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Abstract:

This study dealt with the problem of selecting methods of nondestructive testing which met the criteria
selected by the writer for this study. This criteria included an evaluation of eddy currents, liquid
penetrants, magnetic particles, radiography, and ultrasonics in terms of their: (I) compatibility to
existing industrial education programs, (2) ability to satisfy one or more of the present needs of
industry, (3) relative simplicity and broad encompassing nature, (4) potential in satisfying what the
writer believes to be a weakness of the present industrial education program; the exclusion of
nondestructive testing methods from the industrial education program, and (5) the educational
requirements and competency levels expected of inspectors. The radiographic and ultrasonic methods
of testing did not meet the criteria of this study; therefore, procedures for applying these tests in an
industrial education program were not included in the study.

Although numerous articles and books exist which deal with the various aspects of nondestructive
testing, there are few which deal with this subject in a form easily understood by industrial education
teachers. The writer found that there is a definite need for these testing methods in the industrial
education program since they could provide a closer correlation between the goals and objectives of
industrial education and the needs of industry. This study points out the requirements for initiating a
program of nondestructive testing in the areas of eddy current testing, liquid penetrant testing, and
magnetic particle testing.

The conclusions reached as a result of this study were: (1) industrial education should provide
individuals with measurable competencies in the area of nondestructive testing; (2) there is a definite
need for individuals with these competencies in industry; (3) this type of curriculum can easily and
quickly be incorporated into existing educational programs; or (4) new programs could be developed in
conjunction with chemistry, science, or industrial education programs.

The major recommendations reached as a result of this study were: (1) the guidelines developed in this
study were applicable to teachers as well as individuals considering careers in industrial technology;
(2) a curriculum committee should be established to develop goals and objectives which are essential to
the success of the program; and (3) the curriculum committee should develop a continuous program of
evaluation to determine the degree to which the goals and objectives of the nondestructive testing
program are being realized and to recommend changes in the program as the need arises.
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ABSTRACT

This study dealt with the problem of selecting methods of t
nondestructive testing which met the criteria selected by the writer
for this study. This criteria included an evaluation of eddy currents,
liquid penetrants, magnetic particles, radiography, and ultrasonics in
terms of their: (1) compatibility to existing industrial education
programs, (2) ability to satisfy one or more of the present needs of
industry, (3) relative simplicity and broad encompassing nature,

(4) potential in satisfying what the writer believes to be a weakness
of the present industrial education program; the exclusion of nondes-
tructive testing methods from the Industrial education program, and (5)
the educational requirements and competency levels expected of inspec~—
tors. The radiographic and ultrasonic methods of testing did not meet
the criteria of this study; therefore, procedures for applying these
tests in an industrial education program were not included in the study.

Although numerous articles and books exist which deal: with the
various aspects of nondestructive testing, there are few which deal
with this subject in a form easily understood by industrial education
‘teachers. The writer found that there is a definite need for these
testing methods in the industrial education program since they could
provide a closer correlation between the goals and objectives of _
industrial education and the needs of industry. This study points out
the requirements for initiating a program of nondestructive testing in
the areas of eddy current testing, liquid penetrant testing, and
magnetic particle testing.

The conclusions reached as a result of this study were:

(1) industrial education should provide individuals with measurable
competencies in the area of nondestructive testing; (2) there is a
definite need for individuals with these competencies in industry;.
(3) this type of curriculum can easily and quickly be incorporated
into existing educational programs; or (4) new programs could be

. developed in conjunction with chemistry, science, or industrial
education programs. ' .

The major recommendations reached as a result .of this study
were: (1) the guidelines developed in this study were applicable to
teachers as well as individuals considering careers in industrial
technology; (2) a curriculum committee should be established to develop
goals and objectives which are essential to the success of the program;
“and (3) the curriculum committee should develop a continuous program
of evaluation to determine the degree to which the goals and objec-
tives of the nondestructive testing program are being realized and to
recommend changes in the program as the need arises.




Chapter 1
INTRODUCTION

The term "nondestructive testing' as it is used in this study
is a term given to all methods of testing which permit the inspection
and evaluation of a metal without impairing its future usefulness.
There is a common tendency to think of noqdestructive testing as béing
limited to the detection of harmful flaws, but such is not the case
since these tests can'be designed to measure prope;tieé which are not
éongidered flaws inlthe usual sense (Betz,'1966:19); The eddy current
method of inspeétion éan, for examplg, determine material thicknéss
coatingé, sorf items accofding to theirlcdmposition_or alloy énd moni—“
tor metailurgical conéitions such as hardness, grain size, and degree'
of heat treatment. From a quality control point of view, the results
of these tests are most sigﬁificant.

Nondestructive testing in industrial education is.stii; con-
sidered to be in its infancy. If.it is ‘expected to satisfy the deﬁand—-
ing needs of society, new methods and techniques must ﬁe déveloped,
including moré sophisticated equipment';nd ﬁatefials.. To éccompliéh-
this goal, basic reseafch_éhould be abgelerated énd programs developed
which insure a steady éupfly of compétenf inspectérs. |

| With all of our advanced techﬁology, all of our high special—.-
ized processes and all of our devices developed for quality control,.

industry is still unable to produce materials which possess the high
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degree of freedom from imperfection that complicated machines and
demanding services require. Industry continues to have defective
materials, and it should be prépared t6 evaluate every possible means
of 1océting defects before they can be bui1t into machines and .even-
tually cause them tP fail (Betz, 1958:8).

During the period 1930 to 1940, considerable progress was
madé in the field of nondestructive testing. Industries were coming
to regard thése methods of inspection with important, if not vital,
significance. This was especially true in aircraft maintenance and
mapufacture. In airframe and engine inspections, nondestructive
testing methods were eagérly acceptedf The aircraft industry had
become so §afety copsciOus that for many years expense was a secondary
consideration to any method of testing that Woﬁld help to assure the
integrity and safe life of engines and structures (Betz, 1963:1-2).

Today the acceptance 6f nondestructive testing methods in indus-
try is practically universal and experience with these methods is now
so extensive that complete confidence exists in nondestructive testing
methods and in the ability of compeéent inspectors to interpret the

test results (Beég;)l967:59).

Statement of the Problem

Five major methods (Betz, 1966:19) of nondestructive testing
are in use today, and it is to thesé methods that this study is

directed. The problem of this study was twofold:
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1. To evaluate the five major methods, to determine thoge
applicable to industrial education in a High school_siéuations; ;né"
21 To describe procedures for applying the metﬁods éelectea

in a form more easily understood by high school teachers.

'Importaﬁce of the Study

McGonnagle (1961:vii) states that ". . . one of the primary
requirements in expanding the technology demanded for fhe solution of
tomorrow's problems is education in the field of nondestructive
tes&ing."

The writer believes that industrial education has values which
- apply to all levels of education and ip a continuous program these
values should become progressively more iptensive_and cumulative in
their gffect. It-appeéys‘to the writer'that the étatement by Jacobsén

(1968:4) can no‘longér be ignored: "industrial eduéation too often
‘reflects the revolution of the past century rather than the technological.
evolution which has taken place since 1940.. Muéh of fhe relevant content
to which we must relate did not exist at that time."

The need to'iﬁcluag these methods of testing in-the industrial L
.educatioﬁ program becomes increasingly apparent as one con;ideré the.:
statement by Mr. ¥, B. Stern, Director of Nondestructivg,Testiné;'f
Magnaflux Corporation (1970 personal letter toxthe.writer):” "Tréining _
in all éreaslof nondestruéfive testing is'despérately,ﬁeeded'by indusfr&,;

The initial training of prospective dperators must be initiated by the




schools."

Further justification for including these testing méthods in
the educétionalhcurriculum can be found‘ip the statement by Mr. T. W.
Judd, Assistant Division Hgad éf'Nondestructivé Iésting; Republic.Steel
Corporation'(l974:peréona1 letter to the writer):

. . . at Republic, nondestructive testing is extensively
employed to control manufacturing costs and processes, to main-
tain a uniformly high level of quality and to assure product
compliance with technical specifications. Toward this end we
employ three to four hundred personnel in nondestructive testing

. research, product testing, and equipment maintenance and repair.
The majority of these prople have had no more than a high school
education and probably none have had the type of training you
are suggesting. However, such tralnlng would be most valuable to
one working in this field.

ZThe'significance of includiﬁg nondestructive fgstiné methods
in the industrial education curriculum has been stated By tbgse who are
most knowledgeable in thi; field. Mr. Carl E. Betz, Nondestructive
.Testing Consultant and past Vice President, Magnaflux Corporation (1974:
pérsonal letter to the writer), makes his opiniog quite clear in the
following étatement: |

. . . I believe the high school senior, in general, is quite
capable of understanding the basic concepts of nondestructive
testing if they are presented without the complex theoretical
details. 1If they are interested in a program which is orientated
toward any of the branches of engineering or mechanics, the
subject of nondestructive testing would be most useful and
interesting. But it must be a carefully planned program which ~
should, if possible,'include some -laboratory work with either
the actual equipment or some simple demonstrations.

For many years I have advocated the teachlng of this subject
at an early age in the education of young persons who are fol~
lowing a program leadlng to any branch of engineering or mechanics.
Just how early it is con51dered profitable to begin such
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instruction however, may depend upon' the ability of the instructor
to create interest in the subject and upon the capability of the
students to a551m11ate these’ methods.

Furthér evidence of the importance of 1nc1ud1ng these methods
in the industrial educatlon curriculum have been stated by Mr. Bruce D.
Taylor, Director of Training, Magnaflux Corporation (1974: pérsonal.

letter to the writer):

. . . who says this method of testing should be included
in the high school curriculum? There is not really one single
source or even a large group that can make that statement. But
my question to them might be, who says that auto mechanics, wood-
working, metalworking or welding should be taught in the high
schools? Who is to say where anything should have its start?

I cannot give one good reason for not teaching nondestructive
testing in the high school other than the mental laziness on the
part of the instructor. It does require work preparation on the-
part of the instructor presenting the course.

Trained nondestructive testing personnel are in great demand,
especially in the nuclear inspection field. It can be a great
advantage to a youth coming out of high school to have this
specialized training. This is especially true if he is going

~directly to work in industry.

These. statements are reinforced by Mr. Roy L. Odell, Western
Manager, Automation Industrial Incorporated, Sperry Division (1974:
personal letter to the writer):

. . . as a salesman, I encountered many applications for
nondestructive testing in industry and it is extremely evident
that there is a manpower shortage for trained and qualified
personnel.

At the present time there are a few community colleges in
the northwest which have nondestructive testing programs in their
curriculums. But, there is in my opinion a definite need for
new people in this field.

It has been .stated that the principles of nondestructive

testiﬁg date Back to the period ptidr to World War II (Betz}'1963:47).
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However, in the opinion of the writer, vefy little effort has been made
to include these methods of testing in the industrial education
curriculum. This is particularly disheartening in light of the state-
ment of Mr. J. E. Hinkel, Manéger, Applicafion Engineering, Lincoln
Electric Company (1974: personal letter to the writer):

. . . all of the processes used in nondestructlve testlng
operate on sound and relatively simple principles of physics,
electricity and science.  As such they are extremely interesting
to.students who are so-minded. A casual exposure to these
principles could be very rewarding to at least a few of these
students. If the curriculum could. support it time-wise, ‘I would
be in favor of including it.

As an educator in the field of industrial education, David M.

Goin (1968:33-34) indicated that nondestructive testing methods could
be incorporated into existing metal working prdgrams without disrupting
them. It is his opinion that these methods of testing could do much

to enhance the present industrial education program..

« . . in the metal industry today, nondestructive testing is
of great importance in design and quality. control. These methods
can be integrated into the curriculum of the machine shop, welding
shop and general metals shop or they could be taught as a separate
testing and metallurgy unit involving different tests, heat
treating, or the study of metals in general. I sincerely hope
that other industrial arts teachers will see the need for this
type of program and will work to initiate it in different parts
of our country, to try and get away from the old "manual training"
concept of teaching metal working in our high schools.

Since industrial'edpcation has been charged with the formidable

task of reflecting the current image of one .0of the most important

aspects of our present'culture: the correlation between education,

technology, and industry, the writer believes industrial education'.
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.teachers cannot be expedted to satisf&_the needs otitheir profeésion
until they have developed:a certain méaéhre of eompeteney:in the area
of nonoestructive teétihg. .This;inciudes"ah-awarehess ahd khowiqué
‘of: " | | |

1. The basic theories ana principlea'ot these teats

2. fhe advantages and limitations of‘these tests

3. The potentlal safety hazards of the tests, and

4, ‘The skills reourred to satlsfactorlly perform these methods
-of testihg |
This belief is reinforced by the AmerieannVocational Education'Associa—

tion in thelr report A Gulde to Improving Instructlon in Industrlal

Educatlon (1968 9-11)., In this report, thelrfstated goals and objec—’
tives for industrial-education‘were:

A. To develop an 1n51ght and understandlng of 1ndustry .and
its place in our culture

B. To discover and develop talents, aptitudes, interests
and potentialities of individuals interested in techrical pursuits

C. To develop an understanding of industrial processes and
the practical applications of scientific principles

D. To develop -basic skills in the proper care and use of
common industrial tools, ‘machines. and processes, and

E. To develop .problem solving and.creative abilities
involving materials, processes and products of industry

Methods of CoilectingrData

The general procedures which the writer used to gain background
knowledge for this . study weret

A.'cAn_exteﬁsive and thorough reyiéwiof existing publiahed-
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literature as it pertained to past and present methods of conducting
nondestructive tests. Professional journals of scientific-and trade
associations, United States Government publicationé; current induétrial. '
texts and selected publications from manufacturers of nondestructive
test equipment and materials were analyzed‘fof.rélevant data.
B. Persoqal letters were writtén to selécted specialis;s in
the field of nondestrucﬁiﬁe testing Who'Were considered to have first—-
hand knowledge and technical experience in the field of noﬁdestruétive
testing. A copy of this ‘letter has been included in Appendix é,-page
374. Authoritative data were obtained from:
1. Automation Industries Incorporated, Sperry Divisiop,
Renton, Washington ‘
2. General Dynamics, San Diego, Califorﬁia'
3. Magnaflux Corporation, Chicago,‘Illinois
4. Office.of the Assistant Secretary 6f Defense, Washingtén,
‘District of.Coiumbia
5. Pacific ﬁofthwest Laboratories, ﬁichland, Wésﬁington '

6. Republic Steel Corporation, Cleveland, Ohio

7. The Lincoln Electric Company, Cleveland, Ohio
C. In addition to the authoritative knowledge from selected
specialists in the field of nondestructive tesﬁing; ce;tain knowledge .
was available to the writer as a direct result of: _
1. Completion of a certified Class_(C).school of nondes- N

tructive testing at the Naval Air Station, Pensacola, Fioridé:




in 1962

2. His paét posifion as supefvisor of the ﬁéndesfructive
testing department at E;lyson Field, Peﬁéa@olg, Flofida from
i962—1964

‘3. Feedback from éersonal discussions‘with other members
of the United States Navy who were actively engaged in testing
aircraft parts with nondestructive testing processes and other
civilian'personnei who worked in the nondestructive'testing
Idivision of the overhaul and repair depaftment at the Naval

Air Sfation? Pensacola, Florida

Methods of Organizing Data

Chapters 2 through 6 of this study deal-with é.critical analysis
and evaluatién by the writef of the five major nondestructive ﬁethods
of testing metals.. Each of these chapters include:

1. A brief history of one testing process

2. A description of one testing ﬁrocess, the materials, aﬁd
. equipment required to perform the test, the types of discontinuities
which could be located with the test and the advantages and limitations
- of the test |
3. The p;inciplesvof the test
4. The purpose of the test
5. The types of_test materials and test equipment gommercially

available
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6. An evaluation of the testing process by the five criteria
set forth in the analysis of data section of this chapter

When a testing ﬁrocess met the‘five criteria,'procedurés for.
applying the test in. an industrial education program at the high school
level were describeq in depth. These descriptions inciudéd:

1. The preparation of the parts prior to the actual test

2., The applicatién of the test materials, if any, to the part
being tested

3. The.inspection procedures and the methods used to evaluate
the parts

4. The methods used to establish acceptable inspection
standérds

5. The varioug facfors which could adversely affect thest tgsts

Chapter 7 provides a summary of the study and‘the conclusions

and recommendations of the writer.

Analyéis of the Data

Once the data had been collected and organized, each.of the
testing processes was analyzed and evaluated in terms of its;

1. Compatibility to existing industrial education programs

2. Ability to satisfy one or more of the present needs of
industry_’

3. Relative simplicity and broad encqmpassing nature

4. Potential in satisfying what the writer believes to be a
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weakness pf the'pfesent industrial edﬁcation program: the exclusion
of nondestrucfive testing methods from the industrial education program
5.° Iﬁe edﬁcatigngl requirements and competency lévels expected
of inspectors R -', |
When. a test satisfacﬁorily met the five ériteria; procedures
for applying the tesf in an industrial education prograﬁ was descriﬁedl
The premise of the writer Was; that once suitaﬁlg nondeétructive
tésFiﬁg_guidelinés had been described, te;chers would be encouraged by
vthé'availability of these'guidélipes to include these testing proéesses

" in their programs.

. Questions to be Answeted

It ‘was stated earlier in this study that. the acceptance of
nondestructive testing by indﬁstry iélpragtically universal, thaf'there
is no question as to the usefulness of nondeétruc£ive testing and tﬁat
experience with these methods of inspection is now sa extensive .that
confidence in_its_indicétions and in the ability of expgrienced
inspectors to inferpret these indicationé is.now the rule in those
industries where nondestructive methods of inspection are applicable.
Since this study was written specifically for teachers in thé.area of
industrial education, the following questioﬁ was answerea: did the
eddy curfep£ liquid pedetrant, magﬁetic particlé, rgdiographiq and
ultrasonic method of inépéction meet the evaluative ériterié for

inclusion in the industrial education program?
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Limitations of the Study

1. No attempt was made in this study to provide'the reader
with information pertinent to the deyelopment of the wvarious types of
npﬁdéstruc;ive test equipment. Emphasis was placed on the description
of procedures which the write? considered "need to know."

2, .Only.thgsé processes,_procedﬁfes, methods of iﬁspecfion,
and evaiuatipn which were applicable to‘thg nondestructivg testing of
-metals were inciuded iﬁ this study. l

3. Procedures ﬁor applying the nondestruétive testing processes
were described oﬁly when a "test pfocess met the five criteria set.by

the writer.

Delimitations of the Stﬁdy.

This étudy was further limited to the study of :

1. The fiveiﬁajor methods‘of nondestructive teéting. No
attempt ﬁas made by the W?iter to'examine_or evaluate the mofe than
sixty variatipns of these five major testing methods.

2. Each éf the methods selected was examiﬁed.in terﬁs of
whether or not it could specifically meet ‘the five criteria set by the
writer for inclusion in fhe'industfial education program.'

SUMMARY
The term "nondestructive testing" as it is used in this study

is a general term given to all methods of testing which permit the
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ingpection arnd evaluation of a metal without impairing its future
usefulness.

With all of our advanced technology and all of the deQiqes
industry has developed for quality control, our natién is still unable
fo produce materials which possess the'higﬁ'degree~ffom impérféctién.
thét our.highly com;iicated machines énﬁ'demanding ééyvices feduiré.
The écceptance of noﬁdéstructive testing by industry is practically
‘universal today, and experience with these methods is now so extensive
that compiete confidence exists in these testing processes and in the
ability of competent inspéctors to interpret the resﬁlts.

Statements by Betz, Goin, Stern, and Tyler indicated a growing
awareness on the part of industry and education that nondestructive
testing methods should become an integral part'of the educationél'
program. In their opinion, it is the responsibility of the schooié:éo
initiate methods of instruction and provide the means'for,fhe érécfiéal
"application of éhese methods of testiﬁg. |

Numerous volumes have been writtéh on the'subjgct of nondes-
éructive testing, but the writer believés that large amounts of this
data were not available in a form.eaéily-understogd by industrial-
education téachers.

The problem of this study waé twofold: (1) to evaluaté the
five major méthods of nondestructive tésting according to tﬁe critéria

set by the writer for inclusion in industrial education programs; and

i
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' (25 to describe procedures for applying those testing processes found
acceptable to the industrial education program in a form more eaéily
understood by teachers. Once the data had been collected and organ-
ized, each'of tﬂe testing processes was evaluated in term; of five
criteria:

1. Compatibility to exiéting industrial education programs

2. Ability to sa£isfy one or more ofvthe present needs of
industry _

3. Relative simplicity of the test and its broad eﬁcompassing‘
nature

4. Potential in satisfying what the writer believes té be a
weakness of the present industrial education program: the exclusion.
of nondestructive testing methods from the induétrial education program

5. The educational requirements and éhe competency 1e§eis'
expected of entry-level inspectors

An in-depth description for applying these tésts.in industrial
education programs was included only when a test satisfactoriiy met
the five criteria set by the writer. The_prémiée of the writer was,
thaf once suitable nondestructive testing guidelineé had been descfibed9
teachers would be encouraged by the availability of these guidelines tol
include these testing processes in their industrial education program.

No attempt was made by the writer to provide the reader witﬁ:

data pertinent to the development of test equipment or materials.
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Emphasis was placed on the description of 'need to know" data in a

form more easily understood by industrial education teachers.




Chapter 2
LIQUID PENETRANT TEST

The liquid penetfant method of nondestructive testing is a
method used to locate discontinuities which are open to the surface in
solid and essentially nonporous metals. The method employés a pene~

trating liquid which is applied evenly over the surface and subsequently

'enters'the discontinuity or crack. After the excess péﬂetrant has been

removed from the surface, the penetrant which exudes or is drawn out of

the crack by the developer is observed thus indicating the presence and

the location of the discontinuity (Betz, 1963:17).

Histéry of the Liquid

Penétrant Process
The forerunner of the present day liquid penetrant testing

process was the oil and whiting method. This process was effectively

~used by the railroad industry in the Nineteenth Century for a main-

tenance of steam locomotives. The ﬁenetrant, a heavy and usually dirty
lubricating oil was thinned with kerosene or a 1igh£ 0il to make it

more functional. Locomotive parts, such as rods, axles, and crank pins

-were cleaned by immersing them in a caustic soda solution, allowing

them to dry, and then immersing them in the diluted lubricating oil.
The inspection was performed by wiping the part clean and then applying-
a mixture of chalk and'denatured alcohol. This mixture dried rapidly

leaving 'a dead-white uniform éurface._ The 01l entrapped by the
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diséontinuity would then seef out leaving a dark stain as ‘an indication
of a possible defect.
' In 1938, as a direct result of the defense effort, experimenta-
tion was conducted with colored dyes in an attempt to incréase:the

contract of the indications. Maximum sensitivity was achieved by

using a penetrant mixed with a dye to produce a high degree of .color

' contrast. A red dye was most generally used, because the deep red

colo; prégented an'gxceliént contrast_witﬁ the white background of the
devel&per. |

In 1941 a greatly improved liquid penetraﬁt containing
flﬁoresceét rather than visible‘dye was introduéed on thé industriél
market. Ihis fiuorescent dye gave superior contrast when it was used
iﬁ conjunction with an ultra violet light. This so called "black
light" caused the dye to fluoresce. Through cﬁn;inued experimentation
with these fluorescent dyes, ranging iﬁ color from red to'blué, it was
discovered that maximum visibility or efféct on the human efe was
oétained when a‘yellow-gréen dye was used. That is, maximum standout
was bbtainea using a yelléw—green.1umihescence which was viewed under
an ultra violet light in an otherwise dark aréa (Lqmerson; 1972:2.;—2.2).

With the expanding use of qonmagnétic-materials such as alumi-
num, magnesium, and some grades ﬁf stainle;s steel, the lack of an
acceptable method of nondestructive testing to effectively 1odaté

critical surface:defecté was felt by induSt;y. Since the magnetic
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particle testing process is limited to ferro-magnetic maferials, what
was desperately needed by industry was a quick, easy, and inexpensive
method of testing nonmagnetic materials.

Today, the automotive‘industry uses the liquid penetrant
process to inspect aluminum castings and forgihgs, plaétic’coﬁponents,
bonded joints, automatic transmissions and housings, running.géars,
and welds. Overhaul and rebuild shops are heavy users of this method
of inspection when they test components for trucks, busses, sport, and
racing cars.

Description of the Liquid
Penetrant Process

A basic description of the liquid penetrant methods of inspec-
tion is provided in Figure 1, page 19 (General Dynamics, 1967:7.5-7.6).
The equipment required, types of discontinuities detected with the
penetrant method, and the limitations of tﬁié method‘of.testing are
(Hinkel, n.d.:13):

1. Equipment required: Commgricél kits containing fluorescent
dyeé, dye penetrants and developers, application equipment for the
developer, and a source ofluitra violet 1light when the fluoresceﬁt
method is used. |

2. FEnables the detection of: Surface cracks not readily
visible to the unaided éye, and the 16cation.of leaks iﬁ ﬁeldments.

3. Advantages: Applicable to magnetic and non-magnetic
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Réﬁrinted by pefmission of General Dynamics-Convair Division, San Diego, Califbrnia, 1975
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materials, easy to uée, and relatively léw in cost.
4, TLimitations: Only surface defects afe detectable and the
process cannot be used on ﬁot surfaces. |

Principles of Liquid
Penetrant Testing

.piquid penetrénts depend for their suécess upon-the principle -
that a penetrating liquid entering a surface opening and remaining in
that opening will be maae clearly visible,to.;he-ihspecfor when fhe
proper developer is applied. This prbceés can be used successfuily to
detect discontinuities causeé by shrinkage, porosity, fatigue, seams,
cold shuts, forging bursts, and heat treating processes. The 1iquid’
penetrant method.aléo provides an excellent méans of &etecting ailack
of bond between joined metals.
| '-The,principleé involved in the liquid penetranf iﬁspgction
process are simpie. They involve three basic steps: (1) application~
,of the penetrant;“(Z) removal of the excess penetrant; and (3) aﬁplica—
tion of a suitable'developer. These bésic concepts are illustrated in
Figure 2, page 21 (MdMastéf, 1959:8.;)..

Reégrdless of'the type of_penetrant being use&,'the inspector
should adhe;e closely to.the procedures 1isted‘for fﬁe fype of pene-

trant inspection being performed.'
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L
crack

A. Cleaned Surface

B. Application of the Penetrant

/.

C. Removal of Excess Penetrant

o)

D. Application of the Developer

Figure 2

Mechanism of Penetrant Flaw Detection
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Purpose of Liquid
Penetrant Tests

Up to thié point, the penetrant method has Been described.in
terms of what it ié, how it works, and what it can do. Not much has
bgen said about how these tests are actually used in industr&. fhe
1iquid peﬁetrant tests are used with three different philosopﬁical
points of view, each df which has a different principal pufpose.

1. To use these tests to locate flaws befgfe'the ﬁinished.
product goes to the.conéumer.

2. To afply these tests at various stages of the production
process thus permitting the removal of défectivé parts before further
processing costs occur.

3. To tabulate and analyze data obtaine& for the specifid
purpose of improving the product design of future products.
All of tﬂese'concepts are an integral part -of the production process,
gnd each is equally responsibie for reducing the cost and increasiﬁg
the service life of the product.

For mény years a great argumeht has raged through the ﬁenefrant
field as to just what qualities make'a good penetrant and what types
6f tests should be used to separate acceptable parts from unaéceptable
ones. The most imporfant quality of 'a good_pene;?ant is its ability
to locate discontinuities WIfh accuracy and reliability. Héwevef,
other criteria sﬁould be given careful consideration before the final

selection is made. Past experience has indicated that many factors
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must be considered by thdse’sélecting_ﬁénétrants oh” the basis of
pérformance.' A good penetrant: |
A. Readily penetrates very fine openiﬁgs
B. Is able to remain in relatively coarse openings
C. Does not dry d; evaporate too e;sily
D. 1Is easiiy removed from ﬁhe»surface.'

/

E. Bleeds easily from discontinuities when the de&eloper is,
applied |

F. Has the ability t& spfead:oﬁt ffém the edge sf a very
small opening in a vefy fine film | |

G. Has-gréa; bfilliance of.célor or fluoreécence

H. Has permanénce~of cblbr.when it 1is expaseditoiﬁeat, light,
or ultra violet light 3

I. Ig'inerf ﬁith_respécf to the ﬁaterials’being‘testea.and to
the containers

J. 1Is odorless, nonflammable, and nontoxic

K. 1Is stable unde?,ﬁohdi?ions of use and stofage

L. 1Is relatively low in cost
Penetrants meeting the requirémenté listed should be qﬁité sophisti-
cated. 'On.one hénd, they are ;equirgd to wash thoréughly away from
areas which are of little or no significant interest: and at the same
tiﬁe they are expected to locate discontinuities ﬁhich are extremely

tight, fairly wide, shallow, or deep.
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Types of Penetrants and Test
Equipment Commercially Available

Penetrants which are commercially available can be divided into
two basic categories: dye penetrants and fluorescent penetrants.

In the case of the dye penetrants, a special dye is selected

"~ which provides a high degree of contrast between the penetrant and the

developer. 1In the fluoresceﬁt penetraﬁt process, the material which is
addgd requires ex?itation by ultra violetvradiqtion, and observation
under subduéd light; Siﬁce all peﬁroleum products fluoresce to a
certgin dggree, fluorescent penetrants uSually have an oil base. Table
1, page 25 (McGonnagle, 1961:58), provides a.brief summafy of the
characteristics of commerical penetfants available today.

Generally speaking, no_special_equipment is fequiréd for
conducting the penetrant inspgction{'_Colér contrést and fluoresgent
penetrants can be aﬁplied by hand, the excess penetrant can be removed
by hand cleaning and the developer can be applied by hand. in this
respect, the only item of special equipment required is the ultra
violet light for the fluorescent penetrahf_process. This type bf
inspection is considered acceptable when: (1) there are only a few
parts to be insﬁected, (2) maximum sensitivity is not required, ana
(3) it is the most éuitable method to use because the part is too large
or the prbéer gquipmeﬁt to do the inspection is nof avaiiable.

On the other hand, standard industrial inspection equipﬁent is

considered essential for the proper employment of the penetrant when:




Table 1

Commercially Available Liquid Penetrants

Trade Name
Manufacturer

Penetrant Ty?e
Applied By

Removed by

Developer

Indication
Visible by

Auxiliary
Apparatus

Dy—Cﬁek

Turko Products
Liquid Red Dye
Brush, spray,
or dip

Solvent

White powder
suspension

- White light

None

Metal-Chek

‘Met-T-Chek

Liquid Red
Dye

Brush, spray
or dip

Water

White power
suspension

White light

" Source of

water

Spotcheck

Magnaflux

Liquid Red Dye™

Spray can

No. 1 cleaner
Volatile
Liguid -
Suspension of
white powder

Ordinary 1igh£

None

.Zyglo

Magnaflux

Fluorescent
Liquid

Brush, dip,
or spray

Water

Power or

. 1iquid

Ultra Violet
light

Source of
water and
light

SC
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(1)vmany parts are to be inspected on a production line,-(z) large
parts are to be inspegted regularly, (3) a high degree of sensitivity
is required, and (4) coﬁsistent répetitive results are required as -
" they are in produétion testiné (Bétz, 1963:241-242).

The equipment considered essential to the success of tﬁe
penetrant process in industrial departments includes: (1) precleaning
_and penetra;ing stations, (Zj.solvent remover and washing étatioﬁs, and
(3)‘dryiqg and rinsing‘stétions. Since automation is moving into éhe
_penetrant testing process, units have been.designed using‘pfepﬁnched
coﬁputer cards which program various aspects of the testing process.,

| Prepuﬁched computef cards have been-succeséfully-programmed to
account fdr.variables such as penetration time, drying timé, and
" developing time. When the testing specifications have been predeter-
mined fo; a given part, a pallet of parts carrying process épecifica—
tions can be automatically piocessed in.accordance with a predetermined
program. The éequence of operatioﬁs for individual pallets can easily

‘be wvaried.

‘Black light. Thé ultra viole£ light (black 1light) used in the
penetraﬁt process has been standardizeé at 3,650 angstrom units. This
is thé peak transmission wave length for commonly used black 1ight
filters. The recommended intensity level for the black.light is 200
foot candies at a distance of twelve inches. A typical black light

‘test unit is illustrated in Figure 3, page 27 (Magnaflux Corp., 1957:5).
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Figure 3

Typical Black Light Test Unit
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The term "black light" is applied to near ultraviolet radiatiop
having a wave length shorter than the shortest wave 1ength.in the
 visible spectrum. - It has the property.of dausing many substances, such
as.ceftain minerals and dyes, to flﬁoresce.' Though this radiation ié'
.no;.visible to the human'éye and:is therefore characterized as béiﬁg
“b;ack,f it is produced Ey the mercury gré as a byproducthéf yisible.
Whiteilight, along with other shorter wave length radiation. |

The black light used to energige the dyes in the fluorescent
'penetrant procesg; thus making them appeér to glow in the dark, is an
integral part of the inspection process. The user of the biéck light
should fhefefore understand'the theory of black light and shoﬁl& know
- how to make proper use of the equipment which generates this light. He
sﬁould also become familiér with the techniques required for suécessful
inspections using the fluorescent pénétranfs. |

‘The lamips psed in the penetrant process are susceptible to
fluctuations in line voltage. A small percentage of line voltéée drop
may cause the bulb to be extinguished. When this occurs, the bulb
should be allowed to cool complefely before any attempt is made to.
relight it. It is recommended that the line to which the black lights
are connected have a voltage as.constant as possible. If.neceSsary, a
constant voltage transformer should be used in the circuit.

