLVENT-REMOVABLE SYSTEM acid, nitric acid, or hydrofluoric acid (depend-
(Visible or Fluorescent) ing on the base metal), are recommended for
removing oxide films and oxide scale.. The de-
Clean sealing solution chosen must be used with care
ftem to prevent degradation of the article being
1 cleaned. The articles should be thoroughly
pompply rinsed and dried after descaling.
i (5) Paint remover is recommended for strip-
Drain ping away paint from the article’s surface.
ftem Either solvent paint removers or hot-tank alka-
! line strippers may be used, as appropriate. The
P‘:ﬁ;‘:;’x‘t articles should be thoroughly rinsed and dried
after paint removal.
(6) Ultrasonic cleaning is recommended for
Apply Wet use in conjunction with any of the above clean-
" onaguenus ing materials. The ultrasonic agitation im-
! proves cleaning efficiency and decreases clean-
Ilt)e’r’r" ‘ ing time.
) (7) Abrasive blasting is sometimes used to
remove resistant incrustations of carbon, rust,
pect and scale. This type of cleaning, however, can
result in filling surface discontinuities with
Fiave 2-10.—Procedure for abrasive or the crust material, or in peening

solvent-removable liquiad-

penetrant systems. the surface of the base material, thus possibly
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closing some discontinuities. Hence, this method
should be used only with due caution, if at all.

(8) Aér firing (1.e., heating in a clean, oxidiz-
ing atmosphere) is sometimes useful for remov-
ing moisture or light organic soil from ceramic
articles.

Penetrant Application

Proper application of the penetrant to an
article includes thoroughly and uniformly
wetting with the penetrant the region of the
surface to be inspected, and maintaining the
coating wet for a prescribed minimum time
(so-called dwell time), during which the ma-
terial migrates into the surface flaws. Dwell
times generally recommended for many dif-
ferent combinations of materials, surface flaws,
and penetrants may be found in references 2
and 3. Temperature affects penetrating action;
however, for most materials the manufacturer’s
recommended dwell times are valid for the
range of 60° to 90° F. For temperatures be-
tween 30° and 60° F, the dwell time should
generally be lengthened to at least twice those
recommended. Application of liquid penetrants
at temperatures below 30° F is not recom-
mended, because some of the liquids associ-
ated with the system could solidify. For tem-
peratures in the range of 90° to 120° F, the
nominal dwell times may be shortened to
periods determined experimentally with a rep-
resentative specimen. During the dwell time,
the article need not be continually sprayed or
brushed with penetrant, nor must it remain
submerged in the penetrant solution. If the
penetrant begins to dry, however, it will lose its
penetrating ability; hence, the operator should
periodically test for dryness during the dwell
time, and, if necessary, prevent drying by re-
spraying, rebrushing, or redipping.

Excess Penetrant Removal

Proper removal of excess penetrant is an im-
portant step. Failure to remove all excess pene-
trant will leave a confusing background, which
will interfere with accurate defect indications.
Moreover, overwashing (i.e., removing pene-
trants from defects) during the rinse operation

will exclude any chance of obtaining a defect
indication. Ience, the method of penetrant re-
moval must be chosen to suit the article being
inspected, the penetrant material used, and the
type of defect sought.

Excess penetrants are removed by using
either water or a solvent. Qil-base water-washa-
ble penctrants and post-emulsifiable penetrants
are both readily removed by a properly used
water rinse. Water is an excellent washing me-
dium for thesc materials because it will not dis-
solve the unemulsified penetrant, and does not
tend to penetrate into small defects and rinse
out the entrapped penetrant.

Spraying and wiping are the usual methods
of removing excess penetrant and water. Of
these two methods, spraying is usually prefer-
able. Special nozzles for this purpose have been
designed, which generate a stream of coarse
droplets. Usually, the best washing action is
achieved by directing the spray stream at an
angle of approximately 45° with the article’s
surface. Such a spray has the effect of cutting
through the penetrant film by impact, getting
under it, and then rolling it off the surface
(ref. 2).

An interesting variation on the standard wa-
ter wash is the use of a so-called inhibited wash
mixture in which the wash water is combined
with a chemical compound that modifies the
washing properties of standard water-washa-
ble penetrants by inhibiting the emulsification
process in a controlled manner. Such wash mix-
tures are less prone to remove penetrant from
surface cracks than water alone (ref. 6).

Penctrants are sometimes removed simply by
wiping with a dry, absorbent cloth or paper
towel. This method is comparatively slow and
messy, and requires an abundance of rags or
towels. Moreover, if water buckets are used, the
wash water must be continually kept clean ; oth-
erwise penetrant liquid will contaminate the
wash water and ruin its effectiveness as a rinse.
The advantage of this method, however, is that,
when done with reasonable skill, penetrant will
not be removed from any defects unless the de-
fects arc extremely large and shallow.

Since solvent-removable penetrants are de-
signed to be used with specific solvents, they
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should be removed only with the material rec-
ommended by the manufacturer, and only by
wiping. The solvent liquid, if used as a bath or
spray, tends to dilute or wash out the penetrant
entrapped in defects. Prior to applying the sol-
vent, excess penetrant should be wiped from
the article’s surface with absorbent towels. After
this, the article’s surface should be wiped with
clean towels dampened with the recommended
solvent (ref. 7).

Emulsifying agents are used to facilitate the
removal of penetrant materials with some wash
medium, usually water. The emulsifying agent
used with post-emulsifiable penetrants should
blend with the penetrant material on contact.
It must also spread through the penetrant suf-
ficiently slowly to permit time-of-contact con-
trol by the test operator, but not so slowly as to
delay inspection.

Emulsifiers are usually supplied in two vis-
cosity ranges. The lower-viscosity emulsifiers
are preferred for articles of irregular shape or
with rough surfaces, because they readily flow
over surface irregularities, threads, fillets, and
the like. The higher-viscosity emulsifiers, on the
other hand, tend to act more slowly, enabling
the user to control with some precision the depth
of emulsification before rinsing. Hence over-
emulsification resulting in the unwanted re-
moval of penetrant from shallow relatively
open flaws can more readily be prevented. Spe-
cial emulsifiers, whose chemical composition is
compatible with their use on specific reactive
alloys, are also available.

After the penetrant’s dwell time has elapsed,
the emulsifying agent is applied either by dip-
ping the article into an emulsifier bath, by pour-
ing the emulsifier over the article, or by spray-
ing. Emulsifiers should not be applied with a
brush, since the stroking action of the bristles
may remove penetrant from shallow or seratch-
like defects. After the emulsifier has been ap-
plied, the article should be left untouched while
the emulsifying agent spreads through the pene-
trant liquid. The period of time allowed for this
spreading action (called emulsifying time) is
the most critical step in the post-emulsifiable
penetrant process. If the penetrant-emulsifier
solution is rinsed too soon and the emulsifier

hasn’t had time to spread over the article’s sur-
face, the excess penetrant cannot be properly
removed. On the other hand, if the emulsifier is
left on the article too long, it will spread into
surface defects causing all the penetrant, in-
cluding that in defects, to wash away during the
excess-penetrant-removal  step. Emulsifying
time should be specified by the penetrant manu-
facturer. Recommended emulsification dwell
times usually range from a few seconds to a
maximum of 5 min for fluorescent penetrants;
in the case of visible dye penetrants, dwell times
are usually only a few seconds. Generally, be-
cause so many factors are involved, emulsifying
times are best determined beforehand, by ex-
periment, for the article (and defects) under
investigation (ref. 8).

After the penetrant-removal process, the test
operator should determine if he has achieved
thorough penetrant removal. If fluorescent pene-
trants are used, the operator should examine
the article under black light. If visible pene-
trants are used, the test operator should wipe
the article surface with a dry cloth and examine
the cloth for traces of penetrant. If the surface
15 not completely free of excess penetrant, the
article should be completely reprocessed, begin-
ning with the initial cleaning operation.

Developer Application and Drying

Dry developers are usually applied by dip-
ping the article into a bin of loose fluffy pow-
der, as previously illustrated in figure 2-7, or by
gently blowing the powder onto the article with
soft hand-squeezed rubber “puff bottles.” The
dry developers should be applied lightly and
evenly over the entire surface, and, because they
are in powder form, their application is usually
best done in a booth equipped with an air cir-
culation and filtration system The powder will
not appear to adhere to the article, but a suffi-
cient amount will remain and act to bring out
indications. Excess powder should be removed
by lightly shaking, tapping, or blowing the ar-
ticle. The test operator must be careful, how-
ever, not to remove too much powder as this
may ruin the effectiveness of inspection (ref. 2).

The wet aqueous developers are applied by
dipping the article into a vat of the liquid mix-
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ture, or by spraying the developer onto the
article with commercial compressed-air or air-
less-spray systems. This developer should be ap-
plied so as to achieve a smooth, uniformly
thin coating of powder when the developer li-
quid has evaporated. Care must be taken to avoid
concentration of developer in hollow open areas
of the article. After the wet aqueous developer
has been applied, the article is dried.

Wet nonaqueous developers are applied by
the same methods of dipping or spraying used
for the wet aqueous developers. Nonaqueous de-
velopers are used primarily with visible pene-
trants where a flat-white background is essen-
tial. The article is first dried and then a fairly
heavy coat of developer is applied; the coat
should be heavy enough to provide a satisfac-
tory background for visible indications (ref.2).

For drying the article, practically any
method is acceptable, provided the part is not
overheated or contaminated with foreign ma-
terials during the process. Circulating hot-air
driers are generally preferred because the dry-
ing process is hastened, the temperature can be
controlled, and the developer dries in an even
coat. The drying temperatures are usually set
at 200° to 225° F for maximum drying efficiency.
The articles should remain in the drier only
long enough to dry water off the surface. The
danger of leaving the article in the drier too
long is that the penetrant itself may evaporate,
thereby ruining the sensitivity of the inspection.
For the same reason, the drying-oven tempera-
ture should generally not be allowed to exceed
250° F (ref. 7).

The length of time the developer is allowed
to remain on the article surface before inspec-
tion begins is called the development time. Since
entrapped penetrant is being pulled out of the
defects by capillary action in the developer, the
development time should be sufficiently long to
allow the dye indication to appear. This may
range from a few minutes for large flaws to an
hour ovlonger for very small flaws.

Visual Examination and Interpretation
of Indications

The phase of penetrant inspection requiring
the greatest skill and experience is the actual

visual examination and interpretation of de-
veloped indications. The inspector must be
fully aware of the capabilities and limitations
of the penetrant system that is being used, and
he must have thorough and competent knowl-
edge of the article being inspected. In particular,
he must know the kinds of flaws to expect, their
likely locations, and the likelihood that an un-
usual flaw may occur. Moreover, he must be
able to discriminate between a genuine flaw
indication and any spurious, or false, indication
that may occur because of either improper
handling of the various steps in the penetrant
procedure, or a peculiarity in either geometry
or surface properties of the article under inspec-
tion. Such skill comes only with a thorough
understanding of the penetrant process and ade-
quate experience in its use. Both formal instruc-
tion and an adequate on-the-job apprenticeship
are necessary to ensure optimum reliability.
Adequate and proper lighting and an appro-
priate, well-designed, and comfortable facility
for visual examination are important. More-
over, the work schedule of the inspector should
be devised to reduce eye fatigue and loss of alert-
ness. At the visual inspection stage, haste may
cause not only waste (in the form of unneces-
sarily rejected articles), but possibly disaster by
passing an article unfit for its intended service.

Restoration of Inspected Articles for Storage
or Service

After an article has been examined and passed
by an inspector, it is usually necessary to re-
move all residual inspection materials and, in
some cases, to protect the surface by applying
either light oil, packing grease, or other coating.
Painting or plating may be called for in certain
cases.

Rejected articles should be either discarded
or subjected to proper rework. Rejected articles
should be clearly and appropriately tagged or
otherwise marked to prevent their accidental
reentry into service. If a rejected article is con-
sidered expendable waste, it should be de-
stroyed. Salvageable articles should be prop-
erly reworked, and again inspected to insure
the effectiveness of the rework.
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SPECIFICATIONS AND STANDARDS

In the present context, the term specification
refers to a written statement expressing in detail
one or more of the following: (1) a specific re-
quirement for liquid penetrant inspection; (2)
the penctrant system or systems that must be
used in an inspection; (3) special procedural
regulations; (4) appropriate acceptance-rejec-
tion criteria; and (5) a list of qualifications
required of inspection personnel. The term
standard is sometimes used in referring to an
item in the above list of types of specifications
that may be referred to collectively as specifica-
tions and standards. However, the term stand-
ard is also used in another distinctive sense,
namely, a material, test object, or test arrange-
ment that has been agreed on as a basis of com-
parison for some penetrant parameter. It is in
the latter sense that the term standard is used
in this discussion.

A number of U.S. Government agencies have
issued specifications referring to some aspect of
penetrant inspection. In addition, several pro-
fessional societies concerned with engineering
practice and quality assurance have also issued
penetrant-inspection specifications. Table 2-1
lists a representative selection of current speci-
fications; a more complete list may be found
in reference 9.

To date, there are no widely accepted stand-
ard penetrant indications for comparison pur-
poses, although progress in this direction is
being made. The principal obstacles are: (1)
variations due to differences of technique of
penetrant use; (2) variations in visual acuity
and discrimination among inspectors; and (3)
the difficulty of accurately and reproducibly
simulating a useful range of types and sizes of
flaws. Among the various proposed approaches
to flaw simulation, the only one that has so far
achieved any significant degree of acceptance
is the so-called cracked-aluminum-block pene-
trant comparator. In this approach, a small
standardized aluminum-alloy bar is heated in a
gas flame so as to produce a symmetric thermal
gradient from the center to the edges of the
bar; at a specified temperature of the center,
the bar is quenched in cold water, producing a
more or less symmetric distribution of cracks,
the dimensions of which are large near the bar’s
center and become progressively smaller near
the edges. A shallow slot is sawed in the cracked
face of the bar, dividing it into two halves, each
having a comparable pattern of cracks and
range of crack sizes. The two halves of the
block are then inspected according to one of the
two penetrant systems that are to be compared.
(The two penetrant systems are often of the

TaBLE 2-1.—Selected Representative Liquid Penetrant Inspection Specifications

Issuing Agency or Organization Date

Title

Atomic Energy Commission (AEC)_____ 1969

Nondestructive Evaluation, Supplementary Criteria for Use of

ASME Sec. III and USASI B31.7. Div., Reactor Dev. and
Tech. (ref. 10).
American Society of Mechanical Engi- 1968 Sec. IX. Boiler and Pressure Vessel Code (Welding Qualifications)

neers (ASME). (ref. 11).
American Society for Testing and Mate- 1965 E 165-65. Standard Methods for Liquid Penetrant Inspection
rials (ASTM). (ref. 12).
Department of Defense (DOD) ... 1962 MIL-STD-410A. Qualification of Inspection Personnel (ref. 13).
Department of Defense (DOD).___..___. 1964 MIL-I-25135 and Amendment 3. Penetrant Inspection Mate-
rials (ref. 14).
Department of Defense (DOD)____..__. 1969 MIL-I-6866B and Amendment 2. Penetrant Method of Inspec-

tion (ref. 8).
Society of Automotive Engineers (SAE)._ 1965 AMS 2645F. Fluorescent Penetrant Inspection (ref. 15).
American Society for Nondestruetive 1968 SNT-TC-1A (1968 Edition) Supplement D. Recommended

Testing (ASNT).

Practice for the Training, Qualification, and Certification of

Liquid Penetrant Testing Personnel (ref. 16).
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same type, the test being made as a means of
maintaining the quality of a penetrant system.)
Figure 2-11 shows a typical cracked block with
indications. A detailed account of the cracked-
block test, as specified by the American Society
for Testing and Materials, may be found in ref-
erence 8. The cracked-block comparison test has
its limitations, the most important being that,
In practice, such comparisons have rather poor
repeatability.

It has not been possible to develop a widely
useful atlas of photographs representative of
flaw indications, because, in general, indications
do not photograph faithfully (especially fluo-
rescent indications). Types and sizes of flaws
vary greatly, and the indications themselves
vary due to minor differences of operator tech-
nique. In some specialized instances, collections
of reference photographs of indications have
been used effectively. One such case is discussed
later in this chapter. Sketches of typical pene-
trant indications, such as those in figure 2-12,
are not used as standards. but simply as aids
to assist students or inexperienced inspectors.

DESCRIPTION OF COMMERCIALLY
AVAILABLE EQUIPMENT

Commercially available liquid-penetrant-
inspection equipment may be classified in three
general categories: (1) portable cquipment,
(2) general-purpose stationary equipment, and
(3) special-purpose stationary equipment. The
choice among these three is determined by such

Fi6UurRe 2-11.—Tvypieal cracked aluminum block with
indications (ref. 3). (Courtesy of Magnaflux Corp.)
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Ficure 2-12.—Typical liquid-penetrant indications.

factors as the size, configuration, and number
of the articles to be tested and their physical
location. Lists of commercial penetrant equip-
ment and suppliers may be found in the March
1969 edition of Materials Evaluation (ref. 17)
and in the Thomas Register (ref. 18) under the
category “Penetrants.”

Portable equipment for penetrant inspection
is small, lightweight, and relatively inexpen-
sive; it can be hand carried to almost any in-
spection location. Portable kits for fluorescent
or visible penetrants are available, or they can
be assembled by the user. Such kits should con-
tain everything necessary for inspection, and
should include. as a minimum, cleaning sol-
vents, penetrant materials, emulsifying agents,
developing materials, and a liberal number of
rags and brushes. If fluorescent penetrant in-
spection is required, a portable black light must
be included in the kit. Packaging of cleaning
solvents, penetrant material, emulsifying
agents, and developer materials in aerosol spray
applicators has become very popular; such ap-
plicators are now used almost exclusively in the
portable penctrant-inspection kits. Dry devel-
opers are usually packaged in soft pliable rub-
ber or plastic bottles, which can be squeezed
briskly to puff the dry developer on the article.

General-purpose stationary equipment pro-
vides for all penetrant-inspection functions in a
single self-contained unit. The inspection proe-
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esses are generally manual except for heavy
articles. There is little practical limitation on
the type or shape of articles that can be in-
spected except for maximum size. The general-
purpose stationary equipment provides stations
for (1) dipping the article into the penctrant;
(2) draining the penctrant from the coated
article; (8) rinsing off excess penetrant: (4)
drying; (5) applying developer; and (6) visual
examination. A station for cleaning the article
before applying penetrant is usually necessary;
it should be located away from the inspection
materials to reduce the likelihood of accidental
contamination of inspection materials. Small
general-purpose units may be capable of proc-
essing only a few articles per hour; larger units
are capable of processing production quantities
of some articles. An illustration of a general-
purpose stationary unit is shown in figure 2-13
(ref. 19).