The inspector should allow his eyes to become accustomed to

- the darkness of the inspection booth before he attempts to inspect‘.
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components. He should avoid going ffom darkness to'light'énd,back
without allowing sufficient time for his eyes to adjust to the dark.

Black light entering the eyeball will cause a cioudy effect
due to the fact that the liquid in the eyebal; fluoresces. This may
be caused by either direct or reflected black light. This effect,
however, lasts only.as 19ng as_the light enteré the eye‘and it is not
considered harmful. It is fatiguing and therefore reduces tﬁg sénsitiv-
ity of the inspection. Care should be taken t§ arrange the blgck
1ighté so that neithér the direct 1iéht.ff6m-thg 1agpln6r the |

reflectéd'light enters the inspector’s ejes.

Temperature requirements. Maximum penetration into extremely

small openings requires both the penetrant and the surface-of'the éart
being'iﬁspected‘to be maintained within the guidelines sef by the
‘manufacturer. In no case should the températﬁre be al}owéd to go below
50° F. “Nor should the temperature of the penetrant aﬁd the test part
‘be allowed to exceed 100° F at the time of applicatiqn. Therefore, the
use of an open flame for heating pu?bbses is prohibifed (ﬁepartment of

the Navy, 1965:29).

Maintaining penetrant servicibility. . Penetrant inspections are
normally considered to be a very sensitive and critical process. Since
it is used to detect discontinuities in vital parts, which are not

readily detectable. by otﬁer meéns of inspection,'the.depgndability,of
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the materials used in the inspection process are of considefable‘
importance to those who purchase parts which have been inspected by
this process. .

Penetrant procedures are not a fail-safe process.. The absence
of an indicatidn may iﬁdicate.that the part in question is an acceptable '
part, but it might also mean that thé inspectién proceQS‘has failed to
detect a defective part. Therefpfe, it is very important that the
inspector be sure that the penetran£ inspection is actually doing the
job expected of it. P;oper supervision can keep fhe equipment and
procedures within specifications, but How can one be sure thét the
materials being used in the process are actuaily capable of agcqmpiish—.
ing the required job? One way is fo:purchase trustwdrthy>ihspection
materials, keep them sealed and protecéed until thei are:needed,~and
once they have been used discard the remainder. This prpcedure'is
offen considered the most ﬁractical for fieid tests or highly automated
test operations. In most cases, however, the inspection materials are
kept in open tanks with the parts being dipped or sprayed with the
penetrant materials, and fhe remainder beiﬁg returned to the tank for
reuse. Here, ample opportunity exists for contamination. Even when
no contamination occurs, the inspection materials are left unﬁroteqted.
from the ravages of evaporation and time. -

Inspection materials can be'rdined'suddenly by theninﬁroducéidﬁ N

of substantial amounts of foreign matter. Far more insidfous, and for
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that reason more dahgerous, is the gradual day—by—day.deteriorafion
which usually goes unnoticed. Normally, this type of deferioration is
readily detectable, if a comparison is @ede between the new'penetrant
materials and the old penetrant:materials. Such comparisons however,
nust be made on a 81de—6y-81de basis to elimlnate not only the effect
of individual testlng‘technfques, bot because - the human memory for an
sbsolute order of magnitude is very poor (Schmidt, 1969:259);

Selection of the'Penetrant
Testing Method

Although many inspectfon prdbleﬁsfcan be solved in a satisfac-—.
tory manoer using one or another of the penetrant testlng methods, one
testing process may be preferred for a specific material | When a choice
of_inspection method is possible, the selection may be just as important
as the testing procedures used by the iospecfor. Tabies 2, 3, 4, and 5,
pages 32 through 35, respectively, provide guidelines for toe selection
of a process when the type of defect and'inspection situation are known
(McMaster, 1959:6.22-6.23). The advantages and disadvantages of each
test are listed in these tables. |

Generally speaking, penetrant inspectioo_processes are evaluated
‘on the basis of: (1) their ability to locafe.open and shaflow discon-
tinuities, (2) their-sensitivity to very fine discontinuifies, and
(3) their relative brightness. Other criteria by which these processes

are evaluated are mainly economic. In general the most effective
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Table 2

Liquid Penetrant Tests

" surfaces

Threaded parts and partéiwith
keyways -
Parts have rough surfaces
Spot testing'of local areas
Portablé equipment required

Water and electricity not
available

Anodized parts cracked after
anodizing to be inspected

Repeated applications of
the process is required

Leak detection

W=V

W-v

Ihsbection Preferred - X .
Problem Process * , Remarics
High production of W ‘Small parts in baskets
many small parts : ‘ .
'High production of a few Py Large extrusions and
large parts forgings
High sensitivity to fine P .Brightest indication,
defects required - most sensitive
Detection of shallow defects P-v Controlled depth of
and scratches emulsification
. Parts with medium rough W-P Choice debends upon‘pfo—

duction and sensitivity-
required

Process (P) Penetrant may
lodge in the corners

Order of preference

Five or six repeats
should be the limit

. -‘Penetrant only

* P
v
W

Post‘E@ulsifier Fluorescent Penetrant
Water Washable Visible Dye Penetrant
Water Washable Fluorescent Penetrant
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Tébie 3

4

Post Emulsification Fluorescent Penetrant Process
(Process P)

Advantages

Disadvantages

Has fluorescence for greater
visibility

Higher senéitivity to very
fine defects

Can locate wide and shallow -
defects

Easily washed with water
after emulsification

Short penetration time .

High production, especially
with large parts

Can be used on anoding surfaces

Application of emulsifier in
separate operation

Requiies'inspection in the dark
with a black light

Sometimes difficult to wash
penetrant from:

A. threads

B. - keyways

C. blind holes

Some materials fiaﬁmable

Difficult to use on rough
surfaces, especially on castings

Requires a rinsing aid

Can be used on chromate surfaces

Parts can be rerun
satisfactorily




34

Table &

Water Emulsifiable Visible Dye Penetrant
(Process V)

Advantages

Disadvantages

Has greater portébility,
requires no black light

Can be used on suspected local
areas of large parts, aids
in rework and repair

Can be used on parts where
contact with water is not
permissible or water is not
available

Can be used on anodized

surfaces

Can be used where parts are

. to be inspected in otdinary

light

Best technique for contaminated
defects not sensitive to
residual acidity or akalinity

High sensitivity to very
fine defects

Some materials flammable

Expensive in man hours

Indications are less visible
than fluorescent indications .

Difficult to use on rough sur-
faces, especially on castings

Materials shoul& not be used
in open tanks

Requires a rinsing aid

Not very good on wide or
shallow defects
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Table 5

Water Washable Fluorescent Penetrant

®

rocess W)

Advantages

Disadvantages

Has greater fluorescent
visibility

Easily washes with water

Good.fqr quantities of small

parts

- Good on rough surfaces

Good in keyways and on

threaded parts:

High speed, economical of
time, and good on a wide
range of defects

May be difficult to rerun parts

Anodizing may effect sensitivity

Chromate finish may affect
sensitivity

Requires inspection in -the dark
with a black light '

' Not reliable for detecting .
scratches and similar shallow
surface conditions
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penatrant would be the one which reliably exposed shallow and open
discontinuities, had the highest degree of sensitivity for very fine
discontinuities, took.the ledst amount of time,‘and was the most

economical to- use,
EVALUATION OF THE LIQUID PENETRANT TEST

The liquid pénetrant inspection process was evaluated by the
writer to defermine whether or not itlmet the five criteria set forth.
in the analysis of data Section. The liquid penetrart inspection
ﬁchess mét the criterid in the following ﬁays. |

Compatibility to-Existing Industrial -
Education Programs

Thé writer believes that the justifiéatién for includiné non-—
destructive testing programs iﬁ the industrial educafiqn curriculum
_.can best bg stated by those who are knowledgeable in this area. David
M. Goin (1968:33-34) stated that nondestructive methods of inspection
could be incorporated intd existing metalworking progfams without
disrupting them. He beliévés these methpés could be.iﬁtegrgted into
the curriculum of the machine shop, welding shop, and general metéls
shop or they could be taught as a separate testing or metallurgy unit
involving the different tests,'hgat tréatiﬁg, or the study qf metals
in general. |

Bruce D. Tyler, Diréctor of Trainiﬁg; Magnaflux Corporation
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(1974: personal letter to the writer), made the following statement,
". . . I cannot give one good reason for not teaching nondestructive
testing in tﬁe high- school other than the mental 1aéineés on the part
of the instructor.“ Carl E. Betz, Nondestructive Test‘Cpnsqltanf gnd
past Viée—Presideht to'ﬁagnafiux Corporation (1974:personal 1ettér.tq
the ﬁritér), sums uﬁ the need for including nondestructive festing

", . . for many years I have

processes in the high school program,
advocated the teacing of mnondestructive testing at an early timé iﬁ the
education.of young.perséns who are féllowing a program leading to any
branch of engineering or mechanics." | |

The ipclusion of. the liquid penetrant inspection process can,
in the opinion of the writer, be justifiéa'by the goals and objectives
(ﬁage 7) which the American Vocational Education Assbciation set for
industrial education (1968:9411).

Ability to Satisfy One ox More of
the Present Needs of Industry

Wérren J. McGonnable (1961:vii) stated that ". . . one of the
primary requirements for expanding the technology for the sélution of
tomorrow's problems is education in the field of nondestruétive
testing." Roy L.'bdelia Western Manager, Automation Industrial
Incorporated, Sperry Division (1974 :personal 1ette£-to the writer),
reaffirms fhis'need by hig statement that;-". . . as a salesman, I

encounter ﬁanylapplications for nondestructive testing in industry
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and it is- extremely eviden; that there is currently a manpowér shortage
for trained and qualified personnel." Iﬁe future for competent liquid
penetrant iﬁspec;ors looks énCOur;ging when- one cénsideté‘thé following
statement by Betz (1967:59): |
‘Today, the'acceptance of nondestructive testing methods is

.practically universal and experience with these methods is now
so extensive that complete confidence exists in these methods

of inspection and in the ability of compétent inspectors to
Interpret the test results.

Relative Simplicity and Broad
Encompassing Nature

The growth in .the use of aluminum and other_nonmagnetic metals
created a seriods situation in indus;ry."What was desperately needed
was a quick, easy, inexpensive, and reliéble'metﬁod.of detecting
discontinuities’whiCh are open to the su;face. The liquid penetrant
method mét the criteria since there is no limitation on the size or
shape of the partzwhich.can be inspected nor is there any limitation
oﬁ fhe composition Qf the part as long as the surface is eséentiéllyv
nonporous in nature.

| The liquid penetrant tesf requires three basic steps: (1) appli-
cation of the penetrant, (2) removal of the excess penetrant, ﬁnd
3 applicatiop of a suitable develope;.' No épecial equipment-is_
required. Therefore, equipment énd matérial costs are not a
significant factor. Dye penetrant kits such as the DP-40, which

contain a penetranf,.cleanér—remover and a developer can be purchased '




39
for $3.95 from Sherwin Incprporated, 5007 East Washington Boulevard,
Los Angeles, California '50040.

The relative simplicity of these methods of'inspection is‘
clearly stéted by'J. E..Hinkel, Mﬁnager of Application'Engineering,
Lincoln Electric Company (1974:personal letter to the Qriter), "L,
' all of the procésses used in nondestructive testing operate on sound
and relatively simple principles of physics, electricity, and science."
?he ability of high school seniors to comprehend‘thesevtesfing con—
‘cepts is reinforced by the statement by Carl E. Betz, Nondestructive
‘Test Consﬁltant énd past Vice—Presideﬁt, Magnaflux.Corporation (1974:
personal letter to the writer), ". . . I believe the high school
senior is duite capable of'undepstanding the basic concépts of non-
dest;uc;ive testiﬁg:if they are pfesented without the complex’
 theoretical details." |
Potential in Satisfying What the

Writer Believes to be a Weakness

of the Present Industrial
Education Program

Based upon an evaluation of the stated goals and objectives of
industrial education as set forth by the American Vocational Education
Association on page 7 (1968:9-11), the writer believes that industrial
education teachers cannot be expected to satisfy the néeds‘of their
profession unless they have developed a certain measure of competency

in liquid penetrant testing. This competency should include an
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awareness and knowledge of: (1) the basic theories and principles,
(2) the adyantgges and limitations, (3) the potentiai safety hazards,
if any, and (4) the skills required to satisfactorily perform the
liquid penetrant test.: | ‘.
Eckﬁart A, Jaqobseh (1968:4) compliments the §ritér's belief
Qith the following statement, 'Industrial Education too often reflects
tﬁe revolution qf the past century rather than the technological evolu-
tion which has taken place since 1940. Much of the relevant content to
which we must reiate did not exist at this time." David.M; Goin (1§68E
33;34) reinforced this belief with the following statement:
. + + I sincerely hope that other industrial education teachers
will see the need for nondestructive testing and will work to
.initiate it in dlfferent parts of our country, to try and get

away from the old "manual training" concept of teaching metal-
working in our high schools.

The Educational .Requirements and
Competency Levels Expected of

Inspectors

‘Since this study ié:concerngd.with the development of entry-
level competencies in the area of liquid pehetrant testing, only those
requirements which are essential to the development of this level of
competency have been included in this study. .Each-entry—level inspec-
tor is expected to demonstrate, prior_to being consiﬁered for certifi-
cation in the field of liquid penetrant testing, that he has acquired
(American Soc1ety for Nondestructive Testing, 1968:1-7): (1) sufficient

educatlon and experlence to insure an understanding of the liquid
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penetrant principles and procedures; (2).instruction in the proceésing'
of parté: under no circumstances should he be permitted to inspect
éarts frior to certification; and (3) sufficient knowledge to pass
an examination‘wﬁich,includes questions reiated to the equipment,
operating procedures, and testing techniques. Prior to his certifica-
tion, the entry level inspecfor should work at all times under the
supervision of a certiﬁied inspector. He is directly responsibie to
this certified inspector for the ﬁroper performance of all 1iquid
pénetran; inspections.

According to Carl E. Betz (1963:125), thé liquid peﬁetrgnt
inspector éﬂould have the following physical and natural competencies:

He should have good eyesight and should not be coiorlblind.

He must be alert, intelligent, comscientious and must be fully
aware of and willing to accept the responsibilities of the. job
he is expected to do -for the company.

Having met the five criteria as set forth in thé analysis of
data section, précedures for applfing the liquid penetrant process in
industrial education programs at the high sehqol level have been
described in dépth. |

PROCEDURES FOR APPLYING. THE tIQUID PENETRANT
PROCESS IN INDUSTRIAL EDUCATION

Ip theory, theiliquid penetrant testing process is simple.

Its effectiveness is based upon the infallible natural phenomenon of

capillary action, one of the most powerful forges iﬁ qatﬁre (Sherwin,




. 42
1968:225).

In the liqﬁid penetrant'process, the penetrant does not seep
into the diséontinuity. It is litérally pulled into thé crack or
disconfinuity by capillary action. This force islthe same force which
draws sap to the top of tall trees or causes o0il to rise through the
wick of an'oil lamp.

When the developer is applied, after the excess penetrant has
been washed from the surface of thg'part, it acts like a blott;r and
draws the penétrant remaining in the crack or discontiﬁuify'to the
surface of the pa;t where it can be evaluated by the inspector.

To provide_édntinuity in the inspection process, the following
inspection steﬁs are sﬁggested: ' | |

’l! Preparation of. the parts

2., Application of the penetrént

3. Removal 6f the excess penetrant from the‘surféce

- 4, Proper drying of the parts to be tested

5. Aﬁplication of the developer

6. Inspection and evaluation of the parts

7. Establish acceptable inspection standards

8.  Post-inspection cleaning of the parts prior to service

Prgparafion of the Parts

The preparation of -the parts prior to the actual inspection is

of utmost importance. The principle pf'ail penetrant inspecfion
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processes is the fact that the penet;ant ﬁust be able to enter surface
openings, if it is expected to idenfify_cracks aﬁd discontinuities.
Unless the parts are ffee of foreign materials, reliable inspections
cannot be expected. There should be no paint, platings, scale, or
grease on the surface-of the bart. All surfaces being ingpected should
be completely free éf all egtraﬁeous materials. When a nonvolatile
liquid is used to clean.tﬁe parts, the surface should be heated or
dried with hot air to insure the complete removal of the éleaqing
agent. As a final cleaning operation, each gurface should be dipped,
sprayed, wiped, or brushed With.trichloroethy;ene, percﬂorpeth&lene,
acetone, éthanoi, or isopropanol.. |

-Each,parf should then be tho:oughiy dried to reﬁove the excess
cleaner by wiping the pa?f with,a clean,vdry cloth or ﬁﬁsorbent paper'
and allowing the remainder to evaporate for a minimum of five minutes.
Prior to the liquid penetrant inspection, the surface ‘to be téste& and
any adjacent area within one inch of the area being inspected should
be dry and free of all dirt, grease, scale, sal;s, of other extraneous
materials which could obscure surface openings or oéherﬁiSe interfere
with the inspectioﬁ process (Bureau of Naval Personnel,-1963:29);

Penetranté held on the surface of the part by dirf or other
foreign materials can easily lead to false.iﬁdications. Liquid solvgnts,
vapor b;gsting, acid etching, and vapor degreasing can be used ﬁq

prepare the surface. By far the most satisfactory method pf‘cleaniﬁg




44

parts is the vapor degreasing process which cleans out cracks and
other surface openings.better than any hand process. Ihe-parté cqmé
from this process hot, so all solvent materials are driven out of the
discohtinﬁities._ Any wﬁter that might have been lodged in a disconti-
_nuit& is also driven ouf by thé heat. .Tﬁere'iS'no positive way to
insure fhat discontinuiéies are free of water exéept by heating. For
this rééson, vapor degreasing as a.syep preparator§ to any form of

penetrant inspection is highly recommended (Betz, 1963:106).

Application of the Penetrant

. Theoreticall&, all that is necessary in the ﬁenetrgnt inspec;
tion brocess is to cover'the surface.ﬁf thé part with.pénetrant énd
leave it there long enough for the penetrant to be drawn into thé_
discontinuity. |

When the penefraﬁt is in a tank of sufficient depth, ﬂowever,
" the obvious. method is to dip the part into the pénetrant and theh lay
the.part on a rack to drain. Thé recovery of the penetrant is of
economic impbrtance, but otherwise incidental. The principle thing to
be concerned about is pockéts of air which may have been tréppéd in
openings, thus preventing .the penéetrant from entering the discoﬁtinﬁity.
When the parts are hot from the degreéser process, they shoﬁld
be allowed to.cool to room temperature before they are dippé&. If
tﬁey are dipped while thgy are still hbt,vthey should be allowed to

remain in the penetrant bath until they have cooled,sufficienfly. If.
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the parts are removed from the penetrant while they are still.hot, the
heat will tend to dry the penetrant on the surface of the part causing
a lack of proéer penet?ation.

When the parts are too large fo dip, pgnetrant-ténks are.oftenA
equipped with a pump and hose so the penetrant can be flowed over the
surféce of the-part more easily. The inspector should make sure that
all cavities have beenlfhoroughly covered with penetraﬁt. ‘When auto—
matic equipment is used, spray nozzles are'incorporéted_to impinge
penetration on the ﬁart:from all directions. When thé shape of thé.
-part permits, hosing or flooding-of the part is permissibie.i In some
cases, -automatic dipping devices have been incorborated instead>of
sprays. | l |

For fiéld applications, both color contrast pénetrants and
fluorescent penetrants a%e availabie in small pressurized cans thus-
making the application of the penetrant for local or spot ihspections
relatively simple. For larger areas, such as blades of steam turbines,
air pressure operated spray guns are used. Ip these circumstances,'nq
effort is made to reéover the excess penetrant. Control of the'spray.
. is such that only the amount of penetrant actually necessary to covér
the part is used and no excess waste occurs. Color contrast penetrants
are often supplied with a small brush to facilitate'the application of
penetrént. This is especially useful when the iﬁépe;tion‘takés place

in small restricted areas (Betz, 1963:107-108).°
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When the penetrant pulls back in small droplets, the part
should be reéleaned by wiping it with a suitable qleanér, énd the
penetrant should be reapplied and allowed to remain.on the.pgrt for
the recommended period of time. Table 6, paéel47, indicates the
recommended penetration ﬁeriqu for liAQid pénetrants (McGonnagle,

1961:60-61).

Removal of the Surface Penetrant

After a suitable period ofvfime, the surface film of penetrant
should be remo&ed. The removal of this film should Ee.thorough so‘th;t
the only penetrant remaining will be within the dlscontlnuity 'The
inspector should be especially careful that all drllled holes and
threads are-rinsed-out since penetrant remaining'in these areas céuld
éause'nonrelevant'indications; Sinée fluorescent penétrantg are -
carefully compounded to make them completely emulsiflable by the
: physical actlon of water droplets, water main pressures of thirty
pounds per square iqch.provide adequate pressure forrrlnsing operations.

The rinsing operation should be accombiished under a bléck
light whén fluorescenf penetrants are being used, sinqe the use~§f a
black light makes it easier to see if any of the penet£ant hgs been
left on the surface of the part. Small fafts can fe rinsed individu-
ally or large quantities of pafts can be placed-in wife baskets. To
. avoid over—rinsing,-the rinsing process shbuld nét be continued éf;er

the surface penetrant has been removed from the parf.;
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Table 6

Typical Penetration Times for Dye Penetrants

'Penetratioﬁ Time

Material Type of defect (Minutes)
Dy-Chek Zyglo
(60-90°F)
All Heat treat cracks 3;5 2
Grinding cracks 7-10 . 10
' Fatigue cracks 7-10 10
Plastics Cracks 3—5 1-5
Ceramics Cracks 3-5 - 1-5
Porosity 3-5 1-5
Aluminum welds Cracks and pores 7-10 20 .
.Steél welds Cracks and pores 7-10 16—20
Forgings Cracks and laps 7-10 20
Metal rollings Seams 7-10 10-20
Die castings Surface porosity 3-5 3-10
Cold shuts 3-5 10-20
Permanent mold Shrinkage and 3-5 3-10
castings porosity
Carbide tipped Poor braze 3-5 1-10
cutting tools
Cutting tools Cracks in s;eél 3-5 1-10
Cracks in tin 3-5 1-10
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.Since there is always the.danger'that hot water may remove some
of the penetrant from larger or shallow aisContinui£ie§, caré should be
takgn to'kgep from rinsiﬁg parts with.water‘at temperatures higher
than 110°F. In some cases, high temperaturé water is inten;iq@ally
used in rinsing operations to reduce thégsensitivity ofAfhe teéting
process. ‘ . “

Parts too large to wash in standard washing sfatioﬁs can be
effectively washed with a hand nozzlé oﬁ a common water'hosé. When
large parts are washed, the inspector should start af the bottom and
work up so that Watér running down does not éépargte 0il from the
emulsifier on lower areas before the'spray reaches them. The
emulsified water pgnétrant mixture from the upper areas will run off
clearly over tﬁe sections which havé already been washed. -

Penetrant emulsifiers have dne'p;inéipal func£ion: ‘to
emulsify thé excess penetrant on the,surface under examinatioﬁ-so
that-it.can be easily removed by water rinsing. ‘To accomplish this.
task, several properties are necessary in a good emuisifiér. These
properties are: (L) it musﬁ be comfatibie with the penetfant; (2) it .
shoﬁlﬁ mix readily with the penetranf in such a way that the excess
penetrant is emulsified by sﬁbsequent water rinses;.and (3) intermixing
with the entrapped penetranf should be minimal to reduce its removal
during finsiné and ﬁrovide maximum retention of the penetrant.for

subsequent bleed back and indicationms.
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Emulsifiers usually contain organic solvents, and some of
them may be of a petroleum base. Fluorescent penetrant emdlsif;ers
normally contain a dye which gives them a contrasting color :and makes
them easily distinguishable. It is commbn practice for this coior to
be red.

It is possible to remove post—emulsifiable penetrant to some
extent by a water pressuke rinse élone, without the benefit of an
emulsifier. 'After the bglk qf the excess penetrant hés been removed,
the emulsifier application is made and a final rinse performed. The
emulsifier can be applied followed by rinsing, or an emulsifier may
be injected iﬁto the rinse water fo‘prévide this functiénf |

Penetrant removers are products used fof the removal of the
inspection penétrants by the hand wipe or solvent method.' Removers
are usually pétroleum or clorinated solvents, but they may be any
solvent combination., Very often an emulsifier contains enough solvencyl
to function-as a remover‘pr a product may be formulated for the express
purpose of functioning as an emulsifier or a remover. Removers in
use are subject to the same precautions described for emulsifiefs.

Proper removal of all excess penetrant from the surface or
pafts is essential to the success of the inspection process. While
water wash penetrants are designed to be comﬁletely removed wifh a
water rinse, success in this operation depends upon the use of proper

techniques: ' it is not achieved automatically. There is-a correct
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procedure for washing and rinsing parts.-.This procedure not only
produces clean surfaces, but avoilds o&ér washing which could result
in washing . the peﬁetrant out of discontinuities.

The most common method of washing barfs is by'méans‘of a hand
water spray. The character, pressure, and volume of this_épray are
ali considered significant in the testing process. In general, a
pPlentiful volume of water at moderate pressures tthirty to forty
pounds béf sqﬁare inch) and coarse droplets which impinge on the
surface of the part, will penetrafe the film of an oil-emulsifier
miiture and immediately flush it completely awéy from the surface of
- the part. | |

Higher watervpressufes are ;ndesirable since mecﬁanigal
pressure alone will ﬁend £o cause a pénetration of fhe'ﬁiscoﬁtinuities
"and a possible:wasﬁing out of some of the pénetfant needed for thg
in;pectioﬁ process. Fine sprays,_oﬁ_tﬁe*other hand, do not carry a
sﬁfficient volume of water for. the flushing action neéded. If the
oil-water-emulsifier mixture is not washed away at once, some of the
‘dyé will separéte out and stick to the surface. Further washing may
not remove it. The uée'of a solid stream'of water which produces a
sufficiént volume is not satilsfactory, because the stream impiﬁges on
too small an area to achieve proper émulsification; and areas whe;e the
dye has separafed and tremained on‘thé'supface are usually the result.

Water at ‘a temperature at which it c6mes from the water lines

\ .
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is usually quite satisfactory. Washing with hot water makes the washing
easier, but increases proportionately the hazard of removing'penetrant
from the diseontinuities. Perhaps the ontimun temperature for washing
water is 110°F. Hewever,-heating the,&ater is considered an‘additienal
expense and is generaliy not-consideted necessary.

The washing operation should be conducted under a black 1ight
when fluorescent.penetrants are'used; This operation should not be
prelonged. As soon as the surface being inspected gives no indication
of fluorescence (except at areas of porosity), the washing operation
should be stopped‘to avoid over washing.

When large quantities of small parts are nashed in.metal
baskets, care must beltahen to insure that all surfaces of each part
are reached, and that no areas are missed due to parts coming intq
contact with.one another. When parts are shaped s0 that the& cannot
be placed in a basket without serious contact areas, spacers should be
provided to keep the parts separate and accessible to the washing
operation. Care should be taken that the baskets themselves are well
nashed; If the baskets retain some traces of penetrant, it could lead
to contamination of the parts later in the inspection_process; thus
creating false sr misleading indicationmns, When this becomes a problem,
it may be necessary to transfer the parts to clean baskets after they
have been washed and prior to placing them in the dryer.

The wash tank and-surréunding areas shquld be'kept free from
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fluorescent scum to avqid‘contaminating clean ﬁarts by éreatihg
fluorescent spots which tend to-confuse‘§r distract‘;ﬁe inspec#o:.

For'quantitieé.of small parts which are beihg procéssed in
baskets, an automatic spray rinse has been devised which is far
superior to the hand washing process. This procedure involvés the use
of a_covered'cabineﬁ which has been equippéd with spray nozzles which
direct an afundant supply of ﬁater from all angles at.the basket while
it is beiﬁg ro;ated; For-most small parts, which have been pfopérly
ﬁlaced in ;he basket to. avoid undue contact betwéen-surfaces, this
method does a very sat;sfactory job; | |

6n automatic uﬁit;,.washing ié accomplished ﬁith the spray
nozzles placed according t6 the geometry of the parts beiﬁg processéd,
In some instances, an oscillating‘spray is used instead of fixed
nozzles. In some applications, where the parts are loﬁg and of a
relatively uniform cross seétion, a traveling ring spray moves from
one end of the piece to the other thoroughly cleaning all expésed
surfaces in one pass.

Washing by simply immersing the penetrant coated part in a
bath of warm Water'and mo&ing it about while submerged ié a method
which has been used wifh.some success'under certain conditions. Since
most penetrants ha%e beeq'formulated'so that.they will completely
emulsify when they come into contact with water and'dispe;se,readily

into the water bath, .this particular method has the advantage of
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simplicity. But, it has'littlé‘valug otherwise aﬁd ié not recommended
for general use.

In the inspection of steam turbine motors, washing is generally
accomplished with a hose and spray nozzle. Other large parts which
have been sprayed with‘penetrant may be similarly washed. Provisions
for draining off the wash water should be made. In such washing opera;
tiéps, the inspector, once again, should start ét the bottom and work |
up all sides of the part.

When spray washing is for amy reaéon impracticable or not
permissible, a good job can be accomplishe& on iimited areés using a
wet cloth. This cloth éhould be thoroughly wef with water and the
wiping should be done rapidly. The first washing should be followed
immediately with fresh water and rewiping with a clean rag. This
particular method is obviously not suitéble for large numbers of small
parts or large and irregularly shaped parts. For the local inspeétion
. of limited areas, however, it is an acceptable cleénipg alternaté.

| Adding detergents to wash water is a bad practice, althouéh it
has béen tried with a certain measure of success by some companies.
The proper amount of eﬁulsifier has alreédy been added to'the ﬁénetrant.
Adding detergents to the wash water may result in a clean surface, but
it usually results in washing some of the penetrant out of the discon-
tinuity in the process.

For average size installations, disposal presents no problem
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since the actual améunt of penetrant carried into the drain in the
course of an hour is small in relation to the.other wastes carried by
the sewers. In éome instances, especially for large operation;,
special precautions in disposing of the wash water may be réquired.
Usually thig consists of collecting rinse water in a' tank .and adding
acld or other suitasle substances to break down the emulsion; The
oils containing the dyes will then rise to the sq?facé wherg they may
be skimmed off. The wétér, freea of the oily material and dye, may

then be run safely into the drains.

Drying the Parts

Drying the parts after Wate;_washing is a necessary and
important step in the processing of parts by the water ﬁash pénetrant
method since theArésults can be materially affected by the method of
drying, particulafly the inteﬁsity and definition of the indication.
Therefore, the sensitivity of thg‘tests can be increésed through a
préper unde£standing‘and‘application of suitasle drying techniques.

In many instances, a simple air dryiﬁg process is all that is needed.

For most applications, however, special hot air dryers are utilized to -

dry the parts being tes;ed. Precisely controlled heat andAair circula-
tion in a dryer will increase the efficiency of most peﬁetrants. One
acceptable method is to place them in a drying oven at a‘éemperature

of 180°F for a sufficient perlod of time to insure the drying of the

part, but not so long that excessive degradation of the. penetrant
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occurs, Under no circumstances should tﬁe drying temperature exceed
250°F. Parts should bé removed from the dryer as soon aé‘they aré
dry. Iﬁ_they afefallowgd to remain in the dryer too 1oﬁg, tﬁe sensif
tivity of-the'tgst'will be reduced as é direct result of dye &eg;ada—
tion. |

Wiping with cloth or péper towelg is a simple'and Quite'satisf
factory method to dry the surfaces of parts. It ig especially uéeful
when local éreas of large parts are being examined. After‘the‘parts
are wiped dry, a short period of time éhould be allowed before dusting
on the d;y developer powder, to permit the last film of dampness to
evaporate off the surface. The use of towels is obviously slow and
would be clﬁmsy on parts with complicated shapes. 'This'procedﬁre is
considered impractical fgr production lines, since some 6f the advan- -
tages ;f sensitivity that result from Fhe use of heat~are lost when
the hand wipigg method of drying is used.

A strong blast of compressed air from the shop air system ié
sometimes convenient and often quite effective in removing large quan—
tities of excess Water'fgom the parts. However, too strong or concen-
trated a jet of éoﬁpreSsed air can blow some of the penetrant out of
discontinuities or defects. This procedure &oes not 1ea§e the surface
absolutely dry, and furtﬁe; drying time sﬁoﬁld be proyided for the
parts before the developer is applied..

When the ﬁart is too large, drying with heat may be impréctical
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pf impossiﬂle. If the part 1s allowed to stand for a long peribd of
time‘at room teﬁperafure; it will obviously dry; but tﬁis érocedure is
‘the slowest and possiﬁly the poorest d¥ying.technique. On certain .
occasions, however, it may be the.only‘pqésible_solution. One spécifié
drawback to this method of drying is that dﬁe to the prolonged period
of time required, iﬁdigafiohs ﬁay have time té "bleed out" excessively.
This is no disadvantage if the discontinuify is small and only-a
minimal amount of penetfant“is in the discontinuity in the first place.
However, defects holding a large reservoir of penetrant Will.have time
to bleed excéssiﬁely;‘and the indication will épfeéd Out‘thereby losing
ité definition. At room temperature, penétrants retain all their normal
fluidiéy since the volatile constituents do not evaporate as rapidly
"as thé Water.driés. .This condition facilitates a spreading out of the
penetrant.

‘Blowing warm air over the part by using a hair dryer type of
blower is only slightly better than open air drying at room temperature.
The air éoming from §uch devices is seldom warmer than 130°F. when it
reaches the surféce of the part. Since the parts are cold, the
increase in the rate of evaporation at the surface of the'part is not
consideréd.gfeat. The quantity of heat supplied by these methods is
not great enough to warm the part very quickly\and indigatipns tend to
spread out gxcéssivély as’they do when opeﬂ air drying is used. This

method éccomﬁlishés little or nothing and is not usﬁally worth the
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:trouble and expense of setting it up.

Placing parts in an oven wﬂich is maintained at 225°F. is a
somewhat better épproach~to the drying problem, although it is stili
not considered an optimum procedure. If the power “input of the oven
is suffiéiently 1a;ge in relation to.the mass of the metal represented
by the load of parts; thg\par; 1tself becomes heated. If there is no'
procedure for circulatiﬁg'ai;.within the oven (this is the'éssumed
condition of this discussion), absorption of heat and the removal of.
evaporatéd water vapor tends to be considerably slower and goqd control
of both drying time and temberature becomes difficu;t} Temperatﬁré
inside ghe oven varies considerably depending upon the disposition of
the pafts to be dried with respect to the heating‘elemeﬂf,‘?esulting in.
uneven heating of the parts and thereby ieading to.the ove;heating of
some parts. Since ;he recirculating hoé air dryer overcomes most of
"tﬁesé disadvanéages, the;e is little reason té recomnend the use of any
other type of parfs:dryer.

The reéirculating hot air dryér is a device used toA&ry parts
properly and at the same time take advantage of all of ‘the favorable
effects which heat tends to have on the brilliance and the definition
of indications, and therefore on the final results of the inspection.
This dryer is basically an encloséd space consisting of two Sections:
(1) a heating section whicﬁ consists of a bank of electric heaters, a

fén, and a théfmdstat; and (2) a section in which the pafts to be
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heated are‘éléced; After the hot air has .been used to heat the parts,
it is drawn back into the heating seétion‘tq be reheated and reused.

A certain amount of fresh air is constantly draﬁn into the system to
reduce.thé moisture content of the air within the drying cabinet.

_The temperaturé used for parts of normal size and thickness
varies. For inétance, with sections 1/4" or greater.in thickness the
temperature desired is 225°F. Air at this temperature heats the
surface of the pérts.efféctively and rapidly eyaporating surface water
and ca;rying away the ﬁater vapor. Parts should be removed as soon as
they aré dry, when they are still quite wérm but not yet at the full
éZSoF tempefature ;f the air within the drier (Betz, 1963:149—157)..

With the recirculating hot air dfyef! several deéirable effects
are produced ‘in addition to simply the drying of the parts. Wash
water penetrants are cgmposed of liquids, some of which are volatile
and others which are nonvolatile and more viscous. When parts are
placed in the dryer, pehe£rant begihs to exude from the discontinuity.
This pIOCESg is aided by the heat absorbed by the surface of the part.
In addition, as the penetrant reaches the surface of the part, the
more volatile constituents tend to be carried away by the warm air.

The more yiscuoué,honvolatile constituenté tend to cohgentrate near
the edgeSIAf discontihuities producing maximum brilliance and definition
of indications. Proldnéed heating iﬁ.the dryer or excessive tempera—

tures will tend to increase the spreading of the viscuous liquids thus
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reducing this concentration. For this reason both time and temperature
of the drying process should be cloéely controlled.
. With most penetrants, the air thermostat.should be set at 225°F. ‘

The temperature of the air in the dryer should not be allowed to
exceed.250°F. However, with very small parts haviﬁg a cross section
of 1/4" or less, lowet températufes are ﬁost desi?gble. Depending upon
the size and mass of the ﬁarts being tested, drying temperatu?es couid
range as low as 150°F. to 175°F (Befé, 1963:149-157). Evaporation of
the surface water may be sémewhat slower on £hesé oécasioné, Eut the
pafts will not reach temperatures high enough to prod;cg distortions
in the in&ications Which.éopld be caused by a raﬁid risé in temperature
of parts‘having.a small mass. |

For proper .drying, there must be a balance between the tempera-
ture of the air, the time the part is left in the dryer, and the size
and charaéter of the part being tested. The material of wﬁich.the.part
is made is a prime factor in determininé this balance. Alﬁminum and:
* copper parts, bec;use of their high heat conducfivity, will transmit
heat into the body of‘fhe.part more rapi&ly Fhap pérts made from stain-
less steel.' Surface témperatures oflthe'lattef, howeve;, may rise more
rapidly than in the case of aluminuﬁ or copper. An understan&ing of
these factorgland‘experience with the various drying methods are
necesséry if optimum test results aré expected.in a given set of

circumstances. ’
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Other methods and devices have been proposed and even tried for
drying parts, but for the most part they have not been satisfactory.
.waever, they do have some value as a substitute in the absence of
suitable equipment. In judging such techniqﬁes, it should be remembered
that the témperaturés reached by the materials being tested are con-
sidered tb.bé critical factors in the testing process.
Infrared 1ampé might appear to be a simple and éonvehiént

source 6f heat for the drying process. ﬁowéver,_they.are_quite unsat-
isfactory since such 1aﬁps produce radiant heat whiéh;tends‘to heat the
part itself rather than the air around the part. In‘the case of parts
with highly polished surfaces, the radiant heat is reflected and neither
the part nor the air around the part are heated. A rise in part tem-—
perature depends upon the mass of the mefal invdl&ed. Thin sections
will becomé heated quicker than thick secfioﬁs and the part temperature
may get too high before the entire surface is dry. With thick sections,_
the reverse is true. 'In addition, the time required to dry the part is
usually longer thén desifed. This method is definitely inferior to the
convection method of heating parts,ﬁhich is accomplished in the recir—‘
culating hot air dryer.

| Heating the parts by induction, utilizing the heating'effect
of eddy currents, which can easily be accomplished by placing the part
in a field of alternating curreht, has also been proposed. Once agaiﬁ,

the part being tested is heated first and can therefore reach undesirable
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tempefatﬁres before tﬂe éprface of theupart is prbperly dry.
High powered heaters blowing'hot air at the parts have some
advantages in drying very large part;, buﬁ this method is consiaered
an uncontrolled and wasteful process whén it is cbmpared to the .”

efficient, thermostatically controlled recirculating hot air dryer.

Application of the Developer

The purpose of the developer is to d;aw the‘éenetrant.which
"has been trapped in defeqts to the surface of the part. The developer
exerts é:combination of adsorptive—absoftive effect on the éenétrapt
residues dfawiﬁg them fo thé surfacé;‘ As the peneffént dispefses
-fﬁroﬁgh the deVeloper, it is 6bserved by the iﬁspector.' In the casé‘
of noaqueous wet and film'type'develéﬁers, solvent action plays an
important part in promoting the Withdrawai aétion, thus eﬁhéncing the
indications. There are four common commercial developers in-use todéy.
They are: (1) wet, (2) dry,_(B) nonéqueous wet, aﬁd (4) film develop-
ers.

The dry developers are easily distinguishable when they aré
.compared to the wet types since they are fluffy in nature and have a
high bulk deﬁsity. In nbrmal use, the dry developer is blown onto the
surface after the penetrant has been reﬁovea and the part dired. The
excess developer is removéd by blowing it off with air pressure or
tipping the part and shaking it,off the‘surfécé. Dried parts may be

‘dipped into the tank of developer or the dry powder may be brushed
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lightly ovér thé éﬁrfaqe of the part. ~These fine, adhering particles
tend to abso?b resiauai.penetrant andjdréw i;-from discontinuities.
Indiéations appear 'in a few minutes as the peﬁetraﬁf bleeds'ba&k intp-
the Qeveloper. These dry develope?s are genérally employedlwith the
fluoreséent-penetraﬁts; but they may be used successfully with the
visibie.types. |
There are three types of wgt developers produced commercially.

They are: (1) developer powder suspénde& in water,.(Z) developer
powders’ soluble in watér, and (3) a liquid developer dilutable with
'water."These Wet.develoéérs can 5e ?pplied to the sﬁrface by dipping,
spraying, or brushiﬁg, Buf care nmust be_téken to insure tﬁat an
excessive amount of developer is not applied sincelphis will tend to
obscure the indications. ‘Wet developers may be applied to éhe surface:
aftef washing operations have been completed and prior to thé drying
operation, or they'mgy be applied after the washing and drying 6pera~
tion have been completed. Normally, it»is neééssary foilowing the
~application of the %et developer to aégelerate the drying process by
placing the parts in a hot air dryer. o

| Many companies prefer to dip or spray the wet developer on a
wet surface whiﬁh results from the post emulsification or water washable
process. However; application to these wet surfaces by the spray method
tends to develop runs since the developer has a tendency to leave voids

on the surfacefof the part where the water. drops or an accumulation of
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ﬁater remained following the rinsing operation. When this occurs, a
nonuniform developing action could occur.

The nonaqueous develgpers are similar to the wet:developers,
except for the fact that tﬁe developer solids come already suspended
in a volatile solvent. This sélvent tends to pull the penétfaﬁt from
the indicationé by sqlvent action. This parficular process accelerates
the drying fime, so that a supplementary drying action is nbt required.
A thin film of nonaqueous wet develapér is desirable to provide the |
ultimate in sensitivity.- Spray applications utilizing a fine atomizing
spray such as a paint spray gun will provide thig fine film coverage.

It is necessary, however, to agitate thé nonaqueous Wet:dgveloper prior .
to using it.to insure that a proper mixture of the particles and the
vehicle occurs. The use of the nonaqueous devélopers result in
indications of a high order of sensitivity.

These solvent ba;ed developers are generally used with the
visible dye penetrants,-ﬁut they ‘can also be used successfully with the
fluorescent penétﬁanté. The devélopef‘is ﬁsually-applied to the sur-
face of the part aftér the pénetrant has‘been removed from the surface
oﬁ the part and the part has been dried. Thils procedure will effectively
enhance the penetrant sensiéivity. The rapid drying action of these
developers eliminates thg necessity of oven drying the pérfs'following
the application of the developer. ' |

The film type developers, as the name implies, forms a plastic
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film over the penetrant as it dries. This developer is usually applied
by the spray method and the action of the solvent cérrier draws the
penetrant intd a film, Ag the film dr;es, tHe éxposed penetrant indi-
cations are set in a pattern-indicative of the discontiﬁuity. This
ﬁroceés provides a permaneét record of the discontinuity éince the
filﬁ is,peeléd from the surface and retained for the records.' Sensi—
tivity of this typelof developer is,ais; of a high order, fut its use
is somewhat restricted to_special applications Sinqe the cost of
stripping the film from the part involves copsiderable labor. Film
Aevelopefs are usually applied to a dry surface and are applicable to
fluorescent and visible peﬁetrants alike (Betz, 1963:149;15?).

To sucéessfully carry out ité function,. a good déveloper
should.haye certain properfies or cﬁargctefiétics Whicﬁ can bg clearly
defiﬁed. Although all qf the_characteris;ics 1istéd are not usually
found to a mgximum degfge in any given material? they should be care-
fully coﬁsideréd in’selécting the appropri;te developer. Developers
should have the following characteristics (Lomerson, 1972:2.9);

1. High absorption to secure maximum blotting

2. Easily.dispé?sed to expose the'discontinuity by a small
amount of penetrant covgring a large area

3. Provide a.coptrast background for indiéations

4. Easily, evenly, .and readily appiied

5. Form a thin coating over the surféce'
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6. Easily wet to allow the developer to spfead_over the
particle surféce |

7;_‘Nqnflq§;escent, if théylareAuséd with a fluorescent
penetraqt

8. Easily remqvéd once the inspecfion is complgted

9. Inert to‘tthmatefial being inspected and to the equipment
Being used in the inspection process |

10. Nontoxic and inexpensive

Developer powdéré coﬁsist of fine particlesrwhicﬁ are applied
over the surface of the part being inspected, aftér the excess ﬁenetrant
has been removgd. Good.&eVeloper powde;s-should be expeéted to have
these characteristics: | o

l. Have a blotting action Whigﬁ'Setves-;o draw the penetrant
to the surface. -

2. Provide a reflective base.over'which the penetrant can
spread and diéperse, thereby increasing the amount penetrant covered
surface exposed to the human eye.

3. Help to cover up confusing backérounds, and in some forms
provides a complete background contrastlléyer over the surface of the
part. | |

4, TIncrease to a high degreé_the sensitivity of the inspection
method anq at.thg.samé tiﬁe shorten the time required for the indica-

tions to become visible to the inspector.
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5.. In addition to the blotfing action of the~developer powder,
the solvent type developers should bring more penetrant oﬁt of a sus-
pected discontinuitY'és'a dirggt result of.the éolvent action of the
suspending liquid. |

The dg§e16ping step is a critical part‘of the inspection. pro=
éess, since it coula.make visible borderline indications which might
otherwise be missed. Thié step also réduces the inspection time by
hastening.the appearance of indications.

If these deve}opgrs are expecté& to function properly, it
ghould be emphasized to the inspectors that each developer was designed
to wﬁrk.specifically with.a certain penetrant. Developers which have
been tuned to a épegific,penetrant should not be used with other
penetrénts'since they may be totally ineffective. Penetrants and
developérs should be consistent and compafible.' They must not, under
‘apy circumstance, repel each other. |

Since developers.pléy such an‘imporfant role in securing sﬁc—
cessful inspection results, Table 7, page.67, has been included to help
the inspector detefmine which type of-devéléper to select for given
types of surface conditions (Betz, 1963:103).

On very smooth or polished surfaces, -dry powder developérs.do
not adhere properiy since they easily slip off the surface of the part.
In this situation, wet developers or even solvent developers do a

better job. On very rough surfaces, the dry powderé on the other hand
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Table 7

Selection of Developers Based Upon Surface Conditions

For Fluorescent Penetrants
.In the Order of Preference

Very Smooth Very Rough All Other
Surfaces Surfaces Surfaces
1. Wet Dry-fluffy Dry-fluffy
‘ ‘or wet
2, Solvent Dry-regular Dry-fluffy
or wet

3. Dry-fluffy Wet Solvent
4., Dry-regular Solvent . Dry-regular

For Color Contrast Penetrants
All Types of Surfaces

1. Solvent
2. Wet

3. Dry-regular
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provide far better results.

All of the dry powder devélopersﬁshould be used with caution to
.minimize the_possibiiit& of dust inﬁalation by the inspector and other
personne; in the vicinity of the test. Tﬁese extremelj fine parficles
are easily airborme in high concentrations. Whenever possiblé these
developers should bé appiied in well ventilated areas or undgr a hood
which has been equipped with an gxhéuét-fgn to .reduce the possibility
_pf‘inhélatioﬁ hazards.

Use of the nonaqueous wet developers also involves some personal
hazards since the solvent carriers in whicﬁ the developer particles are
suspended are either flammablé, toxic, or botﬁJ Precautions.for the use
of flammable or toxic solfents should Bé carefully observed when non-
aqueous type develoﬁers are used.

Thg selection of the developer system to be used Will'depeﬁd
updﬁ.the type of parts beiné inspected, the equipment available to the
iﬁspector and the sensitivity.desired. Regardless of the type of
~ developer used in the'test, it should completely cover the surface of
the part being tested. Dusting and spraying have éhe possibility of
missing area, dipping éhe part into the déveloper powder has the
tendency to contaminate the developer and dipping thg part into the
gsolution creates the possibility of trapping liquid in narrow openings
causing -uneven c&ating thickness and difficulty in drying the parts

properly.
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The developer should be allowed’to remain on the part approxi-
mately one-half the penetrant dwell time, but in no case less than five
miputes beforé the inspéction takes place. This time is required to
allow the developer time to draw the benetréntlout of fhe'discontinuity
and to,spread.it out over the surface, thus ﬁagnifying small aﬁounts‘of
pgnetrant aqd increasing fhe reliabiiity of the inspection process.
Excessively long development times can cause over development or an
. excessive spread oﬁt'of the penetrant. Deﬁelopment times.are usually
limited to omne hourAmaximum. ' o o

"Since the éuspending-liquid is water in many of the wet methods,
the successful operation of.the test equipment at temperatures below
freezing becormies difficult; If the parts are not at fréezing tempera-
tues, heating units in the developer tanks wil; help prevent £he
susﬁensioﬁ from freeziﬁg in the ténk,.but these heating units will not
go far in preventing freezing from occurring on‘the surface of exceed-
ingly cold. parts. Fortunately, in many cases, the inspection process
is carried out in warm shops. Castiﬁgs on the other hand which‘may
have been stored outside in near freeziﬁg weather can be brought into
the shop and allowed to warm uf before the inspeétion process begins.

At the éther end of the scale, nolserious 1imitations exist at
temperatures above ambient except that the loss of wéter by evaporation
is more rapid. To avoid having the bath concentration climb beyond

safe limits at elevated temperatures, spot checks by the inspector are
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necessary at frequent intervals, The addition of make—up water can be

added as the occasions arise..

Inspection and Evaluation of Parts

After the propér developer time hés paségd, the part is'feaéy
for inspectipg apd.evéiuation by the insﬁector. The 1ighting used in
fhevtest is.predetefminéa by the proéesé Eeing use&. A white light of
sufficient intensity is required for the visibie:dye process, while a-
black light is necessary for fhe fluorescent penetrant'process. The
contfast of the. penetrant to the background should easily indicate the
size and sh;pe of the discohtiﬁuity. Since it is necessary to verify
fhatleacﬁ indication ié in fact‘a defect, a light brushing or wiping of -
the area in question with sol&ent on a dampened brush, redusting, and
reinspection of the area is.in order. Oﬂce the discontinuity has been
located and its type, shape, location, and depth determined, fhg resuits
ofuthe test should be compared to acceptable test standards.

When the part does not meet éhe criteria of the test, it should
be considered suspect. Suspect parts-should, if possible,; be repaired.
When they cannot be repaired, they should be rejected. Quality iﬁspec4
tions depend upon the ability of the insﬁector to locate discontinui-

‘ties, evaluate the effect of the discontinuity on the part, and take

action when nedessary‘for repairing or diéposing of unsuitable parts.
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Establishing Acceptable Standards

Reference standards for liquid penefrant inspections are most
difficult to manufacture since it is next to impossible to produce two
or more samples with identical discontinuities. Since iiquid pénetrants
have the aBility to enter extremely small_openings, ﬁanufacturing
artificial flawé is also quite difficult., For the mosflpart reference
standards for the liquid penetrant tests do not exist, and quality
level acceptance criteria is usually given in very general terms;

The .United States Naval Experimeﬁtal Laboratory at’”Annapolis,
Maryland, has, however, developed a penetréﬁt test block_which is
specifiéally designed to'produce crécks and crack-like éiscontinuities
of controlled width'ané deptﬁ.for use in the comparison of‘penetrant
specimens. An illustration of this‘test block is showg in Figure 4,
page 72 (Betz, 1963:58). 1In this sémple, two hafdened surfaces have
begn ground énd 1appéd to meet perfectiy. They are forced together as
sleeves on a shaft by screwing down on a nut to a specified torque. By
varying the amount of torque, the size of the opening between the two
surfaces can be varied. ' After the penetraﬁts have been applied to.the
test part; the results of the test can be compared to the indicatioms
found on the test blocks. When the tests have been completed, the test
blocks can be disassembled, cleaned, reas;embled, and reuéed.

A second typé of penetrant inspection standard could be manu-

factured from 2024-T3 aluminum alloy blocks. These blocks are heated
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Figure 4

Typical Penetrant Test Block
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to a temperature of 950°F and then they are quenched in cold water
producing suitable cracks for use-as a reference standard; This process
Qroduces a heat treating pattern which runs both around the hot spot
and 1e1.1gthwise on the test block. Using' test blocks with known discon-
tinuities, the knowledgeable inspector can demonstrate liquid penetrant
testing procedureé tﬁ novice inspectors at a relativeiy low'cosﬁ (Betz,

1963:60).

Post Inspection Cleaning of Parts

. , r
.Cleaning of the parts after the penetrant inspection should be

accbmplished as séon as possible, The use of a hot detergent wash is
probably the most effective method_of femoving'the developer from the
part pfi&r to its return ?o service. Critical'parts éuch as those which
are subjected to high temperatures should be cafefully screened since
residual penetrants can cause adverse reactions with the materials used
to make the part if they areée overlooked. When additional cleaning is
required, the part in question should be dipped in a_suitablé solvent

- material, either liquid pr'vapor..

In the visible dye penetrant inspéction process, as the
developer dries to a smooth, even, white coating, minute red'indic;tions
will begin to éppear at the location of discontinuities. When no
indications apéear, there is good reason to bélieve that no disconti-
nuities open to the surface are present. Op the §ther hand, the depth

'of .suspected discontinuities will be indicated by a richness of color
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and speed of "bleed-out." Discontinuities located with the fluorescent
‘penetrant process will show up as glowing yeilow~green dots or lines

against a dark background.

General Appearance of Liquid
Penetrant Indications

Figure 5, pége 75, illustrétes penetrant cateéories (McGoﬁnagle,
1971:62—64).. These categories include:

1. 'dracks énd similar openings

2, Pits and porosity

3. Tight cracks or partially welded laps

4. Large cracks or openings |

5.‘ Cracks and cold shuts

6. .Fatigue cracks or laps

7. Porosity or pité |

Since there are many characteristics which.have similarities,
the interpretation of liquid penetrant indications requirés both
training and experienée._ A cold shut, for example, can appear as a
line of penetranp. Dots of,pénetrant, on the other hand, can indicate
pits or porosity. A series of dots may be an indication of a tight
crack, éold shut, or a partially welded lap.

Competenf i@spectors can accurately estimate the size and ghape
of a discontinuity by the spreading out of the penetrant on the devel-

oper or by estimating the bleed out from a discontinuity. The novice
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1. A crack or similar opening (-‘—”’—~4”,—-

2. Pits or porosity ;.&f;eqﬁfki}}f%w.§
Lo T Qe e
o, 77
3. A tight crack or partially 2278, 7”
welded lap

4. A large crack or opening

5. A crack or cold shut

6. Fatigue crack or lap v ’y

7. Porosity or pits *fff§¥;,53f§{i;g;‘

Figure 5

Typical Penetrant Indications
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inspector should not attempt to make this type of evaluation until he

has gained a measurable amount of training and experience.

Time Required for Indiéations
to Appear

A-minimum qf developing time'ié a basic requirement for all
types of liquid penetrant inspection processes if the indications ére
expected to reach their maximum inteﬁsity. .The actual time, however,
may vary from a few minutes to an hour or more depending upon the
characteristics of the materials being used and the tyﬁes of disconti- -
nuities being sought. A good .rule of thumb is a developing time of
one-half the time required for the proper ﬁenetration of the liquid
penetrant. . Examples of proper developing times are provided in Table 8,

page 77 (Betz, 1963:123-127).

Persistence of Indicafions

One method which can be used successfully to estimate the depth
and size of a suspected defect is the pérsistenée of the indication.
If the indication continueé to reappear after the developer has been'.
removed and reappligd,tit-is an excellent indication that é resefvoir
of penetrant is present in the discontinuity.' In the case qf a weak or
faint indication, where there is some doubt of the type or even the
ekistence'of an indication,. it is considered good practice to repeat the
penetrant inépection before making a final decision. If the indication

reappears, it is most_iikely due to a simall flaw rather than to the
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Table 8

Development Times for Various Materials

and Defects

Development “Time

Material Type of Defect (minutes) -
1. Aluminum castings Porosity and 2-10
cold shuts
2, Magnesium forgings Laps 5-15
3. Stainless steel Laps 5-30
forgings
4, All metals B Fatigue cracks 5-15
5. Glass Cracks 2-15
6. 1-15

Plastics : All
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possibility of incomplete cleaning procedures (McMaster, 1959:8.4).

Factors Adversely Affecting
Penetrant Indications

A penetrant may become contaminaied with foreign substances
Which unfavorab1y affect the action of the penetrant, If the penetrant
'is composed of several ingredients which have been balanced into a’
homogeqeous whole, a little water or degreaser solvent may upéet this
critical balance causing the penetrant to separéte into its several
basic componénts. This actually happens with some penetrants when the
amount of contamination becomeé too 1arge.t Modern penetrants, however,
have a relatively high tolerance to water, the most common contaminant,
as well as for oil, grease, and degreasing solvents.

The inspector must practice constant cleanliness in the inspec-
tion area and use great care 'in the handiing of parts if he expects to ’
avoid contamination from: (1) spots of penetrant on the working bench,
(2) penetrant on the hands of the inspector, (3) contamination of the
wet or dry developer with tﬁe penetrant, and (4) penetrant rubbing off
from an indication on one part to a cléaﬁ,portion of the surface of
another part. These practices,should'also be observed with respect to
the tanks of penetrants ana_other inspection materials in a continudus
effort to exclude dirt and other foreign materials from the inspection
érea. Stray lint from wiping cloths may be held on the surface of the

part. When this occurs, deceptive and meariingless indications will
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result.

Acids and chromates. Acids and chromates should not be left

[

on the surface-of ﬁarts‘or within discontinuities at the time of the
inspection since tﬁese'cheﬁicals a&vérgely éffecf some penetrants.
This is particularly true of the fluofescenf penetrants, since.sucﬁ
acids contaminate the fluorescence process creating poor or weak
indications. For this reason, it is desirable to inspect aluminum
castings very clésely prior to anodizing, stéinless steel parts prior

to passivating, and magnesium parts prior to chromate treating.

0il and grease. O0il and grease should be removed completely .
from the parts before any inspection process begins. Many oils ére
somewhat fluoréscent{ and are also good penetrants. When oil or gréaée
is left on the parts, they may fill surface discontinuities ana prevent
" the penetrant from entering. O0il and grease may also fluoresce under

- the black iight. When this occurs, false indications result.

Scale and rust. Scale and rust should be removed completely

from all parts prior to the inspection process since they tend to cover
surface discontinuities and cause confusiﬁg indications by‘trapping or
holding the penetrant on the surface of the part. The removal of‘such
~ coatings should be éccomplished by a method which does not afféc£ any

of the suspected discontinuities. In this case, methods such as sand .

blasting, shot blasting, wire brusﬁing, metal scraping, or the
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extensive use of emery cloth are not recommended. There is always the
possibility with these methods of cleaning that discontinuities on the
surface of the part will be covered up. This is particularly true for
soft materials. Grit blaéting with soft grit or a gentle brushing with
a soft wire brush is got consiéered particularly objectionable on
materials of Rockwell C-50 or greater hardness. Metals in‘this category
would be most difficult to file with an ordinary metalworking>fi1e

(Johnson, 1968:312).

'Sulghur._ The presence of sulphur in anf developer is con-
sidered objectionalbe When certain types of metals are being tested,
since these metals absorb sulphur and become.very brittle if they are
subjected to high temperatures with the,dévelopers still on the surface
of the part. Sulphur is also objectionable on the surface of the part
during fabrication, heat treatment, or during the part's service life.
When the developer containing sulphur is removed immediately after the
inspéction, no embrittlement pfobiems occur; but on highly critical
components such as those used on high speed jet airéraft, it cannot be
assumed that all of the developer has been thoroughly cléané& from

fillets or holes of difficult access (McMaster, 1959:6.6).

‘Water. 1If the parts have been in contact with water, it is
important that all traces of water be completely removed before the

inspection process begins. Water must be removed, not only from the
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surface of the part, bﬁt_also from any discontinuities which méy be
present. Otherwise, the'penetrant may be prevented from entering
discontinuities. The drier usually associatéd with the fluorescent
peﬁetrants offérs-an excellent means of drying the parts before thel
inspection begins. When the visible method of inspection is used, the
solvent cleaner usually supplied by the manufacturer to rémove the
excess penetrant cén be used to preciean ihe parts before the
iﬁépection (Betz, 1963:102).

Types of Discontinuities
Located with Penetrants

Penetrant inspections reveal discontinuities of what ever
‘ oriéin or significance in the surfacelof tﬁé material being tested.
The indications produced may or may not be those of actual defeéts;
Actually, the term "defect" is.often 1oose1y'ﬁsed, even by those who
are fully aware of this distinction. This most usually occurs because
the word "defect" is more easily said than the word "discontinuity."
But, the fact remains, until a discontiﬁuity has been determined toAbe
an actual defect which impairs the future usefulness of the part, tﬁe
term discontinuity is the only correct one to use (Betz, 1963:269).
Discontinuities and defects can be classified in many diiferent
ways and from different points of view. Each of these views would be
useful for some purpose. Since this study is, however, limited to the

’

detection of discontinuities and defects in metals, they have been
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classified by their $ourcé of origin.

Discontinuities occurring during solidification. This'categofy

includes all discontinuities which occur while preparing the metal for
its iﬁitial usable form, before any modifying operationé of manufacture
have taken place. Included in this category are casting and forging.

When metals are cast in molds and solidify from the molten
state into substantially hardeﬁed shapes, they are generally subjected
to a variety of discontinuities which are peculiar fo thg castiné
process.. These discon;inuities can occur regérdless-of the type of
metal or thé shape'dr size of the metal being cast. The principal '
types of .discontinuities which.éccur ares (15 shrinkage cracks,

(2) miéro shrinkage, (3) porosity, (4) cold shuts, (5) sand inclusions
on the surface, (6) blows and blowholes, (7),craéking from residual |
stresses, and (8)'handling cracks.

Numerous types of metals are forgéd into a wide variety of
parés for highly critical service in car engines, jet aircraft engines,
aircraft structures, nuclear and space applications. Included in this
category are aluminum and magnesium alloys, sta;nless steels, heat
resistant alloys, and dthér alloys which were designed for high strength
at elevated temperatureé.l Many types of discontinﬁities can occur, b;t
the principal types occurring during solidification following forging
are: (1) cracks, laps, and tears; (2) bursts, flakes, and seams; and

-(3) pipes, laminations, and cracks due to residual stresses.
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Discontinuities occurring during processing. This category

includes all of the classes of defects which were infroduéed during the
manufaqturing process. Four of these processing methods are: (1)
forming, (2) heat treating, (3) machining and'grinéing, and (4) welding
and brazing.

Various metal working processes are used to form metal into
usable parts. These include fhe processes of extruding, explosive
forming, spinning, stamping and drawing. The types of metal which can‘
be formed by these methods include stainless steels, aluminum, brass,
beryllium—-copper, and others, The principal types of discontinuities
occurring are seams, slivers, tears, anq lamination cracks.

When metals are heat freated, they are.subjected to high.internal
stresses which can and;éften do result in cracking. This is particu-
Jarly true during thé guenching opefafion'when parts have a sharp radius
between light and heavy ééctions.

Machining and grinding discontinulties may occur from improper
control during the processing procedure. Poor;machining practices, |
including the use of dull tools or improper machining speeds, may
pfoduce crack-like indications, tears, and chatter marks. Over heating
during grinding can resu1£ in grinding cracks which are minute and often
invisiﬁle to the unaided eye. On the other hand, while grinding cracks
are extremely_fine and shallow, they oftenléccur in a definitevnetwork

which is easily identified.
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Aluminum, stainless steels, heat resistant, and corrosion
resistant alloys are commonly joined by welding or brazing. During

these joining operations, process cracks, lack of bond, and surface

porosity can occur.

Discontinuities occurring during service. The most common
cause of structural failure in machines and cgmponents is fatigue
failure. Str;ctural ﬁembers which are éubjected to numerous cycles or
reversing and fluctuating stresses can under certain circumstances
deveiop minute cracks. These gradually enlarge and spread through
the cross section of the compbnent until the remaining metal is no
longer s£ructurally sound. At this péiﬁt, the structure fails. Since
the.penetraﬁt method of inspection easily locates this type of discon-
tinuity, periodic inspections for small fatigue cracks so thaé they can
be 1ocatéd and dealt with before complete failure occurs is a most

profitable and rewarding undertaking (Lomerson, 1972:2.17-2.21).