Special-purpose stationary equipment is de-
signed to process articles automatically at pro-
duction-line speeds with & minimum of manual
operations. Such equipment is generally mecha-
nized complete with conveyor systems and
special-handling fixtures for the article to be
inspected. Properly designed, the special-
purpose stationary equipment is the fastest,
most economical, and most uniform method of
penetrant inspection. It has, however, the dis-
advantage that it can handle only one or a few
similar types of articles. An example of special-
purpose stationary equipment is shown in figure
2-14 (ref. 20).

Black Light

Black Light

Dryer .
Draining .
Station

Emulsifier -
Station

Penetrant

Inspection Station
Station . A

Developing Station

Rinee Station

Control Panel

Ficure 2-13.—View of a general-purpose stationary
liquid-penetrant-inspection  unit. (Courtesy  of
General Dynamies.)

{a) Base Segment

(b) Gore Segment

Firevre 2-14.—Special-purpose stationary liquid-pene-
trant units for inspecting the Saturn V-8-1C
booster. (Courtesy of the Boeing Co.)

Proper lighting is a requirement of all three
of the above categories of equipment. White
light, or ordinary visible light, may be obtained
from any of a number of sources including sun-
light, incandescent lamps, and fluorescent
lamps. Black light, however, can be economi-
cally obtained only from a few sources. The
most popular source of black light is the en-
closed mercury-vapor arc lamp because of its
high radiation output. Following closely in
popularity are special ultraviolet-light fluores-
cent. lamps. The ultraviolet illumination ob-
tainable from such lamps is not as high as the
output of the mercury-vapor arc lamp; how-
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ever, fluorescent lamps can be easily battery-
powered, permitting fluorescent penetrant in-
spection in locations where power-line elec-
tricity is not available.

SELECTING A PENETRANT SYSTEM

Selecting a penetrant system for a given in-
spection requirement is, in most cases, rea-
sonably straightforward; in some instances,
however, the choice may be complicated by a
number of conflicting considerations. Consider,
for example, the task of inspecting for fatigue
cracks on the surface of a large pressure vessel
permanently located in an open area. The large
area to be inspected would, on the basis of econ-
omy, suggest a self-emulsifiable water-washable
system. Unless it is convenient to carry out the
inspection at night, a visible dye penetrant is
indicated. On the other hand, the requirement
for assurance of vessel integrity may be great
enough to rule out as inadequately sensitive the
self-emulsifiable system; morcover, the diffi-
culty of supplying wash water, or of satisfac-
tory disposal of run-off may argue against the
water-washable system. In this case, a solvent-
removable visible-dye system would probably
be the best choice. Each new inspection task
will usually have some novel aspects which
clearly cannot be fully anticipated by the test-
ing specialist. Consequently, no specific formula
for selecting a penetrant system will be appli-
cable in all situations. Good practice, however,
will require that the following questions be
answered.

(1) TIs the inspection task suited to pene-
trants in general ?

(2) Does the nature of the material (s) from
which the article to be inspected is fabricated
place any constraints on the selection of a pene-
trant system ?

(3) Does the end use of the article to be in-
spected place any constraints on the use or
choice of penetrants? (A case in point is the
inspection of a surface that is to be wetted by
liquid oxygen.)

(4) What sensitivity will be required ? (That
is, what is the size and configuration of the
smallest flaws that must be reliably detected ?)

(5) What is the size, geometry, and porta-
bility of the article to be inspected ?

(6) How many articles of the same type are
to be inspected ?

(7) If it is not feasible to transport the arti-
cle(s) to be inspected to an appropriate facility,
under what environmental conditions must the
inspection be conducted ?

(8) To what extent is time a constraint?

(9) To what extent is cost a constraint ?

(10) What personnel (in terms of skill) are
available to conduct the inspection ?

Some important general criteria relevant to
the selection of penetrant systems are displayed
in table 2-2. While this table reflects sound gen-
eral practice, it should be used critically. In all
cases, the actual selection of a penetrant system
for a given inspection task should be made by a
properly qualified expert.

NASA’S UTILIZATION AND CONTRIBUTIONS
Liquid Penetrants

Liquid-penetrant inspection has been used ex-
tensively by NASA Centers and NASA con-
tractors as a part of the overall quality assur-
ance programs associated with the development
of launch vehicles, unmanned scientific satellites
and space vehicles, and manned space vehicles.
Such inspections have involved essentially the
routine application of commercially available
materials and equipment, without any special
development of either. Figure 2-15 illustrates a
typical penetrant inspection.

Two uncommon features of certain applica-
tions of penetrants by NASA and its contractors
arc noteworthy: (1) the frequent requirement
for 100-percent inspection, and (2) the large
physical size of certain hardware components
requiring penetrant inspection. By way of illus-
tration, figure 2-14b shows the penetrant in-
spection of a gore segment destined for incor-
poration by welding into the propellant tankage
of the first stage of a Saturn V launch vehicle.

LOX Compatible Materials

Early in the space exploration program, it
was recognized that certain constituents of com-
monly used penetrant-inspection materials were
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TaBLE 2-2.—Some Criteria for Selecting Penetrant Systems (ref. 8)

Post emulsifiable

Solvent removable

a. Higher sensitivity than water-
washables.
b. Suited for large surface arcas.

. Where water rinse is

not feasible.

. For spot inspections.
. Recommended for small

quantities of similar
articles.

Type Water washable
Visible dye a. Lowest in sensitivity.
penetrants b. Suited for large surface
areas.

c. Suited for large quan-
tities of similar
objects.

Fluorescent a. Lowest in sensitivity of
penetrants fluorescent penetrants.

b.

Suited for large surface
areas.

Suited for large quanti-
ties of similar objects.

. Suited for deep, narrow

discontinuities.

. Recommended for rough

surfaces (i.e., sand
castings).

a. Higher sensitivity than water-

washable fluorescent penetrants.

b. Suited for large quantities of
similar articles.
c. Suited for parts contaminated

with acid, chromates, or other

chemicals that will harm
water-washable penetrants.

d. Suited for wide, shallow dis-
continuities.

e. Suited where different levels of
sensitivities are required.

f. Suited for parts which have
defects contaminated with
in-service soils.

g. Suited for stress, intergranular,

. Higher sensitivity than

solvent-removable
visible penetrant.

. Where water rinsc is not

feasible.

. For spot inspections.
. Recommended for small

quantities of similar
articles.

or grinding cracks.

shock sensitive in the presence of liquid oxygen.
FEven trace amounts of these materials, left as
residues on surfaces and in superficial eracks of
surfaces that would be LOX wetted, would have
represented an unacceptable hazard. As a con-
sequence, penetrant manufacturers quickly re-
sponded by modifying the formulation of pene-
trant materials to reduce their LOX sensitivity
to acceptable levels (ref. 21).

Strippable Developers for Permanent Records

A major advantage of radiography is that it
naturally provides an essentially permanent rec-
ord of an inspection, which can, if the need
arises, be reviewed after an inspection has been
completed. A radiographic indication of a weld-
ment flaw and a radiograph of the same area
after reworking to remove the flaw, for exam-
ple, together provide a valuable quality assur-
ance record. In certain instances, the value of
liquid-penetrant inspection would be greatly
enhanced if a permanent record of indications

like that of a radiograph were possible. Free-
hand sketches, photographs, and written de-
scriptions of indications serve this purpose
rather poorly. The obvious value of a permanent
record of liquid-penetrant indications has stim-
ulated considerable effort toward this end.
A NASA contractor approached the problem
by discarding the conventional powder de-
veloper, and substituting a transparent plastic
material dissolved in a volatile liquid, which
can be sprayed on the surface. This solution wets
the surface, adheres to it, and develops pene-
trant indications by dissolving penetrant
trapped in flaws. The penetrant spreads through
the thin plastic layer by diffusion rather than by
capillary action. The volatile vehicle evaporates
at a controlled rate, leaving behind a somewhat
tough, flexible, dry film with the indications set
in it. This film may be physically strengthened
by spraying on additional layers of a trans-
parent flexible plastic such as vinyl. When prop-
erly dried, the film may be stripped from the
surface, leaving it quite clean; the film itself
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F1gURe 2-15.—Penetrant inspection of Apollo com-
mand module. (Courtesy of North American Rock-
well Corp.)

provides a record of indications. Some users re-
port that these developers (and compatible pene-
trants) have substantially greater resolution
than powder developers, with no appreciable
loss in sensitivity. Various versions of this new
system are now commercially available (refs. 6
and 21), though they have not yet been widely
used. A photograph of a strippable developer is
shown in figure 2-16 (ref. 6). Some users report
that indications stored in the stripped film con-
tinue to diffuse after the stripping, ultimately
losing their usefulness. Another recognized lim-
itation of the strippable developers is that their
use is restricted to essentially flat surfaces or
large, gently curved surfaces; the films do not
strip well from small articles of complex shape.

Although photographs of liquid-penetrant
indications have a number of deficiencies and
are not generally used, one NASA contractor

FreURE 2-16.—A strippable developer is shown along-
side the specimen after having been removed. The
developer may be stored as a record of the test
result. (Courtesy of Shannon Luminous Materials
Co.)

has developed a set of reference photographs
of penetrant-indicated flaws that occur in In-
conel-X tubing used in the manufacture of
liquid-fuel rocket engines (ref. 22). Figure
2-17 shows some typical examples taken from
this set of reference photographs.

Finally, NASA, through one of its contrac-
tors, has furnished the nondestructive-testing
community with two substantial aids to person-
nel training in the use of liquid penectrants.
The Class Room Training Handbook— Ligquid
Penetrant Inspection (ref. 7) is a comprehen-
sive text covering the elements of liquid-pene-
trant testing at a level suitable for technicians.
A supplementary programmed handbook for
self-study, entitled Liguid Penetrant Testing
(ref. 19) is also available. These documents, in
conjunction with the NASA document, /ntro-
duction to Nondestructive Testing (ref. 23),
provide essentially complete textual material
for a thorough course of instruction and study
in liguid-penetrant testing. They are. of course,
best used under competent supervision by a
qualified instructor, and in conjunction with a
period of supervised apprenticeship.
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CHAPTER 3

Ultrasonics

Byron E. Leonard and C. Gerald Gardner

The term ultrasound refers to sound waves
having a frequency greater than 20 kHz (20 000
cps), roughly the upper limit of sound fre-
quencies to which the human ecar responds.
Ultrasonics refers to the body of scientific
knowledge and practical lore associated with the
generation, propagation, detection, and use of
ultrasound. Although the use of andible sound
as a means of testing the quality of manufac-
tured articles is ancient (for example, the test-
ing of swords, bells, glassware, etc., by their
ring), the practical use of ultrasound is quite
recent, having been developed almost entirely
since 1900. During the 1930’s, O. Mulhauser, A.
Trost, and R. Pohlman of Germany and S.
Sokoloff of Russia experimented with various
schemes to detect internal flaws in a solid body
by the transmission of ultrasound through the
body. The first known practical success of ultra-
sonics was in detecting submarines during
World War 1. In 1940, F. A. Firestone of the
University of Michigan invented the ultrasonic
reflectoscope, the forerunner of the modern
pulse-echo test system, which operates by gen-
crating a succession of ultrasonic pulses, each of
short duration, and thence detecting the echoes
from subsurface discontinuities in solids. The
reflectoscope revolutionized ultrasonic testing
by making it possible to test an object from one
surface, and to determine (within certain
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limits) the size of the flaw and its depth beneath
the surface.

Ultrasonic testing is now a primary means of
nondestructive evaluation (NDE). Of the big
five NDE methods, only ultrasonics and radiog-
raphy can reveal flaws which are substantially
subsurface; the others (penetrant testing, mag-
netic-particle testing, and eddy-current testing)
are restricted to the detection of surface, or
slightly subsurface, flaws. Because the propa-
gation of ultrasound is essentially a mechanical
phenomenon, it is especially suited to determin-
ing characteristics of engineering materials. The
major NDE applications of ultrasonies include
flaw detection, thickness measurement, and
characterization of metallurgical structure. The
principal advantages of ultrasonics are

(1) Its ability to penetrate to substantial
depths in many important materials

(2) Its ability to test from one surface only

(3) Its sensitivity in the detection of minute
flaws

(4) Its comparative accuracy in determining
flaw size and depth

(5) Its electronic operation which enables
rapid and substantially automated inspection.
The chief disadvantages are

(1) Its manual use requires technicians of
considerable native ability, training, experience,
and motivation.

27
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(2) It is intrinsically a small-area-coverage
method—large area coverage requires complex
mechanical scanning or the use of numerous
transducers in an array.

(3) Its use, in general, requires a good,
essentially direct mechanical coupling to the
article to be tested, a requirement which is often
difficult to meet in practice.

The discussion of ultrasonic testing in this
chapter is necessarily severely restricted in
scope. The elementary principles involved in
ultrasonics are briefly surveyed; the treatment
1s not exhaustive or detatiled, and is intended
only to make the remainder of the chapter in-
telligible to readers unfamiliar with the subject.
The references provide for their detail. The
tvpes of instrumentation in general use, their
modes of operation, and the conventional tech-
niques of their use in NDE are presented in
introductory fashion. Finally. a number of se-
lected contributions to ultrasonic testing made
by NASA centers and their contractors are pre-
sented with a view to making them of practical
help to those outside the aerospace industry.

Also included in this chapter are a few ex-
amples of sonic testing, that is, testing in which
sound waves of audible frequency are used.
While the instrumentation for sonic testing
often differs somewhat from the corresponding
ultrasonic instrumentation, the underlying
principles are similar.

ELEMENTARY PRINCIPLES

Sound waves propagate to some extent in
any material that is elastic; that is, if a particle
(or small volume element) of the material is
displaced from its equilibrium position by any
applied stresses, internal forces tend to re-
store the system to its original equilibrium. A
confined fluid (gas or liguid) or a solid has
such clastic properties. Because of the mechani-
cal coupling between adjacent regions of the
material, a displacement at one point induces
displacements at neighboring points, and so
on, thus propagating a stress-strain wave. The
actual displacement of matter that occurs in
ultrasonic waves is, of course. quite small.

Elastic waves are categorized according to

the mode of particle displacement involved. The
basic types of waves which propagate in the
bulk of a material are longitudinal waves, in
which the displaced particles vibrate back and
forth along a direction parallel to the direction
of wave propagation, and transverse waves, in
which the displaced particles vibrate in a direc-
tion perpendicular to that of wave propagation.
Longitudinal waves are also called compres-
sional waves: transverse waves are sometimes
called shear waves., Figures 3-1 and 3-2 illus-
trate the particle displacements occurring in
longitudinal and transverse waves, respectively.
Waves involving more complicated modes of
particle displacement will be discussed later.

In general, gases and liquids do not strongly
support a mechanical shear; hence, while longi-
tudinal (compressional) waves readily propa-
gate through them, transverse (shear) waves do
not. Solids, on the other hand, support both
longitudinal and transverse waves.

A complete description of a sound wave must
specify the displacement of each particle in the
medium as a function of time. For longitudinal
or transverse waves of sufficiently small ampli-
tude, each particle vibrates in simple harmonic
motion, and the displacements vary throughout
the medium in a simple, regular manner de-
seribed by a sinusoidal function of the form

d=D sin [%(;—%)w] (1)

where d is the particle displacement, D is the
wave amplitude (the maximum value of the
displacement ), 2 is the equilibrium position of
the particle (measured along a line in the direc-
tion of wave propagation), A is the wavelength,

OO0 Or® O—+8—O+0 O® P @-O—OO Direction of

Wave Propagation

FI1cURE 3-1.—DPurticle displacement for a longitudinal
sound wave.

Oirection of
Wave Propagatson

Fi1Gure 3-2.—Particle displacement for a transverse
sound wave.
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¢ is the time at which the displacement is con-
sidered, 7' is the period of particle vibration,
and ¢ is an angle (called the initial phase) de-
termined by the initial conditions. Figures 3-3
and 3-4 illustrate the significance of equa-
tion (1). Waves described therein are called
pure harmonic waves.

During the period 7', a particular wave crest
will advance a distance A ; the velocity of propa-
gation, v, is therefore equal to A/7". The recipro-
cal of 7 is called the frequency, f, of the wave.
Hence, the important elementary relation is

p=f\ (2)

The quantity [2= (z/A) — (¢/7) +¢] is called
the phase of the particle motion. An imaginary
surface drawn through the medium connecting
all particles having the same phase is called a
wave front. A sound wave may be thought of as
a regular succession of wave fronts, uniformly
separated from one another by a distance A, all
propagating with speed ». The shape of a wave
front depends on how the sound waves are pro-
duced. Spherical wave fronts, for example,
might be produced by a sphere whose radius
alternately expands and contracts. Wave fronts

A
VARV,

FI6URE 3-3.—Vibratory particle displacement at a fixed
point in a material for a harmonic sound wave.
(T=period of vibration ; D=amplitude of vibration.)
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Ficure 3-4.-—The spatial variation of the displacement
at a fixed time for a plane harmonic sound wave.
(A=wavelength ; D—amplitude of vibration.)

Tt (time)

Displacement

-D

x (direction of
propagation}

Displacement

which are flat over most of their surface (plane
waves) may be produced by a vibrating flat
piston, the diameter of which is large compared
to the wavelength A,

An important property of sound waves of
small amplitude is their superposability; the
instantaneous displacement of a particle in a
region through which two or more sound waves
are propagating is determined by simply com-
bining vectorially the displacements -corre-
sponding to each of the waves, When two or
more waves combine so as to produce displace-
ments in the same sense, they are said to
interfere constructively; if their respective dis-
placements are in opposite senses, they interfere
destructively.

Because waves of small amplitude satisfy the
superposition prineiple, it is possible to resolve
a complex sound wave into a set of simpler
waves; harmonic plane waves are especially use-
ful for this. An arbitrary compressional-wave
train may be represented by superposing har-
monic, plane-compressional waves of appro-
priate wavelength, amplitude, and phase. Shear
waves may also be resolved into harmonic com-
ponents. Because of the directed character of
transverse displacement, however, it is normally
necessary to include two separate harmonic
plane waves for cach wavelength. Their respec-
tive directions of transverse displacement are at
right angles to one another. Thus shear waves
are said to be polarized, the direction of polar-
ization being that of the transverse vibrations.

In NDE (as well as other applications), it is
often useful to create short bursts of ultrasound,
which propagate through a medium as a wave
packet. In the simplest case, such a burst may
be regarded as a sinusoidal wave train of finite
spatial extent, and having sharp leading and

trailing edges (fig. 3-5). Such a wave packet

v[\ /\ L 4 x (direction of propagation)
[

|

! |

I

]

Displacement

D B—

|
j-————— AX ———

F16URE 3-5.—An idealized ultrasonic-wave packet.
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Fi1cURE 3-6.—The relative amplitudes of harmonic com-
ponents present in the wave packet represented in
figure 3-5. (The amplitude is shown as a function of
the reciprocal of wavelength rather than the wave-
length directly.)

can be formed only by superposing an infinite
number of pure, infinitely extended harmonic
components, cach with the proper relative phase
and amplitude. Figure 3-6 is a graphical repre-
sentation of the relative amplitudes of the har-
monic components required to make up the wave
packet illustrated in figure 3-5. The harmonic
component of largest amplitude is, of course, of
wavelength A,. There is, however, significant
amplitude at wavelengths above and below Ao.
The range of wavelengths, A\, over which there
is appreciable amplitude may be shown to sat-
isfy the approximate equation:

(AZ)(AN)~N] (3)

This simple equation is quite important; it is
valid for any wave packet whose spatial breadth
is Az, regardless of the packet’s detailed shape.