" Nonrelevant Iﬁdications

| The most common nonrelevént indications encountered during the
inspection process.are those which are a direct fesult of surface
configuration variations. Excess peﬁetrant ;ends to remain in éharp
crevices such as roots, sharp changes in dimensional thicknéss, machined
steps, and radical dimengional changés. It has been demonstrated that

surface openings as small as thirteen micro-inches can be consistently
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detected wifhvstandard-penetrant inspection_processes (Hellier, 1972:
14.2-14,3). Two~hundred and fifty times thirteen micro~inches is
equiValent to.the thickness of 'a single sheet of paﬁer.

The most logical approach to the elimination of this tyﬁe‘of
indication is a careful masking of the sﬁffacés surrounding the sus-
pected creviée. Noﬁrelevant indications aséociated Qith surface
configuratioﬁ can also be minimized by employing special penetrant
removal techniques for the area in question. -Sm#ll cotton swabs or
'other appropriate items can be used in the penetrant remo%aliprocess.

False indications are usﬁally the direct result of imprqper
processing techniques. xhe most common causes are improper or inadé—'
qu;te cleaning of the test Surfaée prior to ghe'application of the
. Pénet'rant, inadequate removal of excésé éene;rant dgring £he réﬁoval
step, and surface roughness which is caﬁsed fy scale or slag. Speciai
care'éhould be taken during the penetrant removal phase to prevent over
cleaning, but proper surface cleaniﬁg is:of prime concern in the
inspection process, since it easily affects the clarify and siée of
the indications obtained. When there is a possibility that an indica-
tion is a false indication, the test procedures should be repeated
with the inspéctor exercising the‘testing p?ecaution statéd eérlier'in

this'study.
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SUMMARY

The forerunner of the present day liquid penetraﬁt process was
the 0il and whiting methéd which was used by the railroad in&ustry'in
the Nineteenth Century for the maintenancé of steam locomotives. Parts
to be inspected were dipped in a diluted SOiution of lubricating oil,.
dried, and theq coated with a mixture of chélk and denatured alcohol.
This mixture dried rapidly leaving a dead-white coating oﬁ the surface
of the part. The 511 entrapped in-the discontinuity would seep‘out
leaving a dark stain as an indication of a possible defect.

The pénétrant process is used‘by industry to locate disconti;
nuities which are oﬁen to the surface in solid and essentiallyvnopporous
materials. There is no limitation to the size or shape of the part, the
proéess.is applicable éo magnetic and nonmagnetic materials, disconti—.
nuities §hich cannot be seen with the unaided eye become visible and
the testing process is relatively low in cost.

The liquid penetrant process depends for its success upon the
principle that a penetrating liquid entering a surface opening and
remaining in that opening will be made visible when the proper developef
is applied. In bésic principle, thg iiquid penetrant procesé is simple.
Its effectiveness is based upon the infallible natural phenomenon of
.capillary action, one of the mpst powerful forces in nature. The
penetrant does ﬁot seep into a discontinuity, it is iiterally pﬁlled

into the discontinuity by capillary action. When the correct
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developer is apﬁiied, it acts liké a blottef drawing the penetrant
remaining in‘the discontinuity to thé surface. |

Liquid penetrant tests are used in industry with three different
philosophiéal pdints*ofIVieW, each of which has a different principal
purpose. These points of view are: (1) to locate flaws before the
finished prbduct goes to the consumer; (2) fo reduce productipn cdsfs
by applying these teéts at various stages of production thus permitting
the removal of defegtive parts.before additional prbduction costs are
incurred;'an& (3) to tabulate and analyze data resulting from these
tests fé? the purpose of improving fufure products; All of these con-

-cépts are considered to be an integral part of the produétion process;
and each.is equélly responsible for deéreasing the cost 6f the part and
incregsing its service life.

The types of liquid penetranfs commercially available ‘can be.
divided ints two categories:A dye penetrants and fluorescent penetrants.
In the case of dye penetrants, a special dye is selected which provides
a high degreé of contrast between the penetrant and the developer. In
the fluorescent penetrants, the materials added require éxcitation'by
ultra violet radiation and observation uﬁder subdued light.

. Generally speaking, no special equipment is required to pgrform
the liqﬁid penetrant tests when'there"are only a few parts to be tesﬁed,
ﬁaximﬁm sensitivity is not required,.the part is too large to remove or

place in the test equipment, or the proper test equipmént is not
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available. Color contrast penetrants and fluorescent penetrants can be -
applied by hand, the excess penetrénf can be removed by hand cleaning,'
and the- developer applied by hand. The only item of speciél equipment.
réquired is thé ultra violet 1light for the‘fluorescen£ penetrant‘
process, | | |

| Oq the other hand; when there are a large number of parts to .
be inspected on a production line, a high degree of seﬁsitivity ié
required, lafge'parts are to be inspected regularly, or consistent
repetitive results are required as they are in prﬁduction tésting,
certain Industrial equipment is éonsidered esgential, Included in this
category are: (1) precleaning and penetrating stations, (2) solvent |
remover aﬁd washing stations, and (3) drying and’rinsing'statiéns.
Automated units are now available which have been designed to use
ppepunehed éomputer cards_Whic£ athmatica1ly program the various
aspects of the liquid penetrant process. |

Although many inspection problems can be solved using one or

more of the penetrant tgst methods available, one testing process may
be prefefable for a specific material. When a choice exists, the
selection of the testing method may be just as important as the proce-
dures used in the testing process. Generally speaking, the penetrant
inspection method is selected on the basis of its ability to locate
open and shallow discontinuities, its sensitivity to very fine disconti-

nuities and its relative brightness. Other criteria by which a method
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is seiected is primarily economic.

-.The liquid pepetfant process was evaluated by the writer to
determine whether or not it met the criteria set forth in the analysié
of data section of this study. This criteria included an -evaluation .A
of ;hg liquid penetrant process-in terms of its: (1) compatibility to
existing industrial education programs, (2) ability to satisfy one or
more of the present needs of industry, (3) relative simplicity and
broad en;ompassing nature, (4) potential in sétisfying what the writer
believes to be a weakness of the present industrialledgcation program,
and (5) educational requirements and competency levels expected of
entry—levei inspectors.

‘Since this evéluation could best be accomplished by those with
expertise in the field of liquid pénetrants, letters were written to
those who had Writfeﬁ books or articles about liquid peﬁetrants,~those
who were currently employed in nondestructive testing.poéitions in
industry and others who were knowledgeable in the field of liquid
penetrants. They were requested by the writer to evaluate the liquid
penetrant process in terms of the five criteria selected for this study.
~ Their statements indicated to the writer that liquid penetrant processes
could be taught in indusérial education courses at the high school
level.

The preparation of the parts prior to the actual inspection is

of utmost importanpe'since the principle of all penetrant inspections
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is the knowledge that penetrants must be ébie to enter surface openings
if they are expected to locate discontinuities. Unless the parts are
free from foreign materials, reliable insﬁections cannot be performed.
Liquid solvents, vapor blasting, acid etching, and vapor deéreasing
can be used to‘cleép the parts prior to the inspectioﬁ, but tﬁe latter
is considered the_mdstlsatisfactory since it cleans out surface openings
best and the'parts come from ;his process hot. Solvent materials which
could be trapped in discontinuities are driven out by thé heat and any -
'water that'mightlhave been lodged in the discontinuity is aléo driveﬁ
out by the heat. - |

Theoreticaliy, éll that is necessary in the penetrant application
procedure is to cover the surface of the part with-pene;rant and leave
it tﬁere long  enough .for the penétrant to be drawn iﬂto the disponti—
nuity. When the peﬁetrant is available in a tank of sufficient size,
the obvious method is to dip the part in;é,thg penetrant and then lay
it oﬁ a suitable rack to drain and dry. When the parts béing tested
are too large to dip, tHey may be sprayed with penetrant from the
penetrant tank or small pressurized cans ﬁay be purchased; these spray
cans are most ecbnomical for field operationms.

After a suitable periéd of tiﬁe, the su?face film of penetrént
should be removed so that the only pénetrant iemaining is that which
is ;ontained within the discontinuity. Since most penetrants contain

emulsifiers, this excess penetrant can be removed from the surface by




91

rinsing the part with water from a ngndard 30 p.s.i. wétef main.
Care shéuld be taken in. rinsing the paft With-hot wate¥ with a £empera—'
ture infe#ceés of llOoF, since there is a danger that the hot water
will reﬁove some of the penetrant from tﬁe diéCOntinuity.

| Drying the parts after they have been Washed.is a necessary and
important step in thé prbceésing'procedure.siqce the results of the test
may be affected bj the method of dfying. .In many instances, a simple

air drying process 1s all that is reqﬁired. When there are a large

7

number of parts to be inspected, a special hot air drier should be used, '

since it provides a means of controlling both the temperature and the
circulation of air aroﬁnd the part, Under'ﬁo circumstance should the
drying temperature exceed 250°F. The parts should be removed from'the '
drier -as soon as Possible since there is the possibility of reducing
the semsitivity of ?he test due to dye degradation. |

The develope¥ draws the penetrant which has been entrapped in
the discontinuity to the surface by a combination of adsorptivé-f
gbsortive effect on the penetrant residueé, thus drawing them to the
surface. As the penetrant disperses through the developer, the results
can be seen and evaluated by the inspector. When fluorescent penetrants
are used, an uitra violet 1light and a dark room are prerequisiées.to
successful evaluations. The selection of the develoger to use depends
upon the type of penetrant béing used, thé type of parts being

inspected, the:equipment available, and the sensitivity desired.
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Regardless of the type of developer being used, it should be allowed
to remain on the part for approximately one-half of the time alioWed'
for penetrant penetration, but in ﬁo case less than five minﬁ;es priof
to the actﬁal inspection.

Once the proper developing time hés passed, the part is reédy
for inspection and evaluation. The lighting used in the test is pre-
determined by the type of test; a white 1ight;of sufficient intensity
is required for the visible dye process, while a black 1ight ié neces-
sary for fluorescent penetrant processes. |

When a discontinuity has beeﬁ located and its type, shape, and
depth.dgterminéd, the results of the test should beJéompared to
acceptable test standards .when they aré available. Fo;‘the mést part,
refe;ence standards do not exist, since it ig next té impossible to
produce two or mbre samples with identical discontinuities. However,
two types Qﬁ test standards are available for pghetrant processes,
They- are: (1) a penetrant test block which was designed by the United
States Navy.to produce crack-like discontinuities of controlled depth
and length; énd (2) a penetrant test standard which can be manufactured
from a piece of 2024-T3 aluminum alloy.” The latter are heated to 950°F
and then quenched in cold water to produce comparable cracks.

The cleaning of the parts after the penetrant inspection proéess
should be accomplisﬁed as soon as possible, since residual penetrants

can cause adverse reactions with the materials used to manufacture the
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partpart, if they are overlooked. The use of a hot detergent wash is
ﬁrobably the most effective method of removing developer from the parts
prior to their return to the production line or to service.

—The’liquid penetrant inspector should practice constant
vigilance in the inspectio; areé and use great care in the handliﬁg of
test parts; if he e#pects t0'évoid contamination of the test fesulté
due to spots of penetrant on the test benéh, pénetrant on the hands of
the inspector, mixing of the penetrant and-de&eloper or peﬁetrant
rubbing off from an indication on one part té a clean portion of. the
surface of another part. Other factbré which cause meaningless indica-
tions and often add confusion tolthe testiné process are gcids,
éhromates, oil and grease, scale, rust, sulphur, and water.

The success and reliability 6f the liquid penetrant inspection
‘process depends upon the thoroughness with which the knowledgeable
inspector procésses the parts. .This begins with the precleaning of the
parts and continqes through the inspectioﬁ procéss to the:actual search
for discpntinuities.or défects. In this study.the term discontinﬁity

is used until such a time when the discontinuity is determined to be an

actual defect which impairs the future usefulness of the part. The

'
N

liquid penetfant process is not a method of inspection where the parts
to be inspected are thrown into a machine which quickly and efficiently
. separates the good parts from the bad parts, In this inspection process,

the inspector carefully processes the parts, searches for indicationms,

3
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and then makes a decision to accept or reject the parts. When the
parts do not meet the criteria of the test, the inspector initiates

procedures for repairing or disposing of the parts.




Chapter 3
MAGNETIC PARTICLE TEST

The magnetic particle process is é metﬁod of nondestructive
testing which is used to locate both surface and subsurface disconti-
nuities in ferromagnetic materials; It depénds for its success on the
knowledge that when a part is magnetized, discontinuitiéslwhich lie iﬁ ‘
.a diréction transverse to thé direction of the magnetic field will
. cause a leakage field to be formed at andlabove the surface of‘fhe.ﬁart.
The pfesence of this leakage field Wﬁich indicates the possibiiity 6f
a discontinuity is deteé#ed by.using finely divided‘fefro—magnetic
particles Which.aré applied to tﬁe surface of the part after it has
been magnetizéd. Some of these particles are‘gathered and held in place
by this leakage field. This collection of magnetized parficles form an.
outline of the discontinuity indicating its exact location, shape,'gize
and extent (Betz, 1967:60). - | |

| Advancements in the‘art of magﬁetic tgsting have enabled it to
providé the means for the critical inspection performance démanded b&
industry. To_thosé who encounter the applicatiéns deséribed in this
chapter for the firét'time, the technidues may seem deceptively simple.
Thé method is simpie, but the tests must be applied with éare, ané
within carefully prescribed guidelines which have been defiﬁed and

developed through experience.
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History of the Magnetic
Particle Process

The first magnetic phenomena to be obser?ed_were.those associa~
ted with the so-called natural magnets. These rough fragmeﬂfs of iron
ore were found near the city of Magneéia. They had the abiliﬁy to
attract to themselves, unmagnetized iron. The effect of this ﬁagneti-
‘zation waé most apparent in the areas known és the pbles which were '
1ocated on the opposite ends of bar magnets. It was known by the
Chinese as garly as 121 A.D.‘that an iron rod, once it had beén‘bféught
into the vicinity of a natural magnet, would acquire and'retain this
property of the natural magnet and that-such a rod Wéuld, when it was
fregly suspended about a vértical axis, set itself approximately in a
north-south direction. The use of these mégnets as an aid té.navigation
can be traced back to the Eleventh Century (Sears, 1957;555—556).:

The‘study of magnetic phenoména was confined for years to--
magnéps made in this ménngr. Not untii 1819 was there shown to be any
connection between electrical énd magnetic phenémena. In that year,
the Danish scientist Hans Christian Oersted (1770-1851) observed'ghat
a pivoted magnet, a compass needle, was deflected when it was placed
in the vicinity of a wire .carrying elecfrical current. Twelve years
later, after attempts extending over a period of years, Féraday found
that a momentary current existed in a circuit while the currént in a
nearby circuit was being started or stopped. Shortly afterward followed

the discovery that the motion of a magnet toward or away from a circuit
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would produce the same effect (Sears, 1957:555—556).

In the years prior to 1920, the term nondestructive testing, as:
we know it, had not yet acquired a meening or found a plaee in the
language of engineering. There were many testing methods, bﬁt nondes—
tructive testing'wae not in effect at that‘timef In faet, noﬁe ofﬂphe
methods which are -considered so essenfiallpo&ay were even'under consid—
"eration (Betz, 1967:47). Two developments in the days following Worid
War I marked the birth of modern nondestructive testing: (1) work at
the United S;ateé.Bureau of Standards and at Geﬁeral Electric showed
that’ X~rays could be used to make pictures ef:metallic articles thes
revealing their internal conditions; and (2) William E.‘Hoke discovered
data pertinent to the use of magnetic fields which could be used to:

:develop processes to locate surface cracks in ferromagnetic materials
(Betz, 1967:47). His discovery was predicated on the fact that
metallic grindings from hardened steel parts which were beiﬁg ground
on a magnetic chuck often formed patterns on the sufface of the part.
These patterns corresponded to actual eraeks in the part.

In 1928 ‘and 1929, A. V. DeForest accomplished the work which
actually resglfed in fhe-magnetic particle testiqg processes as we now
know them (Beee, 1967:48). He realized that if discontinuities in‘any
direction were to be.located with reliability, the direction of the
magnetic field could not Ee'ieft to chance nor could the magnetic field

be only longitudinal in direction. Tt was_neceséery‘to develop some
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means of generating a magﬁetic field in any directioﬁ‘desired;.lTo
solve  this problem, he proposed magnetizing a part by passing electrical
current through the part. This was. the first use of qirqular magneti-
zation, the method so widely used in industrj today. He also insisted
on the use of magnetized powders of controlled shape, size, and mégne—
tic properties as being essential to the sdccess of the test. These
initial contributions provided thé impetus for the develdpment of a
truly'practical and useful‘nondeétrﬁCtiﬁe:festing proqess;

Description of the Magnetic
Particle Process

A basic description of the magnetic particle method of;£esting_
is provided in Figure 6, page 99 (General bynamics, 1967:7;547.6).

The equibment fequired, types of discontinuities detected with
magnetic particles, and the advgntages and limitations of this method
of inspection are (Betz, 1967:66-67): |

1. Equipment required: special commercial equipment, magnetic
powders either wet, dry, or fluorescent, and a source of ultra violet
light for the fluorescent ﬁethod.

2. Enables detecfion of: surface and subsurface discontinui-
ties in ferromagnetic materials.

3. Advantages: simple and rapid to operate, will detect
discontinuities filled with foreign matter, no elaborate precleaning

is required,. operators can learn this method of testing without lengthy
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or highly technical training; this method of testing lends itself well
to automated procedureé and it is relatively ihexpensive to operate.

4, Limitatidns: i£ will Work only on ferromagnetic materials,
1t requires demagnetizgtioh on many occasions, it is not considered
'wholly‘reliable for subsurface discontinﬁities, odd shaped parts present.;
some problems, and exceedingly high electrical currents may'be‘required
to perfofﬁ the.testg. |

Ha&ing met the criteria set by the writer for this study, an
indepth‘descriptioﬁ of "how to apply" ﬁrinciples and procédures.haﬁe
bee; iﬁcluded_for'the;ﬁ;gnetic pgrticle testing process.

Principles of Magnetic
Particle Testing

The magnetic particle test process dépends for its success on
‘the fact that ferromaénetic materials, when they have been properly
magnetized, cause a leakage field to be formed above the surface of
the part being tested, thus provi&ing indic;tions of discontinuities
.which lie iq a direction transverse or nearly transverse to the direc-
tion of the magnetic field. The presence of this'leakage.fieldfand
_therefore the presencé of a discoﬁtinuity is detected by the use of
finely divided ferromagnetic particleslwhich_are spread over the sur-
face of the pért after it has been magnetized. 'This magnetically held
collection of particles forms an outline of the discontinuity and

‘reliably indicates its shape, size, location, and extent (Betz, 1967:60).
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Manf'of us remember the high school experiment wﬁich the
instructor’ illustrated by placing iron filings on a sheet of peﬁer-
over a bar magnet. When this piece of paper was!tapped gently,'the
magnetic field aligned the particles with the magnetic lines of force
(Betz, 1967;3). When this bar magnet was bent ieto'the shape of a
horseshoe, the particles would ciing to the areee ef the ﬁeies_which
were in close proximity. A further step could ﬁave been to weld.
halfway across the cross_sectien of the.horseshoe.ﬁagﬁet thus observing
that the partlcles would cllng only to the Welded area, a simulated
discontinuity. The basic principles of magnetlc partlcle testing were
ea811y observed by this. simple high school experlment.

According to Betz (1967 60—61), there are many factors which
affect the formation aqd appearance of magnetic particle indications.
Seme of these factote are:

1. The direction and strength of the magnetic field

2., The method of'magﬁetization used

3. . The size,-shape, and direction of the discoetinuity

4, The character of the magnetic particles used and-the
methods used'to appiy them

5. The magnetie‘characteristies of.the parts being teeted_

6. The shape of the part, which aftects the distribution of
the magnetic field |

7. The-character of the surface of the part, whether it 1s
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rough, smooth, plated, or painted

Theory of magnetism. One of the basic properties of permanent

magnets is the fact that they can magnetize other ferromagnetic mater-
ials. This may be accomplished by placing the metal to be magnetized
in the external field which surrounds a permanent magnet. But a more
effective method is to touch or stroke the material to be magnetized
with one pole of a pe?manent magnet. Under these conditions, soft iron
will become ?emporarily magnetized, while hardéned iron and steel
become permaﬁent magnets' (Betz, 1967:141).'

The earth is in effect a hugh magnet h;ving a norkh-magnetit
pole just north of the Prince of Wales Island in northern Canada and a
soﬁth magnetic pole in the Antarctic Ocean south of Australia; just
off the coast of Antarctica. . The flux 1ines'of the earth's field
circles the globe in a generally nortﬁ and south direction, Although
there are many deviations on the way, thése flux lines tend to concen-‘
trate at the magnetic poles. The earth's field is quite weék Whén it
is compared to the strength of magnetic fields used in the magnetic
particle testing process. However, long bars of iron and.stéel have
been magnetized to an appreciable degrée by placing.them in a north-
south direction (parallel to the earth's lines of forcé) for long
periods of time. Magnetism in this case can belhastened by striking
the bars with a hammer to make them vibfate (Beté, 1967:141). The

natural lodestones mentioned earlier in this study derived their
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magnetic propértiés from their location in.the earth's magnetic‘field.

Foé magnetic particle testiné pruposes,lpermanent'ﬁagneté cah,
gnd sbmetiﬁés a#e, Qsed‘po maénetize'par;s;_JTEis métﬁod‘of mégﬁetiza—
fion‘haé_ﬁéﬁy iimiégtions, however, aﬁd.shbuld oﬁly be dse& ﬁhen>tﬁesé
iimitationé'dp not prevent the f&rmaéibn bf suitabie’leékége_ﬁields at
the discontinuity; -Thevuée of electrical currents tofpééduce'maénetib
' ,fiel&é‘is'by-far'the moét;effective;and.economical ﬁethod:(Bgfz{11967:

143).

Theory of magnetic fieids. Magnétic fields can be set up in

ferromagnetié metéls in one of three ways: (1).by-passing an électricai
current direé;ly th#ough:ali or 'a portioniéf the ﬁaft;.(Z) by péssiﬁg
an'électricél cur;éné.tﬁybugh a condﬁétor‘surrounding or:in c&nt;ct“
with the part,:ofl(B) by ﬁsiné4permanent magnefs (McGohnaéie,'i97l:
306-307). Conductors cafrying'electriéa1v¢urrént are surrounded by
'magnétié fields which form closed circie;'in a planelat fight'éngleé to
the direction of current flow. A useful rule for determining the
relative direction of the magnetic fields is‘the so-called “fight ﬁaﬁd“
rule GHqGonnagle (1971;306—307). If one pretends to grasp a current
carryiﬂglconductorlwith.his righ£ hand, éb:that fhe odtéfretchedvthumb

_ points in“the‘direction of ;prrent flow? the fiﬁgers‘wiii point in the

K diréction ofithe magnetic_fiéld; This_conégpt 18 111ﬁstratéd in Figure

7, page 104 (Sears, 1957:550).




l,Figur¢_7 ' j‘_

" Right Hang Thumij Rule

90T



105

Characteristics of magnetic fields. More than forty-five years

ago (1929) when mégnetic particle testing processes were first put to
. use, remarkedly little published data existed on those aspécts of
magnetism- and magnetic fields which aré now cqnsidé:ed basic to'tﬁé
understanding and proper application of this method of nondéstfuctive
testing (Betz, 1967:130). The magnetic‘préperties bf iron and stee;,
'aﬁd-vérious other alloys were well known, butvthe use of magnets ;nd
magnetic fields was preponderantly in ﬁhe area of power generation and
use: generators, motors, transformers, switch gears, and relays.
Very little had been done to analyze the behavior of magnetic fields
inside of the ferromagnetic metals themselvés.' They were primarily
concerned with the paths of magnetic f?elds gxternal to the magnets.
‘ﬁo attempt had been made to explain the theory of the nature of
magnetism,

Since that time, however, our.ﬁndeisténding of the atémic  4 .
structure has resulted in ;heories of magnetism which have a sound
basis, and new interest in its various uses and applicatioﬁs have
stimulated both intensive and extensive studies in this'areé. The
powerful magnetié fields used in our mammoth atom smashers are on one
end of this line of interest, while the very faint fields involved in
magnetic guidancé systems for missiles are at the other end. Today,
there is tremendous amounttof literature available on'thié subject.

Very little of the knowledge resulting from this research aﬁd
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development, however, is of much direct value in the uses to which
magnetism 1s used for magnetic particle tests. In this stﬁdy, we are
'interested not so much in what magne?ism is, but how it,beﬂaves with
' respect to discontinuity détection. Wg afe further.iﬁteresféd in the
.streﬁgth and direction'qf magnetic fieldé.produced within fer?omagneéic
maFerials;and how to create fields of suitable strength and direction.
It is also important to know how these fields dist;ibuté fheﬁselVes
régarding their strengths and directi&ﬁ inside of the fart being tested. 

fﬁis interest stems ffom a sihgle poiﬁt of view: hoﬁ to pro-
ducg a suifable_leakagé field at discontinuities which is strong enough
'to‘produce.readable indications with magnetic pérticlés.- To accomplish
this, the ﬁagnetiqlfields produéed should intersect thevdiscontinuity ’
at some aﬁpreciable angie, preferably one appfoaching 90°. Therefore,
the direction of the ﬁagﬁefic fields.musf be predétermined and preset
for reliable iﬁspections (Betz, 1967:13;). The second area of concerﬁ
is knowledge,pf the stréngth of the.magnetic field at the poin; where
the discontinuity lies. This field must be strong eﬁoygh to produce a
1eakage.fie1d above the threshold strength for ;éliable indications to
appear. This field, bﬁlthe other hand, could be too strong thus
producing undesirable side'gffects. These elements will be considered
from the point of view of defect detection, how they are pro&uced, and

how they distribute themselves in ferromagnetic materials.
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Bar magnets. The simplest form of permanent magnet is the
bar magnet which consists of a bar or rod of ferromagnetic material
containing a south and north pole. The magnetic lines of.forcg thch
exist outside of the magnet make up the magnetic field. These magﬁegic
fields ‘have 1iﬁes of force with the fdllowing charécteristics: |

1. They form cloéed loops | N

2. They resemblg rubber bands, éiﬁée they strétch.and change-
shape under the influence of any magnetic fiel& presént

3. They return upon themselves, 6nce the magnetic field is
removed, and once again form closed loops

4, They never cross

5. They seek the‘path of least resistance

6. They aré most densely packed at fhe poles

7. They flgw from south to north inside of ferromégqeticE
materials and frém north to south outside of thé ﬁagnet. -Tﬁese char-
aéteristicé are 1llustrated in Figure 8; pagé 108 (Dunn,'l972:3.35;

When a bar magnet is bent into a circle so that tﬁe opéosité‘:
~ends are brought close together, the small space or gir gap remaining'
between the ends will have a strong flux flowing across the gap and
will, therefore, have a ﬁtrong attraction for pleces of iron or ferro-
magnetic particles which are brought close to the magnet. This concept

is egsentially the common horseshoe magnet.
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Ring magnets. When a bar magnet is bent and the gap between

~ the poles is completely closed so that there is no metallic disconti—
nuity at all, there will be no leakage field or external poles. _Thls
is the concept of the ring magnet. Ihe-magnetic field which existed
in the bar magnet will still exist in the ring magnet, hut there'will-. .
be no external evidence of its presence. In fact, the closed'magnet
will be much stronger than the.bar‘magnet, since all metallic circuits
have a low resistance and the.high resistance air gap has been elimin-
ated. There is no self-demagnetizing effect which is present in the
bar magnet to limit the magnetic field. 1In this case, the ring magnet
is considered to be circularly magnetized This concept of using'h
longitudinal magnetization utilizing a bar’ magnet and circular
magnetization using a ring ‘magnet are illustrated in Figures 9 and 10,
pages 110 and 111, respectively, and should be carefully studied'by
novice inspectors (MagnafluX'Corporation,.1952:1;9)..

Purpose of Magnetic Particle
Test

The primary function of the magnetic particle testing process is
the detection of discontinuities in ferromagnetic materials. This

particular method affords an excellent means of locating discontinuities

which are too fine to be seen with the unaided eye on the surface of the

part and those which are hidden from the human eye below the surface.:"'

It is not the purpose of these tests to determine whether or not‘such -
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Bar magnet

Straighten an open horse-
shoe magnet, and it then
becomes a bar magnet

Slit in bar magnet

u(/r—Iron powder

A slit in a bar magnet
creates magnetic poles at

the slit which hold iron
particles
Crack in a steel bar
Iron powder
<‘£fTE&“\‘ Cracks create a magnetic
- e | [~ e | field outside of the part,
e S——liit0 hold iron particles’ and

build up as an indication
of a crack

Figure 9

Longtidunal Magnetization
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Open magnet Partially closed magnet

An open magnet has two poles. Bend the ends of an open

The magnetic field between magnet until they almost touch
the two poles will attract : and the magnetic field between
and hold a nail the poles will hold metallic

particles
Completely closed magnet Cracked magnet

Bend the magnet until it is A crack part way through the
completely closed and fuse the magnet will cause polarity and
ends. The magnet will not a magnetic field at the crack
attract iron particles which holds iron particles and

builds up an indication

Figure 10

Circular Magnetization
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discontinuities‘constitute'harmful defects,' How harmful—these discon—
‘tinuities are to the service life of the.part.must be determined by
' those who know the service requirements'of the part.d Each case”must
be evaluated on the ba51s of preset requ1rements and the magnitude of
‘these dlscontinuities on those requirements.

Types of .Test Equipment.and Magnetic
Particles Commercially Available

Commercial magnetlc particle test units, both stationary and
_portable are readlly available for nearly every S1tuation where this

method of testing is applicable. A comprehensive listing of the various

types of’ equipment available can -be found in Weldlng Engineer, June,
-1970. Emphasis should be placed upon the need for close adherance to
the manufacturer s operating and maintenance instructions for each
specific'piece of equipment used in the'testing process; Modern magne-—
tic particle units can‘be purchased Which prodiace a multiedirectionaI.
.magnetic field, therebylproviding the inspector with the option of as
many’ as three'magnetic fields, each of mhich provides a magnetic field
in a different direction;_ Using a rotational sequence, multi—
d1rectional magnetization can’ be accomplished with the 1nspect10n
process being delayed until all of. the magnetizing operations have been ‘
"completed While thlS method is not intended to prov1de a panacea for
‘all.of the problems related to.magnetic particle testing, itudoes Have

: many'adVantagesngubanks, 1961:2),
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Stationary units. A stationary, general pufpose'testing unit

which caﬁ be used to conduct magnetic particle tests is illustrated in
Figure 11,‘pége 114 (Bureau of Naval Pgrsdnnel,'1963:160-161). This
t?pe of testing unit can provide direct current for either the wet
éontinuous‘me?hod of inspection or the residual magpetization process.
Circular magnetization or 1ongitudinai magnetiza;ion cén be used, and
it may.be powered.with either rectified alternating or direct current;
Contact heads have been ﬁrovided-to‘act as'tHe electriéal terminals_fof
thé magnepicgtion process. One head is ﬁounted iﬂ the fixed fosition,
Whilé the other head élides hérizontally‘in fixed guides. Safety
'devices have been incorporated to prevent jamming on units which have
elec;rically operated heéds. Sufficient préssure should be maintained
by the movable head téiinsure a good electrical éonnecfion. The
magnetiziqg circuit is closed by depressing a push button which has
been pfeset to open’autoﬁétically after approximateiy oﬁg—hélf second.,
The strength of the magnetizing current is set ﬁanually by means of'a
rheostat, and the current used is indicated on an ammeter. Longitudinal.
magnetization is produéed by a solenoid'which moves along the same
guides as the movable hééd and is conmected tb the electrical cirégit
by means pf a switéh. |

The suspension is contained in a sump tgnk whe;e it is continu-
ally agitated and cifculaﬁed by an elecfrical driven.pump. The suspen-

sion can be appiied to the test parts by means of a flexible hose and
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Figure 11
Standard General Purpose Magnetizing Unit
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spray nozzle. Excess suspension drains'ffom'theiwork and'passes
:throngh.a mooden griii into a collecting pan'at the bottom of the unit.
"mhere'it is filteted to prevent contamination{ “While some'ofithe oider
..‘models'still.have separatesswitches for the circulating opefations,'the
newer models are connected to an onjoff switch which‘provides for the
'automatic agitation of the suspension whenever the unit is’in‘ooeration.
| Without a thorough knowledge of the ‘means of magnetlzing parts,.

field strength and distributlon, current distrlbution, and strength
requlrements,'the inspector cannot expect to become proficient in
__-magnetic particle‘methods of inspectiont. The follow1ng concepts should
be clearly understood by ali magnetic particle 1nspectors (Betz, 1967
208): - | ‘ . ‘

-1; lMagnetic fieids should:be'at éOd-to the_direction of the
suspected di3continuity;_ | ' |

. 2. When magnetizing with electrical currents, the current

should pass in a direction parallel to the direction of the susnected
discontinuity. The magnetic field will then be at right angles to the
current and therefore at right angles to the discontinuity.