The most important implication of equation (3).

is that, as the breadth of a wave packet becomes
smaller, the range of wavelengths making it up
becomes greater; an infinitely short wave packet
with equal amplitude contains harmonic com-
ponents of all wavelengths from zero to in-
finity. Later it will be shown that this property
has important consequences for the resolving
power of an ultrasonic test system.

A short ultrasonic wave packet will not, 1n
@eneral, retain its initial shape as it propagates.
Harmonic components of different wavelengths
travel at different speeds; as the packet propa-
gates, its harmonic components tend to get out
of step, destroying the precise phase relation-
ship required to form the packet, and thereby
causing it to broaden and to lose its initially

sharp leading and trailing edges. This effect is
referred to as dispersion.* It can be shown that
a material is dispersive only if it absorbs energy
from a wave packet as it propagates. Dispersion
is greatest for wavelengths at which attenuation
is greatest.

When an ultrasonic wave propagating in a
medium encounters an interface with another
medium, reflection, refraction, and mode con-
version may occur. The simplest case, that of
normal incidence, is illustrated in figure 3-7. If
the incident wave is of amplitude A,, the re-
flected wave of amplitude 4,, and the trans-
mitted wave of amplitude A4,, the following
relations hold:

é_ PR3 p1Yy (4)

th P11+ Py

A,y A, 20,505

AOAI Ao—Pl’L‘l“}'PzUz (5)
Here, p, and p, are, respectively, the densities
of materials 1 and 2, and #, and », are the re-
spective sound velocities. Equations (4) and (5)
hold for either longitudinal or compressional
waves if the corresponding velocities are used.
The quantity (pz) is an important parameter of
a material; it is called the characteristic impe-
dance. The amplitudes of the reflected and
transmitted wave are thus determined by
the ratio of the characteristic impedances,
7=p,02/pres. When 7 is unity, no reflection oc-
curs; when it is much greater than unity, reflec-
tion is nearly total.

Elastic waves transport energy; for a plane
harmonic wave, it may be shown that the inten-
sity (energy/unit time/unit area) of such a
wave is given by the relation:

I=3 (pr)(2n A2 (6)

where f is the frequency, A is the amplitude, and
(pv) is the characteristic impedance of the me-
dium. Equations (4), (5), and (6), together
with the definition of characteristic impedance

*Some writers on NDE use the term dispersion to
mean the diffuse scattering of a wave; such usage is,
however, not standard.
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Medium 1 Medium 2
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Ay Reflected A2
Wave Transmitted
Incident Wave Wave

FIGURE 3-7.—A plane harmonic elastic wave normally
incident upon a plane interface between two mate-
rials of differing acoustic properties.

ratio, 7, may be combined to give the intensity
reflection coefficient, /2, and the intensity trans-
mission coeflicient, 7':

__I[_ r—1 2

R=1=(71 ™
L, 4

=L =ty ®)

where

I,=incident intensity

I1=reflected intensity

I;=transmitted intensity and,

r=ratio of characteristic impedances.

The sum (Z2+7) is, of course, unity.

When a plane harmonic wave is incident on a
plane interface at an angle of incidence other
than zero, mode conversion occurs; whether the
incident wave be longitudinal or transverse,
both longitudinal and transverse waves will be
reflected and transmitted. The angles of reflec-
tion and refraction satisfy a generalized form
of Snell’s law:

sin O] sin ©, sin O, sin ¢, sin ¢, (9)
v} v, v} vl v3

Here the angles are defined according to figure
3-8. The superscripts on the velocities denote
the relevant medium ; the subscripts distinguish
between longitudinal (Z) and transverse (¢)
wave modes. If the incident wave is transverse
rather than longitudinal, equation (4) still ap-
pliesif ©; and »! are substituted for ©; and v},
respectively, in the first term. The general equa-

Medium 1

Reflected Wave
{transverse)

Incident Wave
(longitudinat) Reflected Wave

(longitudinal)

Refracted Wave
{longitudinal)

Refracted Wave
(transverse)

Medium 2

Figure 3-8.—A plane harmonic longitudinal wave in-
cident upon an interface at an angle of incidence ¢ |
(Both longitudinal and transverse waves are reflected
and refracted (mode conversion).)

tions relating the amplitudes of the reflected
and refracted waves to the amplitude of the
incident wave are rather complicated functions
of the angle of incidence and the wave veloci-
ties, and will not be presented here. Some spe-
cial cases, however, are of interest.

An important practical application of mode
conversion is the conversion of longitudinal
waves into transverse waves for ultrasonic-
Inspection purposes. The refracted longitudinal
wave may be effectively eliminated from me-
dium 2 by adjusting 6} so that 0, just exceeds
90°. The value of 6! for which this occurs is
called the first critical angle of incidence. From
equation (9), one sees that the first critical value
of 61 is given by

1
(6! First critical =sin“(% (10)
1

The first critical angle is illustrated in figure
3-9.

If 6! is increased still further so that the
angle of refraction of the transmitted shear
wave 1s equal to 90°, no energy enters the bulk
of medium 2. Instead, a complex (partially lon-
gitudinal, partially transverse) wave mode
propagates along the interface between the two
media. If medium 1 is a liquid such as water,
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FicURE 3-9.—First critical angle of incidence of a
longitudinal wave. (Only the refracted transverse
wave enters the bulk of medium 2.)

and medium 2 is a typical metal, this surface
wave is rather rapidly attenuated. If, however,
medium 1 is air, the surface wave (called a
Rayleigh wave) propagates readily along the
surface of a metal, and is very useful for ultra-
sonic inspection for such surface flaws as cracks.
Rayleigh waves tend to follow the curvature of
the metal surface without reflection unless the
radius of curvature is comparable to or smaller
than the wavelength of the Rayleigh wave. Fig-
ure 3-10 illustrates a frequently used arrange-
ment for generating Rayleigh waves. Note that,
so far as the critical angle is concerned, me-
dium 1 is the plastic wedge, not air.

In general, mode conversion occurs whenever
an elastic stress wave encounters a discontinuity
in elastic properties. This effect is often an un-
wanted (if unavoidable) source of energy loss
from the mode of interest, as well as being a
source of spurious waves in a material being
tested. Internal reflection and mode conversion
within coupling angle-wedges (fig. 3-10) may

Ultrasonic Transducer Generating
Longitudinal Waves

»
i - V[ W
CTortical A

[
) sacond
crvent

Plastic Angle Wedge

Surtace {Raleigh! Wave
(AR} ' -

IMETAL) D g

Freure 3-10.—Mode-conversion method for generating
Rayleigh waves on the surface of a metal compo-
nent. (The waves tend to follow the surface, even
if it is curved. Reflection of the wave occurs at
surface discontinuities.)
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adversely affect the performance of the attached
transducer. On the other hand, as has been
shown, mode conversion can, under favorable
circurnstances, be turned to useful advantage in
ultrasonic testing.

In the foregoing discussion, the media bear-
ing the elastic waves were assumed to be infinite
in extent and homogeneous except for the change
in characteristic impedance across their common
plane interface. In finite bodies, of which one or
more characteristic dimensions are comparable
to the wavelength of an elastic wave propagat-
ing in them, complex wave modes may occur.
Important among these are Lamb waves that are
supported by thin plates (fig 3-11). Character-
istic complex waves may also be excited in thin
rods. Both plate waves and rod waves are useful
in ultrasonic testing,

Like all forms of wave motion, clastic waves
are subject to diffraction; that is, when the wave
encounters a discontinuity with an edge, it will,
in effect, bend around that edge. Figure 3-12
illustrates this effect with a wave passing
through a circular aperture in an otherwise non-
transmitting barrier. Because of constructive
and destructive interference, the amplitude of
the waves on the diffraction side of the barrier
is not uniform over a wave front. It actually
varies greatly, and vanishes at certain charac-
teristic positions. In the case of a pure harmonic
incident plane wave, the intensity of the dif-
fracted wave along the axis of the aperture
varies according to the graph shown in figure

Deformations Greatly
E xaggerated

Asymmetrical Mode

FieURE 3-11.—Symmetrical and asymmetrical Lamb
waves in plates.
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w Nontransmitting Barrier
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Incident Diffracted Wave

Plane Wave -~

i

F1aure 3-12,—Diffraction of a plane wave on passing
through a circular aperture.

3-13. The region where 2<a24x is usually re-
ferred to as the near-field region; the region
beyond is called the far-field or Fraunhofer dif-
fraction region.

The distribution of sound intensity off the
aperture axis is quite complicated in the near-
field region. In the far-field region, however, it
is somewhat simpler; figure 3-14 illustrates its
general features. The angles at which the first-
and second-intensity nulls occur are given, re-
spectively, by the relations:

. A
— -1
|=sIn (1.22 —D)

2=Sin_l <223 %)

The half-power angle, i.e., the angle at which
the intensity of the main lobe falls to 0.707

(11a)

(11b)

o X

N
> | R

Ficure 3-13.—Relative intensity, I, as a function of
the distance along the axis of the circular aperture
shown in Figure 3-12. (Note the infensity nulls
caused by destructive interference near the aper-
ture.)

Main Lobe

FI1cURE 3-14.—Far-field intensity profile of an ultra-
sonic beam produced by diffraction by a circular
aperture. (The pattern shown corresponds to the
case in which A/D=1/2.44.)

times its maximum value, is given by the
formula:

Y12=sin™! (0.72 %) (12)

If A/D is greater than 1/1.22, there are no
secondary lobes. The smaller the ratio A/D, the
better collimated the diffracted beam is, i.e., the
less pronounced are the effects of diffraction.
The foregoing discussion of diffraction, in par-
ticular that of equations (11) and (12), applies
only at distances from the aperture greater than
a?/3x. The off-axis, near-field intensity pattern
is more complicated.

The diffraction of ultrasound by a circular
aperture has another important application in
ultrasonics: a circular transducer produces ul-
trasonic waves, which, for most practical pur-
poses, behave like waves diffracted through a
circular aperture. Thus, if a transducer is to
produce a well-collimated beam, free of possibly
troublesome side lobes, its diameter must he
large compared to the wavelength of the ultra-
sonic wave it produces in the medium to which
it is coupled. For simple disc-shaped trans-
ducers, the far-field beam diameter cannot be
less than the diameter of the transducer itself:
hence, narrow beams require both small diam-
eter transducers and very short ultrasonic wave-
lengths.

Ultrasonic-beam profiles can be altered by the
use of acoustic lenses, usually attached directly
to the transducer. The operation of acoustic
lenses is analogous to that of optical lenses. For
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best performance, the lens material must have
the same acoustic impedance as that of the
transducer and the material to which it is cou-
pled ; however, the velocity of sound in the lens
must be substantially different from that of the
medium. Figure 3-15 illustrates the operation of
an acoustic lens. Beyond the focal point of the
lens the ultrasonic beam again diverges; thus,
focused beams are most sensitive to flaws at the
focal point.

The velocity of ultrasound is greater in metals
than in water. Hence, a converging beam In
water, incident upon a plane metal surface, will
be further focused (fig. 3-16).

The above discussion of diffraction effects is
based on the assumption that the ultrasound is
a continuous pure harmonic wave; i.e., its am-
plitude is not a function of time. This, of course,
excludes the very important case of ultrasonic
pulses. A short pulse, it will be recalled, is ac-
tually made up of a spectrum of pure harmonic
components over a range of wavelengths. Con-
sequently, neither the instantaneous nor time-
averaged near-field and far-field intensity

Transducer
\ 7

. / \<<<<< Transmission Medium
Acoustic Lens / { / / // //

F1cure 3-15.—Focusing effect of an acoustie lens. (The
velocity of ultrasound in the lens is greater than
that in the transmission medium.)
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1 ///7//
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F16URE 3-16.—Foreshortening of focal distance by a
metal.

profile is precisely as illustrated in figures 3-13
through 3-16. When they are required, beam

proliles of pulses are usually determined
empirically.

ULTRASONIC TESTING
Basic General-Purpose Test Unit

General-purpose ultrasonic test units com-
prise the essential modules listed below.

(1) A pulsed oscillator, which, when electron-
ically triggered, generates a burst of alternat-
ing voltage. The principal frequency of the
burst, its duration, the profile of the envelope
of the burst, and the burst repetition rate may
be either fixed or adjustable depending upon the
flexibility of the unit.

(2) A sending transducer to which the volt-
age burst is applied, and which mechanically
vibrates in more or less faithful compliance
with the applied alternating voltage. When ap-
propriately coupled to an elastic medium, the
transducer thus serves to launch ultrasonic
waves into the medium.

(3) A receiving transducer, which serves to
convert ultrasonic waves that impinge upon it
into a corresponding alternating voltage. In the
“pitch-catch’ mode, the sending and receiving
transducers are separate units; in the “pulse-
echo” mode, a single transducer alternately
serves both functions.

(4) A receiver that amplifies and (if desired)
demodulates the received signal.

(5) A display oscilloscope with which the
user can observe the wave-form of signal volt-
ages at various points in the system.

(6) An electronic clock or timer which serves
as a source of logic pulses and reference voltage
wave forms. The timer governs the internal op-
eration of the system as a whole.

The unit will also include a power supply. Ad-
ditional features, which are often included in
test units, are electronic compensation for loss of
signal amplitude caused by attenuation of the ul-
trasonic pulse in the medium under test; and
electronic gates, which monitor the return signal
for pulses of a selected amplitude, and which
occur within a selected time delay range (cor-
responding to flaws of a certain size at a pre-
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scribed depth range). Other refinements are
available, especially in the areas of signal proc-
essing and automatic interpretation, and in the
interfacing of the unit with mechanical scan-
ning systems.

Scan Modes

The A-scan presentation (fig. 3-17) simply
provides for an oscilloscope display of: (1) the
envelope of the initial voltage pulse applied to
the transmitting transducer (the “main bang”) ;
(2) the envelope of the voltage pulses generated
by the receiving transducer as reflections are re-
ceived, and (3) a timing trace (if available).
The ordinate of the oscilloscope trace is propor-
tional to pulse amplitude, and the abscissa is
proportional to elapsed time (which may be
related to transmission time in the test medium).
It is common practice to adjust the display so
that the “main bang” is just off the oscilloscope
presentation; the pulse from the front surface
reflection appears at the start of the oscilloscope
trace, and the pulse from the back surface reflec-
tion appears at the far right of the oscilloscope
trace. Thus, the location of pulses resulting from
echoes from a flaw with respect to the two sur-
face echo pulses enables the operator to gauge
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F1eUure 3-17.—Main features of a basic general-purpose
ultrasonic test unit in the A-scan mode.

the depth of the flaw. The amplitude of a pulse
representing an echo from a discontinuity can-
not be simply related to the size or severity of
the flaw; only when there is sufficient auxiliary
evidence as to the general nature of the flaw
is this possible.

The B-scan presentation is illustrated in fig-
ure 3-18. Here, the internal vertical sweep (y-
axis) of the oscilloscope spot is triggered by the
timer. The beam is deflected horizontally (x-
axis) in synchronism with the usually linear
scanning motion of a pulse-echo transducer. The
intensity of the oscilloscope spot is modulated in
proportion to the amplitude of the received echo
signal. If the resulting oscilloscope pattern is to
be observed visually, the phosphor of the screen
must be of the persistent type, and the scanning
of the transducer must be repeated periodically
to renew the image. The image itself represents
a one-dimensional slice through the specimen,
with the profile of discontinuities appearing as
corresponding discontinuities in the oscilloscope
screen pattern.

In practice, the B-scan system has serious de-
ficiencies. Limits of phosphor persistence times
restrict the scan range; the more persistent
phosphors tend to produce a smeared image, re-
ducing resolution. Various alternatives to the
cathode-ray oscilloscope as a means of display-
ing B-scan presentations have been tried with-
out notable success. Consequently, the B-scan
presentation is seldom used.

The C-scan presentation provides a plane view
of a slice of the specimen at a selected depth be-
low the surface. The essentials of the system are
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Ficure 3-18.—Basic features of B-scan system with a
persistent-phosphor cathode-ray oscilloscope display.
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F1GURE 3-19.—A pulse-echo C-scan presentation system.
(Here a permanent record is made with a helix-drum
recorder. The rotation of the drum is electro-
mechanically coupled with the transducer-scan-
pattern mechanism. A flaw within the sensitivity
zone AD, at depth D, appears as a region of reduced
intensity on the electrosensitive paper. Other forms
of recorders are also used to produce C-scan records.)

illustrated in figure 3-19. Although a persistent-
phosphor oscilloscope could, in principle, be used
for the C-scan presentation, in practice, other
means of recording the presentation are su-
perior. Usually some form of electromechanical
recorder producing a permanent paper record is
used.

For C-scan operation, the ultrasonic test unit
must be equipped with an electronic gate that
samples the received echo for a selected period,
starting at a selected elapsed time after the ini-
tial transmitted pulse. The elapsed time seleeted
is proportional to the distance from the depth
to the top of the inspected slice of the test speci-
men, and the length of time the gate is open is
proportional to the thickness of the inspected
slice. When used in conjunction with a large-
aperture focused transducer, the C-scan system
is capable of generating a detailed record of
well-resolved discontinuities. The outstanding
disadvantage of the C-scan presentation is that
it produces a two-dimensional plane view of dis-
continuities within a given depth range, but does
not provide information from other depths un-
less the material is scanned repeatedly at sue-
cessively greater depths.

Ultrasonic Transducers

Virtually all ultrasonic testing is presently
done by using ultrasonic transducers of the
piczoelectric type. A piezoelectric crystal me-
chanically deforms when an electric field is ap-
plied to it. The mode of deformation depends
upon the direction of the applied electric field
with respect to the crystalline axes. Conversely,
if a piczoelectric material is deformed by the ap-
plication of external mechanical stresses, it be-
comes electrically polarized and produces a
voltage difference between certain regions of its
external surface. Hence, a piezoelectric crystal
can be used both as a generator and as a receiver
of ultrasonic vibrations.

Piezoelectric materials now in use include
quartz, lithium sulfate, and such ceramic ma-
terials as lead zirconate titanate and barium
titanate. Each of these has peculiar advantages
and disadvantages. Quartz, once used almost
universally, has outstanding chemical, electrical,
thermal, and mechanical stability, but is com-
paratively inefficient and tends toward internal
mode conversion. Lithium sulfate, though
quite efficient, especially as a receiver, is very
fragile, water soluble, and limited to tempera-
tures below 165° F. Ceramics are the most effi-
cient ultrasound generators, are moisture tol-
crant, and can be used up to about 300° F. They
are, however, mechanically weak, they age with
use, and are subject to some internal mode con-
version.

The basic active element of a transducer con-
sists of a slab of piezoelectric material sand-
wiched between thin conductive electrodes,
forming a capacitor. This assembly is housed in
a protective casing on which electrical con-
nectors are mounted. The unit may also include
a backing material that serves to damp the
mechanical vibrations of the erystal; in the case
of the angle-beam transducer, a plastic wedge
may be incorporated in the assembly. For use In
water, the entire unit must be hermetically
sealed, including the connecting electrical wires
or cables. Schematic diagrams of two typical
transducer designs appear in figure 3-20. Trans-
ducers are available in a wide variety of sizes
and functional designs. Focused transducers in-
corporate an acoustic lens directly in the assem-
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F1cURE 3-20.—Cross-sectional views of a straight-beam
transducer and an angle-beam transducer.

bly. In dual-element transducers, two crystals—
one for transmitting, the other for receiving—
are mounted in the same housing assembly. For
certain applications, one face of the piezoelectric
cerystal may be exposed for direct coupling to a
metal surface, the inspected metal itself serving
as the ground-potential electrode. The selection
of the proper transducer or combination of
transducers is extremely important for success-
ful ultrasonic testing, and should be done by a
qualified specialist.

Coupling Techniques

In order for ultrasound to be launched into a
material, the vibrating element of a transducer
must be mechanically coupled to it. In contact
testing, a very thin layer of fluid between the
active surface of the transducer and the surface
of the substrate material usually serves as a
coupling medium, or couplant. Mixtures of gly-
cerine, water, and a wetting agent are commonly
used on smooth surfaces. Light oils (with a wet-
ting additive), greases, or pastes are used on less
smooth surfaces. The messiness and inconven-
ience of “wet™ couplants motivate a continuing
search for effective “dry” couplants. Thin
layers of certain synthetic elastomeric materials
are satisfactory dry couplants for some appli-
cations.

A major difficulty with contact testing is the
difficulty it poses for continuous scanning of the
transducer over the surface of the test specimen.
When continuous scanning of appreciable sur-
face arvea is required, immersion testing is usu-
ally done. In this method, the article to be tested
is immersed in a tank of water. A submersible
transducer is then placed in suitable proximity

to the surface of the test article; the water itself
serves as the ultrasonic couplant. Immersion
tanks of various sizes, and equipped with elec-
tromechanical devices for manipulating the
transducer and generating various scan pat-
terns, are commercially available.

Since many articles for which a scanning in-
spection is desirable cannot conveniently be im-
mersed, there is a great incentive to develop
alternate means of coupling for scanning trans-
ducers. Two techniques, the bubbler and wheel
transducer, are illustrated in figure 3-21. The
water-bubbler technique (fig. 3-21(A)) has the
disadvantage that the overflow must be dis-
posced of in some manner. The wheel transducer
(fig. 3-21(B)), though free of the main short-
coming of the bubbler, is, in most applications,
less efficient as a coupler. The transducer inside
the wheel can be arranged so that the incident
compressional wave is at either normal inei-
dence for generating compression waves, or a
critical angle for generating shear waves or
surface waves.

Reference Standards

By far the most difficult aspeet of ultrasonie
testing is the task of interpreting ultrasonie in-
dications of internal discontinuities. To provide
some assistance in the interpretation of such
indications, reference standards have been de-
veloped. Such standards serve two important
purposes. They enable the operator to check,
adjust, and calibrate his test equipment periodi-
cally ; and by judicious comparison of the ultra-
sonic indications of an unknown discontinuity
with those produced by selected reference stand-
ards, the operator may assess the nature and
significance of the discontinuity in question.

The most commonly used reference standards
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Fiourr 3-21.—Bubbler and wheel-transducer tech-
niques for coupling scanning transducers.
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are blocks with flat-bottom holes drilled in them.
A set of “area-amplitude” blocks comprises a
number of blocks, all of the same dimensions,
each with a hole drilled into it of the same
depth, but of progressively larger diameters
throughout the set. When a transducer is cou-
pled to the surface opposite that into which the
hole is drilled, it senses a circular discontinuity,
provided the cffective diameter of the ultra-
sonic beam is greater than the maximum di-
ameter of the drilled hole.

A set of “distance-amplitude” blocks com-
prises cylindrical blocks, all of the same diam-
eter, and ranging in length from about 1 to 6
inches. A flat-bottom axial hole of exactly the
same diameter and depth is drilled into each
block ; thus the depth from the undrilled surface
to the discontinuity presented by the bottom of
the drilled hole is progressively greater through
the set of blocks. Distance-amplitude blocks are
used in adjusting the circuit which electron-
ically compensates for signal attenuation due to
varying depth (on test units having this fea-
ture). For flaw-size evaluation, multiple sets of
distance-amplitude blocks are used ; each set has
the flat-bottom hole of progressively larger di-
ameter. Other reference standards in common
use are the American Society for Testing and
Materials (ASTM) basic set, which also has
flat-bottom-hole drilled blocks, and the Inter-
national Institute of Welding reference block.

Reference blocks must be used with great cau-
tion; only a well-trained, experienced ultrasonic
inspector, thoroughly familiar not only with the
use of the references themselves, but also with
the characteristics of the particular article
being inspected (material, type, size, and loca-
tion of flaws, ete.), should attempt to use them
as an aid in interpreting flaw indications.

Resonance Testing

The thickness of plate-like regions of a speci-
men can often be measured accurately and con-
veniently by ultrasonic resonance. The principle
involved is illustrated in figure 3-22. A gener-
ator, variable in frequency over a suitable
range, and a means of sensing the power input
to the transducer are employed. As the fre-
quency of the oscillator passes through a value
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Fieure 3-22.—An automatic resonance system. (Ver-
tical peaks occur on the oscilloscope trace when the
oscillator frequency corresponds to a resonant fre-
quency of the specimen,)

for which the thickness of the material is an
integral number of half-wavelengths of the
ultrasound in the material, vibrational anti-
nodes occur at the surfaces of the material, and
the material vibrates in resonance with the
transduecer, At this frequency, the power drawn
from the radio frequency oscillator increases
sharply, so that an appropriate power meter can
be used to sense the occurrence of resonance.
Thus, for the resonant condition, the following
equation holds:

ng:t (13)

where :

t=the specimen thickness

A=the wavelength of the ultrasound

n=an integer.
Since the wavelength, A, is not known directly,
it may be expressed in terms of the frequency, f,
and the velocity, », (which must be known).
Sinee A=wv/f, the foregoing equation hecomes

ny
§7=t (14)

1f two consecutive resonance frequencies, f, and
f., are determined, the relations then become

ny
2—fx:t (15)
(n+lp_
%—_t (16)

Elimination of the integer, n, between these two
equations gives the final result:
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t (17)

v
~2(f—1)

Commercial ultrasonic resonance-thickness
gauges usually provide for automatic sweeping
of the frequency of the oscillator, and an oscil-
loscopic or other visual indication to determine
the occurrence of resonance.

Resonance testing is sometimes used to detect
laminar flaws in plate-like specimens. It is also
a convenient and accurate means of measuring
the velocity of ultrasound in a specimen whose
thickness is known.

Sensitivity and Resolution in Ultrasonic Testing

In ultrasonic testing, the term sensitivity re-
fers to the ability of a particular system to pro-
duce a clear indication of the presence of a
discontinuity. Sensitivity is thus measured in
terms of the smallest discontinuity that the sys-
tem can detect. The term resolution refers to the
ability of the system to give separate, distinct
indications corresponding to spatially separate
discontinuities. Both sensitivity and resolution
are usually measured by using a series of suc-
cessively smaller, spatially localized, synthetic
flaws.

When a discontinuity is detected by reflection
of ultrasound, sensitivity is generally improved
by :

(1) Increasing the intensity of the incident
ultrasonic beam

(2) Increasing the intrinsic sensitivity of the
receiver crystal (i.e., using a crystal that gen-
erates a higher voltage for a given applied
stress)

(3) Decreasing the mismatch between the
acoustic impedance of the receiver crystal and
the material under inspection

(4) Increasing the effective surface area of
the receiver

(5) Increasing the electronic amplification of
the output of the receiver crystal

(6) Decreasing the ratio of the ultrasound
wavelength to the effective dimension of the
discontinuity.

There are practical limits to which each of these
can be carried; for example, decreasing the
wavelength of the ultrasound may cause attenu-

ation so great that the effect of increased reflec-
tion from the discontinuity is offset, or raising
the gain of the receiver amplifier may create
greater electronic noise, nullifying the increased
sensitivity.

To improve the resolution of a system re-
quires two separate considerations. The first
concerns the range or depth of a discontinuity
in the test material. If depth is gauged by the
length of time required for the round-trip be-
tween transducer and discontinuity, then, two
discrete flaws will not be detected separately un-
less one is deeper than the other by an amount
approximately equal to the spatial length of
the ultrasonic wave packet. This breadth is, in
turn, approximately equal to the rf pulse dura-
tion times the ultrasound velocity. Therefore,
to improve resolution in range (or depth), the
rf pulse duration must be shortened. To resolve
two adjacent localized discontinuities having
the same range requires that either the trans-
mitted beam must be sufficiently narrow to illu-
minate only one of the discontinuities, or the
effective cone of sensitivity of the receiving
crystal must be sufficiently narrow to discrimi-
nate between the two discontinuities. In both
cases, resolution is improved by increasing the
ratio /D ; here, D is the effective diameter of
cither crystal and A is the maximum ultra-
sound wavelength having significant amplitude
in the wave packet. In the usual pulse-echo tech-
nique, a single crystal serves as both sender and
receiver; therefore, the reception cone is essen-
tially the same as the transmission cone. If the
discontinuity is in the near-field zone of either
transducer, special consideration is required.

NASA CONTRIBUTIONS

NASA centers and contractors routinely
make extensive use of ultrasonic and sonic
methods of NDE. The effectiveness of these
methods as tools of quality and reliability as-
surance depends on the knowledge and skill
of the technicians employing them. As an aid
to the training of such technicians, NASA has
prepared a series of manuals that comprehen-
sively cover the state of the art of instrumenta-
tion and test procedures (refs. 1 through 4).



40 NONDESTRUCTIVE TESTING

This series comprises three volumes of pro-
grammed instructional material, and an accom-
panying textbook. Together, these volumes
constitute a thorough course in both principles
and practice at the level generally required of
inspection personnel.

Many of the reliability and quality assurance
problems encountered in the space program
have created special requirements for NDE
methods and instrumentation. Whenever pos-
sible, these requirements have been met by in-
dustrial contractors. In other cases, exploratory
work has first been conducted at NASA centers,
with subsequent developmental work, where
warranted, being pursued by a contractor. The
results of some of these efforts, selected on the
basis of their possible utility outside the aero-
space industries, are described in ensuing sec-
tions of this chapter.

Water-Column Probe for Mechanized
Ultrasonic Scanning

Ultrasonic inspection of weldments in critical
structures is sometimes a mandatory supple-
ment to X-radiography. To be maximally effec-
tive, such inspection must approach 100-percent
coverage; i.e., the entire weldment region must
be inspected. In production eircumstances in-
volving great lengths of weldment, a mecha-
nized ultrasonic scanning system is a virtual
necessity. Such was the case with the Saturn V
booster stage S-IC propellant tanks, which in-
volved joining aluminum plates by butt welds.
Preliminary feasibility studies established that
2.25-megacycle shear-wave ultrasonic inspec-
tion was more effective than radiography in the
detection of flaws associated with lack of both
penetration and fusion in the weldment. The
large size of the items to be inspected precluded
the use of an immersion tank for continuous
ultrasonic scanning; the bubbler technique was
also considered impractical. Faced with this
problem, workers at the George C. Marshall
Space Flight Center developed a ‘“water-
column probe” suitable for continuous scanning.

The basic concept of this probe is illustrated
in figure 3-23 (ref. 5). A conventional im-
mersible straight-beam transducer was mounted

Sound Beam Path “A”

Weid Flaw

FicUre 3-23.—NASA water-column probe for mecha-
nized scanning.

in a water-filled cylinder, one end of which was
cut at an angle appropriate for launching shear
waves, and closed with a stretched urethane rub-
ber diaphragm, or boot. A thin layer of water
(supplied by an auxiliary spray) served as a
couplant between the rubber boot and the alumi-
num plate; the water also served as a lubricant
enabling the boot to slide over the aluminum
surface. Urethane rubber was used for the boot
because of its exceptional resistance to abrasion.
A cross-sectional view showing the details of
the water-column-probe assembly appears in
figure 3-24 (ref. 5). To suppress irrelevant in-
dications caused by reflections at the water-
column-boot interface, the cylinder was lined
with a layer of neoprene rubber, which effec-
tively attenuated these reflected waves.
Figure 3-25 is a schematic diagram showing
the essential features of the complete inspec-
tion system. A mechanical fixture was devised
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Fieure 3-24.—Details of the NASA water-column
probe.
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Fieure 3-25.—Mechanized ultraxonic seanning systen.

to hold the probe in contact with the aluminum
surface while allowing it to be seanned parallel
to a weldment; this fixture also carried the
spray that continuously dampened the alumi-
num surface as the probe moved across it.
Further technical details, including the results
of a thorough study of the characteristics of
the shear-wave beam emitted by the probe may
be found in reference 5.

Ultrasonic Detection of Fatigue Cracks

Structural metals develop cracks when they
are subjected to eyclic stress; above some rather
well-defined peak-stress value characteristic of
the specific material, the induced cracks propa-
gute to failure within some statistically deter-
mined number of stress eyeles. The material is
therefore said to fatigue. Studies have shown
that a specimen may fail comparatively rapidly
once fatigne cracks hecome detectable by any
presently available means; for sueh materials,
most of the “fatigue life? ig expended prior to
this stage of crack development,

When a component is operated under a evelic
stress regime corresponding to a limited fatigue
life, safe operation can he assured only if the
component 1s removed from service as soon
as possible after detectable fatigue cracks form.
While safety considerations rvequire that a
component be removed {rom service before there
15 signifieant probability of its failing, eco-
nomic considerations argue for keeping the
component in service as long as it is consistent
with safety. There is thus a double incentive to
develop practical methods of NDE for detecting
fatigue cracks at the earliest possible stage of
their development. Such methods are also
needed in the continning laboratory investiga-
tions of the physical mechanisms involved in fa-
tigne. Ultrasonic technigues have heen. and
continue to he, intensively investigated for sueh
applications.

At NASA Lewis Research Center, the apa-
bilities of the ultrasonic shear-wave technique
for detecting and measuring the length of fa-
tigne eracks in notehed-sheet fatigue specimens
were investigated (ref. 6). Commercial A-sean
instrumentation with time-gating and output-
Integrating cirenitry for strip chart recording
was used. Since both sensitivity and resolution
are important, the lighest practical frequency
was called for. It was experimentally deter-
mined to be 5 MITz with the available equip-
ment. Both the pulse-ccho technique and the
through-transmission  (pitch-cateh) teehnique
were investigated.

A special transducer design was developed
for the pulse-echo application. The design is
shown schematically in figure 3-26 (). The plas-
tic shear-wave wedge was so designed that the
reflected compressional wave internal to the
Lucite wedge was transmitted via an extension
to a second transducer operating as a receiver
only. This feature served two purposes. The in-
ternally reflected wave was effectively prevented
from interacting with the primary transduecer;
and by monitoring the internally retlected
wave with the secondary receiving transducer,
changes in the coupling at the interface between
the wedge and the metal specimen could be
monitored.

The transducer design employed for through-
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F16URE 3-26.—Ultrasonic transducers used with crack-
detection device.

transmission is illustrated in figure 3-26(b).
Space limitations prevented the use of second-
ary coupling-monitoring crystals. The couplant
material used in this investigation was a molyb-
denum disulfide lubricant normally employed
to prevent seizure of mating parts at high tem-
perature, This unconventional couplant ma-
terial was reported to be quite efficient. The
shear-wave beam profile in the specimen was
determined by measuring the energy reflected
from a 0.050-in. slot in an aluminum plate as
the transducer was moved laterally past the
slot. After the region of maximum sensitivity
of the transducer was determined, the trans-
ducer was subsequently mounted on fatigue
specimens so as to utilize this region to
advantage.

A brief study was made to determine the
effect of crack orientation on the amplitude of
echo pulses. The results obtained are summar-
ized in table 3-1; they were applied to explain
observed differences in ultrasonic reflection
from fatigue cracks the surfaces of which lie
at different angles with respect to the direction
of the incident ultrasonic wave. They illustrate
the extreme importance of flaw orientation in
ultrasonic testing.

TasLe 3-1.—OQutput Voltage as Function of
Flaww Orientation (ref. 6)

€ law Orientation Angle, Normalized
deg Output Voltage
a=Q" ]
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Ve~ X 10 G 96
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0 1.00
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45 0.78
¢=0 a
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Five materials were employed in the study:
unalloyed aluminum ; 6061-T6 aluminum alloy;
2014-T6 aluminum alloy; mild steel; and
Inconel. The specimens (of conventional de-
sign) were subjected to axial tensile fatigue.

The sensitivity of the pulse-echo system to
crack size was studied by selective destructive
examination of specimens. On the first clear in-
dication of a crack, the selected specimen was
removed and sectioned for metallographic mi-
croscopic examination. As expected, the ultra-
sonic system was most sensitive when the speci-
men was under maximum tensile load, which
opened any cracks present.

The investigators summarized their results
as given below.,

(1) With the reflection technique, fatigue
cracks ranging from 0.0005 to 0.005 in. in length
were detected during fatigue testing of the
more ductile materials (i.e., pure aluminum,
mild steel, and Inconel) ; eracks ranging from
0.0005 to 0.0025 in. in length were detected in
the less ductile materials (6061-T6 and 2014-T6
alominum alloys).
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(2) In the sharply notched specimens utilized
in this investigation, cracks were detected
within approximately 1 to 3 percent of total
specimen life for all of the materials considered
over the range of stresses considered.

(3) The reflection technique was more sensi-
tive to the detection of minute fatigue cracks
than was the through-transmission technique.
Thus, it was possible to detect much smaller
eracks with the reflection technique.

(4) The through-transmission technique gave
consistently reprodueible output voltages for
cracks on the order of 0.062 to 0.082 in. in 2014~
T6 aluminum. This reproducibility was better
than that obtained with the reflection technique
for similarly long cracks. The through-trans-
mission technique thus appears to be better
suited for measuring the length of cracks
greater than about 0.010 in.

(5) The effects of crack orientation on output
voltage with the reflection technique was studied
by means of slots machined into flat plates. Slot
surfaces normal to the direction of the ultra-
sonic waves produced the greatest output volt-
age. The farther the slot surface deviated from
a position normal to the wave-propagation di-
rection, the smaller the output, even though the
slot surface area, when projected on a plane
normal to the wave, was constant.