3. TFields genefated by an electrical cutrent'ate'at,909'to.the!
direction'of current flom.

4."Circdlar magnetization has the advantage over longitudinal
magnetiaation since thetelare.few, if any, local poles to.cause confu-

sion in the narticle pattefns. It is. preferable when a choiceé of
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methods is permissible.’
5. For c1rcuiar magnetizatlon, 1 OOO amperesvshould be used
© for each inch of part dlameter. Whlle this often produces too strong
a-nagnetic field, the field produced will surely be strong enough
6. When longitudinal magnetization is used, the following
'formula w111 provide the means of computlng an adequate number of
;ampere turns for a given set of conditlons'~ |
| | ‘NI = 4570 ". ~ i. NI equais ampere turns
R - S 2. L/D.equals length to"diameter ,
ratio of the part being tested .
7 For prod magnetlzation w1th dlrect current a minimum of |
'60 amperes pet inch of prod spacing'will produce a minimum magnetizing.
force of‘twenty Gersteds-at'theomid point‘of'the prod 1ine for parts .
three—fourths inch or 1ess in thickness. A safer figure to use,
however, is two~hundred amperes per inch, unless this current setting
‘ produces 1nterfering surface powder patterns.‘ Prod spac1ng for all
practical inspection purposes is linited to a maximum of eight inchesl

~ in part thickness, exceépt in'special cases.

'Portahle test eouipment. Portable nagnetic particle test.
eqUipment:is awaiiahle,for fieldftesting;.and new methods of testing'.f
are-taking:this process out of the shop; Mobile units are especiall&
._desirable for 1ocating.defects which are_open'to the'surface regardless

of their depth, when surface indications are of primary concern,.and .
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when the detection of subsurface indications may cause confusion or
delay the testing‘process. Portable test units are particuiarly appli-~ -
cable to the inspection of ferromagnetic castings, forginés,'and weld—
ments. ‘Evidence of the‘increasing acceptance of these units'can be
found in the fieli'inspection-of weldments.

The alternating current snppiied.hy the portabie nnits offer

~maximum sensitivity ann‘speed in 1ocating surface defects. Both
circular and longitudinal magnetization are available. Contact prods
rare used to provide c1rcu1ar magnetization by passing the current
directly through the part or by the use of a central conductor. Longi-
tudinal magnetization is easily accomplished by forming a coil around
the part with three or four turns of the cable. Current'ontput.in the
portalbe units usualiy varies from 2'000—4 000 amperes..:

When it is necessary to test components which cannot be
renoved, portable test equipment is a neces31ty.v Although this unit
provides for both a source of magnetization and the means for demagne-
tizing parts, it does not'provide a means for supporting the work or
applying the suspension. It usually operates on 220 volts, 60 cpcles,
alternating‘current, but each.unit'contains a rectifierlfor producing
direct current when there is a need.k The strength of the magnetizing
current is controlled by an eight-point tap switch,.and the_lenéth of
time for which the current is applied is regulated by an automatic

cut-off -switch similar to the ome used with the stationary unit.
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Demagnetizatiqn is accomplished by passing alfernating cﬁrrent through
the part and gradually-reducing,the current with some type of current

:feduCerﬂ(Buieﬁu-offNavai Personnel,\1963i160—161){

Magnetic ﬁarticles.> The magnetic particles used in the

inspection p?ocgss are iﬂ all cases fihely,divided ferromagnétic
materiaLs; Size, shape,vdensity, mobility, and‘céntrast shoﬁ1d-Ee.
carefully considered béfofe a sﬁecific typé of paxticie‘is.selectéd?-
since the particlé seiéctéd Qill affecﬁ Fhé teét pgtternéAforméd and'
‘Qiil often'détermiﬁe Whéfhef or not a pattern is-agtuéliy:fdfméd.
The:basic choicé.in selectiﬁg‘ﬁagﬁétic'paftiéles‘is aléhoigé'
Bét&éen thééé used in thé wét magnetic péréicie proégssesnaﬁd'fﬁoSg-
 used in the erzmggnetic pafticle pfocesses, and seéondarily,betwéen‘
.the vgrioug_colors avéilaﬁle; including thé,fluoréscént pérticles.
The‘final decision is_influénced by'dne or more of‘the follo&ing
féctors (Befé, 1967:231): : A | |
‘ 1. .Locétion: whether the defect.toAbe located ig on.the.
‘surface of thé‘part or.qomfletely bel&w'the‘surface. For deeé 1ying
diécontinuitiés_which-ar; below fﬁe'surféce; the dry powders are
.usualiffmore efféétive, R
2. Size: 'the size of  the defect, if if is on the-éurfacg{
The wet hethod is ﬁéﬁail& ﬁo¥é effeétive_whenIit is uSEd tollopaéé

very fine-shallow defects. = -
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3. Convenience: dry powders used in conjunction with portable
half-wave test units are relatively easy to use when large pérts must

be inspected in the field, foundry, or shop.

Dry particles. The magnetic pértiéie inspectipn usiné the dry
powders is usuaily used for the ihspection'of welds, large forgings,
and castings, parts héving rough surfaces, or where the location 6f
subsurface discontinuities is eﬁpected.j The dry powders used in this

situation are available in red, gray, black, and yellow. The color

selected will depend upon the particle characteristics listed previ-

ously. Dry powders are used extensively with portable test equipment,

since they tend to offer maximum sensitivity when the inspector is
searching for deep, subsurface, crack—lik; discéntinuitiés;

The dry magnetic particles are:#eaQier and ihdividﬁally have
a greater mass than the very fine parficles ﬁsed in the wét.maghgtic
particle processes, When the dry magnetic particles are applied to the
surface of the test part with any appreciable velocity, the magnetic
fielas at the discontinuity may not be able to stop them or to hold
them in pléce. This situation is especially true when vertical and
overheaa surfaces are being inspected. The dry powders should reach
the surface as a cloud, with p?actically Zero yelocity, d;ifting to
the surface where leakage fields can hoid them_invplacg. ,Actﬁaily,
alr acts as a suspension medium for the &ry powdefs'beiné gppiied”and

the magnetic field direéts:the path of ‘the particles as they descend.
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A common fault, when dry particles are used, is th; applicationl
of too many particles. When this océurs;.if thé size:of ?he particles"
permit, the part being tested can be tapééd gently causipg the éxcess
particles to fall away and making the indiéation visible. The excess
particles can also be removed by gently blowing them away with an air%_
stream which is not so strong that it blows away the particles which
are forming the indication. When dry particles are compared to wet
particles, the two most outstanding characteristics of the former are:
(1) their more favorable shape, and (2) their permeability. IThe
environment of the inspector is enhaﬁced by the selection of the dry

powders which are nontoxic in nature.

Wet particles. The wet particles are suspendéd'in water or in
a light pgtroleum distillate before they are applied to the parfs being
tested. Particles are available in either a paste or powder form,
since both can be used effectively in water or oil. The basic require-
ments of the wet particles is similar to thg.requireﬁents of the dry
powders: both should-produce suitahlé contrast for the inspection
process and both should be nontoxic. The colors used most. extensively
for the wet method‘are black and red, with the 1attervproducing.an
" excellent contrast, especiélly on dark surfaces, Instaﬁt‘mix particles
are availlable in a wide variety of highly visible coloré.

The wet method is ﬁsually coﬁsidered most effective for vgry.

fine, shallow defects. It is highly recommended for the‘inépectidn of
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parts at various stages of their production and for most maintenance
inspection processes. The wet method can be used successfully with
direct:cu?rent to locate smaii subsurface seams and inélusiéﬁé a few
thousaﬁdtﬁs of an inch below the surface. lThe use of:wet_barticles has .
certain advantages and'disadvantages. These ;dﬁantages'iﬁcludé (Befz,
- 1967:256) : |

1. . It is the most sensitivé method for vefy'fine cracks

2, Tt is the most sensitive for Very'shallow surface cracks

3; It quiély and thoroughly covers the surface éf irfegular
shaped parts, large or small

4. It is the faétest and most thorough Method.for the'tésting
of large numberé of 'small parts |

5. The particles used have excellent mobility in the liquid
suspenéion |

6. It is easy té measure and.control the concentration of

particles in the bath which results in'uniform and accurate reﬁroduction'
of test results

7. 1t is relatively easy to recover and reuse

8. It is well adapted to the short timed, shot technique of
maghetigation; which is used in the continuous method of inspection

9. It is readily adaptable to automatic unit operations
The disadvantages include: |

1. .It is not usually éapaBle of locating defects lying
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completely below the surface, if they are more than a few thousandths‘
of an inch deep

2. They are messy to work with espec1ally when they are used
with the expendable testing techniques or in f1e1d testing situations

3. - When 0il is used in the bath and direct current is used in
the circular magnetization process, a potential fire hazard exists

4, A fairly critical recirculating system is required to keep

_the particles ‘evenly distributed in the suspension

5. Occasionally, the wet particles present a post inspection
.cleaning problem since they“tend to cling to the.surface of the parts
being tested

Although the exact amount of magnetic substance may vary from
one bath to another, when new suspensions are being prepared, it is
important that the correct amount of powder or paste be added to the
suspension. A mixture of two ounces of'concentration per'gallon of
liquid yehicle has been found to be generally acceptable for most testing
processes. When questionable circumstances arise, it is best to follow
closely the instructions furnished by the manufacturer,

The proper procedure in preparing_the new suspension-is to
. place the required amount of concentration in a suitable container and
add small amounts of 1iquid vehicle, working the addition into the
vehicle with a flat paddle until the concentration has been diluted

into a uniform Watery mixture which can be poured into the tank. The
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concentration should not be poured into the liquid vehicle with the
expectation that the agitating unit contaiﬁed in the testing unit will
mix it thoroughly. The total addition of all materials to the liquid
vehicle should not raise the viscosity of the suspenéion above a
maximum of 5.0 centistokes at any temperature at which the bath may be
used (Department of Defense, 1965:3). It is important that new |
magnetic particle substances be used in the preparation of new suspen-
sions. x

. One of the latest &evelopments in £he wet magnetic process is
the use of these particles to test bfazed joints in nonmagnetic stain~
less steels such as honey comb panels. This process depends for its
success upon the fact that nofmally nonmagnetic stainless . steels at
temperatures of 2,000°F become magnetic. When this occurs, a solution
of magnetic particles suspended in plastic are applied to the surface
of the part being tested. The magnetic field produced causes the |
particles to migrate to transition regions between areas of different
magnetic permeability. Tﬁis plastic coating is then stripped off
ptoviding a permanent record for filing purposes, projecting as a
413ttéfﬁ slide or fotr reptroduction at a later daée. _This plastié solu-
tion dries in less thanftwenty—five minutes, and this'drying time can
be reduced considerably by the application of heat (Materials Testing

Laboratories, 1968=1969:257-258).
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Fluorescent particles. Fluorescent particles Which are used in
conjunctionlwlth a black light are available for the fastest and most
sensitive insoection available. The principle of fluorescence is notja

-new one for many substances have the property of fluorescence. These
partlcular materials give off light when they are exposed to a 1ight
‘wave length shorter than that of the violet of the visible spectrum..
The black or invisible light energy is absorbed by the fluoresceht a
materials aod re-emitted as light of a longer wave length in the
visible spectrum.’ Differeht substances fluoresce in a variety of
different colors‘ftom blue through gteen,tfellow, and red; 'Many
minerals fluofesce brilliantly under black or ultra violet light and
"brospecting-for ores such as tungsten and vahadium is often done;
successfully at night with a portable black.light.

The dyes used to treat the magnetlc particles make them glow
with a greenlsh—yellow color when they are exposed to a black light
having a wave length of 3,650 angstrom units. True ultra violet of
3,000 angstrom units also activates many substances to make them become
fluorescent, Bot this light with a shortet wave length is harﬁful,
causing hurns‘and perﬁsnent damage to theleyes. The black light of’
3,650 angstrom units on the other hand is entirely harmless and is
used successfully in thousands of inspection locations without any ill
effect whatever on the inspectors (Betz,.1967:274—275); |

;Fluorescent barticles.can be used with success in either the
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wet or dry magnetic particle processes. The'use of these particles
11tera11y puts a spot light on every crack making it glow with a v1vid
1nd1cation which_is next to 1mpossib1e to miss, even in a split second
._glance. Thls,method is espec1a11y Well adapted to the inspection of
.keyways, deep holes,,and other similar 1ocations. Thls'process can

be. used with success in the testing of up to.2,500 parts each hourponﬁ'

an assembly line or.production line, | |

Although success can be obtained with either the fluorescent

wet or fluorescent dry particles, a suspension containing'both fluores—

cent and nonfluorescent particles should not be used under any circum~

.stances .

Liquid vehicle. The liquid venicle used to carry the‘magentic

substance for the wet penetrant process should be a 11ght 011 such as

kerosene conforming to VV-K-220 or a dry cleaning solvent conforming to -

the reduirements set by the-procuring'activitv; A1l vehicles used in
the fluorescent 1nSpection process should be essentially nonfluorescent
(Department of Defense, 1962:1-4), | |
The liquid vehicle in.nhich the particles are suspended performs
the function of providing‘nobility for the suspended particies.
Although almost any vehicle wili'perform satisfactorily‘in a test,'if
'the viscosity is‘comparable to\kerosene, ekperience has indicated that
an acceptable vehicle should fu1f111 other requirements. The.vehicle'

should be of high.permeability and low retentivity. The former insures
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- that' a minimuﬁ-of magnetic energy will be required to attract the
particles to the flux leakage field, whi;e the latter insures that the
mobiiity.of thé,pa;ticleszwill not be hindered by the particles beéoming
magnetized and aptracting each other. |
Petroleum distillates which have been used extensively as the

:'particle vehicle in the_pést are not withoutldisadvantages. Thef
constitute a quential fife hazard and the distillate has_béen'respon—
sible‘fér.numerous skin reactions among allergic inspectors. Other
disadvantages iﬁcludé.alreiatively high cost which can be increased
even more by the expense of removing the 1i§gid vehiclé after the test
has been compleféd. Thése removal processes tend to incréase the
possibility of the part fuéting at a 1éter date.

-"Water’has often been tried as a liquid vehicle in.thé past,
but it was never entirely‘sgtisfactbry because of its inability to ﬁet
‘the part completel&. Also, difficulties occurred in securing £h¢ proper
dispersion of thé iron oxide pastes in the bgth and the water vehicle
increased the possibility of rusting at a later date. These initial
problemé have been largely overcome by the inclusion.of ﬁater soluble
rust inhibitors and‘éuitéble anti—foaming agents. It is now considered~
‘practical to use clean tép water with the proper additives as a cafrief
for both the visible and the fluorescent particles. Accepfance of this
medium can be evidenced by the success of tﬁe,Griffin ﬁheel Company in

Chicago which uses this technique to inspect wheel castings on their
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. production line (Panozzo, 1959:2).

When the suspension becomes discolored or contaminated with
oil, dust, lint, or other foreign Substances to the extent that'thg
proper distributiog and'cqncent;ation or the integrit&, character, or
définition.of the depqéit of the magnetic substance ié interfered with,
the testing unit should Be;draineé, thoroughly cleaned, and refilled
with clean suspension. Suspensions shoﬁid‘be tested at'frequent inter-
vals depen&iﬁg upon the frequency_of use, discoloration, or confamina—
tiomn. Testing the sqsﬁeﬁsioﬁ at least once a day is considered essen-—
tial to the success'of magnetic pértiele testé; Nonrecirculating
systems should be tested for magnetic particle content once a week
regardless of the frequency of use.

The following procedures have been found most helpful when it
becomes necessary to test the suspension (Department of Defense, 1965:
25-26): | |

1. Fill a standard pear shaped 100 milliter graduate to the
100 ml. mark with the shépension, di;ectly from the'hose'or other device
which is used to pour.the-suspension over the part being tested. Wheﬁ
" an immersion tank is being tested, the particles in the suspension
should be thoroughly agitated. Let.the graduate stand for thirty
minutes tolperciﬁitate, or until all of the solid mattér has settled'
to the bottom.

2. Decant the clean 1iqdid as far ésfpossible without 1osing
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any of the magnetic suﬁsfance |

3. Refill the gﬁaduate above ‘the magnetic substance with
benéol, shake well; and let stand for one:hour tblallow fhe mixture to
percifitate a second time

4. Read the height or volume of the percipitate in the gradu-
.ate. Thé following_amoﬁnts of magnetic particles are considered
acceptable: (1) fluorescent magnetic pafticles,'0.3 to 1.3 ml., and
(2) nonfluorescent magnetic particles, 1.7 to 2;4 ml. .Figﬁxe iz, page '
129 (Department of Defense, 1965:25—26),illustrates how tbléﬁgckA-
'magnetic partiéle baths for the propér amount of magnetic particleg.'
‘Close adﬂerance to the instructions provided by the manufacturer will
' éffectiyely reduce fﬁé possibility of human errot, thereﬁy inéreasing
‘the efficiéhcy of tﬁe testing process.

When the inspector has made his décision regarding the most
suitable type:of test unit, type of currént, tést sensitivity required,
direction of the magnétic field, and the sequence of proce&ures to be
used in the test, there remaiﬁs only the decision of which method of
applying the particles.is most appropriate. ' In this cése; thé éhoice

is between the wet magnetic particleé and the dry magnefic-particlesh

Black light. Since the black 1ight-used for the magnetic
particle process is the same type as the one used for the liquid pene-
tfant tests, daté pertinént to the black light can be found in Chapter 2 .

of this study.
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Checking Bath Strength
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Magnetization by Means of an
Electrical Current

Since the use of electrical gurrenf is the most desirable method
of magnetizing parts for the magnetié particle process, a brief des— -
cription of the types. of fields, types of current used in the testing
process, éﬁd the avaiiaﬁility of such current wéuid, in'the opinion éf
thé writer,'provide continuity in this Cﬁapter.

Either, longitudinal or circuiar'magnetic fields can be set ﬁp,
the strengtﬁ.of the field varied, and.by apﬁlyiné several typés of
current useful ﬁariations in field strengfh.and disfribution can be
obpained. Electric‘current in one form or another is used for all but
a very sméli percentage -of the magnetic particle tests today. |

There are two types‘of current in use, and both types a¥e
suitable,for'magnetic parficle tests. They are: (1) direct cﬁrrent
(DC)} and (2) élternating:cdrrent (AC). The strength, di%ecﬁion and
distribuﬁion of the fiélds produéed afe greatly affeéted,by thé tfpe
of current Selected._‘A complete and accurate knowiedgg‘of the basic
charécteristics of alternating current and direct.currént, and the-
various modifications ﬁossible in their appligation, is considered
essential to thé proper application of these characteristics in the
magnetic particle process;. The magnetic field produced by direct
current usually fenetratgs.the entire cross sectioﬁ of the paft3 while
thg field produced.by alternaping current is ususally confined to the.

metal at or near the surface.
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Commerical power is rarely furﬁished in the form of direct
current and is therefore nof considered as a practicai source'of power
for stationary.units. ther sources of power are the motor éenerator,
storage batteries, and rectified alternating current. The»latter is
considered to be fhe most‘satisfactory soﬁfce of poWef'in fhis group.

" The advantagég of reﬁtified‘alterna;ing cu¥tent are readily %pparent..
Maintenance ﬁroblems and corrosion characteristics associated with the
use of stofage batteries are eliminated; alternating current can be
adjusted to deliver current on any work cycle, and variations of thé
current value ié‘rélatively simple to accomplish by using tépped trans-
.fofmers, saturable core reactors, or variable transformers iﬁ the.
alternating part of the circuit. Tﬁere are many variations in the
application of different types of rectified‘alternating curfent, which
are highly useful iﬁ the.magnétic par#icle testing proéess‘and could
not ﬁe prodﬁced from other sources.

The exception to the use of electric current in the magnétic
particle tests are those few cases where permanent magnets aré ﬁsed
because electric current is not readily available. -This situati;n
usually occurs when the test must take place in a remote 1oca£ion or
when the hazards from possible explosiqns exist. When thése si;uations
occur, the use of electric currents is prohibited.

The two most common types of magnetic fields produced with

electric current are the circular method and the longitudinal method.
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Figures 13 and 14, page 133, illustrate the basic concepts of circular
magnetization and longitudinal magnetizaﬁion (Magnaflux Corporation,
1952:1-9).

Ciréulaf magnetizétion is accdﬁplished by placing the part to
‘be teéted.betweéq'thé boles of an electromagnef, while 1ongitudin§1'
magnetization is accomplished by'flacing the'part in a solenoia coil,
In either case, the magnetic field should. be of sufficignt in;ensify_
and directién to reveal all suspected discontinuities which could be.
cause for the repair. or rejection of the part. In some cases, due to
the size and shape of the part, it may be neceséary to magnetize the
ﬁart in sections to prevent the misrepresentation of resulting indica- -
tions. The current shquld be such that saturation is considered a
nonrélevant indication Whiéh.can be éasily recognized by the'exceésive
amount of pa;ticles accumulafed at -slight cﬁanges of seéti0n Qr Ey
.pronouﬁced indica;ibn of grain flow. |

In some instances, it may be feasible to ﬁagnetize éevefal
parts simultaneously in the same magnetic field. This may be accom~
plished by placing the parts in a coil in the same positiog or by means
of a central conductor which is placed through a hole in the parts. An
example of the latter would be a largelnumberrof bolts, nuts, washers,

or sleeves on a bar conductor.

Circular magnetization. This type of magnetiiétiqn is the

resuit.of inducing a magnetic field cdnsistiﬁg of cqndentric circles of .
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force about or within a part. It can 5; aécomplished by running'the'
current directly through the part or by using a central conductor in
the case of hollow-parts (Betz, 1967:135-136). Figure 15, page 135,
illustrates the basic concepts of circular magnefization (Magnaflﬁx.
Corporation, 1952:1-9).

The magnetiéing force in circular magnetization should be 500-
700 amperes per inch of part diameter, Either the insidé.diameter or
the‘outside diameter can be used depeﬁ&ing'upon Wﬁich surfaqe of the.’
 part ié being tested. When both.the'iﬁéidevénd ‘the outside aré beigg'.:
tested, the larger diameter should be used. For thé magnetization of'
parts which are other thén cylindricalﬂin shape, a magnetiziﬁg currenf
of 500-700 amperes per inch of maximum cross sectional area to the
direction of the current flow should be used. A magnetic'field indicaf
tor can be used to insufe that a suitable flux has been established.
When this type of indicator is ﬁsed, a suitable flux is_obtained when
the indicator is laid copper side up in the area of iInterest and a
clearly defined line of,mégnetic particles form across its face when
the part is.sprayed or immersed in themhaénétic par£i§le éﬁspénsioﬁll-

(Department of ‘the Navy, 1965:25).

'Lonéitudinal magnetization. This type of magnetization is pro-
duced in a direction parallel to the long axis of the part. This is
accomplished by placing the part to be tested in a solemoid which has

been excited by an electricvcurrehf, In this situation, the'metal pért
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Circular Magnetization
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becomes the core of an electromagnet and is magnetized by iﬁ&uction
from the magnetic field created within the solenoid. When this type of
magﬁetization is used for long parts,.the.éolenoid must be movéd alo#g
the part to insuré.the.pfaper”magnetization of alllareaslbeing inspecfed,
This procedure shéuld be closely adhered to if sufficiént‘ﬁield strength..,.
is to-be expected Fhroughout the part;s length. Solenoids can be
expected to.préduce effective magnetization for approximétély,fwel;e
inches.from either side of the coil. Therefore, these coils can
accommodate parts which are approximately thirty inches in 1eﬁgth with-
out being moved along the part.‘,Figures’16 and.17, pages 137 and 138,
respectively, illustrate the concept of 1bcéting diécontiﬁuities usiﬁg
1ongitudinal magﬁetization (Maghafqu Corﬁoration, 1952:1-9).

- When a éolenaid ié used to magnetize parts, fhé SOlénoid sﬁould
not'be any longer than is'coﬁsidered necessary to aeéomﬁodgte_the part
being tésted. The magnetizing force.should be 3,000-4,000 ampere turns
perlinch;of part diameter. Either the inside orlthe outsidé diameter
can be used according to which.surfacg is being tested. When both
surfaces are being tested, the 1aréer diameter should be used. A
magnetic pafticle fiéld indicator may be used to determine the flux
strength. |

. Longitudinal magnéfization equivalent to thét which is obtgined.
with a éolenoid Ean Be accomplished by‘wrapping'a fiexibie eiecfricél_

~ conductor around the part being tested. While this method is not




MAGHETIC
PIELD

s

P —

Electric current passing through a wire wound into a coil creates a
magnetic field lengthwise inside the coil.

Wing CoOIL

When a part is placed inside a coil carrying an electric current, a
magnetic field running lengthwise in the part is created. This is
longitudinal magnetization.

Figure 16

Longitudinal Magnetization
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The part to be inspected using longitudinal magnetization is set up
in a coil, and electric current is passed through the coil. Elec-

tricity is passed around the part, parallel to the discontinuities

to be located. Small parts should not be centered within the coil,
but held close to the coil where the field is the strongest.

Figure 17

Longitudinal Magnetization
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considered to be as effective as the solenoid method, it is convenient
for field applications and it has the advantage of being abie to pro-
duce coilélwhich confo;m more closely-té the actual shape'of the part;
thus producing a more uniform flux fieid. This method'is eépecially
well suited to fhevtésting of parts which are irregularly:Shaped of

too large to remove.-

_ Effect of the direétion of flux oﬁ the strengéh of indications.
In order to locate discontinuities, it is essential that the ﬁagnetic
lines of force pass approximately perpendicular to the diséontinuity.
It ié,-therefore, qeceésary to be able to induce magnetic lines of
flux in‘mofé than one direction, since the discontinuities are likélyv
to exist at all poésibleAangles to>the major axis of the part. Figure
18, page 140, illustrates‘ﬁhe effect of the direction of flux on the
strength of indications (Caine, n.d.{B); Té be positiﬁely,certaih
that all discontinuities are located, it is advisable to apply the
magnetic fields from two or more directions. Under ideal conditions,
these fields should be at right angles to each other. A complete
ﬁagnetic particle test should consist of one or more distinct operations
so conducted that the magnetic lines of force will be transverse, inso—‘
far as possible, to any discontiﬁuity which may be present in the bart
(Caine, n.d.:3).

The effectiveness of these tests depend upoh thg flux density

or field strength at the surface of the part when the indicating medium




140

A. LONGITUDINAL MAGNETIZATION

[~J\D)

ATTRACTION OF PARTICLES
DEFECTS
B. CIRCULAR MAGNETIZATION

o,
SN

SR

o \\ \: LARY \\\\‘ W in

SO \\\\\\ IR

\ \\\\\\\\\ Vor R !

S \ "l‘vw/
\\\\}q A‘l“‘ ,. ;
|ll|i ,,

\qu

=SS

ATTRACTION OF PARTICLES AT
DEFECTS

Figure 18

Effect of the Direction of Flux on
Strength of Indications




" L3 ] Lkt et

141

~ is applied. As the flux density is increased, the sensitivity of ﬁhe
test increases because BfFFhe greater fiﬁxﬂleakage at thé dishoﬁti—
nuity and the resultingfformation of magnetic partiglg patterns.
Excessively high flux densities may form nonrelevant iﬁdications wﬂich
tend to interfere with the detection of magnetic particlé patterns.

It is, therefore, necessary to use a field strength high ernough to
reveal all harmful disqontinuities but one that is not so strong thét
it produces nonrelevant indications.

Selection of the Magnetic
Particle Method

One of the'most‘imﬁortant stéps:i# the magnetic particle testl
procedure is the actuai éelection of tﬁé'most suitable frocess and
steps of procedure for the part being éeste&. aMany iﬁpbrtant factors
are involved in this process and careful.coﬁéi&efatibn'shbuld be given .
to the following items before a final selectioh is made. .The'considera—'
tions listed should be worked out in a matrix (Hagamier, 1972:15.24- |
15.25):

1. VWhether the material is magnetic or nonmagﬁetic; metaliig,'
or nonmetallisl.

2.. Whether the part thickness is normal, ultra-thin, or tﬁick:-_

3. Whether tﬁej#a;t geometry isléymmetriéél or\comple#',

4. Whether ghe ﬁért size is‘miéféséopic, poryal,'o; large

5. Tﬁe nmaterial Eonditidnt Ais_tﬁé material coarse or fine
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grained, has it been annealed or heat tréatea‘

6. Whether the'inspecfion will be manual, semi—automaéic,
.or automatic - | .

7. Whether the fabrication method was by éasfing, quging;
weldment, adﬁeSive, or braze bonded

8. Whether the surface condition is fough_or nofmal,”pléted
or unplated, bright or dull, clean or haé scalé

9. Whether the location of the suspected discontinuity is
' oﬁ the surface, near the surface, or éubsﬁrface J
10. Whethér theIAiscéntinuity o¥ientation is axial, radial,

" longitudinal or traverse

PN
~

11, Whether the size of thevdiécontinuity soﬁgﬁt is less or
greater than the wave lénéth of the probiﬁg‘ﬁédium,_detgctablé, or
undetectable |

12. Whether reference standards are available or unavailable,
simulated, or actual discontinuities and whether there is a need to
fabricate these standards | |

13. What types of discontinuities are being sought: cracks,~
pofosity, heat treatment, plating thickness, or bond qua;ity

14. What'yype‘of_tesf equipment and test method is available
in the plént, ét.the_contractors' facilities, in the research and
developmeﬁt department, or no; available “

15. .What is the test specification availability: routine
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and available, use other supplier's specifications, or need to write
them |

16. What is the accessibility of the éart: ﬁart:is not
accessible,‘parf accessible but need to puréhése or fabricate special
probes or searéh.units |

17. What is the:availability of the part: thé part .can be
bfought to the inspection area, portable equipment muét be taken into
the field or to the factory locapion

18. What is the acceptance criteria: it has been déveloped,
it is.or'is not readily available |

19. What test method will be uéed: routine, speéial, research:
and develobment necessary, or 1iteratﬁfe research necesséry

20.~ What type'éf inspector qualificétions are required:
trained and ce;tified; need phblip aséistance;'need traiﬁing,-none
available “

21, What test fesults can beiexpected: permanent; semi-
permanent or no record, basic measurements or relati&e values, video
or digital display, can or cannot be autémated

22, What is the'cést of the -equipment required: expensive;
normal, inexpensive |

23.' What is thg nature or uée of the part being tested: high
or low stréss, short or long fatigue life.

24, What safety requirements need be met: need to protect
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against radiation hazards or high voltages

This list appears to present a formidable barrier to the final
~selection of an applicable test method. In actual reality, however,
most qualified inspectors can go through the menta; g&mnasticé required
to seiéct the proper process in a matter of mi#uteé; When the inspector
is confronted Wi£h‘a new design or éimilar éroblem, he may be réquiréd.
to set up a matrix using,thé considerationg listed before he makes a
final decision. ‘The applications,-advaﬁtages, and 1imitafion§ of liquid
penetrants, magnetic par;icles, and eddy currents énd what they éfe :
supposed to measure or detect are illustrated in Table 9, page 145

(Hagamier, 1972:15.24~15.25).
EVALUATION OF THE MAGNETIC PARTICLE TEST

The magnetic parficle inspectién process was evaluated by the
writer to detérmine whether or not i; ﬁet_the five criteria set forth
in the analysis of data section. The magnetic particle‘inspection
process met the cr;teria in the folloWiﬁg ways. |

Compatibility to Existing Industrial
Education Programs

The writer believes that the justification for including non-
destructive testing programs in the industrial education curriculum
can best be stated by those who are knowledgeable in this area.

Professor James P..Nagy,_Materials Science Department, Erie Community




Table 9

Applications, Advantages, and Limitations of Nondestructive Tests

Penetrants

Magnetic Particles

Eddy Currents

Measures or

Defects open to the

Surface and subsurface

Surface and subsurface

defects surface, cracks, cracks, seams, porosity, cracks and seams
porosity and inclusions Alloys
‘Heat treatment
Wall thickness, crack .
depth, and coating
thickness
Applications All parts with non- Ferro-magnetic materials, Tubing, wire, ball
absorbing surfaces bar forgings, weldments, bearings
and extrusions Spot checks on all types
s of surfaces
Advantages Low cost, portable Relatively fast and No special operator skills’
indications may be economical. May be required. High speed,
further examined portable., TIndicates low cost with automation
visually inclusions open to the possible for symmetricdl
: surface ' o parts
Limitations Surface films such as Alignment of the magnetic  Conductive materials,

coatings, scale, or
smeared metals may
prevent detection.
Parts must be .cleaned
after the inspection

field may be difficult,

‘demagnetization may be

required and parts must
be cleaned after the
inspection

Thick surface coatings

- depth of penetration, thin

wall only. Masked or
false indications caused
by sensitivity to varia-
tions, Reference.stan-
dards required.

SHT
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College (1976:peféonélil¢tter to the.writer), made the following
statement:

. « . I feel that the topics of nondestructive testing.could_
very well be compatible with existing technical education pro-
grams at the high school level, especially in courses such as
machine shop, metals casting, welding, and heat treating.