An ultrasonie technique has been developed
and used to observe the formation and growth
of fatigue cracks in notched cylindrical speci-
mens subjected to reversed axial-fatigue loading
(ref. 7). The system used was generally similar
to that described in the foregoing discussion.
However, the transducer employed was a 7 MHz
longitudinal-wave transducer. Longitudinal
waves were transmitted back and forth along
the axial direction of the specimen, Circumfer-
ential cracks around a 0.300-in.-diameter
notched specimen were induced by cyelic load-
ing. The depth of initially detectable cracks
ranged from 0.0005 in. to 0.004 in.

Automatic Monitoring of Fatigue-Crack Growth

An important aspect of fatigue is the rate at
which a fatigue crack, once formed, grows. The
study of fatiguc-crack growth would be greatly
facilitated if a convenient means of continu-
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ously and automatically monitoring the size of
a growing crack in a fatigue specimen could be
found. An ultrasonic approach to this problem
has been investigated by a NASA contractor
(ref. 8). The investigation consisted of contin-
uously monitoring the position of the tip of a
lengthening through-crack in a thin-plate
fatigue specimen. The basic features of the tech-
nical approach used are shown in figure 3-27.
The reflector plate shown in the figure was
ultrasonically coupled to the specimen by a thin
film of vacuum-pump oil. The angle-wedge
surface-wave probe was water-coupled to the
specimen. One dimensional mechanical scan-
ning of the probe was achieved with a lead
screw driven by a servomotor. Each pulse emit-
ted by the probe resulted in two echoes; one
from the tip of the erack and another from the
reflector plate. By a dual gating and integrating
system, the amplitudes of the erack echo and the
reflector echo were continuously compared. An
error signal derived from this electronic com-
parison was supplied as feedback to the servo-
motor control. When the overall system was
appropriately tuned and adjusted, the control
loop continuously repositioned the probe to
maintain its position relative to the tip of the
lengthening crack. The system was essentially
an exploratory developmental version. The
principles involved should lead to a consider-
able refinement of the monitoring device, in-
cluding a two-dimensional sean system for fol-
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Ficure 3-27.—Schematic of an automatic system for
monitoring fatigue-crack growth,
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lowing a crack when its direction changes as it
lengthens.

Ultrasonic Detection of Stress-Corrosion Cracking

The development of high-strength aluminum
alloys for acrospace applications has resulted
in significantly improved strength-to-weight
ratios. Many of these alloys, unfortunately, are
highly susceptible to stress-corrosion cracking,
a process in which the simultaneous and co-
operative cffects of corrosion and applied or
residual mechanical stresses lead to the initi-
ation and growth of cracks. Stress-corrosion
cracking may occur at stress levels far below
the nominal strength of the material, and may
proceed at a rate orders of magnitude greater
than the usual rate of corrosion in the absence
of mechanical stress. Consequently, there is a
strong incentive to develop methods of non-
destructively detecting and evaluating stress-
corrosion cracking at the earliest possible stage.
Since the process begins on the metal surface,
it is natural to investigate ultrasonic surface
waves (Rayleigh waves) in solving this NDE
problem. Such studies have been conducted by
NASA, both in-house and through its con-
tractors.

Two general approaches have been explored.
The first is to correlate the rate of attenuation
of a surface-wave packet as it propagates over
a test region ; the other is to sense discrete eracks
by the pulse-echo method. A limited survey of
the attenuation approach as applied to 2219-
T31 aluminum {which is quite susceptible to
stress-corrosion cracking), and to 2219-T81
aluminum (which is comparatively resistant to
stress-corrosion cracking) was conducted at
Marshall Space Flight Center by using 5-MHz
waves. The results suggested that, while the
attenuation was a very sensitive indication of
surface condition, it was quite difficult to dis-
tinguish the effects of stress-corrosion cracking
from those of ordinary corroston taking place in
the absence of stress (ref. 9).

A somewhat more detailed investigation for
7075-T6 aluminum alloy was conducted by a
NASA contractor (ref. 10). The alloy that was
studied is highly susceptible to stress-corrosion
cracking. The specimen geometry and the posi-

tion of the angle-wedge pulse-echo transducer
employed is shown in figure 3-28. To induce
stress-corrosion, a clamp was applied to the ends
of a U-shaped specimen, placing the outer fibers
of the bend of the specimen in tensile stress. The
U-bend portion of the specimen was then made
the anode in an electrolytic cell containing a so-
dium chloride solution. A constant electric cur-
rent on the order of 0.5 mA/cm? was passed
through the cell for a fixed period of time. As a
measure of the exposure to this galvanic cor-
rosion environment, the product of the current
density and the elapsed time was used. The
specimen was periodically re.noved from the
electrolytic cell, thoroughly cleaned, and tested
ultrasonically, both with and without the stress-
producing mechanical load applied.

To provide a reproducible reference with re-
spect to which surface-wave attenuation could
be measured, two reference grooves were ma-
chined in each test specimen as shown in figure
3-28 (ref. 10). The size of reference groove 1
was adjusted to provide a pronounced echo, and
to transmit most of the energy of the incident
surface wave; reference groove 2 was adjusted
to produce a readily detectable reflection. Thus,
an ultrasonic-wave packet emitted by the trans-
ducer, propagates along the surface, is partially
reflected by reference groove 1, and continues
to propagate over the test region where it is
attenuated. The packet was then partially re-
flected by reference groove 2, passed through
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F1oUrE 3-28.—U-bend tensile specimen,
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the test region where it was further attenuated,
thence across reference groove 1, and finally
back to the transducer, which now functions as
a receiver. For each test, the coupling between
the transducer and the specimen and the gain
of the receiving amplifier were adjusted to pro-
duce the same amplitude for the A-scan echo
pulse produced by reference groove 1; the am-
plitude of the echo pulse produced by reference
groove 2 is then a function of the attenuation
of the wave packet as it (twice) traverses the
test region. As their size increases, stress-corro-
sion microcracks become sufficiently large to
produce individually discernible echoes. It was
found that the echoes from such cracks were
greatly increased in amplitude when the test
was made with the clamping force applied.
Photomicrographs verified that the applied ten-
sile stress opened the cracks slightly, greatly in-
creasing the acoustic impedance mismatch.

In figure 3-29, the results of the study are
summarized in graphical form. In this case.
the attenuation produced by stress-corrosion
cracking was appreciably greater than that pro-
duced by corrosion alone.

Incidental to the study just described, an
interesting and useful result was obtained from
reflectivity of artificial defects in the form of
transverse grooves produced with a jeweler's
saw. For a wavelength, which is long compared
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FIGURE 3-20.—The increase in Rayleigh wave attenu-
ation caused by corrosion for three types of stress-
corrosion eracking. (Shown are samples still under
stress, after release of stress, and corroded with no
stress. The samples were corroded when stressed to
90% of their yield strength.)

to the width of the groove, it was found that
the relative amplitude of the reflected pulse
was propotrtional to oxp( C'/D), where D is
groove depth, and ¢ is a constant that depends
on the wavelength of the surface wave. The re-
sults for 4 MHz {wavelength equal to 0.028 in. )
are shown in figure 3-30.

Ultrasonic Determination of Residual Stress

A number of operations by which structural
metal components are formed leave the metal in
a state of residual stress. If a rectangular bar
1s permanently deformed by bending, for ex-
ample, one surface will be left in a state of
tensile stress, and the opposing surface will be
left in compression. The residual-stress distri-
bution present in a component depends in a
complex way on its thermomechanical history.
In some cases, controlled residual stress is bene-
ficial, and may be deliberately induced ; for ex-
‘1mple, shot-peening of a metal surface may be
used to induce compressive stress, and thus
achieve greater resistance to crack pr opagation.
In other cases, residual stress may be very del-
eterious, ospecnlh with alloys susceptible to
stress corrosion. Some nondestructive means of
determining the magnitude and direction of
residual stress is thus highly desirable. If a ma-
terial is in a state of residual stress, the atomic-
scale crystalhne lattice of the metal is strained;
that is, it is geometrically distorted with respect
to its perfect crystal configuration. For fine-
grained polycrystalline metals, the strain is
generally homogeneous over the volume of a
grain, but usually varies somewhat from grain
to grain. The average bulk strain is obtained by
averaging the lattice strain over a small region
containing many grains, The average bulk

T T T T

)
z
et e r=exp [—axAg /D] 1
a
3 ) a=052+ 005
£ -10F B
=3
€
< —20f J
2 o] °
o
@ -30F B
o« 1 1 " i

0 0.5 1.0 1.5 20X 102

1/D {micron) ™!

FicUure 3-30.—Reflection of Rayleigh waves from arti-
ficial grooves as a function of depth.
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stress is generally presumed to be related to the
averaged bulk strain in accordance with a gen-
eralized three-dimensional form of Hooke’s law.

One approach to the nondestructive deter-
mination of residual stresses is the measurement
of crystalline-lattice strains by X-ray diffrac-
tion. Although usually regarded as the “abso-
lute” method, this approach has several dis-
advantages. First, it is somewhat complicated
requiring precision apparatus operated by
highly skilled personnel. Second, the presence
of X-rays constitutes a health hazard. Finally,
the method is intrinsically limited to sampling
a small region of the surface of a specimen. A
more practical alternative method is clearly de-
sirable. One possibility is the use of the strain-
dependence of the velocity of ultrasonic waves.
Through one of its contractors, NASA has ex-
plored this possibility (ref. 11).

The velocity with which an ultrasonic wave
of prescribed frequency and vibrational mode
propagates through a crystalline lattice is de-
termined by the elastic constants and density
of the material. For most purposes, only the
so-called first-order elastic constants need be
considered ; in this approximation, however, the
ultrasonic-wave velocity is independent of lat-
tice strain. If higher order corrections are made,
the wave velocity does depend slightly on
the strain. In the case of shear waves, these cor-
rections generally depend on the direction of
polarization of the wave; the material is then
said to be birefringent with respect to shear
waves. There are thus two distinct approaches to
lattice-strain (and consequently stress) deter-
mination with ultrasonics. On one hand, an at-
tempt can be made to measure the very small
stress-induced change in the velocity of some
single-wave mode. On the other hand, the differ-
ence in velocity of two shear waves of mutually
orthogonal polarization possibly can be deter-
mined. In either case, grave experimental diffi-
culties can be expected, since the effect is very
small. Moreover, objections to the approach
can be raised on the ground that, in traversing a
finite region, a wave may encounter some zones
that are compressively stressed and other zones
that are in tension, thereby giving an approxi-

mate null effect. Nevertheless, it has seemed
worthwhile to investigate the approach.

Two approaches to stress measurement by the
direct measurement of stress-induced changes in
the velocity of propagation were investigated
by the NASA contractor. These are called
the modified time-of-flight system and the
frequency-null system.

Modified time-of -flight system.—A simplified
block diagram of this system, used to measure
stress-induced changes in the velocity of ultra-
sonic surface waves, is shown in figure 3-31. As
illustrated, two pulses are launched simulta-
neously ; one in the test specimen, and one in a
similar reference material used as a delay
line. When each pulse arrives at its respective
receiving transducer, it is amplified and dis-
played by one trace of a dual-trace oscilloscope.
To position the pulses correctly on the face of
the oscilloscope, the horizontal trace is triggered
immediately before the arrival of the pulses;
correct timing of the trigger is obtained with a
variable-delay trigger external to the oscillo-
scope. Triggering of the lower trace may be
staggered with respect to that of the upper trace
by means of the variable-delay trigger internal
to the oscilloscope.

In operating the modified time-of-flight sys-
tem, the horizontal-sweep rate of the oscillo-
scope is so set as to display the received pulses
with the oscillations of the rf carrier clearly
resolved. With a test specimen in the stress-free
(mechanically unloaded) condition, the path
length of the ultrasonic delay line is mechani-
cally adjusted to bring the upper trace roughly

TIeure 3-31.—The modified time-of-flight system used
to measure stress-induced changes in the propagation
time of ultrasonic surface-wave packets.
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into coincidence with the lower trace. The ex-
ternal variable-delay trigger is then adjusted to
delay the trigger pulse by approximately the
same value as the ultrasonic propagation time;
this has the effect of positioning the pulse traces
conveniently on the oscilloscope face. At this
point, the horizontal-sweep rate is increased
to spread out the two traces, and thus make any
phase difference between them visually appar-
ent. The internal trigger delay is then adjusted
to bring the traces precisely into phase as
judged by visual comparison. The test specimen
is then stressed by applying a load. The stress-
induced change in the surface-wave velocity
causes a change in the propagation time of the
pulse; this in turn is evidenced in a change in
the phase of the lower-trace oscilloscope display
relative to that of the upper trace. The variable-
delay trigger internal to the oscilloscope is then
adjusted to restore the phase of the lower trace
with respect to the upper trace. The internal
delay trigger, which is directly calibrated, is
capable of resolving 10-° sec. The modified
time-of-flight system was normally operated at
between 3 and 10 MHz, with a pulse duration in
the range of from 1 to 10 usec, and a repetition
rate of 1 kHz.

For certain applications, the modified time-
of-flight system can be operated in a manner
somewhat different from that just outlined. It
can, for example, be operated without the ul-
trasonic delay line, provided some alternative
reference signal is used. It can also be used with
a single transducer operating in the pulse-echo
mode, provided an appropriate electronic switch
is used to alternate between the send-receive
functions.

Frequency-null system.—A simplified block
diagram of the frequency-null system is shown
in figure 3-32. The master pulse generator gen-
erates a train of rectangular pulses with a width
that may be varied between 2 and 10 psec; the
pulse repetition rate may be varied between 3
and 12kHz. A continuous rf signal is supplied
by the oscillator at a frequency which may be
varied between 6 and 8 MHz. A precision fre-
quency meter indicates its frequency. The rf
signal is fed to cach of two lincar gates. Pulses
from the master pulse generator open Gate 1 for

Ficure 3-32.—The frequency-null system for measur-
ing surface-wave velocity.

the duration of each of the rectangular pulses.
The output of Gate 1 is thus a train of rf pulses
of the same duration as that of the rectangular
control pulse, and with a pulse repetition rate
equal to that of the master pulse generator.
These rf pulses are then amplified and fed to an
ultrasonic transducer coupled to the test speci-
men. The ultrasonic waves launched in the test
specimen are received by a second transducer,
from which the output is amplified and fed to
the vertical-deflection amplifier of one chan-
nel of a dual-channel oscilloscope.

To provide a reference signal, the output of
the rf oscillator is fed to a sccond linear gate,
Gate 2. Pulses from the master pulse generator
are fed to a variable-delay pulse unit, which
gencrates one pulse of a fixed 1.5-psec duration
for each pulse emitted by the master pulse gen-
erator. The 1.5-usec pulse may be delayed from
5 to 30 psec with respect to the leading edge of
the rectangular pulse which initiated it. The 1.5-
psec pulse controls Gate 2 from which the out-
put is a train of rf pulses of 1.5-usec duration
and a repetition rate equal to that of the master
pulse generator. These short rf pulses are am-
plified and fed to the vertical amplifier of chan-
nel 2 of the dual-channel oscilloscope. This then
displays on a single trace the algebraic sum of
the signals present in channels 1 and 2. To insure
that the horizontal sweep of the oscilloscope is
synchronized with the arriving rf pulses, the
leading edge of pulses from the master pulse
generator triggers the horizontal sweep.

To operate the null-frequency system, the
gains of the vertical amplifiers of channels 1
and 2 are adjusted until their respective signals
are of equal amplitude. The variable pulse de-
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lay is adjusted until the center of the shorter
pulse coincides with the center of the longer
pulse. The frequency of the rf oscillator is then
adjusted until the signals in channels 1 and 2,
respectively, are out of phase by 180°, i.e., until
they mutually cancel one another over their
region of overlap. Sufficiently precise adjust-
ment of the phase cannot be achieved merely by
visual observation of the dual-channel oscillo-
scope display. In order to achieve adequately
sensttive adjustment, the mixed signals of chan-
nels 1 and 2 are taken from the external out-
put of the dual-channel oscilloscope and fed to a
sampling oscilloscope, which is adjusted to dis-
play the mixed signal only over the duration of
the reference pulse. The output of the sampling
oscilloscope is fed to a circuit that converts the
signal amplitude to a proportional de voltage,
which is monitored on a sensitive de voltmeter.
When the frequency of the rf oscillator is cor-
rectly adjusted for mutual correlation in chan-
nels 1 and 2 of the signals, the de voltmeter reads
Zero.

The velocity of an ultrasonic pulse as it travels
over a fixed path length of the specimen can now
be determined by advancing the frequency of
the oscillator until the next higher frequency
at which a null on the dc meter occurs. In pro-
gressing from one null to another, the number of
ultrasonic wavelengths accommodated by the
path length, Z, must increase by exactly onc.
Suppose the number of wavelengths originally
accommodated in Z were N, corresponding to
the radiofrequency, f., and ultrasonic wave-
length, A, Thus, the following relation is ob-
tained:

No}\osz(No‘}‘l))\ll)

The wavelength, A, is equal to the ultrasonic
velocity, #,, divided by frequency. giving the
equation:

No ()=o) (557

This equation may be manipulated to give the
equivalent equation,

af=f

from which can be obtained

_JoM_ %
A= N~ T,
The result is
Uo= (Af )Lo

While it is possible to determine Af with con-
siderable precision, L, cannot ordinarily be de-
termined with great accuracy since the area of
the ultrasonic transducers in contact with the
surface of the specimen is of appreciable size.

The procedure for measuring a stress-induced
change in ultrasonic velocity is first to achieve
a frequency null for the stress-free situation;
second, to apply the stress that will destroy the
original frequency null; and, third, to alter the
frequency of the oscillator again to achieve a
frequency null. In this case, the number of
wavelengths contained in the path length L is
the same for both null frequencies. Hence, the
following relation is established:

fo_fotAf
vy Pot+Av

or equivalently,
Af Av

fo Yo

Thus, the change in null frequency is propor-
tional to the change in ultrasonic velocity.

Measurement of applied uniavial bulk stress
using birefringence of shear waves.—As previ-
ously discussed, the velocity of a shear wave in
a uniaxially stressed medium depends on the
direction of wave polarization with respect to
the stress axis. The modified time-of-flight
method was used to demonstrate the detectabil-
ity of this effect. The experimental arrangement
in which the pulse-echo technique was employed
is illustrated in figure 3-33. The axis of vibra-
tion of the crystal surface was determined ina
separate experiment. A wax with a low melting
point served as couplant.

Specimen materials included the aluminum
alloys 2014-T6, 9919-T87, 6061-T651, and 7075-
Te51. For the latter material, the measured
stress-induced time delays for the two shear-
wave modes are shown graphically in figure 3—
34 (ref. 11).
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F1aure 3-33.—Arrangement for measuring shear-wave
birefringence induced by uniaxial stress. (The
velocity of shear waves, with polarization respec-
tively parallel to A and perpendicular to B, is meas-
ured as two functions of applied stress. The
ultrasonic frequency used was 7 MHz.)
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F1GURE 3-34.—Time-of-travel versus applied stress of
components of a shear wave in 7075 alloy.

Measurement of stress using surface waves.—
Two surface-wave transducers of the pitch-
catch type were devised. The first of these is
known as the knife-edge transducer (fig. 3-35).
Longitudinal waves generated by the sending
clement are launched toward the knife edge that
contacts the surface of the specimen. It was
found that the knife edge would generate sur-
face waves, which propagate at right angles to
the edge. The receiving element was similar.
The knife edges were not sharp, but flattened to
a width equal to approximately one-half the
wavelength of the surface waves generated in
aluminum specimens. The purpose of the knife-
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F1cure 3-35.—Configuration of the knife-edge surface-
wave transducer assembly (ref, 11).
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edge configuration was to provide a precisely
defined separation between the sender and re-
ceiver, Satisfactory operation of the knife-edge
transducer required that it be firmly pressed
against the specimen surface; an external load-
ing fixture was used.

Another type of transducer was called the
double-wedge transducer (fig. 3-36). This dual-
element surface-wave transducer works on the
conventional angle-wedge principle, wherein a
longitudinal wave is incident upon the plastic-
aluminum interface at the second critical angle.
Both the sending and receiving crystals were
mounted on opposite ends of a single double-
wedge-shaped block of acrylic plastic. To en-
able it to sustain mechanical loading needed for
adequate coupling, the plastic block was rein-
forced by a closely fitted metal housing.

Both the knife-edge transducer and the
double-wedge transducer were used with no

Surface -
Wave
Transducer

—

Side-
View
Cutaway

Phosphor Branze
X-Tal Contacts

Lucite

—

Crystal Bottom View

Spring

Figure 3-36.—Configuration of Lucite surface-wave
transducer assembly (ref. 11).

couplant other than the direct mechanical con-
tact effected by pressing the transducer assem-
bly against the surface of the specimen. Both
transducers were used exclusively with the
frequency-null system. Measurements of stress-
induced changes in surface-wave velocity were
made by using the compressive loading arrange-
ment previously illustrated in figure 3-33. The
surface-wave transducer was placed in the same
general position as the shear-wave transducer
previously used, and oriented so that the sur-
face waves propagated parallel to the axis of
applied stress. The results obtained for 6061-
T651 aluminum alloy are shown graphically in
ficure 3-37; similar results were obtained for
the other specimens.

Because surface waves are confined to a sur-
face layer approximately one wavelength in
thickness, it is to be expected that the effective
stress which affects the surface-wave velocity
is the average stress in a one-wavelength thick-
ness of the surface. If a stress gradient exists
normal to the surface, the average effective
stress will depend on the wavelength of the sur-
face waves used. To test this idea, a rectangular
bar specimen was bent in a standard four-point
bending arrangement, thereby inducing a uni-
form tensile stress in the convex surface. The
magnitude of the stress decreases with depth,
reaching zero at the middle of the beam, and
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FIoure 3-37.—Change in time-of-travel (over a 1.5-in.
path length) of surface waves vs stress in a uni-
axially loaded sample of 6061 alloy (ref. 11).
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reverses in sign at greater depths so that the
opposite (concave) surface is in compression.
The double-wedge surface transducer was
mounted on the surface in tensile stress, and the
apparent stress measured at frequencies of 1,
3, 5, and 7T MHz. The results showed the appar-
ent stress to be progressively smaller with in-
creasing wavelength (decreasing frequency),
and in reasonable quantitative agreement with
the hypothesis that the effective stress sensed
by a surface wave is the mean stress over a
depth of one wavelength.

E'ffects of preferred grain orientation.—Tests
reveal that the ultrasonic properties of a stress-
free polycrystalline metal are essentially iso-
tropic, provided that the grains (which are
small single crystals) are randomly oriented
throughout the volume of the metal. The ultra-
sonic properties of a single crystal, however, are
distinctly anisotropic, especially with shear-
wave propagation. For cxample, in a single
crystal of pure aluminum (the symmetry of
which is cubic), the velocity of a shear wave
propagating in the direction of a cube diagonal
is approximately 7.5% greater than the velocity
of a shear wave propagating in the direction of
a cube edge. Furthermore, a single crystal gen-
erally is birefringent with respect to shear
waves. In a single crystal of pure aluminum,
the velocity of a shear wave propagating in the
x-y direction and polarized in the z direction is
approximately 10.5% greater than the velocity
of a similar wave polarized at right angles to
the z direction. In order for a polycrystalline
material to be effectively isotropic to ultrasound,
three conditions must be met :

(1) The wavelength of the ultrasound must
be long compared to the dimensions of the
grains.

(2) The grains must be randomly oriented.

(3) There must be no preferred direction cre-
ated by an applied or residual stress.

The process by which many metal compo-
nents are manufactured sometimes introduces a
preferred grain orientation. This is especially
true of rolling operations used in the produc-
tion of aluminum plate. It can be expected,
therefore, that specimens cut from such plates,
even when free of applied or residual stress, will

exhibit an apparent stress when tested ultra-
sonically. Tests conducted by the NASA con-
tractor studying ultrasonic methods of stress
measurement confirmed this expectation. This
circumstance creates grave difficulties in in-
terpreting the results of ultrasonic stress
measurements.

Loesidual stress studies—An extensive in-
vestigation of specimens of butt-welded alumi-
num alloy plates was conducted. The general
character of the residual stress distribution in
such specimens was known from previous
studies based on destructive test wherein a
specimen is dissected into appropriate pieces
and measurements are made of the strain ex-
perienced by each piece upon removal from the
parent specimen. The detailed results of the
NASA contractor’s studies are too extensive to
summarize here. In general, the ultrasonic
measurements were found to be in qualitative
agreement with expectations, but many unre-
solved ambiguities remained at the close of the
study. The contractor’s report should be con-
sulted for further details (ref. 11).

Delta Technique for Aluminum Welds

The delta technique is a variant of the fa-
miliar dual-transducer pitch-catch technique;
its name is derived from the fact that the trans-
mitter, flaw, and receiver are conceived to be
located respectively at the vertices of a tri-
angle, the shape of which is approximately that
of the Greek capital letter delta. The basic ar-
rangement and principle of operation are il-
lustrated in figure 3-38 (ref. 12). The standard
immersion water-couplant, mode-conversion
technique is used to produce a transmitted shear
wave that illuminates the test region of the
specimen. The receiver is positioned directly
above the test region and is thus sensitive
mainly to waves which are longitudinal in the
test specimen.

The interaction of the incident shear wave
with a real internal flaw is quite complicated.
In addition to simple reflection, which is, in
general, attended by mode conversion, complex
local vibrations of the flaw region are excited.
The precise nature of the local vibrations de-
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pends on the detailed size, shape, and local
mechanical properties of the flaw. In simple
terms, the flaw may be thought of as a local
ultrasound antenna that is excited by the pri-
mary incident beam. This complex process, by
which the incident beam is scattered, is present
in all ultrasonic testing; the various test tech-
niques are distinguished from one another on
the basis of just which component (or compo-
nents) of the scattered ultrasound is utilized
by the receiver. The delta technique exploits
mainly the longitudinal wave that is reradi-
ated by a flaw.

Because of the potential advantages that the
delta technique appeared to hold for flaw detec-
tion in aluminum butt weldments, NASA con-
tracted with a commercial firm to evaluate the
technique for this application. Three configura-
tions were employed in the study: (1) the basic
delta configuration illustrated in figure 3-38;
(2) a dual-transmitter arrangement in which
two independent transmitters illuminated the
flaw region; and (3) a four-transmitter array

configuration. In the multitransmitter configu-
rations, care was taken to match the output of
each transducer of the array. Tests were con-
ducted in an immersion water tank; conven-
tional C-scan fixtures and instrumentation were
employed. Specimens (which were supplied by
NASA) consisted of 6-by-30-in. panels, each
with a central butt weld parallel to the long
dimensions. Materials used were 2014 and 2219
aluminum alloys, ranging in thickness from 0.15
to 1.0 in. The weldments were deliberately made
to contain typical production flaws, including
lack of penetration, lack of fusion, gas porosity,
foreign matter inclusions, and microfissures.
Extensive radiographic inspection and destrue-
tive metallographic inspection were conducted
to provide a basis for evaluating the delta tech-
nique C-scan flaw indications.

The major difficulty encountered in the study
was the occurrence of weld-crown noise. Spuri-
ous flaw indications were traced to the effects of
the irregular as-welded weld crown; scarfing or
blending of the crown greatly reduced this
effect. The basic single-transmitter delta con-
figuration was found to be considerably less
affected by the undressed weld crown, and
therefore appeared to be the best choice for
weld inspection.

The results of the water-tank test are sum-
marized in table 3-2. Based on these results, the
delta-scan technique would appear to be more
sensitive than radiography.

For high-specd automatic scanning of pro-
duction weldments, immersion tank testing 1s
generally impractical. To overcome this diffi-
culty, the contractor demonstrated that the
basic declta-scan transducer arrangement could
be incorporated in an otherwise convention~l
commercially available water-filled wheel. For
limited local inspection, an encapsulated hand-
held probe was devised. For further details, the
contractor's report should be consulted (ref.
12).

Acoustic Inspection of Honeycomb Materials

In the design of modern aerospace vehicles,
honeycomb-core sandwich-type materials are
extensively utilized. Fabrication of these mate-
rials involves adhesively bonding thin metal
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TaBLE 3-2.—Comparison of Delta-Scan Flaw Indications With Results of Radiography and Destructive
Inspection (ref. 12)

Defect Number detected by Percentage detected by Percentage
As-welded sections occurrence improvement
in 341 sections  Delta X-ray Delta X-ray by Delta
Lack of penetration_ . _____________ 77 54 28 70 36 94
Lack of fusion. __.________..__..___ 31 31 27 100 87 15
Porosity >0.010"" diam_ _________. 30 27 24 90 80 13
Porosity < 0.010" diam____________ 88 40 28 45 32 41
Cracks_ __ .. _____ . __________ 6 5 4 80 66 21
Microfissuring. . .. _._.._.______.__ 16 16 2 100 13 870
Defect Number detected by Percentage detected by Percentage
Blended weld sections occurrence improvement
in 53 sections Delta X-ray Delta X-ray by Delta
Lack of penetration_ _.____..______ 5 4 2 80 40 100
Lack of fusion____________________ 22 22 18 100 82 22
Porosity >0.010"" diam____________ 5 5 4 100 80 25
Porosity <0.010’’ diam____________ 19 11 10 58 53 9
Cracks. ... __. O e
Microfissuring. . ... ___._____.______ 2 2 1 100 50 100

face plates to a metal or nonmetallic honeycomb
core. Major problems encountered with these
materials include the occurrence of regions in
which a face plate is disbonded from the core,
or regions in which the adhesive fails to develop
its minimum acceptable strength. The high reli-
ability required of aerospace vehicles, therefore,
calls for NDE techniques capable of finding and
characterizing these flaws. An extensive re-
search and development program to meet this
need has been conducted by NASA. As part of
this effort, an extensive survey was conducted
of the pertinent technical literature through
mid-1966, and industrial firms and individual
authorities were consulted regarding possible
technical approaches. The results of this survey,
including an annotated bibliography, have ap-
peared as a NASA contractor’s report (ref. 13).

Detection of Honeycomb Unbonds by Acoustic
Impedance

Technical aspects of the Saturn vehicle neces-
sitated an NDE technique for evaluation of
honeycomb disbonds having features that (1)
require access to only one side of the honeycomb

panel, and (2) require the mechanical scanning
device be portable. Associated electronic instru-
mentation and C-scan recorders were conceived
to be remote. FFive candidate approaches were
evaluated :

(1) Ultrasonic pulse-echo

(2) Sonic and ultrasonic spectral analysis

(3) Intermodulation between low- and high-
frequency vibrational modes of the panel

(4) Measurement of the natural decay time
of vibrational modes

(5) Measurement of low-frequency mechani-

cal impedance

With the exception of the intermodulation ap-
proach, each of these proved to be generally
feasible; however, the impedance method ap-
peared to show the greatest promise for meeting
all objectives.

Ultrasonic impedance testing depends basic-
ally on the clectronic sensing of small changes in
the ac electrical impedance presented to the sig-
nal generator supplying power to the piezoelec-
tric transducer. These changes are, of course,
induced by the ultrasonic load placed on the
transducer, the load being determined by the
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acoustic impedances of the system to which the
transducer is coupled. In the study presently
under consideration, preliminary feasibility
studies were carried out with conventional im-
mersion water coupling with the aim of using a
water-filled ultrasonic wheel in the final system.
The load on the transducer thus depended on
the length of the water path and the orientation
of the transducer with respect to the honeycomb
panel surface. The nominal beam orientation
was 90° (i.c., normal to the surface). The piezo-
clectric erystal used in the study was sclected
from several commercially available ceramie
materials, mounted in an appropriate submersi-
ble housing, and its beam profile determined.
Frequencies involved in the study are in the 20-
to 35-kllz range.

Four candidate electrical systems for sens-
ing the changes in loading of the transducer
were evaluated. These included a constant-cur-
rent bridge, a constant-voltage bridge, a recti-
fied-crystal detection system, and a piezoelectric-
oscillator self-tuned (POST) system. Block dia-
grams of the four systems are shown in figure
3-39 (ref. 14). The impedance bridge system is
a nulling system wherein the erystal is balanced
against an adjustable rc circuit. Variable loads

1. Constant-Current 8ridge

Crystal
| Bridge
500 vV

2. Constamt Voitage
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3. Recutied Crystal Detector
l ﬁb}-—) H Amplitude
T

4. Piezoelectric Osciliator Seff- Tuned (POST)

9 Amplitude

Amplitude
Frequency

Fieure 3-39.—Circuits for sensing changes in trans-
ducer power levels.

applied to the bridge affect the bridge balance
in terms of impedance. The constant-voltage
svstem maintuined the erystal voltage at 10V,
and allowed measuring the changes in crystal
current with an vf milliammeter. The constant-
current bridge utilized a 55-W power amplifier
to maintain a reference voltage of 10 V" on the
crystal.

The rectified-crystal detector system excites
the crystal through a series resistance from an
oscillator adjusted to the frequency of maximum
sensitivity for the crystal. The ac voltage de-
veloped across the loaded crystal is rectified, fil-
tered, and adjusted by feedback to variable
power supply. The honeycomb dishonds caused
an impedance change in the crystal which was
measured with a de voltmeter.

The POST system was designed to self-tune
the detection crystal to a natural vibrational
frequency of the composite, thereby eliminating
the need for frequency scans to determine the
optimum sensitivity. This was accomplished by
two methods. The first method consisted of iso-
lating a portion of the crystal’s electrode sur-
face for feedback; the second employed a sep-
arate small crystal mechanically driven by the
detection crystal for feedback. Both methods
were tested and proved satisfactory. The pickup
signal was amplified, phase-adjusted, and fed
back for crystal-drive excitation. The POST
system oscillated at the frequency where the
detection crystal produces the maximum me-
chanical vibration. The feedback gain and phase
cirenits were used to trigger levels or stop the
erystal oscillation. Of the four systems tested,
the POST system was selected as being most
promising for further development.

Following an extensive calibration program
in which specially prepared honeycomb test
panels were used, the optimized breadboard sys-
tem was applied to automatic seanning of Sat-
urn lioneycomb composites by using a prototype
water-filled rubber-tive ultrasonic wheel. This
system wus evaluated through correllation of
its results on test panels with the findings of
destructive tests. The results of these tests sup-
ported a recommendation that a shop-worthy
version of the breadboard system be developed.
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Determination of Honeycomb Adhesive
Bond Strength

Apart from regions of total disbond between
core and face sheet, regions in which the adhe-
sive fails to develop its nominal strength also
compromise the load-bearing capacity of
honeycomb plates. Locating such weak regions
nondestructively poses a technical problem
considerably more formidable than that of lo-
cating disbonds. The heart of the problem is
that a weak bond region presents no sharp,
well-defined discontinuity in any specimen
readily susceptible to nondestructive measure-
ment. Even today the problem has not been
satisfactorily solved.

One approach to this problem was selected by
NASA as potentially applicable to the inspec-
tion of large honeycomb propellant tanks used
in space vehicles (ref. 14). Following a survey
of the literature on adhesively bonded struc-
tures, it was concluded that bond weakness oc-
curring in practice was caused by the failure of
the adhesive to develop its full cohesive strength
rather than its failure to adhere to the joined
surfaces. Thus, candidate NDE approaches
must be aimed at determining the viscoelastic
properties of the thin layer of adhesive itself.
The only possible avenue of approach seemed
to be through the vibrational properties of the
honeycomb sandwich material. A mathemati-
cal analysis indicated that a viable NDE method
should determine either the amplitude of vi-
bration of a localized vibrational mode which
stressed the adhesive, or the excitation band-
width of a localized vibrational mode as the fre-
quency of a coupled exciter is swept through
resonance with the vibrational mode. Character-
istic frequencies of localized vibrational modes
in representative honeycomb materials were de-
termined by the core cell dimensions and the
number of cells affected by the degraded ad-
hesive. Expected upper frequencies were ap-
proximately 100 kHz for a 3jg-in. cell, and 1
kHz for a 34-in. cell; the lower frequency ex-
pected was of the order of a few Hertz. Two
technical problems were paramount: (1) the
need to find a satisfactory method of exciting
the vibrational modes of the structure without
unacceptably loading it (i.e., without direct me-

chanical coupling), if possible; and (2) the
requirement for a method of accurately meas-
uring the amplitude of the vibratory excursions
of the face sheets.

The approach selected for in-depth evalua-
tion was based on a device called a Displace-
ment Oriented Transducer (DOT). The DOT
has two components—an axially symmetric elec-
tromagnetic driver and a displacement sensor
capable of resolving the small differences in vi-
brational amplitude associated with regions of
weak bonding. The electromagnetic driver is
essentially a flat coil of wire that carries an
alternating current of variable frequency. The
coil couples with a metal substrate through the
induction of eddy currents; by Lenz’s law, the
coil and the substrate will repel one another.
Thus, the substrate is given a push twice during
each alternating current cycle. (An alternate
type of exciter, an interrupted air-stream pulser,
proved less successful than the electromagnetic
type.)