Dr. Richard R. Haugo, Professor, Industrial Education, Bemidji State
University (1976:personal letter to the writer), stated that:
‘ « « . it would appear that magnetic particle methods of
inspection are compatible to what should exist in industrial

education programs in'my estimation. It is doubtful, however,
that this much is being done. : '

L. J. Sparrowhawk, Instructor, Pinelles Vocational Technical
School (1976:personal letter to the writer), gave his opinion of the
. compatibility of magnetic' particle testing processes in the industrial

education program in the following statement, "

. « . magnetic particle.
- processes and liquid penetrant processes can be taught to high school
students without involving. them in an extensive or intensive amount of
technical preparation." Carl E. Betz, Nondestructive Test Consultant
and past Vice-President, Magnaflux Corporation (1976:personal letter to
the writer), reinforces this opinion with the following statement:
. « « there is no doubt in my mind of the need for a wider
- teaching of the fundamentals of nondestructive testing at an
early time in the technical education of high school students
who have an interest or inclination towards an engineering
career, ' ' :

Bruce D. Tyler, Director of Training, Magnaflux‘Corporation

(1974:personal letter to the writer), sums up the need for including
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- nondestructive testingzprocesseé in the highvschooi pfogram, "L I
cannot give one'good reason for not teaching nondestructive testing
procésses in the high school, other thén mental 1ézinéss on the‘ééft
of the instructor."

The inclusion df magnetic-particle inspection p;océsses in tﬁe
industrial education curriculum can, in the opinion of fhe wtitér; be
justified by the goals .and objectives (page 7) Which thé Amefican
Vocational Education Association set for industrial edgcation'(l968:'
9-11). |

Ability to Satisfy One or More
of the Present Needs of Industry

T. W. Judd, Assistant Division Head, andestructive Testing
Division, Repﬁblic Steel Cofporation (1é7ézpersohél 1et£er ﬁo the
‘writer),-clearly indicates that therg is at the presen£ time a.need.for»
nondestructive -test personnel in indusfry. He believes that, ". ;‘.
students graduating from high échoolvwith'a knowledge of the practical
applications of nondestructivé testing could satisfy one-or more of the
needs of industry." This statement is reinforced by Glenn M. Thatcher,
Coordinator of Industrial Technology, Kean College of New Jersey (1976:
personal letter to the ﬁ;iter), who indicated that, ". . . people

familiar with and trained in nondestructive testing techniques are

greatly desired by industry at the present time."

Warren J. McGonnagle stated in ‘1961 in His book Nondestructive
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Testing (1961:vii) that, ". . . one of -the primary feQuirements for
expanding the technology for the Solution'of tomorrow's problems is
education in the field of nondestructive testing." 1In 1976, Robert T.
Anderson, Technical Director, The American Society for Nondestructive
Testing, Inc. (1976:personal letter to the writer), outlined the
advantages education in the field of nondestructive testing:

. . . if high school students could be equipped with a knowledge
of the practical applications of nondestructive testing (necessi-
tating a familiarity with equipment), they would have knowledge
that no other high school graduates would have. Hence, they would
have an advantage over other such persons in entering the industrial
labor market. Such knowledge would also serve to whet their
interest for further education at the vocational-technical level
or in one of the several junior.colleges now offering fairly
extensive course work in nondestructive testing.

The advantages of having high school experience in nondestruc-
tive testing is stated by James P. Nagy, Professor, Materials Science
Department, Erie'Community College (1976:personal letter to the writer),
". . . it would certainly be of help to industry to have.high school
students with a knowledge of nondestructive testing." Roy L. 0dell,
Western Manager, Automation Industries Incorporated, Sperry Division
(1974 :personal letter to the writer), made. the following statement,
"

. . it is extremely evident that there is currently a manpower

shortage for trained and qualified nondestructive testing personnel.”




0 | P S

149

Relative Simplicity and Broad
Encompassing Nature

Magnetic particle testing has grown from the original concept
of acceptance'or rejection of finished parts to become aﬁ-integral part
of the production line process. In many cases the "why" of ihe test
results are given more_;ignificénce thaﬁ‘the "What" of'thése tésts.
Magnetic paftiéle inspeétions have bécoﬁé ﬁart of the.manufacturer's
feedback-loop, constantly controlling quaiity through modifying opera-
tions which begin with the incoming‘mate%ials and parfs a#d contiﬁue |
thréugh the shippihg'of the finél product., These tests can be used to
detect surface and subsurface defects, cracks, porosity, seams, cold—:
shuts, Wéld defects, inclusions, fatigue, and processing cracks with
reliability. Magnetic particle tests can be used on all,ﬁypes of ferro-
magnetic materials regardless of the size or shape of. the part. Por-
table equipment is avéiiable_for thé service.;estiné of componeﬁté in
the field. The éimplicity of the magnetié,particle tests is cieariy
stated by J. E. Hinkel, Manager of Apélication:Engineefing, Lincoln
Electric Company (l976:persona1lletter to the writer), ", . . all of
the processes used in nondestructive'testing operate on sound and
relatively simple principles of physics, electriéity, and science.a

‘There,are three essential steps to be c6nsidered in the applica-
tion of the magnetic particle test. They are: (1) the proper magneti-
zation of the part to be ingpected, (2) application of suitable maénetic

particles after the part has been magnetized, and (3) the inspection of
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the part for the presence of indications.

George Pherigo, Ch;irman of the Educator's Division, The
Americaﬁ Society for Nondestructive Testing (1976:persqnal letter to
the wri£er),'stated that, "... . magnetic pérticle and liquid penetrant
iﬁspections are rélétiﬁel& simple in their application and cpuld be
taught successfuily in.thé high schools." Carl E. Betz,iNopdestructive
-Tesf Cdnsultant'and past Vice~Presideht, Magnaflpx Corporation (i976:
pefsonal letter to the writer), reaffirms this belief By'stating,

", - . magnetic particle.testing and ;iquid penetrant testing are rela-
tively simple in theory and applica;ion. .Thef require little iﬁ thg
way of technical preparation to be understood." Richard R. Haugo,
Professor of Industrial Education, Bemidji State University (1976:
persoﬂal letter to the writer), iﬁdicated that althougﬂ these methods
are simple.énough, the& should have a broad nature so as to develop
interest in the‘studept.

Glenn_T.‘Thatchér; Coordinatbr qf Industrial Technology, Kean
College of New Jergey (19%6:persona1 iéftef to the writer), sums_ﬁp
the relative simplicity and encompassing nature of these procesées with

the following statement, "

+ « o« with the exception of ultrasonics and
radiography, nondestructive testing processes are relatively simple in
their application and they do have a broad encompassing nature."

Portable magnetic particle testing units can be purchased from

Uresco Corporation or Magnaflux Corporation including cables and prods,
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a field indicator, black light, and magnetic'powderslfbf less than

$2,000.

Potential in Satisfying What the
Writer Believes to be'a Weakness
of the . Present Industrial
Education Program

-Based upon an evaiuation‘of the stated goais and objeetives of )
1ndustr1al education as set forth by the Amerlcan-Vocatlonal Education
Associatlon on page 7 (1968 1-11), the wrlter belleves that 1ndustria1
educatlon teachers cannot be expected to satlsfy the needs of thelrl
'profess1on‘unti} they have developed a eertain measufe of connetency
in magnetic pafticie testing. This comnetency should include an aware-
ness and knqnledge of: - (1)'the.hasie theories,and ptineiples; (2) the .
advantages and limitatfons,,(3)'the potential safety haéards; if any,
and (4)1the skills required'to satisfaCtorily'pefforn.the_magnetic
narticle test. | .

The statement by Eckhart A. Jacobsen (1968:4) that '. . . indus—
trial education too often reflects the revolutlon of the past centuryl
rather than the evolutlon Which has taken place 31nce.1940. hnch of the
relevant eontent to which we must relate did not exist at that time" is
reinforced by Josepth. Rose, Mechanfeal Engineerinngepartment, Drekel
Universfty (1976:personal letter to the writer), in the following

"

statement, ". . . ndndestructive testing processes have the potential

to satisfy one of the current weaknesses of the present industrial
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education program."

George Pherigo, Chairman of the Educetor'e Divieién,'The-

" American Sbciety for Nondestructive Testing, Inc. (l976:persbhe1 letter
to the writer), indlcated that, ", . . there is a definite need for |
more 1nformat10n about nondestructlve testing techniques in 1ndustria1
educatlon as they support industrial processes.' Glenn M. Thatcher,
Coordlnator of Industr1a1 Technology, Kean College of New Jersey (1976
personal 1etter to the writer), reaffirms the statement by Jacobsen

- (1968:4) in the following statement; ". . .rI do feel that nondestruc—-
tive testing is an area in which industrial education teachers might
consider in making their programs more relevant."

James P. Nagy, Profeseor, Materials Science Depertment, Erie
Communicy College (1976:persona1 letter to the writer), sums up the
belief ofhthe.writer-that a need for ncndestructive testing in the
present ihdustrial-education program curreht1Y.exists in the folloring
statement:

« . . many high school graduates are hot aware of the various

occupational areas of industry, especially nondestructive testing.
A program of the sort suggested by this study could p0331bly

encourage high school graudates to enter college 1evel programs
in materials science and nondestructive testing.

The Educational Requirements and
Competency Levels Expected of
Inspectors

Since this study is concerned with the development of entry-

level coﬁpetencieé in the area of magnetic particle testing, only those




153,
requirements which'are.éésential to fhe development of this 1evei'of
competency have been included in this study.

Each entry-level inspector is expected to demonstrate, prior -
to being considered for certification in the field of magnetic particle
testing, that he has acquired.(Americén Society for Nondestructive.
Testing, 1971:1-5): - (1) sufficient education and expérience to ensure
an understanding of magnetic particle principles and procedures;'(Z)
instruction in the processing of parts to the point where He is capable
of demonstrating proficiency in performing specific tests on one or
more samples; and (3) sufficient~knowledge.to pass a written examina-
tion Whiéh includes quéétions related to the equipment, opérating
procedures, and testing technfques. Prior to his certifiéation, the
entry-level inspector should work at all times under the direct super-
vision 0f a certified inspector. He is directly responsible to this
inspector for the performance of all magnetic particle inspectionms.

According to Carl E. Betz (1966:396), the magnetic particle
inspector should have the following physical and natural competencies:

He should possess good vision, be conscientious, and have a
temperment which can be relied on not to become careless under
possible monotony. 1If the inspector is sufficiently intelligent
and alert, he should soon acquire the experience necessary to
interpret most magnetic particle inspections. He should not be
entrusted with the responsibility of working out new magnetizing
procedures for new and widely differing classes of parts made of
different types of steel until he has acquired sufficient knowledge

and experience. '

Having met the five criteria as set forth in the analysis of




154
data section, procedures for applying the magnetic part;cle process iﬁ
industrial education programs at the high school level have beeﬁ
described in depth.
PROCEDURES FOR APPLYING THE MAGNETIC PARTICLE
PROCESS IN INDUSTRIAL EDUCATION ‘

Magnetic particié.éesting has become_;.sténdard testing.prac—
tice in most sections of industry where iron and steel are made,
fabricated, or used for important ends. Its applications are now so
numerous and varied that it is difficult to give examples of all df
its industrial uses (Betz, 1967:419).

Eséentially, there are two basic components required for thé
successful completion of magnetic particle inspections. The first is
the knowledge that the part must be magnetized with magnetic fields of
suitable strength which have been applied in the correct direction for
the detection of the particular type of'defect being sought. The
second ingredient of éﬁccgssful magnetic par;iclé teséing:is the'
selectiop by ;hé inspector of the corréétmtypé of magnetiq particles
to secure the best poséibie indicatiéné’of £hé defecté being sought-
under prevailing coﬁditions in any given.caée (Betz, 1967:2095.

Once the inspecto; haé made these decisions the next step in
the inspection process is the actual tésting of the pért by the method
selected. To provide continuity in the inspectipn procesé,'fhe

féllowing steps are suggested:
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1. Surface preparation of the parts
2. Magnetizing parts
3. _Appliéat;dp éf'the magnetic -particles -
474 Inspegfion aﬁa evalﬁatipn of parts
5. Estéblishing'apceptable insﬁection standafds
6. Principles of deﬁagnetization |

7. Marking parts and recording test results

Surface Preparation of the Parts

Prior to the application of the ﬁggngtic particles,.all grease,

Qil, or other fo;eign materials should be:removed from fhe part to
érevent the formétion of nanélevant indications. One of the first
prerequisites for éﬁccessful magnetic particle inspections is cleaﬁli-
ness. All_openingé'aﬁd.oil holes 1eéding_to obscure passageé or
cavities should be plugged,with.paraffin or other suitébie nonabrasive
matgrials. The latter should not be used uﬁless they are complefely
soluble in light éngine_oil. Parts containing small crevices should
not be cleaned with>clorinated solQents, even though they have been
previously plugged. |

| In géneral, the smoother the surface of the pért and fhe more
uniform its surface, the more favorable are the conditions for the
formation and obseryation of the péwder pattern. This applies pafticﬁ-
larly to teéts being made on horizontal surfaces. For vertical and

sloping surfaces, the dfy péwder may not be held on a smooth surface by
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é weak leakage field.' All surfaces éhoul& be clean, since the parti-
c;es will étick to'wet'ét oily surfaces and ﬁot be free to move over
" the surface.to form thefindications; "The latter condition may com-
pletely prevén; the deteétiop of significant discontinuities.- Since
part surface roughness decreaseé the sensitivity of thé test and tends
to disfort the magnetic field, it iﬁterferes méchanically with .the for-
mation of‘the powder pa£tern.

Any loose dirt, paint, scale, or rust should be removed with a
wire brush, shot, or grit blasting or by some other acceptable meaﬁs.
On surfaces which have been cle;ﬁed of foreign matgrials by wiping
them With,alrag soaked ip mappha, a thin £ilm of oii often remains
which is sufficient to interfere with £he freé movement of particles.
This film can be remoﬁéd By dusting the surface with chalk or talc from
a shaker can and then wiping the surface with a cieaﬁ, &ry cloth. An
initial application of the dry magnetic powder will often provide a
surface over which a second application of magnetic parficles will
provide a dry, oil-free sqrface. It is not advisable to depend entirely
‘.upon the magnetic particle sﬁspension to clean the parts. Attempts to
clean by this method are not thorough, and the foreign materials
removed from the parts will contamiﬁate the bath, effectively reducing
ifs abiliéy to perform prdperly..

.Primefs, paints,‘ehamel, and similar other nonmetallic coétiﬁgs,

as well as coatings of cadmium, copper, tin, and zin¢, do not usually
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interfere with the performance of the inspection process unlese they
are unusually heavy or the discontinuity to be detected is very small.
Paint or pleting on the surface of the part has the effect of makiné.a
surface defect behave'like a subeurfaee'defect. in this re5pec£, the
dry methdd is considered more effective in its ability to produce»valid
indieetidnsAthrough_sueh nonmagnetic coatings than is the wet method.

Chxomiem.end nickel platings will‘ﬁot genera11§ interfere with
the formation of indications oﬁen to the-surface, but they will prevent
" the formation of indications where verylfine discoﬂ;inuities are under
consideration. Because it is more magnetic, nickel plating is more
effective than chromium plating in preventing the'formatipn of magnetic
farticle patterns. Most ceatings of cadmium, nickel, and chromium are
usually thinner fhan 0;005 inche and the ﬁlating thus serves as an
excellent background fof viewing the indications. When the possibility
exists that a relati?ely heavy coating will interfere with the detection
of harmful discoetinuities, it is advisable to complete the necessary
tests prior-to'the application of the plating (Aeronautical Standards
Group, 1953:4). 1If very fine cracks are expected'te be detected, the
. surface in question should always be stripﬁed when the plating exceeds
0.005 inch in thickness. |

Hot galvanized ceaeings are an example of the types of coatings
which should be removed before the tests begin. The only exception eq

this would be a situation where only gross discontinuities are
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ccnsidered significant. Broken or patchy layers of heavy'scale alsb
tend to interfere because -of their tendency to hold ﬁagnetic particles’
around the edges of thésé Breaks and'batphes. . These coatings should.be.
: femoved if there is aﬁy-possibility,thaﬁ éhey‘are extensivg enough to
seriouély interfere with the detecfion.of genuiﬁé discaﬁtinuities

(Betz, 1967:246-247).

Magnetizing Parts

In the continuous meéhod of ﬁagnetizing parts, the part ta be
tested-ié magnetizéd and the magngtic partiéles are applied while the
magnetizing force is maintained. The availaﬂle flux density is thus
maintaiped-at'maximum‘value: a factor which depends directly uﬁon the
mégnetizing_fqrce; and the perméability of the material of.wﬁich the
part is made.

The continuous_method of magnetizing parts may be used.in
practically all ci?cular, longitudinal; wet, and dry magnetization
processes. The excessive length of the solenoids in earlier days made
it impractical to use the wet continuous method, but these difficulties
have been elimiﬁated and the application of the wet continuous method
with these new solenoids is always a possibility.

Whepevér a choice exists between the residual and the continuous
method of application, the latter is alwayg preferable. The advan;gge
of this ﬁethod is simplg B#t basic. When the magnetizing force is

applied to a ferromagnetic material, the field rises to a maximum on
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- the hysteris curve, its value or intensity deriving from the field
strength of the magﬁetizing force, and the materiél permeability of

the part. When thiSAmagnefizing force is removed, the residual mag-
netism in the part is always less than the field present when the
magnetizing force was acting. The actual amount of difference'depends
upon the reténtivity of the material being tested. The continuous
method, for a given value of magnetizing current, ié alwéys more
sensitive than the residual mééhod, at least sb far as the sensiti?ity
is determined by the strength of the field in the part. Thg continuous
method is faster than the-residual méthodidue'primarily to the fact
that the particles aré aﬁﬁlied to the part while it is being magnetized.
.Howéver, the continubﬁs method will reveal more noﬁ—significaﬁt:discon—
tinuities than the residual method, and the interpretation and evalua-
tion of the discontinuities discovered by this procedufe requies careful
observation on the pért of the inspector.

‘The residual method should only be used on parts which have
sufficient retentivity; since the magnetic field retained by the parts
must be capable of attracting magnetic particles and thus pro&ucing an
acceptable pattern of indications. The residual method is, in general,
reliable'only for the deteétion of su;faée discontinuities and is".
primarily used for the'detection of discontinuiéies in steel paréé
which have been treated for stress apblicafions.

Although the continuous method has the inherent advantage of
/ .
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greater sensitivity, there are special circumétances which find the

residual method more desirable, For example, the residual method is

frequently used in special application and automatic testing equipment

because the timing of the magnetization and the application of the
particles is not critical and the entire process is more easily

controlled.

Application of the Magnetic

Particles
The application of the magnetic particles is a relatively
simple process. By a combination of shaking, as one woul& do with a
salt shaker, and appl&ing pressuré as one would on a typigallsqueeze
bottle, the proper ejection of powder can be accomplished with a mini-
mum velocity. A small aﬁount of practicé with a squeeze bott;e and a
sheet of paper will quickly enable the inspector to produce an_eveq,.

gentle coverage. A more uniform distribution of the particles may be

obtained by lightly vibrating the part while the excess powder is being

removed. An excessive amount of powde; can sefiously impeae the
evaluation of indications. The use of these dry powderé has certain
advantages and disadvantages. The advantages include (Betz, 1967:245):
1. They are considered excellent for the location of defects
below the surface, and deeper than a few thousandths of an inch
2. They are easy to use fo? large objects‘and with portable

equipment
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3. .They ha@e éégd mobility when they are used with alternating
half-wave current
4. They are not as messy as the we£ particles
5. The‘equipment is usﬁally less expensive,
The disadvantages include:
1. They aré not as sensitiye as the wet method forllocéting
fine and shallo& cracks |
2, It is nqt as eésy,to céver all of the surfaces properly,
esﬁecially when the parts_are 1argé or irregularly shaped
. 3. They are élower than the wet ﬁethod when largélnumbers of
small parts are involved
4, They ére not.feadily usable for shoft, timed-shot fechniques
uéing the';oﬁtinuous method
5. They are difficult to adapt to a mechanized test system
The apflication of the wet particles cannot in any senée Ee ;
considered more difficult than the application of the dry particles.
In the wet process, the_particles are applied to the parts by hosing or
immersing the part in the liquid vehicle containing the magnetic
particles so that all of thé surfaces to be testédAare.aQequately
covered.
When the'continuoﬁs method of testing is uséd, the magnetizipg

circuit should be closed just before deverting the suspension or just

"~ before removing the part from the suspension if the inspection is
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accomplished by the immersion process and allowed to remain closed for
one~fifth to one-half of a second. This will result in insuring that
the magnetizing current is applied while thé;part.is still covered with _
‘a thin film of suspension ﬁhich is sufficient to give‘satisfacfor&
results. N

"When the.residual method is usea, the part should be magnetized
By the application of current for at least one—fifth,of.a secbnd, after
which the magnétiziﬁg current should be sﬁut off and the éuspension
appiied by hosing or immersing the part. When the immersion technique
is used, the part must be carefully removed from the spspenéion,to
avoid washing off the indications. In situations where the residual
fluorescent process is usgd, the parts being tested should be rinsed in
the vehicle used for the preparation of the susfension if. it is felt

that this procedure will enhance the indications.

Inspection and Evaluation of Parts

| The maénetiq particle method of testing produces indications
of the possible preégnce of flaws. These indications are suggestive
that something in the composition of the paft is not normal, but they
do not in ﬁhemselvgs'teil exéctly what caused the indicationé. In
this testing process, each pattern ié the result of a disturbance
created by a leakage field, but further knowledge and infbrmation is
needed if the inspector is expected to state Whéther or not the pattern

is_éignificant.
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Given an indicati6n of a magnetic disturbance Whicﬁ is.evi-
denced by a magnetic pattern, the inspector should décide wﬁét-the
condition 6f the part ig that has cauqed.the pattern. Iﬁ'othgr words,
he should intefpret the iﬁdication in terms of its cause. For many
yéars it has been customary to classify discontinuities in magnetic
particle testing according to their sbﬁrce of origin in the vérioué
stages of prodﬁction of the metal,.its fabrication, and its uses.
Before this can be éécomp;ished, acceptable standardS'must be estab-
lished.

‘Establishing Acceptable
Inspection Standards

The need‘fof an acceptable inspection standard iﬁ fﬁe field of
.magnetié particle testiﬁg becomes incréasiﬁgly apparent aé one considerg
the statements in Bulletii No. 87, Féundgz, December, 1955; which -
states: . |

. « . magnetic particle inspection currently is the only
major nondestructive testing process without standards of
acceptance. At the present time, the only standard involves
someone pounding on the desk and shouting, we want no cracks
in our parts. At least one specification is being written
which states that no magnetic particle indications regardless
of length will be accepted (Caine, n.d.:2).

A few companies on the other hand have initiated private magnetic
particle standards. Figures 19 and 20, pages 164 and 165, respectively
(Caine, n.d.:3), illustrate .acceptable and unacceptable types of

-discontinuities for crankshafts and connecting rods. It is most
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Longitudinal or transverse indications one inch to one and one-
half inch long and one-sixteenth inch deep are acceptable away
from fillets or oil holes. Up to four short indications per
bearing are considered acceptable.

Unless indications in fillets are under one-fourth inch in
length, the crankshaft should be scrapped.

Crankshafts should be scrapped when indications at the oil
holes are less than one-half inch in length.

Figure 19

Standard for Crankshafts
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Acceptance standards for indications on a connecting
rod indicate that the acceptance or rejection of the

part depends upon the location and orientation of the
defect.

Figure 20

Standard for Connecting Rods
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interesting to review these standards to see what is and what is not
accéptable on the basis of actual pefformanéé.

a

The acceptable level of quality as illustrated in Figure 19,

page 164, is applicable to large crankshafts: it would not be ‘appli- -

cable to aircraft parts which have a high safety factor. However, this
illustration serves to indicate what is lacking in many nondestructiﬁel
testing specifications, namely, specific values on the sizes and

shapes of indications which are acceptable. There is also ambiguity

as to the disposition of parts which do not meet the criteria specified,

Figure 20, page 165 (Caine, ﬁ.é.:S), shows fhe acceptable
ctiteria for connecting rgds. This illustration does not indicate the
specific dimenéions on indication siée, but it aoeS'point out the
relative acceptable size in relation to the size of the part being ‘

tested. Of primary concern to the inspection is the fact that the

discontinuity location and orientation, not the indication size, is the

primary cause for rejection. It is also interesting to note that the

specifications in each of these figures is applicable to a specific

part. This is a feature common to the.best nondestructive test speci-

fications. The moré genmeral the specification, the more worthless it

becomes.

Principles of Demagnetizafion
All ferromagnetic materilals after magnetization will retaiﬁ a

residual field to some degree. This field may be quité negligible in -
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very soft materials but in harder maferials it may be comparable to tﬁe
intense fields associated with the sﬁecial alloys used for makiﬁg
permanent magnets. The problem of demégnetization may Be relatively
simple or most difficult depending upon the type of material from Which:
the<part‘is’maée. Any feriomagnetic materigllsubjécted to magnetic
pafticle tests may.require demagnetization afterwards. Mgte?ials
having a high'coercivé force are the most difficult to demagnefize.
High‘retentivity is.nét nécessarily #elafed directly to the higﬁ coer— -
piﬁe force. Thérefﬁre, the strength of Ehe field'fetéined 1s not
always an accurate guide as to the probable ease or difficulty of. the

demagnetization process.

Reasons for demagnetizing. Demagnetization is considered

necessary when the magnetization of fhe part (Office of the Secretéfy
of the Navy, 1965:42):

1. May affect the operation or the accuracy of ins;ruments._
when the part ig placed in service  |

2, May interfere with the proper functioniﬁg of thé component"‘

#. Could causé;particles fé be attfacted to or held qﬁ the -
surface of moving parts, particﬁlarly parfs which are suEmersible inl
oil, thereby causing undue wear

4. 1Is likely to interfere with the inspection of the part at

low field strengths
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The insﬁéctor should be cautioned that it is not aiways neces-
sary fo demagnetize-the parts and since .the process involveg both time
and expense thére is no need to do so unless there is a good reason for
doing it. 1In the pésﬁidemagnetizing was often carried out .as a matter
- of course, Qithouf actually consideripg whether it was necessary.
Today, it is considered essential to fhe.succéss of the testing process
that each inspector understand fully the-reasoqs for démagnetizing as

well as the pfoblems involved and the means for solving them.

Methods of demagnetizing. Demagnetization'may bé'accomplished

in a number of different ways. Possibly“the.most convenient procedure '
to use‘for sensitivg bafts involves Subjecting tﬂe part to a magnetizing
force that ié continuaily-reversing its direction and-at.the same time
_'gradually decreasing in field strength. As this decreasing magnetizing
forcé i; apﬁiied! fifst in one direétion'and then in another, the-
magnetization of the part will also decrease.

The simplest pfocedure for developing a reversing and gradually
decreasing magnetizing force in a part involﬁes the use éf a solenoid
energized by alternating current. As the paft i; moved away from the
alternating field of the golenoid, the magnetic field in the part
gradually decreases. A demagnetizer as near the actual size of the
part as possible should be used. For maximum effectiveness small parts

should be held as close as possible Fé the inner wall of the coil.
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Parts that do not readily lose their magnefic fields should be
passed slowly thrpugh.the demagnetizing unit. This procedure_ﬁéy_need
‘to bg repeated several timés. During the demagnetiZing progéss, fh;A
parts shﬁuld be rpfated or tumbled in Vapious directiéﬁs to‘insure
their complete dehagne#izationi Alléwing the part tﬁlrémain in tﬁe
demagnetiéer W?th the current on accémplishes very little and,shoulq
be discouraged. 'The mééf effective operation in the démagnétization‘ '
process is éccompliéhed by moving the part,slowiy out of the coil and
avay from the magnetizing field strength.' As the par? is Witﬁdrawn,
it should be kept directly opposite‘fhe'opéqiﬁg until it ié one or two
feet from the opening in the demagnetizing uﬁit. The démagnetizing
.current should nevér be turned off untii the part has beeﬁ_remdved from
the magnetic'field, sincé this could result in the remggﬂetiéation of
tﬁe part.
| "Althoﬁgh_there are inﬁumerabie methods which could be used to
successfully demagnefize.parts énd m;terials, the two most comﬁonly
used methods are demagnetization with an élternatiné current and
demagnetization With.airect current.

The most common method used to demagnetize small to moderate
size parts is by passing them through a coil through which alternating
current at a line frequéncy of 50-60 cycles'éer secoﬁd are passing.
Alternatively, the gixt& cycle alternating current is paséed through a

coil with the part inside the coil and the current is gradually reduced
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to zero. 1In the formef, the reduction'of strength of the reversing
field is obtained by thelwithdrgwal of the part axially from the coil
or the coil frémnﬁhe‘part, and for some distance beyond the_énd of the
céil or part along thé éxial line. 1In the latter, the gradual decay
of the current in the coil accomplishes the same result.

There are several methods of demagnetizing with direct current.
Although the.direct current ﬁethod of demagnetizatioﬁ.is more effective,
it is essentially identical in principai to the alternaping‘;urrent
method described earlier im this study. By using reversing and
decreasing direct current, lower frequency reversals'are possible with
more complete penetration of the demagﬁetizing force in parts with
larger cross sections. Mechanical sﬁitching makes possible autométic
reversals at a higher frequency per second than is cqmmonly used in the
manual procgs;. Although this method réequires special eqﬁipment; it is
considered to. be morelpractical and economical. In fact it is one of
the most sucqessful means of remoQing circular magnetic fields, espe-
cially when the current is passed directly through the pgrt. Even paﬁts
having large cross sections can be demagnetized by this method. When a
coll is used in conjunction hith this method of demagnetizing, the.part
should remain within the coil for the duration of the entire cyclg.

Some of the following suggesfions could be quite helpful to the
novice inspector in the demagnetization process (Betz; 1967:319—320):.

1. When a short part is being demagnetized in an alternating
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' currenf coil by the process of withdrawing the part along £he line of
the axis of the coil, it is helpful ta’rotate the part both around.axes
parallel to and transverse to the coil's axis. This shoﬁld be done
while the part isvinythe coil and during the entire withdrawal'time.
This procedure is also.éffeétive in thé demagnetization of hollow and
cylindrical parts.

2. As a variant of the previous procedufé, ring ‘shaped parts
may be.rolled through the coil, a procedﬁre which efféctiveiy helps to
abhieve a 1owervléve1 of,;emnant magnetization.

3;. A'short part . with a lengthrdi;meter_ratio of 6ne or less
can often be more'éasily demagnetized by placing it between two-pole

pieces of soft iron of a similar diameter, but longer than the part

being tested. This combination is then passed through the coil as a

aunit, This procedure has the effect of incréasing the 1ength—41ametér,‘

'ratio and thus facilitates the removgl'of the magnetic field in the ‘
part, | |

4, TFor the demsagnetization of ring shaped parts using a coil,
the.central conductor is energized with élternating'current énd thé
current caused to decay to zero by means of'eithe; a step;down switch
or a stépless‘current control device. The latter method of decaj can
be reduced to a few seconds, thus providing a more effective method
than fhe step—~down method which requirés abéut thirty seconds to

complete its cyéle.
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5. Method (4) can also be used satisfactorily with reversiﬁg,.‘:
decaying, or step-down direct current instead of alternating current.

6. Tor long parts, a direct current coll with the. current on..,
may be moved aloﬁg thellength of .the part, the step—dﬁwn of curren#'is‘
accomplished by Sne of the methods mentioned previously.

- _,?. As - a Véri@nt Qf (6), the operator may move the coil onm .
"ﬁigh qu?rent"'along the iength‘of the part with step-down Beipgn .
, aécompiished by one of the methods menéioned earlier.

8. For large hollow parts, a cgntral conductor with high -
alternating current is passed through the close to the wall of the part,:
while the part is rotated 360° and the alternating current is cauééd to
decay to zero.

Since demagnetizing methods vafy widely'in effectivéness when
tﬁey are used on pafts With.different‘shapés, magnetic chérécferiéti@s,
~hardness, and coercive-fofce, it is often considgred desirabie to check~

the success of thé:tesf in some dependable'maﬁner. Although there is.
"no Qay to check . the degreé-of removal of circular magnetizéfion without
damaging the part by sawing it into two parts, it is relatively eaéy tq.
check the effectiveness of demagnetization in the case of 1ongitudingl
fields since the external péles are alwayé present, Thé simplest
device used to check for demagnetization is a small hand-held figld'
meter. Thié meter 1s brought close to the location of.the'éuspecte&

residual polarity with the meter in a position normal to-the sprfaéé
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.and the dial and pointer farthest from it. If there is ﬁo residual
field,'the needle will remain stationar}. On thé.othef hand, if there
is a residual field, the'ﬁeedle will move 1ﬁ a plus or minué Airectioh
depending.upon fhg polarify 6f the field. The amount of movementl |
indicates ;he strength of the field.

" Some specifications use the field indicator td specify the
degree of demégneéization desired. ‘These specificatidns'will often
call for no.more than tﬁo divisions (thfee cersteds) deviétion of the
ﬁeedle_in critical parts and- less than five diviéions (se&én and one;
half cersteds) of deviation in parts where a somewhat higher dégree of .
residual magnetization can be tolerated.