The DOT system is basically a vibration anal-
ysis method using high level, automatically
variable frequency excitation forces in a metal-
lic structure and detecting microinch displace-
ments. The simplified block diagram shown in
figure 3-40 illustrates its major components and
functional operation (ref. 14). The excitation
unit comprises an automatic swept-frequency
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i @
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05VDC

05 mV
AC

Excitation o 0-1vDC
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FI6URE 3-40.—The DOT bhond-strength system.
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source, a power amplifier, and an electromag-
netic transducer. Excitation levels are available
up to 15 A at 30 V over the 10-Hz to 20-kHz
frequency range. An operational amplifier is
used to compare the input sine-wave signal with
a feedback signal proportional to the transducer
current to correct for coil impedance changes
and ensure constant-current drive over the op-
erating frequency range. The driver can pro-
duce force levels of approximately 8 psi in the
aluminum face sheet materials at the high exci-
tation levels. The vibration-response detection
system was developed using a commercial fiber-
optic displacement instrument with a displace-
ment sensitivity of 5 uin./mV over a de to 40-
kHz frequency range. The fiber-optic probe was
accurately positioned coaxially in the excitation
transducer. The displacement instrument was
modified to provide an amplified and demodu-
lated ac output signal proportional to the meas-
ured dynamic displacement amplitude; this
signal was monitored directly on the oscilloscope
display of a spectrum analyzer, and could be
plotted with a pen recorder as a function of the
excitation frequency. Other system components
included an auxiliary heater-controller system,
temperature recorders and indicators, and a dig-
ital frequency counter.

The DOT system is calibrated by response
measurements on composite materials of known
strength ; either a resonance-response amplitude,
frequency, or half-bandwidth parameter was
measured. The DOT is either operated noncon-
tact or supported on the composite with rings or
three-point contacts. The composite was swept
with frequencies of selected excitation levels
until a significant response was indicated. Par-
ticular frequency resonances related to the
geometry effects of the test system were ascer-
tained, and only those resonances associated
with the damping of the composite were used for
measurements.

To test the basic hypothesis of the method, the
DOT system was used to measure the vibra-
tional response to the driver as the frequency of
excitation was swept over the range in which
resonances were theoretically expected to be.
The results for a particular specimen are shown
graphically in figure 3-41 (ref. 14). The ex-
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FIGURE 3-41.—Frequency response of adhesive-bonded
honeycomb panel from 5 to 15 kHz,

pected resonances are distinctly apparent ; how-
ever, the breadths of the resonances are orders of
magnitude greater than the breadth theoreti-
cally expected for the damping action of the
adhesive itself; other damping mechanisms evi-
dently predominate. Thus, the attempt to meas-
ure bond strength by means of the characteristic
energy dissipation of the adhesive was
frustrated.

The only apparent alternative was in some
way to relate bond strength to the amplitude of
resonant vibration under constant excitation
conditions. Statistical variation in the response
of good bonds was found to be substantial, thus
precluding a straightforward approach. How-
ever, from an analysis of the kinetics of adhesive
curing, it was hypothesized that a weak bond,
when heated, should show changes in response
because of thermally induced curing. The re-
sponse of a strong bond, already well cured,
should be comparatively less affected by heating.
Pursuing this idea, the DOT system was applied
to specimens heated in an oven. The procedure
was to measure the amplitude of a prominent
peak resonance as a function of temperature and
of bond strength. The test verified that the am-
plitude of resonance peaks generally tended to
increase as the temperature was raised; how-
ever, the increment in resonance amplitude did
not appear to depend greatly on bond strength.

In the course of the oven tests, it was observed
that the frequency at which a given peak reso-
nance occurred tended to shift with tempera-
ture, and that the shift depended upon bond
strength. The data were therefore analyzed to
determine the change in resonant frequency per
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unit rise in temperature as a function of bond
strength. Representative results are shown
graphically in figure 3-42 (ref. 14). Following
these results, which were considered promising,
the DOT system was modified to provide an
electrical heater, which surrounded the basic
probe assembly.

Further evaluation was conducted under lab-
oratory conditions with the DOT driver em-
ployed to heat a local area of the composite by
eddy-current effect and supplemented by a
guard-type resistance heater integrally mounted
around the DOT periphery. The heated area
was approximately 6 in. in diameter. Tests were
conducted at intervals of 10 to 15 min, allowing
temperature stabilization. A preliminary evalu-
ation showed that clamping of the specimen
was not necessary for damping measurements
above 0.8 kHz. Further, the application of heat
from only one side of the composite reduced the
response peak amplitudes by only 25%, which
still permitted a reasonable signal-to-noise level.

The same specimen series tested in the oven
was retested by the heater-augmented DOT sys-
tem. The measurement. method included a fre-
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F16GURE 3-42.—Change of high-frequency resonance as
a function of test temperature and bond strength
(0.02-in. facing sheets).

quency scan to determine response frequencies
related to the composite properties and un-
affected by either the specimen geometry or sup-
port. Vibration response measurements were
made at four or five temperatares after thermal
stabilization. The response peak amplitudes
were recorded as a function of frequency over
a range of the driving coil current of from 5 to
15 A.

The peak response amplitude data at a 15-A
drive were plotted as a function of bond
strength as shown in figure 3-43 (ref. 14). The
amplitude-strength relationship is in accord
with the previously obtained oven-test data and
shows a proportionately increasing response
amplitude with increasing strength. Figure 3-44
shows the dependence of response frequency
with strength as predicted and as observed in
the oven-test data (ref. 14). It was therefore
concluded that the transition from the oven
tests to laboratory self-heating conditions was
successful,
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F1eure 343.—DOT vibration response data obtained
from self-heated unclamped honeycomb composites
(0.063-in. facing sheets).
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FIGURE 3-44.—DOT vibration response frequency vs
bond strength (0.063-in. facing sheets).



58 NONDESTRUCTIVE TESTING

The thermally assisted DOT approach to the
evaluation of bond strength of honeycomb ma-
terial has many drawbacks, not the least of
which is the time required for thermal stabili-
zation. The inherent complexity of the approach
makes it difficult to implement. Moreover, the
physical mechanisms by which adhesives cure,
gain strength, age, and degrade are still only
poorly understood. The problem of NDE bond
strength, though broached, remains one of the
challenges of the field.

Honeycomb Structure NDE By Through-
Transmission of Sound

Another approach that NASA has investi-
gated for testing honeycomb for disbonds is
that of straightforward through-transmission
of airborne sound (refs. 14,15, and 16). A block
diagram of a system devised for possible appli-
cation to assembled tanks is shown in figure 345
(ref. 14).

Disbond sensitivity tests proved successful on
1- and 134-in.-thick honeycomb composite speci-
mens. Figure 3-46 shows a typical frequency
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FIGURE 3-45.—Prototype system for inspection of
honeycomb by through-transmission of airborne sound.
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Fieure 3-46.—Frequency response record from 0.5 to
3.5 kHz for 13;-in. honeycomb composite with square
disbonds.

response recording. It is apparent that there
are characteristic differences between the spectra
of known disbonds and well-bonded areas. In
figure 3-46, for example, spectral peaks due to
nearside disbonds (on the external adhesive
layer of the tank) in the 13/-in. composite are
clearly identifiable at 2.05 and 2.37 kHz (ref.
14). The farside disbond (adhesive layer adja-
cent to the tank wall) is clearly identifiable at
1.295 and 2.05 kHz. The farside disbond re-
sponse at 2.37 is minimal, thereby suggesting the
feasibility of discriminating between disbonds
located at either of the two adhesive interfaces.

Based on the frequency response data, selected
frequencies were evaluated for disbond detec-
tion by using hand scanning techniques. The
background noise within the laboratory area,
however, was quite high because of leakage and
reverberation of the tank simulator. The micro-
phone was installed in a convenient stainless-
steel tube approximately 3 in. in diameter by
10 in. in length with glass fiber insulation to
reduce side noise pickup. This technique essen-
tially converted the omnidirectional microphone
to a single-direction detector with about a 10-
deg. reception arc. The same insulation was also
applied to the tank simulator in areas not con-
taining composite specimens. Hand scanning for
disbond detection was facilitated by spraying
either a light Teflon* film or dusting a fine pow-
der on the face sheet.

*Registered trade name of E. I. du Pont de Nemours
and Co.
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Hand scans were made at test frequencies se-
lected on the basis of the previously obtained
frequency response data. In most instances, a
significant amplitude response was noted for
each type of disbond. In addition, the disbonds
were detected by selected frequency bands swept
at rates up to 10 kHz. The disbonds were identi-
fiable primarily by amplitude variations of the
modulated envelope on the oscilloscope. The de-
tection data also could be correlated by observ-
ing phase changes in the display waveform. The
hand scanning tests proved the feasibility of
air-couple techniques for detecting relatively
gross disbonds at both adhesive layers.

Similar tests were conducted by employing
the fiber-optic-displacement measuring system
used in the DOT system. The measured disbond
sensitivity data showed reasonably comparable
results, The fiber optic system, however, re-
quired resetting at each test location on the com-
posite specimens for reflectivity adjustment,
whereas the microphone was readily hand-
scanned.

The development of the air-couple technique
has made it possible to determine the following
performance parameters:

(1) The acoustic source-detector technique
was proven suitable for the detection of dis-
bonds at both adhesive interfaces in sizes rang-
ing from 3-in. squares to 1-in. isosceles triangles
in Saturn-type composites.

(2) The differing frequency-response charac-
teristics of near and farside disbonds provided
the clue to determining the particular adhesive
layer containing a disbond.

(3) Acoustic attenuation measurements
showed the feasibility of using conventional
loud speakers and microphones under the proper
conditions to perform disbond detection tests
in a tank at distances up to 16.5 ft.

The disbond-detection sensitivity was found
to be a function of test frequency. Measurements
at the low-frequency ranges were made difficult
by major tank wall vibration and a driving of
the entire contact-type microphone-housing as-
sembly. The higher-frequency. responses, from
1.0 to 2.4 kHz, proved to be most successful.
The response peaks for a series of disbonds in
a specimen covered rather broad frequency
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bands of approximately 50 to 100 Hz. Swept-
frequency techniques proved to be effective
means of detecting the disbonds.

Ring-Beam-Wheel Surface-Wave Search Unit

Rapid ultrasonic scanning over large surface
areas of materials is often desirable. One ap-
proach to rapid scanning using ultrasonic sur-
face waves is the so-called ring-beam wheel de-
veloped by a commercial firm under a NASA
contract (ref. 17). The approach used involves
two key developments:

(1) An annular-shaped transducer crystal
and ultrasound reflector capable of launching
circular surface waves when water-coupled to
a metal surface

(2) An approximately spherical water-filled
rubber tire, which contacts a metal surface over
an essentially circular-shaped area of contact.

From several candidate transducer designs,
the one illustrated in figure 3—47 was selected for
development. The conical-shaped compressional
wave beam produced by the transducer assembly
impinges on the water-(tire)-metal interface at
the second critical angle, thus, generating sur-
face waves that propagate radially outward
from the contact area. The transducer is oper-
ated in the conventional pulse-echo mode. An
electronic gate operating during the receiving
phase is set to receive echoes originating from
points within a eircular annulus with a mini-
mum radius just greater than the radius of the
circular area of contact between the tire and the
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FreUure 3-47.—Cross-sectional view of a ring-beam-
wheel surface-wave search unit,
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metal surface: hence, the term ring beam. An
A-scan presentation reveals the radial distance
of a flaw from the center of the ring, but does
not indicate its azimuthal position,

A prototype version of the ring-beam-wheel
surface-wave search unit was delivered to
NASA by the manufacturer. Documentation
regarding its evaluation by NASA is unavail-
able at this writing.

Ultrasonic Testing in the Space Environment

Anticipating the eventual requirement for
NDE techniques and instrumentation suitable
for application to vehieles and structures in
space, NASA has condueted a preliminary study
to determine which techniques are the best can-
didates. Ultrasound was considered a prime
candidate. NASA sought to determine the ef-
fects of a simulated space environment on basic
ultrasonic materials and components (ref. 18,
parts I, IT, and IIT; ref. 19).

An evaluation of various types of fluid
couplants was conducted to determine which
would be most suitable for in-space ultrasonic
inspection. The original objective of this area of
the program was to select a couplant that would
be compatible with the space environment and
not leave a greasy film residue after evapora-
tion from the surface of the test object. The
basic properties considered for couplants were
the stability of the couplant with respect to
acoustic energy transmission, the vapor pressure
or rate of sublimation loss, and the change in
viscosity. The temperature range considered
was —100° to +160° F and the vacuum level
was 10-7 torr.

It was found that silicone-base fluids offered
the greatest potential for space application.
These flnids are chemically inert and ecompatible
with a wide range of materials, both metallies
and nonmetallies, and exhibit desirable char-
acteristics when exposed to a high-vacuum or
oxygen environment. Thev also have excellent
thermal stability, which enables them to with-
stand temperatures from —100¢ to +450° F.
Because their viscosity is fairly constant, they
provide more uniform sound transmission over
a wider temperature range than do conventional
fluids. They also offer excellent resistance to

oxidation and have a very low surface tension.
However, their vaporization rates are in the
range of 0.00001 to 0.02 g/hr, which means an
oily film would probably remain for a signifi-
cant length of time following the inspection.

Transducers were then evaluated. The ob-
jective of this preliminary testing was to select
transducers that would enable inspection of de-
fects of small size, and to define the practical
limits of their use in a space environment. The
parameters investigated were temperature
(room temperature to 140° F), pressure (at-
mospheric to 10-* torr), and transducer ma-
terial. Defect resolution and sensitivity were
measure:d with standard equipment and tech-
niques. To obtain the desired test temperature,
thermally insulated heater tapes were wrapped
around the dead-weight-loaded transducer and
test-block interface.

Temperature was recognized as the most
critical factor because of three primary problems
that arise when exposing piezoelectric materials
to elevated temperatures. First, the epoxy ce-
ment bonding the erystal to its base begins to
soften, leading to broken connections and mis-
alignment. Second. the difference between the
thermal coeflicients of expansion of the piezo-
electric material and the back-up damping ma-
terial, respectively, is usually quite large; con-
sequently, exposure for any appreciable length
of time can cause cracked erystals. Third, the
activity of most piezoelectric material decreases
with inereased temperature, cansing reduced
output energy and a consequent reduction of
ccho signal strength.

The three transducer materials evaluated
were : lithium sulphate, quartz, and lead zircon-
ate titanate. Lithium sulphate was chosen be-
cause it is among the most efficient of all known
receivers of ultrasonic energy. The overall
voltage performance ratio (i.e., transmitting
and receiving) is approximately 28 times
greater than that of quartz. The electrical im-
pedance of lithium sulphate is only slightly
lower than that of quartz, making it easier to
drive with standard ultrasoniec instrumentation.
Little or no aging has been experienced with
lithium sulphate, and it has one of the lowest
mode conversions of any of the standard
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piczoelectric materials. The disadvantages of
its use are that it is highly soluble in water and
must be completely protected at all times by
some type of plastic or metallic case, and that
the crystal's useful upper operating tempera-
ture is approximately 167° F.

Quartz transducers were selected for evalu-
ation because quartz can operate at tempera-
tures of approximately 800° F. It also has
excellent mechanical and electrical stability and
resistance to aging. Quartz is insoluble and has
good resistance to abrasion. It is a strong, rugged
transducer material. On the other hand, it is
susceptible to mode conversion, and it is the
least efficient generator of acoustic energy of
any of the common piezoelectric materials.

Lead zirconate titanate is classified as a
ceramic. It can operate at temperatures up to
580° F. The ultrasonic sensitivity of the ma-
terial is very high. The piezoelectric constants
of the ceramics are usually higher than that of
quartz. The low elastic quality of the material
is a disadvantage.

The first series of transducer-material tests
consisted of establishing a constant test tem-
perature, initiating vacuum pump-down, and
recording a standard defect-signal amplitude
after reaching equilibrium. A 10-min equilibra-
tion was selected, because previous tests had
tentatively indicated that this time was neces-
sary for stabilizing pressure (10 torr). This
procedure was followed for each transducer
material at ecach test temperature (85°, 120°,
and 140° F.). A constant gain setting was used
throughout the tests. Results indicated that
lithium sulphate, lead zirconate titanate, and
quartz are respectively less sensitive, based on
signal amplitude, over the temperature range
tested; and as temperature increases for rela-
tively constant vacuum, sensitivity decreases
significantly. Lithium sulphate appeared to be
the least affected by temperature.

To cvaluate further the time-temperature-
vacuum effect on the transducer materials, a
second series of tests was performed in which
the effect on sensitivity of time-in-vacuum at
a constant temperature was measured. The tests
were similar to the first series with the excep-

tion that the temperature was held constant;
measurements of signal amplitude were taken
every few minutes for a total time-in-vacuum
of 60 min. At atmospheric pressure, the sensi-
tivity decreased significantly with temperature.
Temperature and time-in-vacuum also had a
significant effect on sensitivity. At 140° ¥, the
stability of the lithium sulphate transducer ap-
peared to break down. However, following the
140° I* temperature run, as the temperature
was reduced to 120° F, the sensitivity of the
material (still under vacuum) gradually re-
turned to and stabilized at the value observed
in the originally stabilized 120° F transducer
test., On further cooling under vacuum, the
sensitivity rose, stabilizing at approximately
the original room temperature value. To check
the repeatability of this test data, the 120° F
test cycle was rerun the following day, and the
results agreed well with the original data. The
test was then continued for an additional 7 hr
at constant vacuum and temperature without
any observed change in the sensitivity. At the
end of the accumulated 8 hr of test time, further
changes in the temperatures were made, and
the resulting data agreed with the original data.

A similar series of tests was run using the
lead zirconate titanate and quartz transducers.
Stability of the lead zirconate titanate was good
over the entire temperature range. The expected
drop in sensitivity with temperature and time in
thermal vacuum did occur. The observed effects,
however, were apparently reversible,

In summary, the NASA contractor drew
these conclusions.

(1) As temperature is increased from room
temperature to 140° F, ultrasonic sensitivity
decreases.

(2) As the pressure is reduced to the order of
10-* torr, sensitivity decreases, but at room tem-
perature it may regain this initial loss.

(3) Under thermal-vacuum, as temperature
increases, sensitivity decreases; and for a stable
material, the sensitivity stabilizes with time.

(4) For operation in the temperature range
anticipated for space applications, the lead zir-
conate titanate transducer is recommended,
based on its better thermal stability.
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CHAPTER 4

Radiography

C. Gerald Gardner

A radiograph is basically a two-dimensional
picture of the intensity distribution of some
form of radiation, projected from a source
(ideally, a point source), and which has passed
through a material object that partially attenu-
ates the intensity of the radiation. Voids,
changes in thickness, or regions of different
composition will, under favorable circum-
stances, attenuate the radiation by different
amounts, producing a projected “shadow” of
themselves. The basic elements of the radio-
graphic process are shown in figure 4-1 (ref. 1).
Three forms of penetrating radiation are pres-
ently used in radiography: X-rays, gamma
rays, and neutrons. X-rays were the earliest of
these to be used.

X-rays were accidentally discovered in 1895
by Wilhelm K. Roentgen, at the University of
Wurtzburg, Germany. While studying the phe-
nomena of electric discharges through rarefied
gases, he observed a new type of radiation that
could penetrate material opaque to light; he
called it X-radiation because of its peculiar and
unknown nature. When Roentgen announced
his discovery, nearly everyone having a high-
voltage gaseous discharge tube tried taking
X-ray pictures of such things as human limbs
and metal objects. These cfforts were not very
successful, however, since the tubes of that time
usually failed when the high voltages necessary
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Source of X rays

Object Voud
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~ .