When a field meter is not available, a simplé'substitute isla
four or five inch 1ength'of tag wire balanced on the end of~the ope?a—
.tor's finger. When.this ‘piece of tag wire is brought near a part having
a local ﬁagnetic polé; the end of the wire will deflect toward the
.magnetiéed'area. If ﬁhe wire is hérd, tag wire is usually hard from
‘cold drawing, it will retgin a magnetic field and should be demagnetized
before it is used so that its own remnant field will not be the cause
of the deflection toward the part being tested. This method is not
exact but an experienced inspector can use it effectively to judge quite

clogsely the amount of remnant field remaining in the part.
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Marking Parts and Recording
Test Results

Parts which have satisfactorily met the magnetig particle
inspection'critérié should be marked in aécordance ﬁith applicable
drawing specificétions, purchase‘orders, contract specifications, or
as specified herein. Unless othefwise spécified, all materials tested
for government controlled projects, which call for 100 per cent inséec—
tion by Fhe mégnetig particle-inspection proéegs,~shduld be mafkéd.by
the specifications 1iste& in MIL-I-6870 (Aeronautical Staﬁdards Group,
1953;45. Markings should be applied in such a manner and location as
to be harmleés to the part and will preclude re@oval, smearing, or
obliterating by subsequent handliné.. These parts should be marked with

one of the following methods:

Etching. Unless otherwise specified, parts should be marked by
etching employing fluids and application methods which are not consi-

dered detrimental to the parts.

Impression stamping. Impression staﬁ#ing'may be nsed'when it
is permitted by applicablé specifications or drawings. - Impfessions
should be located in areas adjacent to the part number. This methoq is
not permissible on welded beads under any circumsfanpes, since it coﬁld

lead to fatigue cracks in weldments.

Dzéingu Where efching or impression stamping is not considered
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appropriate, identification may be accoﬁplished by dyeing.

Other means of identification. Other means of identification

such as tagging may be used on parts such as completély ground and
poiighed ballé, follers,'pins, and bushings for which the construction,
finish, or functional requirements preclude the use of etching, stamp-
ing, or dyeing. Bolts and nuts may be identified as having met thé
requirements of the magnetic particle test by conspicuously marking
each package.

Whenever possible, the 1ettef (M) should be legibly marked on
all parts which have successfull passed the magnetic pérticle inspec-
tion. Each item which has been inspected and accepted should be marke&
as follows (ﬁepértment of Defense, 1965:5):

1. When sfambing or etching is applicable, the sy@bol o)
should be employed. | .

2. When dyeing is applicable, the letter (M) should be placed
on the part with green dye. . |

3. When tagging or labeling is applicable, a statement that
the part conforms to the magnetic particle inspection criteria shbuld
be included on the tag or label.

The results of the magnetic particle‘inspeétion should be
aﬁpropriately'recorded for permanent records, since the appearéncé and
evaluation of thése indications can be of great use for a‘humber of

purposes at 'a 1atér.déte. Records showing the typical appearance of




176

acceptable or unacceptablé indicationé are useful for the guidance of
inspectors in testing large numbers of similar parts. A record of
indications of discontinuities which:are subsequentiy iﬁvestigated by
sectioning or other destiuctive means is eonsidered an eésential part
of special reports. Occasionally a part is put back into service when
experiéﬁce has indicated that the defect will grow slowly.: Comparison
of indicaéions obtained at a later date with the recofds of inspections
performed éarlier provide a pésitive means for checking such growth
rate. These records may.also prove useful in statistical studies of
the occurrence of differept types of discontinuitiés; ﬁeports éf
unsatisfactory or defective materials should contain the following
data (Bureau of Naval Personnel, 1963:164—165):‘

"1, Complete i@entification of the part inclu&ing‘the name and
part number, model numbef, and the manufacturer's name.

2. Size, location, and shape of ;he indication by means of

éketches, photographs, or transfers supplied with a written description.

3. An evaluation.of the indication stating whether it discloses
a crack, lap, seam, inclusion, or other discontiﬁuity and whether the
indication is open to the surface or éubsurface. If possible, an
evaluation whould be made to determine the pfébable depth of. subsurface
discontinuities.

4. The procedures used iﬁ magnetizing’the.parté and the method

used to apply the magnetic particles.
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5. The strength of the magnetizing current for circular
magnetizatfon or the ampereAturns for longitudinal magnetization.

When marking or'dyeing the parts is considered to be impracti-
cal or when if is permitted by the purchaser.in lieu of marking or .
dyeing, the vendor should report on an_apprébriate fdrm the process
used, the type of magnetic particles used, magnetizing ﬁrocedurés.used,
and the pércentage of~parts inspectgd; This special report shoﬁldlélso
include a statement that all parts included in the shipment conform‘to'
the standards set by the pdrchaser.

Factors Adversely Affecting
Indications

Factors such as éregse and oil, paints and primers, chrome and
nickel platings, and galvanized coatings Which may adversely affect
magnetic indications were described in this chapter under fheAheading
of surface ﬁfeparation of the parts. |

Types of Discontinuities Located
with Magnetic Particles

Magnetic'particles are useful in locating defects in ferro-
magnetic maferiéls, mafe;ials which are attr#cted by‘a magnet. Aé a
rule, this method of inspection can genérally detect all‘surface |
discontinuities and ﬁnder certain conditions subsurface discontinuities.
as well. Discontinuities can be cléssified in many different ways éné

from numerous points of view, each of which would be useful for some
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purpose. Since this study is concerned with the study of metals, these

- discontinuities have been classified according to their source of

origin. This classification includes: (1) discontihuities occurring

during solidification;, (2) discontinuities occurring during processing,

and (3) discdntinuitiesgoccurring during sérvicé.

Discontinuities occurring during solidification. This cafegory

includeé all discontinuities which occur while prepariﬁg the metal for
its initial usaﬁle form before any modifying qperatiqns~of the manufac—~
turer take place.‘ Most commonly placed in this categﬁry are blow holes,
casting cracks, segregations, ingot craqks,"internal fissures, non-
metallic inclusions; scabs, and pipes. Additional data on discontinui—
ties occurring during solidification can be found'in Chaéters 2 and 4

of this study.

Blowholes. As'tﬁe molten metal in the ingot mold solidifies,
there is an .evolution of the various géses. Some of these gasegué
bubbles rise through the molten metal and escape'while others are
trapped in the metal as it solidifies. Some unﬁsually small bubbles
will appear on the su;face of the metal, While'the larger ones will
often bé found below the éurface,‘deep within the metal., Air trappea
in these bubble; can éaﬁse what is known as oxidation. When this
occurs, complete fusion 6f the metal does not occur and this oxidation

remains in the finisﬁgd product as a defect or discontinuity.
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Casting cracks. Surface discontinuities -are formed in .castings

" due to stresses resulting from cooliﬁg; These stresses are often
‘.aésociated with aBrupt'changes in cross section. The discoﬁ;inuitiés
which occ¢ur may be hot téérs or they may be shrinkage gfacks'which occur
as the metal cools. Sand‘from the mold Whicﬁ has beep trapped by the

‘hot metal may form. sand inclusions at or near the top of these castings.

Ingot cracks. Surface cracking of ingots occurs due to

stresses generated .during the cooling of the ingot. These cracks may
be either longitudinal or transverse, or both types may occur simulta-
néously. As the ingots are worked into billets by rolling, these

cracks form long seams.

Internal fissures. Due to the stresses set up in the ingots as

a result of shrinkage during cooling, internal ruptures occur which are
quite large., Since no air normally reaches the surface as a reéqlt.of
these bursts, they may be completely welded shut dﬁring rolling or

other working and therefore leave no sign of a discontinuity.

Nonmetallic inclusions. All steels contain more or less

materials which are nonmetallic in nature. The origin of such matter
is primafily the deoxidizing materials which have been added to the
molten steel in the furnace, the .ladle, or the ingot mold. Silicon

oxides and sulphides comstitute the bulk of these nommetallic inclusionms.
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Scabs. When the 1iquid steel is first poured into the ingot
mold, there is considerable splashing and spattering against the cool
walls of the mold. These splashes solidify at once and become oxiéized.
As the molten steel rises.and the molélBecomes full, these splashes
are reabsorbed to a iarge-extent into the molteﬁ metal. ' In some cases,
ﬁowgver; they will remain as scabs of oxidized metal adhering to'the
surface of the ingot. These may remain and appear on the éurface of
the rolled product. If they do not éxtend deeply into the surface,>
they ma& not constitute a defect since théy can Ee easily removed gy

machining.

Segregations. This type of discoptinuity takes place during
the solidification of tﬁe‘molten metal, since there is a tendency for
certain elemgnts in the metal to concentrate in the 1ast—to—solidify\
-liquid. Wﬁen this occurs, there is aﬁ uneven distribution of some of»-
the chemical cons;ituenﬁé of the steel bétWeen'the outside and the cen-

ter of the ingot.

Pipes. As the molten metal which has been poured into the
ingots cools, it solidifies first at the bottom and at the walls of the

mold. Solidification progresses gradually upward and outward. The

solidified metal occuples a somewhat smaller volume than the liquid, so -

there is a progressive shrinkage as the cooling occurs and a depres-

sion or cavity is formed at the top of the ingot.

7
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Discontinuities occurring during processing. This category
includes all of‘the defects which were introduced into the métal during
the manufacturing process. . Most commonly placed in this categofy are
burning, cooling cracks, cupping, etching, and pickling, grinding,
.flakes, flash tear lines, foréing bursts, forging laps, heat treating
cracks, 1amination§, maéﬁining tear;, seaﬁs, straighteniqg crécks, and
weldments. A brief description of these categories is 1is£éd next. .
Additional data on proheséing discontinuities can be found in Chaﬁters

.2 and 4 of this study.

‘Burning. .Ovérheating of forgings, to the point of incipi-
ent fusion, fesuits in a condition which renders the forging unusable
in most casés and is referred to as burning; Actual oxization is not
the real source of the damage. _Rathér, the partial ;iquidation of -the

material at the grain boundaries due to Ehe heat causes the damage.

Cooling cracks. When alloy and tool steel bars are rolled

and subseqqently are run out onto a béd or table for cooiiqg, stresses
may be set up due to an uneven cooling which can Be‘severexeﬁougﬂ fo
crack the bars. Such cracks are usually longitudinal, but not neces-
sarily straight. Théf may be quite long and.tﬁey usuélly vary iﬁ depth

~along their length.

Cupping. This condition is created when, in drawing or

extruding a bar or similar shape, the interior of the metal does not
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flow as rapidly as the surface metal. Segregation in the center of
the bar usually contributes to this occurrence. The end result is a

series of internal ruptures which are severe defects.

Etching and pickling. Hardened sﬁrfaces which contain-
residual stresses may become cracked if they are pickled or egched with
aéids. Attack by the acid on the surféce fibers of the metal gives the -
internal stresses a chance to be relieved by the formation of a crack.
Before this actfon was fuily understood, the heat treatment of the part
was often blamed for £he cracking which fesulted, although such crécking
usually occurred during the acid cleaning of the part prior to plating

or for other purposes.’

Griﬁding cracks. Surface cracké in hardened parté as thé
direct result of improper grinding techniﬁues are frequén?l& a source
of trouble. Grinding cracks are .essentially thermal cracks and
directly related to quenching cracks in more ways than one. ' They are
caused b& stresses which oc;ur as the direct result of lécal heating
under a grinding wheel; They are in neariy all cases avoidable if

proper wheels, proper cuts, and proper coolants are used, and if the

wheels are properly dressed as required.

‘Flakes. Flakes are internal ruptures which occur in steel
as the result of too rapid a cooling. It is believed that the release

of hydrogen'gas'&uring the cooling process, after forging or otherwise
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hot working, will effectively reduce'fheir occurrence. Flaking ususally
occurs in fairly heavy sections and certain alloys are more susceptible

than others.

Flash line tears. Cracks or tears along the flash line of

‘forgings are usually caused by imprbper trimming of the flash.

Forging bursts. When a steel part is workéd at én improper

temperature, it is subject to cracking or rupturing.' Too rapid. or too.
. severe a reduction of part section can also cause bursts or cracks.
Such ruptures may be internal bursts or they méy occur as cracks on the

surface.

Forging laps. As the name implies, forging laps or"folds

are formed when improper handling of the blank in the die dufing forging
operations causes the metal io flow so that it forms a lap Wﬁich is
later squeezed tight. Since it is on the surface and is'oxidized, the
lap does not ﬁeld shut. This type of.discontinﬁity is sometimes diffi—.
cult to locate because if may be opeﬁ to'the'surface, fairly ghallow;
and often may lie -at only_a very slight anglé to the surface. In some

cases, it may be solidly filled with magnetic oxides.

Heat treating cracks. When steel parts are heat treated
and quenched to harden them or are otherwise heat treated to produce

desired properties for wear or strength, cracking may occur if the
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- operation is not suitable to the material or the shape of the part.
Quenching cracks are most common and are caused when pérts are heated
to high temperafures and éheﬁ suddenly cooled By immersing them in cool
water, oil, or air. Spch cracks often occur at 1océtions where the:
part changes from a heavy crosé section-to a - light crésé section or at

fillets or notches in the part.

Laminations. Laminations in rolled plate or strip materials‘
are formed when blow holes or internal fissures are not welded tight
during the rolling, but are enlarged and flattened into 1arge areas of

horizontal discontinuities.

Laps. A defect similar to a seam can occur in the rolling
of an ingot into billets as the direct result of the overfilling of

the rolls.

Machining tears. Machining tears are caused by the dragging

of the metal under the tool when it is not cutfing cleanly. - Soft and
ductile low carbon steels are more susceptible to this type of damage

than are the harder'high carbon or alloy steels.

Seams. Seams may originate from ingot cracks or they may
be introduced by the rolling or drawing process. Seams are often

caused by a lack of material during the rolling process.
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Straightening cracks. The process of heat treating often

causes some of the warping of the paft due to slight unevenness in
cooling during quenching operations. A_hardehed,shaft, for examfle,

may come from the heat treat operatién‘no£ qﬁife stréight. In maﬂy
cases, it can be straigﬁtehed in a hydraulié.press; but if the aﬁqunt of
bend is too great or the shaft is exceptionally‘hard, craéks ﬁay be

.formed.

Weldments. A number of discontinuities may be formgd
during the welding of thick and thin sections. éoﬁe are found at the
surface of the part while others are located in the interior of the
metal. Deféqts peculiar to weldments are a lack of penétrétiqn,>é iack :
of fusion, undercuttiﬁé, cracks in the Weid meéal, crater craEks; and

cracks.in the heat affected zone.

Discontinuities occurring durihg‘service. The most commog

. cause of struétural failure in machinery and parts is fatigue. .Struc—x‘
tural members which are subjected to numerous cyclés.of reveréing of‘
fluctuéting ét;esses may under certain circumstances develop minute
cracks., These gradually enlarge and propagate througﬁ tﬁe cross section
until the remaining metal is no longer sound. At this pqint,'thg
strﬁéture fails. ﬁost commonly plécgd in fhis catego£y ére corrosion
cracks and fatigue gfacksﬂ A brief deséribtion of these categories '

have been listed. Additional data on discontiﬁuitieé occu?riﬁg dufiﬁg
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service can be found in Chapters 2 and 4 of this study.

Corrosion cracks. Parts which are under tension stress in

service and are at the‘éame time expoééd to corrosion from whatever
cause may.develop cracks at the surface which are referred to as stress
corrosion cracks. Such cracks under continuing corrosion and stress
will progress through the section until failure occurs. When corrosion
is added to fatigue producing service conditions, a type of service

failure called corrosion fatigue occurs.

Fatigue cracks. Metals which are subjected to alternating

or fluctuating stresses above a certain critical level will eéventually’
develop cracks which eventually lead to failure of the part. Fatigue ,
cracks almost invariably begin at the surface, induced by tﬁe presence
of some stress raiser. They are most likely to occﬁr in areas of ﬁigﬁ.
tension stress. Such ;re;s include holes, notches, sharp changes of
section, and stiffening members. The mostllikely places to look for
fatigue cracks are at shérp changes of section such as fillets, key-~
ways, splines, and roots of screw threads and gear’teeth.

The discﬁﬁtinuities listed are no ﬁhere near complete. An
attempt has begn-made,by the writer té provide inspectdrs'with.a des-
cription of the types of“discontinuﬁfies thch are of a‘recurring nature.

“There is a étriking differencé betﬁgen the intefpretation of

' test results and the evaluation of test results. The primary purpose
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of the former was to find the cause of discontinuities, while the
primary problem of evaluation is the decision of whether a given dis-
continuity is of such magnitude, or shape, or is so locaﬁéd'that it
will endanger the satisfactory performance of the ﬁétérial in‘the
service for which it was designed. Some of the coﬁsi&éxationé eptefing'
into the;answer-to these questions are (Betz, 1967:413-414) :

1. Whaf type'of'actual service stress .is the part to Be called_ )
"upén to withstand, and what is the magnitude, direction, and duration
of these stresses? Will these stresses be gteady, or pulsating, or
reversing? Have these stresses been positively and experimentally
determined with reasonable accuracy?

2. Where do the defects lie With respect to the stresses? Is
it in an area of high stress, or it is in an area of low étreésf Is
the stress parallel to or ;t some angle to the maximum stfeséldifECpioﬁ?'

3. What is the nature of thé-defect and how sever a ;;resé |
raiser 1s it? How is it orientated Qith respect'to other ;tress
raise;s which may be present due to the design or construction of the
‘parf?

4. What is the importance of the part to the entire structure
or éssembly and how serious would the result be if .the part failed?

5. What is the history of similar parts in service? Havé they
a record of frequent or occasional failure? Do.they never break? Have

design or fabrication fechniques changed to deterioriate;or_impfoﬁe.
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these historylreco£ds?'

General rules for the evaluation of conditions revealed by thé
magnetic partiqle inspections cannot be laid down and such rules are
hot considered necessary when the inspector is equiﬁped with adequate
knowledge and éxperience. Neverthéless, insﬁectors are sometimes
called upon to make decisions when they lack adequate information. As
a guide for those inspegtors, a few basic considerations, not rules,
may be stafed Whiéh éven though they are mofe or iess’obvious:after a

'thorough analysis df the subjéctfmay-still ﬁé-bf some help when they are’
éef forth in the following manner: ‘

l.. A defect of any type lying at the surface is more likely to
be coﬁsidered a ﬁarmful defect’ than a defect of the same size and
shape which is lying below the surface. The deeper the defect lies
below the surface, the less harmful it is.

2. Any defect having a principal dimeﬁsion or a principél

. plane .which lies at right angles or at a considerable angle to éhe

direction of the principal.tension stfess,‘whether the'defeéf igvon the

surface'of,subsu¥face,,is more 1ike1j to be considered:harmfﬁl than a

defeét of the'same siée, location, and shépe which is lying parallel

to the stress. | |
3. Any dgfect which occurs in an area of high'tension stress

must be more carefully coﬁsidered than a defect of the same size~and

shape in an area where the tension stress is low.
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4. Defects which are sharp at the bottom such as grinding
cracks, for example, are severe stress raisers and are, therefore, more
likely to be harmful in any location than rounaed defects such as
~scrathces. |

5. Any defects which occﬁr in a location close to é keyway or
fillét;_or othef design étress raiser is likely to increase the effect.
of the latter and mﬁét be considered more harmful than a.defect of the

same size and shape which occurs away from such a location.

Nonrelevant Indications

Before the inspector has progressed very‘far:in his expefience
with magnetic particle processes, he will become acutely aware of
" certain indications which are the direct result of component design or
conditions which have no relevant bearing on the strength or usefulness
of the component. Such indications are true particle patterns which
are actually formed and held in plaée by magnetic leakage-fiélds
producéd'by‘the test. However, such patterns are nof cgused by condi-
tions which are relevant to the strgnéth or the usability of the part.
The term nonrelevant hés been accu;ately given to this type of pattern.

Some of the more common nonrelevant indications include:

All over patterns. Many times surface patterns or all over
patterns are produced when part are magnetized using circular magneti-

zation. The indications‘formed are those of the flux lines of the
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external field produced by the magnetizing current. The lines of these
patterns will always appear at right angles to the direction of current

flow and are usually formed only when too much current is being used.

. Boundary zomnes in welds. 1In weld inspections, an indication is

often formed at the bouﬁdary:between the fused metal and the base
mepal, Other indications in the form of linés may appear at the.edges
of decarburized zones énd these occurrehcéé-usuallf indicate an aBrupt
change of pefmeability‘iﬁ the path of the ﬁagnetic field, but they are
‘not indicative of an objectionable condition. Many sqund welds yield
é powder line at ghe junction of the base and weld metal. Whenever
there is the possibility of error, compétent metallurgical evaluation

" should be obtained.

Brazed jointé; )When two pieces of ferromagnetic méterials are
jointed together by the b?azing proceés, tﬁevthih film of bxgss joining
them may form.a discdntinuity éven tﬁbﬁgh the joint may be structurally
éound. A definite maénetic'pattern will be produced outlining thejoint.
Since the brazed metal is not magnetic, local poles at the edges of thé
magnetic material will be formed as though there were no metallic junc—~

tion at all.

Cold working. The type of plastic deformation called cold .

working produces a hardening in steel parts with a consequent change

in permeability. When this cold workiﬁg is very local, the abrupt'
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permeability change is often sufficient to cause a magnetic particle:
patterh. The indication pfoduced is at times similar in appearancé to
magnetic writing. On deﬁagnetizing and remagnetizing, howe?er,-the_
iﬁdigations'éaused by cold wdrking feappéar while those attributéd to

magnetic writing do ﬁpt.‘

Construction in the metal path. . One of the most common non-

relevant indiéations is.the one which is cguéed éy a constriction in
the metal path thfough which the flux must‘pass.‘ Such_gonstrictions
are caused by the shape and construction of the part. .The.crowdipg

out of flux to producé a leakage field is éxactly the samé as that

which produced indications over a subsurface defect.

Edge of scale. A rather obvious nonrelevant indication is that

.which can appear at the edge of a patch of tightly adherent mill scaie.
It is usually a paéch of‘very thick ;qaie Whichlproduces this.indica—
tion. Since the mill scaie is magneFic, but with a muchllower pérmea— o
bilify than the steel from which it Qés formed, this indication is

really the result of a magnetic discontinuity.

External magnetic fields. Nonrelevant indications may appear

on hardened steel parts due to residual local poles which  have been
caused by a proximity to magnetic fields from power lines, magnetic’
chucks, or permanent magnets of one type or another. These indications

are similar in nature to those caused by magﬁefic-writing.
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External poles. Magnetic particles will adhere to local poles

at sharp corners, sharp ridges, or at surface irregularities, but
these effects are not usually confusing to the knowledgeable inspector.
Such patterns are most likely to be encountered when logitudinal

magnetization is too strong for the part being tested.

Flow iines. This.ﬁype of magﬁétic pattérn'is similar éa.thé.
"grain flow in forgings. These lines have been caused.as a'dir;ct ;
result of deep etching, a pattern proauced By these grain lines. This
typelof indication is caused by the high sensifivity required for some
of the tests, and magnetization levels higher than those normélly

required for inspections,

Forced fits. Wheﬁ two members of an assembly are fifted
together very tightly, as in a pressed fit between a shaft and a pinion
gear, a magnetic particle pattern ma& be formed. ,When the-fit i;-'
'extremely tight, no indication may aﬁpear since the air.gap Befwéén thei
two members may be almost zero. If no indication:appears, it is‘heve; \
misleading ﬁnleés the jbinf is completely hidden by paint ;f'fust'ana |
the inspector is ﬁnaware of its existence. 'Usually a light ﬁolishinélil

with fine emery cloth will easily reveal this line between the two

members.

Grain boundaries. When the grain size is very large, the

macrostructure showing the grain outlines may be found by the mégnefié
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particle inspection eVenvthough no metallic discontinuity exists. The
pattern is due - to sharply differing ﬁermeability between the grain and

the boundary metal.

Joints between dissimilar magnetic materialé. Sometimes a piece,
" of hard étée; is butt welded to a softer piece of steel by one of
several possible methods. At the point éf welding, fhéré will be a 
sharp change or pérmeébility, the soft steel having a high permeability
"and, the’hard‘gteel a mucﬁ lower one. When a magnetic field is set up
and flows across %his joint, there will bé a concentrated leakage field

. and consequently a magnetic particle pattern.

Luder lines. Planes of slippage, called luder lines, in
materials which have been stressed beyohd the yield point are occasion-

ally the cause of nonrelevant indications.

Magnetic writing. When two pieces of steel come into contact

with each other, when either or both are in a permanently magnetized
condition but not magnetized to the same degree; local poles are 1ike1y
to be formed at the areas of céntact.' Since these areas are usually

the result of one piece Being rubbed against the other, tﬁe} ;esemble
lines and ﬁhe local chanées, influx densify, or polarity a;so resemble.
lines. When the magngtic powder or suspension is appliéd, the particles
tend to édhere albng thgse lines. Their appearance occasionally reéem—

bles a sérawl. This scrawl is known as magnetic writing, whether it is
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done intentionally.br not.

’

Sharp fillets,and thread roots. Similar in character to non-
relevant indications which have just been deécribed are indiéations_'
which result from ;eakage fields at sharp roots or fillets or threads.
Here the flux lines tend to bridge the air gap £éther than foliow fhe
métal path exactly. . Confusion is most likely to occur in locating the
actual cracks at~thé roéts of thése threads, in sharp fillets, or in

‘other places where.discdntinuities are 1likély to occur.
SUMMARY

Magnetic particle inspection processes can be used to determine.
the physical soundness and other characteristics of a metallﬁithout
impairing its future usefulness in any way, shape, or fgrm. The
results of these tests have helpeﬁ to make possible the manufagturé of
lighter and strénger materials and equipment, and the use of ;hese
materials and equipment with a high degree of safety to the consumer.

in the years prior to 1920, the term nondestructive testing had
‘not yet acquired a méaﬁing or found a place in the language of industry.
There were many methods af teéting, but magnetic particle testing was’
not one of them. In féct, none of the ﬁﬁndgétrudtive testing mefhods
which are considered essential to industry were even under consideration.

Two develoﬁments in'the days-folléwing World War I marked the

birth of modern nondestructive testing methods. These developments were:




y I | - vt

195

’(l) research at the United States Bureau of Standards and Generai
Electric Corpération_indicéted that X-rays could be qsed to make
picfures.of metallic ar?icles,'thus re&éaling.their internal condi-~
tions; and (2) William ﬁ..Hoke made tﬁe discovery tﬁat magnétic fieldé
could be used to_locafe &iscontinﬁi;ies iﬁ ferromagnétic metalé.- In’
1528 and 1929, A. V. deForest completed the work which.actua11§ 
resulted in the magnetic pa;ticle methods as we now know them. - These
' ipitial cont?ibutions provided the impetus for thé developmént éf a
'précticalland useful testing process.

The mégnefic particle inspection process is used to Iocate
éurface and subsurface discontinuities in ferromagnefic méterials.
Essentially, there are three basic steps in the application of this
method of inspection. They are: (1) establishment of a magnetic_
field of suitable strength and directioﬁ;_(Z) application of the mag-
netic particles in such a way that they are free to move over fhé
surface of the part, collecting ét leakage fields which oécur as the
result of a discontinuité; gnd (3) inspecting and evaluating these
indications in terms of part acceptance 6; rejection.

The magnetic particie-proceés depends for its success upon the
fact that fe?romagnetic materials, once they ﬁave been magnetized,
cause a strong leakage field to be formed at the sufface when a
discontinuity is preSEﬁt;' This leakage fiel& provides the means for

locating discontinuitiesIWhich lie in a direction transverse to the
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direction of the magnetic field. The prééence of this‘field and,
therefore, the presence of a possible defect is accurately located by
the application of finely divided ferromagnetic particles over the
surface of the part. This magnetically held collection of particles
'forms an outline of the discontinuity and reliably indicétes its exact
location, shape, size, and extent.

Magngtic pérticle inspections are used to detect disqontinuié
ties in ferromagnetic matérials whichvcould constitute a defect thus
necessitating repair of fhe part or rejection of the part. This
. process enables the inspector to 1065te discontinuities on the‘surfage
which are too fine to be seen with‘tﬁe unaided e&e.or those which'grg ‘
located beneatﬁ.the surface. It should be clearly understood, howeVér,
that the primary purpose of the magnetic pérticle test is the detection
of discontinuities. ‘It is not the purpose of these tests to determine
whether or not such discontinuities constitute harmful defects.‘ How
harmful a discontinuity is to the service life of a component must be
determined by those who know the service requiremgnts of the part.

Commercial'tesﬁ.éﬁuipment, both porpable and statiomary, are
readily available.for nearly every sitﬁétion where this method of
inspection is applicaﬁié. Stationar§ equipmeéent providing direct current
for either the wet coﬁtinuous or-the fesidual, circular or 1ongitudinél

magnetization, rectified alternating current or direct current, elec—

trically movable eontact heads and safety devices satisfy the needs of
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industry in the shop while portable'units using contact prods for
circular magnetization or cables in the form of looped-coils for
.iongipudinal mégnétization are used for field aﬁplicétions. The
magnetic particles’ﬁsed in this process are in all cases finely divided
ferromagnetic ﬁaterials.x Before a specific material‘is éelected for
the test,'careful consideration should be givern .to particle size, sﬁapé,
density, contrast, and mobi;ity,.siﬁce all of these factors éffect‘the'
final test results. The.basic choice in the selection-of maghetic
pa;ticles iélbe£ween those used in the wet_procéss and those used in
the dry process, and secondarily between the various colors availablé,
including .fluorescent particles.

 The magnetic particle process was evaluated by thevwriter to
\determine whether or nog it met the criteria set forth in the analysis
of data section of this study. This ériteria included an evaluation of
" the magnetic particle brécess in terms of its: (1) compétibility to
existing industrial education programs, (2) ability té sétisfy one or
more of the present needs of industry, (3) relative simplicity and
broad encompaséing nature, (4) potential in satisfying what the writer
believes to be a weakness of the present industrial education program,
and (5) the education;l ?equirements and competency levels éxpectéd of
entry-level inspectors.

Since an eﬁaluation of Ehis type could best be accomplished by

those with expertiée in the field of magnetic pafticle testing, letters
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were written to those who .had published books or articles, those who
were currently employed in_nondestructive testing posi#ioﬁs'in industry,
and others who were'considered to be knowlgdggable iﬁ'the'fiéld of

magnetic particles. They were requested to evaluate magnetic particle

processes in'te:ms of the five criteria selected by the writgi for this '

study. Thelr statements iﬁdicated tb_the writer that.magnetic paftiqlé
processes could be téught successfully in iqdustrial education ciasses
at the high'schoél level. -

To those who encounter the fechniques of magnetic particlés for
the fifst time, the techniques may appeér‘deceptively siﬁple, but these
inspection procedures must be applied with care and within carefully
set guideiines which have been defined and developed tﬁroughvexﬁerience,

One -of the prerequisites to efféctivg magnetic parﬁicle_inspec-
tions is cleanliness. Ail oil, gréasé, and othef foreign @;terials
should be removea from the surface of the part.: This-cén be accom~ -
plished with a wire brush, shot, or'grit blasting, or'by Wipihg the
part with a suitablé'solvent cleaner. All opénihgs leading to obscure
passages or cavities should be plugged or filled with paraffin to
prevent the formation of nonrelevant indications. Primefs, paints,
enamels, and similar nonmetallic éoatings as well as coating of cadmium,
copper, tin, and zinc do not usually inferfere with the performance of
the test unlesé they are unusually heavyuor the disconfinuif& to be

detected 1s very small.
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The parts to ﬁe tésted may be magnetized by the continuous or
residual method. In the continuous méthod, the part is magnetized aﬁq'
the indicéting'médiﬁm_is applied whilé the magnetizing force is main-
tained. This procedure can be used in practically all circular,
longitudinal, wet, and dry magnetizétipn processes. The residual
method, however, can oﬁly be used on parts which have sufficient
retehtivity sincé the magnetic field retained by the part must be
capable of attracting magnetic particles and pfoducing acéepfable'
indications. Although the continuous method has the inﬁerent advantage
of greater sensitivity,. there dre special occasioﬁs sﬁch as spécial'
purpose and testing equipment whefe the fiming of magnetizati&n and
application of particles is not consideré& critical and, theréfore,
the inspection process is more easily controlled. In these siﬁuations;
the residual method is preferred.