Exposed Area Photographic Fitm

FioURE 4-1.—Diagram of radiographic process.

to produce X-rays of suitable penctrating
power were applied. Moreover, the electric gen-
erating devices used then produced very little
current. This meant that long exposure times
were required. The early radiographer was
forced to use ordinary glass photographic plates

63



64 NONDESTRUCTIVE TESTING

that were not favorable to radiography. These
and other factors retarded the development of
radiography until about 1912.

The development. was accelerated when, in
1912, William D. Coolidge perfected a new type
of X-ray tube that could operate at higher
voltages and carry more current than previous
tubes, resulting in X-radiation of greater in-
tensity and penetrating power. Although radi-
ography was used to some extent during World
War I for various inspection purposes, it was
not until the 1920’s that its potential as a prac-
tical nondestructive testing method was proven.

In 1922, radiographic equipment with a
Coolidge tube that could operate at 200 000 V
(200 kV) with a current of 5 mA was installed
at the Army Ordnance Arsenal at Watertown,
Massachusetts. With the installation of this
equipment, pioneer efforts were made which led
to the first real accomplishments in industrial
radiography. Watertown Arsenal personnel
found that up to 3 in. of steel could be radio-
graphed under manufacturing conditions with
the new equipment. Today, almost all metal
forming and joining operations rely heavily on
radiography. Prior to the use of radiography,
casting defects, for example, if discovered at all,
were not found until the machining phase of
manufacturing ; this resulted in a loss of time,
material, and money. Now, the foundryman and
radiographer work hand in hand. When a part
is to be cast, a pilot casting procedure is set up,
and the part is cast and radiographed. If the
radiograph shows the part to be defective,
changes are made in the casting technique and
the part is recast. This process is repeated until
a satisfactory procedure, yielding sound cast-
ings, is developed. A continuing quality check
is kept by inspecting a number of castings
selected at random out of a given lot.

In 1932, a new Coolidge X-ray tube that
would perform continuously at 300 kV and
8 mA became available. As technology ad-
vanced, X-ray equipment with 1000-kV tube
ratings became possible. Then, with the de-
velopment of the Van de Graaff generator and
the betatron, multimillion-volt units were de-
signed. Today, X-ray units. called linear ac-
celerators, have ratings up to 100 million volts,

In recent years, technological advancements
in film emulsion and strip film have made pos-
sible far greater industrial use of radiography.
In addition, both government and industry are
emphasizing continued effort toward the im-
provement of filmless radiographic techniques
{e.g., fluoroscopy, xeroradiography, and tele-
vision).

With the development of practical means
of producing artificial radioisotopes after
World War II, radiography using radioactive
gamma-ray sources has become techniecally and
economically feasible, and now plays a sig-
nificant role in NDE. More recently, neutron
radiography has been introduced, which has
unique capabilities for revealing hydrogenous
materials surrounded by metals. As practical,
portable neutron sources become available,
neutron radiography will undoubtedly become
more widely used.

Radiographic inspection is superior to other
NDE methods in a number of applications, For
example, it can provide a permanent visual rep-
resentation of the interior of the test object.
Under favorable conditions, radiographic in-
spection as a quality control procedure can con-
serve time and materials as given below.

(1) It reveals, nondestructively, the internal
nature of a material, and can be used to separate
acceptable items from unacceptable ones after
standards for acceptance have been established.

(2) Tt discloses errors in the manufacturing
procedure and process control in sufficient detail
to indicate necessary corrective action.

(3) Tt discloses struetural unsoundness, as-
sembly errors, and concealed mechanical mal-
functions, thereby reducing the unknown or
variable factors in a design during the develop-
ment phase.

(4) Tt is also useful in preventative mainte-
nance and failure analysis.

The costs of industrial X-ray films and their
handling and processing are relatively high in
comparison to other inspection methods. Radi-
ography of material that is small, easily han-
dled, of simple geometry, and which otherwise
lends itself to high rates of inspection, can be ac-
complished cconomically. Large items, complex
geometries, materials which are diffieult to



RADIOGRAPHY 65

handle, and cases in which the radiographic
equipment must be brought to the material are
all factors that increase costs of inspections sub-
stantially. For example, the cost of radio-
graphic inspection of such small metal compo-
nents or assemblies as transistors and relays can
be held to a low percentage of the value of the
materials; on the other hand, the cost of com-
plete inspection of critical metal parts or the
preventative maintenance inspection of an as-
sembly can sometimes excced the cost of the
material.

The successfnl economic use of radiography
lies in timely development studies and in-process
control followed by the wise use of spot-checking
and statistical sampling. Of course, the cost of
inspection is insignificant when compared to the
cost in lives, money, and time, if failure of a
material or component could canse the loss of a
major item and result in a catastrophe.

Radiographic inspection has several inherent
limitations. Since radiation traveling in straight
lines from a source must intercept a film at
nearly right aungles, the efficient examination of
some items of complex geometries is prevented.
These conditions can preclude proper orienta-
tion of the filin, or subject the film to the adverse
effects of scattered radiation or image distor-
tion. Tt is often desirable to determine the con-
dition of a specific area that is surrounded by
component materials or items; in these instances,
inspection could be impossible because of the
confusion created by superimposed images.

The information recorded on a radiograph is
obtained because of density differences brought
about by differential absorption of the radia-
tion. These density differences, unless gross in
nature, must be oriented almost parallel to the
direction in which the radiation is traveling.
Discontinuities of small volume, such as
laminar-type flaws, will often be undetected
because they do not present a sufficient density
differential to the radiation. Fortunately, this
limitation is countered to some extent since the
probable orientation of fractures can be approx-
Imately predicted and the radiographic setup
oriented accordingly. However, the very nature
of laminations precludes their ready detection,

and radiographic inspection is seldom used to
locate this type of flaw.

Penetrating radiation is attenuated in rela-
tion to the thickness of material. As material
thickness is increased, the time required to ob-
tain suflicient information on the film also in-
creases. For a given energy (penetrating power)
of X-rays or gamma radiation, a maximum
thickness exists beyond which the use of radi-
ography is not economically practical. Radio-
graphic equipment of higher maximum energy
could be obtained, but costs increase markedly
because of the barriers required to protect per-
sonnel from the harmful effects of the radiation,
as well as the greater cost of larger equipment.

The standards of reliability and quality as-
surance characteristic of modern acrospace
structures make rigorous demands on radi-
ography. Through programs conducted by its
Centers and its various eoutractors, NASA is
both a major user of radiographic technology
and a significant contributor to its advancement.
In this chapter, some of these contributions, se-
lected for their potential usefulness outside the
aerospace industry, are reviewed.

BASIC PRINCIPLES

The synopsis of the principles of radiography
presented here is brief and as nontechnical as
possible. It is intended to serve only as a help-
ful background for the nonspecialist who wishes
to consider the potential usefulness of NASA
contributions subsequently presented. The dis-
cusslon is based primarily on references 1 and 2.

Nature of Radiation

Both X-rays and gamma rays are electro-
magnetic radiation, differing from each other
and from radio-frequency waves and visible
light only in their wavelengths. The portions of
the electromagnetic spectrum to which these ra-
diations are conventionally assigned are indi-
cated in figure 4-2. X-rays and gamma rays of
the same wavelength are physically identical.
The name “gamma rays” is generally applied
to electromagnetic radiation emitted from radio-
active atomic nuclei.
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FI1cURE 4-2.—The electromagnetic spectrum.

X-rays are produced in two ways. The first
way is to rapidly accelerate (or decelerate) an
electrically charged particle. Usually an electron
is slowly accelerated to a high velocity, and then
rapidly decelerated by collision with the atoms
in a solid target material. The X-radiation so
produced is called Bremsstrahlung, a German
word meaning “braking radiation.” The other
method of producing X-rays is to remove one of
the tightly-bound orbital electrons belonging to
an atom, thus producing an ion in an excited
state. As the orbital electrons of the excited ion
rearrange themselves, X-rays are emitted. Such
X-rays are found to occur with particular wave-
lengths that are characteristic of the atomic
number of the particular ion emitting them;
hence they are called characteristic X-rays.

Like all forms of clectromagnetic radiation,
X-rays transport energy in packets called
quanta or photons. The energy, £, borne by a
single photon is related to its frequency, f, by
Planck’s formula, £=~#4f, where % is Planck’s
constant.

Electrons used to produce X-rays are usually
accelerated by a suitable electric field. The ki-
netic energy acquired by an electron accelerated
between two points with electrical potential dif-
ference of 1 volt is called an electron volt (eV).
In terms of this unit of energy, the relation be-
tween the energy borne by a photon and its
wavelength is

E(ev)="210 M
Here, A is expressed in angstroms, the angstrom
being equal to 10-% cm.

When X-rays are produced by collision of
high-speed electrons with a target, a continuous
spectrum of Bremsstrahlung X-rays results,
ranging in wavelength from infinitely long (in
principle) to a certain minimum wavelength,

Aminy corresponding to a maximum photon en-
ergy Eu.x The maximum photon energy corres-
ponds exactly to the energy of the electrons
impinging on the target. If this energy exceeds
that of the characteristic X-rays of the target
atoms, some of the target atoms are ionized and
their characteristic X-rays are emitted. The
spectrum of X-rays emitted respectively by
tungsten and molybdenum targets when bom-
barded by 35-keV electrons (1 keV=10°eV) are
shown in figure 4-3. This energy is great
enough to excite the characteristic radiation of
molybdenum, but not that of tungsten which
requires about 70 keV.

Gamma rays are derived from certain radio-
active isotopes. In contrast to X-rays produced
by the bombardment of a target with electrons,
isotopic gamma rays corresponding to a par-
ticular decay process and all characteristics of
the isotope in question have essentially the same
energy. Some isotopes emit several gamma rays,
each of different, but sharply defined, energy.
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The strength of a gamma-ray source is meas-
ured in terms of the number of nuclei which
decay (emit one or more gamma rays) each sec-
ond. A 1-curie source undergoes 3.7x10%° dis-
integrations per second. The strength of the
source declines exponentially with time; the
time required for its strength to drop to one-
half its initial value is called its half-life.

Interaction of X-rays and Gamma Rays
with Matter

7

When an X-ray or gamma-ray photon pene-
trates a substance, one of three primary proc-
esses may occur. First, the photon may be
absorbed completely by an atom, thereby eject-
ing an orbital electron, and leaving behind an
excited ion. The ejected electron quickly ex-
pends its energy by collisions with the electrons
of other atoms. The originally excited ion in
turn becomes neutralized, emitting its own
characteristic radiation. This process is called
the photoelectric effect. Second, the incident
photon may collide with a peripheral atomic
electron, lose part of its energy to the electron
(which reeoils), and continue to propagate in a
new direction with reduced energy. This process
is referred to as Compton scattering. Finally, if
the incident photon has sufficient energy, a por-
tion of that energy may be converted into the
mass of an electron and a positron; the excess
energy appears as kinetic energy of the electron-
positron pair. The minimum photon energy at
which such pair production occurs is just over
1 million electron volts. Depending on the
energy of the incident photons, all three of the
foregoing processes may contribute to the at-
tenuation of the beam.

If a narrow, well-collimated beam of mono-
energetic X-ray or gamma-ray photons is
directed against a thin sheet of material, the
intensity of the beam (as measured by an
appropriate detector that indicates the number
of photons per square centimeter per second in
the beam) will show an attenuation of the beam
intensity. It is found that the attenuation fol-
lows the law:

Izloe K (2)

where /, is the incident intensity, / is the trans-

mitted intensity, x is the thickness of the attenu-
ator, and u is a factor called the linear attenua-
tion coeflicient. The value of n depends on the
energy of the incident photons and the ele-
mental composition of the attenuator.

It is sometimes convenient to divide x by the
density, p, of the attenuator. The ratio, u/p, is
called the mass attenuation coefficient. The
thickness, , may then be multiplied by p to give
the number of grams of the attenuator material
behind 1 em? of its surface area. Thus the quan-
tity, pz, for a flat plate may be determined
merely by measuring its area and weighing it,
often a more accurate procedure than trying to
measure its thickness. A graph of n/p versus
photon energy for aluminum is shown in fig-
ure 4-4; the general shape is characteristic of
intermediate atomic number metals. In general,
the higher the energy of the incident photons,
the lower the value of the mass attenuation coef-
ficient; 1.e., the higher the encrgy, the greater
the penetrating power.

The linear attenuation coeflicient measures
the probability per unit thickness that a photon
in the primary beam will be removed from that
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Fraure 4-4.—Mass attenuation coefficient for photons
in aluminum.
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beam. It must be understood, however, that not
all of the energy removed from the primary
beam is deposited in the attennator. Some of the
secondary radiation, especially that resulting
from Compton scattering, will escape from the
attenuating material. Some of this scattered
radiation is directed parallel to the transmitted
primary beam, and may affect whatever may be
placed behind the attenuator (including a film
cassette).

Production of X-rays

X-radiation is produced when some form of
matter is struck by a rapidly moving, negatively
charged electron. Three basic requirements
must be met to produce this condition:

(1) A source of electrons

(2) A means of directing and accelerating
electrons

(3) A target for the electrons to bombard

If a suitable material is heated sufliciently,
some of the electrons in the material will be-
come so thermally agitated that they will boil
off, escape from the material, and surround it
in the form of a cloud. This cloud of electrons
will hover about or return to the emitting ma-
terial (cathode) unless some external force pulls
it away. The fundamental law of electrostatics
states that like charges repel cach other and un-
like charges attract cach other. Thus, a strong
unlike or positive charge (on an anode) is used
to produce an attracting force to move the
clectrons from the cathode to the anode, cre-
ating a flow of charge, or current, between them.
Tt is important that this movement be con-
ducted in a good vacuum: otherwise, the elec-
trons would collide with gas molecules causing
ionization and loss of energy.

To create N-rays, it is necessary that the
electrons strike some substance. In the X-ray
tube. a solid material is used for the target.
The higher the atomic number of the target ma-
terial, the higher the efficiency of X-ray pro-
duction. Unfortunately, only a small percentage
of the kinetic energy available in the electron
beam is converted into X-radiation: the re-
maining energy is converted into heat that must
be dissipated by the target material.

The intensity of X-rays produced in an
X-ray tube by the collision of the electrons with
the target is directly proportional to the tube
current and is, in general, a function of the
cathode-to-anode voltage raised to a power
greater than 2.5. The efliciency of X-ray pro-
duction is quite low at low voltages as demon-
strated by the following relationship:

zZv
E (approx) =07 (3)

where

E=efliciency in percent

Z =atomic number of target material

1"=tube voltage (volts).
Therefore, the higher the atomic number and
the tube voltage, the greater the cfficiency of
X-ray output. It can be seen from this approxi-
mate formula that even at 300000 V the ef-
ficiency of X-ray production is only about 3%
fora Z of 100. This means that 97% of the input
energy to the tube is dissipated as heat,

Radiation Intensity

The measure of radiation emission from an
X-ray tube is stated in roentgens (defined in
terms of the response of a standard ionization
chamber) at a fixed distance for a stated period
of time. For convenience, the current flowing
through the tube is taken as a measure of the
output of the X-ray machine. Because this
current flow is directly proportional to the radi-
ation emission. it can be used as one of the ex-
posure constants for a given machine, and the
intensity is often stated in milliamperes or
microamyperes.

Reference to radiation intensity should de-
seribe it at a specified distance from the source.
Such reference to distance is essential because
the intensity diminishes as the square of the
distance from the source. If the distance from
a given source is doubled, the quantity of radi-
ation is required to cover four times the original
area. and the intensity is therefore reduced to
one-fourth the original value, and conversely.
Because intensity changes with the square of
the distance. the relationship is termed the “in-
verse-square law,” and this law is used exten-
sively in computing industrial radiographic
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FI1GURE 4-5.—Diagram of the inverse-square law.

exposures. Figure 45 (ref. 2) is a diagram-
matic representation of the inverse-square law,
expressed mathematically as

I, D¢
L7 D2 @

Radiation Quality

The quality of X-rays or gamma rays is often
referred to as the effective energy, wavelength,
or penetrating power. The radiation from an
X-ray tube is a heterogenous spectrum of wave-
lengths. The minimum wavelength in ang-
stroms (1 A=10"* cms) generated in this spec-
trum is equal to 12 400 divided by the tube vol-
tage:

Amin. :E{%@ (5)
where
A=wavelength in angstroms
V=volts.

Changing the X-ray voltage changes the min-
imum wavelength produced in the spectrum.
The wavelengths of maximum intensity are
produced at the voltage that is approximately
two-thirds of the highest voltage used. The re-
lationship between the voltage applied to an
X-ray tube to accelerate the eclectrons and the
penetrating power of the X-rays is shown in
figure 4-6 (ref. 1). Figure 4-7 illustrates the
distribution of the intensity of X-rays emitted
in relation to the applied voltage (ref. 2). Note
that increasing the intensity of X-rays at a
given maximum applied voltage raises the out-
put curve but does not change its shape (dis-
tribution). On the other hand, the effect of in-
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Ficure 4-6.—Effect of increasing voltage on the pene-
trating capabilities of an X-ray beam.
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FI1cURE 4-7.—Distribution of radiation from an X-ray
tube.

creasing the maximum applied voltage is shown
in figure 4-8 (ref. 2). Here, the penctrating
ability increases (wavelengths become shorter)
and the intensity of the radiation increases.

The quality of the radiation obtained from a
radioisotope source is a characteristic of the
isotope involved and is constant. For example,
cobalt 60 emits radiation of only two specific
wavelengths that correspond respectively to
photon energies 1.17 MeV and 1.33 MeV.

X-ray and gamma-ray beam quality is usu-
ally expressed in terms of the thickness of some
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¥F1cURE 4-8.—Effect of increasing voltage on the quality
and intensity of an X-ray beam.

reference attenuator material (e.g., aluminum,
copper. and iron) required to reduce the inten-
sity of the beam to one-half its original value.
This thickness is referred to as the half-value
layer (HVIL). Two half-value layers of ab-
sorber will reduce the intensity of the beam by a
factor of one-fourth only if the radiation is
essentially “monochromatic,” i.e., if it comprises
only a narrow band of wavelengths, This is
generally true of gamma-ray sources, but is
not true of X-ray sources.

The half-value layer may be expressed in
terms of the Iinear attenuation coeflicient, u, of
the reference material by the relation:

0.603
u

HVL= (6)

Scattered Radiation

Figure 4-9 indicates the complexity of the
absorption and scattering of X-rays or gamma
rays (ref. 1). Because of these characteristics,
any material subjected to the radiation field
will, in turn, generate more secondary or scat-
tered radiation. some of which will reach the
radiographic film. If scatter is sufficiently in-
tense, it results in a foggy appearance in the
radiograph, obscuring the desired image. Fil-
ters, diaphragms, grids. masks, and other radia-
tion blocking devices are utilized to minimize
this undesirable effect. Any material in the
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Fi1eUure 4-9.—Complex effect of primary