The application of the particles in the dry method is rela-
tively simple. By a combination of shaking as one would with an ordi~
nary salt shaker and the application of pressure as one'would normally
apply on a typical squeeze bottle, the pfope; ejection of magnetic
powder can be accomplishgd with a minimum velécity. A sﬁall amount of
practice with a squeeze bottle and a sheet of paper will qqickly enable'
the novice iﬁspector to produce an‘even, gentle coVerége; " The applica-
tion of the wet particles cannot in any sense be considered more

difficult than the application of the dry particles, since the wet
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particles are applied to the part by hozing the partvwith_the 1iquid.
vehicle containing the'particles or immérsing them iﬁ tﬂe liquid
vehicle containing'fhe mégnetic paréicles;

Given an indicagion of a magﬁetic disturbancé which is evi-
denced by a magnetic-pattern, the inspec;or must decide whét the
condition of the part is that hﬁé caused the pattern. In other words,
he should interpreﬁ the indication in terms.of its cause. For many
yvears it has been customary to classify discontinuities'aécording to
their source of origiﬁ in the va;ious stages of‘p;oéuction, its fébri—
cation, gnd its uses. |

Once the inspection has been completed, the parts should be

demagnetized since all ferromagnetic materials tend to retain a resi-

dual magnetic field to some degree. This field méy be quite negligiblé'

in'soft.ﬁatérials,'but_in_harder mafériéls it may.be comparable to
the inteﬁse magnetic fields associated with the special élloys used to
make permanent magnets. The reasons for demagnétizing are the knowledge
that it: (1) may interfere with the operation 6r accuracy of instru-
ments, (2) may interfere with the proper functioning of a component,
(3) could cause particles to be attracted and held on the surface of
hoving parts, and (4) these particles are likely to intérfere with the
inspection of parts when low field strengths are used.

Demagnetization can be accomplished in a number of aifferent

.ways, but possibly the most convenient procedure to use involves
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subjec£ing:the part to Bé demagnetized to‘a magnetizipg force which
is continually reversing its direction aﬁd‘at the same timé decreaéing
in field strength. To accdmpligh thié process of demagnetizafion,_the
- part is placed in a solenoid coil with altgrnating current. As the
part is wifhdrawn from the coil, the current is reduced. It may'bé
required to.repeat this-process several times before if is effecfively'
demagnetized. A simple field meter may bé used to.check parts fé;:
cdmplefe.demagnetizﬁtiqﬁf‘ - |

Parts which have satisfactorily met the magnetic particle
inspéction criteria éhqﬁla be markedrin accordance with:apﬁlicable
drawing specifications. These markings should be applied in such a
manner that they are ﬁarmless to the part and'in such a manner £hét
they will preclude removal, smearing, or obliterating by subsequent
handling. Some of the more commonly used methods of marking these
parts includes etching, impression stamping, dyeing, or tagging. When-
ever possible, the letter (M) should be legibly marked oﬁ all é;éts
which have successfully met the magnetic particle inspection require-
ments. |

Tﬁé-importance of broad knowledgé and experience on fhe part of
the insﬁecfor is essentiél for the proper interpretation and evaluation
of magnetic:particle test results. Even in the case of eléctronic
methods where the equipment has been precalibrated and set to'providé

for the automatic rejection of deféctive parts, setting the limits of
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acceptability involvés human judgment. This human factor cannot,'in
the opinion of the writer, be overemphasized.

The magnetic particle method of iInspection is so readily
applied and its results so essential to proving the integrity of
ferfomagnetic materials that 1t has grown to the poinf where it is
today, the most widely used method of.nondestructive testing in

industry.




Chapter 4
EDDY. CURRENT TEST

:The principles of eddy current.testing can be coﬁpéred to é

. person roﬁiﬁg a.boat. ‘As he dips the éaré aﬁa pulis,'he forms 1i£fle
pools'or whirlpools in the water. In:ﬁoﬁdestrucfive testing, these
whiripools are knoﬁn as éddies; When fhése eddies hit something
floating iﬁ the water, tﬁeir shape changes; Similarly, a coil of wire
carrying alternating current can induce a circulatiﬁg éiectrical cufreﬁt'
within a mass of metal. This electrical whirlpool is known as aﬁ_eddy
current. The basic characteristics of eddy curréﬁts chéﬁge according

to the type of metal beiﬁg tested, its mass, 1lts ability to conduct
electrical curreﬁt, and other factors.

In thé éﬂdy current testing'prbcésg, 5 coil is-used to induée
an ed&y current iﬁ the part. ‘The eiectrical chéracteristics of this
coil are'affected'by the metal charaéteristics and ﬁy diséontinﬁities
in the metal. .I£ is the careful eléctronic measure of coil changés
which make the eddy current of testing unique among nohdestructi&e
testing in determining the composition or the accﬁrate‘identification‘

of metals in addition to locating defects (Rolfe, n.d.:2).

History of the Eddy Current Process

The use of electromagnetic waves for the nondestructive testing
of metals outdates even the experimentai proof of the reality of these

waves. In 1879, the.year of Méxwell's déath when many people still
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doubted his theories and eight years Before Hertz demohstraféd thé'
existence of electromagnetic waves, D. E. Hughes ﬁé; éﬁlé to distin- |
guish between different metals and alloys'by means of induced eddy

currents using an. induction balance test process. An accurate account
. e 5 . . . "'é . .

of these exbe:iments‘was published in tﬁe Philosophical Magazine in
1879. This account is evidence of a study of surprisiﬁg scope despité
the crudeness of the electrical equipment then available. Lacking an

electronic oscillator, Hughes used the ticking of a clock falling on a

" microphone to produce the excitation signals. The resultant electrical

impulses passed through a pair of identical coils and induced eddy
currenté in objects which were placed within the coils. By listening
to the ticks of the clock with a telephone receiver, Hughes adjusfed

_ his system.of balancing coils until #he sounds disappeared and noted

.the different adjustments needed for ijects of different sizes, shapes,.

and_cqmposition'(Sharpe, 1970:383).

| In spite éf this early beginniné, the use of -eddy éurrents as
a practical nondestructive method of testing parts was ﬁot used exten-'
sively until the end of World War II. Most of the theoretical basis
for their use was formulated by Freidrich Foerster in Germany during
the 1930's and 1940's (Betz, 1972:10.1).. In addition to .his theoretical
work, Foerster also helped to develop an extensive group of instruments
for the performance of. various nondestructive tests. It was the intro-

duction of these instruments outside of Germany in the early 1950's
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which helped to make the eddy current,testing process what it is today.

| Eddy current testing processes have since been dévelope& to the
stage where they can provide inexﬁensive, high—speéd_testing with a..
high.degree of aééuracy and reliability. Both 6f these factors ére of
primary concern to industry. The teét equipment available today is
compatible with most indﬁstrial specifications, and the process is
often integrated ihto‘the manuféctﬁ;ipghprocess to provide%é completely
autbmated insﬁection, q&alification; dr'segregation of parfé as they ‘
are being cast, forme&, or machined.

Description of the Eddy
Current Process

A-basic description of the eddy current testiﬁg method ‘is
provided in Figure 21, page 206 (General Dynamics, 1967;7.5—7.6).I The
equipment required go perfofm these tests, the types of discpntiﬁﬁities
detected with the eddy current test metﬁod, and the limitations of this
method of inspection are (Betz, 1972:10.14-10.15):

1. Equipmeni'required: commercial equipment containiﬁg test
éoilé, probes; and.instrumentation

2. Enables the detection of: flaw-detection, material thick-

.ness coatings, alloy sorting, and monitoring of metallurgical conditions
‘such as hardness, grain size, and heat treatment
3. Advantages: accurate measurement of conductivity, immediate

indications, high speed testing, detection of small discontinuities,
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" and noncontacting

4. Limitations: spec1f1c nature of the dlscontinultles 1s not

clearly identified, depth of penetration restricts testlng to 1ess than _

one-quarter of an inch in most cases, testing of ferromagnetic materials

can be difficult, and a permanent record of the discontinuity is often

not available.

Principles of Eddy Current

Testing
Eddy current testing may be defined as a method of nondestruc-
tiue testing which requires the test part to be subjected to an alter-
nating electromagnetic field. This test depends for its results upon

the variations in the induced circulating currents.which are commonly

called eddy currents. When this test is ‘used on nonmagnetic materials;:"

the results of the test depend entlrely-upon the eddy current . effects
produced. When the test is used to test magnetic materlals, both eddy
currents and magnetic effects are encountered,and it is_nearly impos~
sible to separate the two,

Whenevet a coll carrying alternating current is brought into
the vicinity of a metal specimen, eddy currents are induced in the

metal by the process of electromagnetic induction. The magnitude of

" these induced eddy currents depend upon the magnitude and the frequency

of the alternating current, the electrical conductivity, the relative

position of the coil and the specimen, magnetic permeability, shape of
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the specimen, and the presence of diécqntinuities or\iﬁhompéeheities.in
the part. Mechanical and thermal treatment of fhe part'%iil éfféct
the electrical conducfiyiiy of the ﬁaft. In éhe case of.austenitic
‘:stginless.sfeels, mécﬁanical and thermal treatments will affect the
mégnetic berméébility bf the bart. The'eddy currents induced in the
part set up a magnetic field which opposes the ofiginal magnetié field.
The impedance of the exciting coil or any pickup coil in close ﬁroximity
to the part being tested is affecfed by tﬁe presence of theéé inducéd,
eddy currents. The path of these eddy currents is-distorted by the
presence of a defect or discontinuity. The apparent impedance of the
test éoil is changed by the presence;of a discontinuity-and this change.
in impédance can be meaéured and uséd to:give an'ihd;cation of defects
or differences inlthe.physical, chemical, or.metallﬁrgical structure of
the part (Mééonnagle,‘i971:346). | | |

Since the eddy current testing process sets up an opposing
magnetic field, this process pfovides better results with nonmagnetic
materials. For this very reason, early efforts by those working in the
field of eddy currents were directed almost exciusively toward the
development of processes applicable-to the tesfing of npnmagnétic
materials. Today, with the increasing demgnd by indust?y fo; both
ferrous and nonferrous testing processes, the eddy current method of ..
inspection has prospered.

Many conditions affect the magnitude and the distribution of
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eddy currents within the fest article. One of these factprs-is the
electrical resistivity of the metal. This resistivity ﬁay be related
to the strength, hardness, chemical purity, composition of the.part,‘,'
or heat treatment of the part. Because of this close relationship,
the eddy current method of inspection can‘be made responsive to any or
all of these properties. A second condition which influences these
tests are the dimensions of the part being tested. This relationship"
has lead to the uée.of eddy currenté‘to determine and control the
dimensions of wvarious products. Thickﬁes; measurements, for eiamplé,
can be made from_bne side of thé.part, and these méasurements can be
as accuraté as one‘miérérinch (Judd, n.d.:n.p.). Additioﬁally, e&dy
currents areléffected by discontinuities and boundary conditions.
The detection of defects has been one of the principal fields of
application for this method of testing, and it is in this area thét
the eddy current method of inspection has replaced sﬁchvmefhods as the:
visual and magnetic particle mefhods of inspection. .Tﬁere are ﬁany
factors which contribute to the widespread use of eddy cﬁrrént testiﬂg.
Some of these facfors.are (Betz, 1972:10.1): B

1. When eddy currents are properly applied, the& can measure
such diverse coﬂditioné és heat treatmenf, electrical coﬁductivity,
coating thickness, part dimensions, and hardness.

2. Eddy curreﬁt testing can be applied to a wide range of

products and fabricating methods such as rolled sheet stock, drawn
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wire and tubing, and welded pipés and - castings.

3. Eddy current methods of ipspection are ﬁost effective'én"
thin walled and relatively small items which must be tested in large
quantities, |

4. Eddy currents are unexcelied when they are used fér the
rapid detection of flﬁwg,‘cracks and seams, or for the sorting of mixed

items.-

Purpose of Eddy Current Tests

In the .field of eddy current testing, the word "flaw“ has a much
wider meaﬁing thaﬁ it dées for other forms of nondestructive testing.
The application of eddy current tests fall into three basic categories.
They are (Magnaflux Corporation,  1965:2):

1. Detecting fiaws in metal parés. Included ip';his category
is the detection of cracks, voids, inciusions? laps, énd seams. N

2. Sorting pérgs according-to giloy, conductiﬁity, temper, or
other metallurgical factors. |

3. Gauging parts according to size, shape, plating thickness,

or insulation thickness.

Fundamentals of Electromagnetic
Theory

Early investigators of electricity discovered that an electric
current flowing through a wire produced a magnetic field around the

wire. The magnetic field produced.ié at all times perpendicular to the
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flow of the current. When the wire is straight, the magnetié field
produced is concentric. If on the ofher hand the wire is wound to form
a solenoid, the magnetic field is paraliel to the axis. These magnetic
field concepts are illustrated in Figures 22 and 23, page 212 (Betz,
1972:10.2). In'Figu;e 23, the magnetic field is composed of magnetic
lines of force in closed loops. These type of coils are éhe.most
widely used in eddy current testing today.

An extremely impoxtant cbaractefistib;of magnetic fields and‘:
electricai currents was:discovered by Michael Faraday in.thé 1830's

(Betz, 1972:10.2). He discovered that when the current in one conductor

was changing,‘as it did when he opened or closed a switch in a circuit,

a current was caused to flow in another wire if it wﬁs located close
-to the first wire. -He called this phenomenon electromagnetic induction
and concluded that it occurred whenever the current and its associated
magnetic fields were chénging. This phenomenon, electromagnetic inducf
tion, is thé basis for thé operation of electric motors, generators,
transformers,_and of course the eddy'current method of inspectioﬁ.
Suppose we take the solenoid~i11ustratéd in Figﬁre 23 and apply
alternating current (AC) to it. Inlélternating current, the current
flow starts at zero and buillds up to some peak value. It then decreases
to zero again, builds up to peak values in the other direction, and
falls to zero again. This constitutes one cycle. Because the current

is changing constantly, the magnetic fields created by an alternating




Figure 22 Figure 23

Magnetic Fields Around Current Magnetic Tields Around Current
Carrying Conductors Using the Carrying Conductors Using the
Straight Wire Principle Sclenoid Coil Principle
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current are_alternately growing and collapsing af ;he same rate. When

we bring a metal part close to the coil, we cause a current to flow in

it by the process previously described as electromagnetic induction.

" The currents which are irduced flow in closed paths which are perpenQ

dicular to the magnetic fields. This concept is illustrated in Figure
24, page 214 (Betz, 1972:10.2).

In a similar manner, a solid bar flaced ipside of the coil will
have eddy currents induced in it similar to those illusfrated'in‘Figﬁre
25, page 214 (Betz, 1972:10.2). It shoula be clearly understood that
the di?ection of these eddy currents change as the airecfion.of Eurrent
in the conductor ‘changes.» Once agaip, the é-ddy currents are closed
lobps which are ﬁe;pgndiéular to the magnétip field. This relationsﬁip
between the.current and,thg magnetic fiel& is important té remember,
since this knowledge ﬁelps the inspector.to determine which types of
coil is needed to detect flaws with a given orieﬁta;ion.

The eddy currents caused to flow in a conductor adjacent to the
coil also have a magnetic fiel& associated with them. Furthermore,
this field is exactly opposite in direction to the fieid which caused
the currents to flow. The magnetic field created by eddy currents will
induce a current in the coil which opposes the current.fléwing in the
coil. The:changes caused by this reaction are utilized iﬁ the eddy
current inspection process. The relationship betﬁeenAthe currents and

the fields of the coil and the plate are illustrated in Figure 26, page

215 (Waidelich, 1970:n.p.).
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Figure 24

Flow of Eddy Currents in Conductors in the Vicinity of
Solinoid Coils Utilizing a Flat Plate

Figure 25

Flow of Eddy Currents in Conductors in the Vicinity of
Solinoid Coils Utilizing a Solid Bar
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Figure 26

Relations Between Currents and the Magnetic Fields of
a Solenoid Coil Adjacent to a Flat Conductive Plate
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Electrical conductivity. All materials have a characteristic

resistance to the flow of elec;ricity; "In some materials which are
known as insulators, this resistance is'éo~high that virtually no
current can flow in them.' These nonconductors are of relatively little
interest in eddy current testing. An interﬁediate.claés of materials
which a;e‘known as semiconductors because their resistance is such that
.onlyva very small amount of current flows through them. The third
class of ﬁétérials are known as conductors. This class includes-all
metals énd'is the most significant from ;he~point of eddy current
testing. ‘However, it should not be.assumed that ;11 6f these metals
are équally good as eiectxiqal conductors for such is nqt the case.
_Fof instance, c&pper is a much Bettef condﬁctor ofﬂelectrical currents
than lead.
'Hb& well a conductor will carry electrical currents can be:

measured in terms of: . (1) its conductivity, or (2) its resistance.

The unit of electrical resistance is knqwn as the ohm centimeter, and
the unit of condﬁctivity is the mho per centimeter. The unit of mea-
surement known as the mho is defined as the reéiprocal of the ohm, a
term used to measure fésistancé. :Resistaﬁce'and coﬁductivity are
reciprocals of each ofher, materials with a high conductivity have-a.

low resistance. 1In eddy current testing, one frequently makes use of a

simpler method of measuring which Is accurately based upon .the interna—'

tional Annealed Copper Standard (IACS). In this system, the
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conductivity of annealed copper is arbitrarily taken to be 100 per cent
and the conductivities of all other materials are given as a percentage
of the‘conductfvity of copper. Therefore, pure'aluminum‘has a conduc—
'tivity.qf 65 per cent IACS, or 65 per cent thét of the.copper'standafd.
The conductivities of ‘a number of metals are givéh in'Table lqg'bage
218 (General Dynamics, 1967:3—95.

Many fgctors influence the'coﬁdﬁcfiQity of a metal.. A pure
metal may.have a fixed conductivity, .but as ‘soon as oéher materials
are added to it, either in the form of impurities or as alloying
elements, the conductivity decreases. Because tﬁe conductivity of a
metal is dependent upon its chemical compoéifion, the values given in
Table 10 must be considered approximates. Different batéhes or heats
with the same nomiqal composition will vary somewhat from the given
values in the table. This variation of conductivity with the chemical
composition is the baéis for the use of.eddy currents to.separaté‘mixed
lots of metgls. It should be remembered, however, that suéh separation
‘can only be made when the normal raﬁges sf conductivity of these metals
in the mix.dq ﬁot.overlap.

In additioﬁ to chemica;fgomposition, electrical conductivity
is influenced by a number of metallurgical conditions. Although fhey
are not necessarily independent, such characteristics as heat treatment
. and the fesultant grain structure, grain size, hardﬁess; and residual

stresses can change the ¢onductivity.of a metal. As with chemical
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cqmposition, eddy currents can be used to monitor'métals for one or'
more of the above metallurgical éonditions as long as there is a
sﬁfficient differgnce’in;thg conductivity between the two condifions.
An excellent example of the use of eddy currents as a means df'éhecking
the metallurgical c&ndition of a metal can be found in the aluﬁinum
industry. The hardness of aluminum alloys has a direct and'pxonounced
effect on. the conductivity of'alqminum alloys. The.effect of wvarious.
.stages of hardness are illustrated in Fiéufe 27, page‘ZZOr(GOQernmenf'
frinting.Office, 1965:10).

| Since all heat treatment processes are intended.to.provide a
given hardness to a metal, it is possible t6 monitor ;luminum-alloys
.fdr heat treatment witﬁ.eddy current instruménts which have been designed
to measﬁre éonductivity directly. Figufe'27 illustrates how ﬁhe conduc-
tivity changes of aluminum alloys follow an impédancg.plane. This
illustration is considered to be a basic impedance plane, aﬁd(most ﬁther
curves will either start or end at this one. When nothing 5ﬁt~thé
conductivity of a metal changes, the éddy current resﬁonseslwill move
along this curve. When there are other céndition changés #uch as the:'
thickness of the paft, thé response will start at the.cbnéuétivity

curve and follow along spme other characteristic curve..

Geometry and design. A test coil with no conductive material

will give some indication when it Is conmnected to a suitable test

instrument. As the coil is moved closer to a conductor, the indication
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will begin to change. Since.the field of the coil is étroﬁgestﬁtlose
to the coil, the indicated change on the instrument %ili continue to
increase until the coil is directly on the condﬁctor; Tﬁése changes
in indiéation with corresponding changes in the spacing betwéen the
coil and the test part are known as "lift off." Thig lift éff effect
is so pronounpeé that small indications in spacing cap‘effectively -
‘mask many ipdications which are of significance to the inspector. For
'tﬁis~re€sbn, it is normally considefed‘nécessary to ﬁaintgiﬁ a contant
qoil—tq—test-part'geémetry. This 1lift off effeét also makeg-if very
difficult to perform:eddy current tests which require tﬁe scanning of
- very complex'shapes. |
In-spite of fhe fact that lift off can be quite troublésome.in
many test situations, it éan also be quite helpful, since éddy current
tests are cons;dered an éﬁcellent meaﬁs for determ;ning the‘thickness
of nonconductive coatings such as paint on conductive base materials,
anodiéeﬂ coatings‘on aluminum and fof many nonconductive hard su;facé
coatings on a conductive base. A 'special thickﬁess probe which is used
to measure coating thickness is illustréted in Figure 28, page 222
(Government Printing bffice, 1965:107).
| When a test coil approaches the edge or end of a test piece,
eddy currenfs tend to become distorted since they cannot flow beyoﬁd

the edge of a test piece. This distortion results in an indication

which {s known as "edge effect." This edge effect effectively limits
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" SPECIAL THICKNESS PROBE
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Tsmcxness
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Figure 28

Typical Illustration of a Thickness Probe Which is Used
' to Measure Coatings and Plating Thickness
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the reliability of the testing process at or near the edgé of parts
sincelthe magnitude of this effect is considerable. Unlike lift off,
there is very little which can be done to eliminate edge effect.
Smaller coils will reduce this effect éomewhat, but there are practical
limitations to the sizes of coils. For the most part, the édge effect
is at 'least one-eighth of an incﬁ, and'it-is not‘conside?ed practical

to'inépect closer than that to the edge of parts.

Impédaﬁce plané diagrams.. When A£rect ¢Qrfent (BC) is flowing
in a coil, the magnetic field reaches‘é constant level apd”the only
" limitation to the.cufrenf flow is the reéistance of thé.wire. However,
when an alternating curfént (AC) is flowing in a coil, thefe:afe two.‘
important facfors to consider. They are: (1) thé direct cﬁrrent
resistance of the wire, and (2) a quaiity known as the inductive reac-
tance. The iatter is a measuré of the reduction of current flow due
to seif—induced currents., The.fotal resistance-to the flow of alter-
nating-current in a coil is made up of the direct current-reéistance-

. and the.iﬁductive reactance. This resistance is ﬁnown aé imﬁedance.

It is coﬁmon pracfice to plot iﬁpédance on an impédanCe plane
diagram. in such a diaéram, the direct current resistaﬁce is plotfed
along one axis, while the iﬁductive reactaﬁce or inductance is plofted
along the other axis.. Since each specific condition in a méterial %ill
result in a particular coil impedance, '‘each condition Wil; respond to a

particular point on the impedance plane diagram. Suppose, for example,
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that the test coil was placed on a séries of thick.éieces of metal,
each with a different resistance. ﬁach piéce w&uld cause a different
coil impedance and would, therefore, correséond to a different point
on the impedance plane. The line generated would have a shape similar
"to the one shown in Figure 29, page 225 (Government Printing Office,
1965:107) . Otﬁér dufves would be generated for matérial variables such -

'as"thiékness, heat treatment, alloy, and various types of flaws.

Magnetic permeability. Certain metals and alloys tend to con-

centrate the flux of a magnetic field. These materials are known as '
ferrqmagnetic'materials. lThe qualitieé.and characteristics of this..
group of materials was thoroughly discussed in Chapter 3_of.this study.
The measure of'this Eendency to concentrate the flux of a magnetic
field is kﬁown as magnetic permeability. For air qnd nonmagnetic
materials, the permeability is very-close to one. For ferromagnetic
materials, such as iron or steel alloys, it may be several hundred.

For special alloys, it may be even higher..

Magnetic permeability is not constant for a given mgterial,
since it‘depends upon the strength of the magnetic field acting upon
it at a particular moment. Consider for éxample'a piece 6f steel -
which has been completely demagnetized and pldced in a solenoid coil.
As the current inéréases, fhe magnetic field associated with'the current
will also increase. The magnetic flux within the steel, hqwever, will

increase rapidly at first, then tend to level off, so that a large
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" Typical Impedance Plane Representation Sﬁowing
Variations With Different Metallic Conductors
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increase in the magnetic field will résult in only a very small
increase in‘the.flux within the steei. Thisifinal sifu;tién-is known
as ﬁagqeti? saturatioh,-and the curve showing the reiationéhié between
the'magnetic field intensity and the magﬁetic flux within the sfeei'isl
éom@only known as a magnetization curve. A typicgl magnetization cuf&e
is ‘illustrated in Figure 30, page 227 (Betz, 1972:10.5). The mégﬁeticr
permeability is the‘:atio betWéeﬁ the strength of the magnetic field
and the amount of flux ﬁithin the méterial; Figure 30 iﬁdicates that
at saturation wherg there is no appreciable change in the induced flux
in tﬁe sample fé; a change in field strenéth, the perﬁeability is nearly
constant for émall changes in field strength.

Since eddy current are induced by mggnetic fields, the permea-
bility of a material under fest Willuhave‘a strong iﬁflueﬁce_on\thé
eddy current response.. For this reason, Tﬁe techniques and parameters
used for-testing magnetic materials differ from those used to test
nonmagnetic materials. However, the same factors which influence_cqn—
ductivity, chemical composition, hardness, alloy stresses, and flaws also.
ipfluence magnétic permeability; For.this reason, eddj current methods
of inspéction can be applied successfﬁlly to both magnefic and nonmag-
netic materials. ‘Magnétic_materials aiéo'have an eleétricél conductivity
but in general pe;ﬁeability changes h;vé.a ﬁuéh greater efféct on eddy
current résponse than conductivity variations have on them,

The fact that the perméability is constant when a ferromagnetic
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Figure 30

Typical Magnetizatioﬁ Curve“fbrfaﬁ-irbn Alloy
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material is saturated can be used to permit eddy current inspection of .

maghetic materials without berng influenced by permeability variations.
The parts to be inspected are placed in a coil in Which.direet current
(DC) is flowing. The magnitude of the eirect‘current_(DC) usen should
be sufficient to drive the test material to saruration. 'The test coil
is placed inside the saturation coil close to the part. This technique
[is genereily‘used for the inspection of magnetic materiale, since small
-variations in nermeablllty are not. generally of interest and could
cause the. reJectlon of acceptable materlals.

Types of Test Eduipment ,
Commercially Available-

The test coil is an essential part of all eddy current testing.
~systems. The shape of the coil used depends to a considerable extent
on the purpose of the test and the shape of the part being tested.
When the primary purpose of the test is the detecrion of_flaWs such

as cracks or seams, it is essential that the flow of eddy eurrents be'-
as nearly perpendicular'to the flaw as possible if maximum response to
the.discontinuity is to be ekpected The'significance of this concept
1s shown in Flgure 31, page 229 (Rldder, 1972 ll 6). When the flaw is
parallel to the eddy current flow, there will be little or no dlstor-
‘tion of the currents and, therefore, very 11tt1e reaction on the test
coil. | |

Since the test coil is considered to be the key element in the
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Figure 31

Probe Movement and Sensitivity to’ Crack Détection"
" in Eddy. Current Tests Using a Differential Probe
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eddy current testing process and since the materials to be tested
come in various sizes and shapes, the discussion of the types of test
coils available in this“study will he dividedvinto three hasic cate~
gories. They are:. (1) probe or surface coils, (2) encircling coils,
and (3) inside coils. Each of these basic types of coils:is illustrated
in Figures 32, 33, and 34, pages 231 232 and 233, respectively

.(General Dynamics, 1967:3.4-3.7).

. Surface coils. Surface coils are designed for use on the

'surface of the test object. For maximum effect the coil should flt
the contour of the surface being tested,l The coil can be the con-
tacting or noncontacting type, operator'held, or automatic; To mini--
mize 1ift off, spring loaded coils such as the,one‘in Figure‘SS, peée

" 234, are used (General"Dynamics,'1967:3.5).

‘ Encircling coils. The encircling type of coil is used to

enclose the part so that maximum effect is obtained from the test coil
The test coil should be shorter than the part being tested to 'reduce
end effect. The shape of the test coil need not elways he round, since
an encircling coil produces maximum effect when it closely.coincldes

with the surface of the part being tested.

Inside coils. The inside coil is.identical to the encircling
coil, except that it is placed inside of the part being tested to -

maximize sought-after effects. To localize'discontinuities in tubular
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Typical Surface Coil
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Figure 33

Typical Encircling Coil




233

ARTICLE 5

e S
i e

Figure 34

Typical Inside Coil
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Figure 35

Typical Spring Loaded Surface Coil
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shaped parts, for example, inside surface coils have been construcfed
with remote controls which permit the inspector to position the coii
at specific places within the circumference of thg tubing.
‘All of the coils mentioned can be used with a high degree of.
success, but the probe or éurface coil and the enqiréling COil_are'by

far the most often used today.’

Test instruments. There is a Wiae selection of test instru-
mentation availgble for thé eddy éurrent testing process. Some of.thé
instrﬁments are very small and compact, While.others are lé?ge and
complex, Simple conductivity test uni;s are illustfated in Figures
36 and 37, pages 236 and 237, respectively (General Dynamics, 1967:
4,4-4,13).

All eddy cgrrent'test equipment contéins certain basic elements
in éommon. They are: .(1),an oscillgtor, (2) a method of detecting
impedance changes in the coil, and {3).a method of‘displaying the |
resultant data. In addition, some types of.instruments inqlﬁde a means
of aqal&zing the impedance changes whi;e'others frovide a means of
éompensatiﬁg for 1lift off. |

Selection of the Eddy Current
Method

A manual eddy current inspection is generally restricted to
critical areas of the part. When 100 per cent inspections are requited,

it is best to use automatic methods of inspection. 1In some cases, a
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Typical Conductivity Tester
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Typical Impedance (Discontinuity) Tester
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different method 6f inspéction such as magnetic particlérfestiﬁg or
liquid peﬁetrant testing may be ‘required to provide the ultimate aim
qf all nondestructive tgsting7prOCESses:‘.maximum_reliability at_the
most reaéonabie cost. |
' Generally, a.portgbié e&dy curfent.test'instrdmént isvused for
‘the inépection‘bfIparamagnetic and diémagnetic ma;erialsL TThig;catégor&
includeé:mbét of tﬁgxgqﬁférrous and some 6f_the ferr6q§ éliﬁfg. hTheﬂ
_inétruﬁent most-éomﬁénly-used 6peratgé in.tﬁe following‘ﬁénner::
_1.’AA:variatié,oscillatér genera£e§_a sigﬁal.ghich is-;djustablef
in ffequéncy_from 504%50.kiioherfz.-v o
. 2, This éignél'is applied ip'a ﬁodified:Wheatspohé briagen
3. The sensing coll is part of this bri&ge. Whép the coil is
placed on a sound piécelaf‘material,.;he bxidge‘can be balanced by an
outside con£r01:  When'on the other hand the coil-is basséd over a
discontinuity, alcﬁgﬁge'bccurs in the iﬁpédanﬁe’of the coil.ﬁ
4. This Briﬁge uﬁb#lance is‘recbrded on a micﬁdaﬁpére'métér.
-for.the:ingpectpr. | | |
A.rela£ively.éimp1e diagram éf én‘eddy’curreﬁt set uf for para-
magnétig and diamagnetic ma;erials.isliliustfateduin.Figure-3é,uﬁége
239 (Riddé;, 1975:11;2).' When the inspggﬁor uses this pype'of iﬁéﬁru—
ment.Only tﬁe magnitude ;f the impedance chppge is recorded. This
instrument‘ig reiafively simple to operaté, siﬁcé_tﬁere ére only three
_control kﬁobé. Tﬁey ére: ‘(15 frgqﬁency, (2)'ba1ance,;aﬁd:(3) senéi;i

tivity.
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.The préper seleetion of frequeqcy is conéideféd-to be-theiz
most important step in the initial sét‘up; This i; accomﬁliéhéd.by
.détermining the_liftiofflﬁoiﬁt.' At this point, intefferenéé.f;om a
rough sQrface, a slight'wébbie-qf the proﬁe, or_a.thin 1aye£ of paint
.ddeé not interfere with the insfection process.. Lift off is detefmined
- by usinéué cdmmon piece-of'paPEr of plastic approiimately 6.004 inéh‘
thick bétwéeﬁ the probe and the material and adjgstiﬁg the frequenc&
éqqtrol,in such a ﬁay,that there is no difference registéfed betﬁeen
the readings on the bare metal and ﬁhé readings with‘the space in
betwegn. At this point, oﬁtiﬁum fréguenéy is achieved.

Dufing the inséection, the mete;_éhould be Wafqhedlconstantly.
' In some instruments, an electronic switch is used to trigger a visual
or audio alarm when a cerfain preseledtéd méter réading ié reachéd. -
When a.crack or seam ié encountefed, a sudden sharp change in the
current settihg will be nqticed. During the inspection process, minor
. or more-gradual qhanges are often observed, but these are more likely
to be caused by probe Wobb;e or surface conditions evén though the
test instrument was adjusted for 1ift_off comﬁensation. A spring
1oadea surface probe.éimilar to the one shown in Figure 35, pagel234,
tends fo minimize these sﬁall variations. Changeé in Wa;l thicknesé of
“thin matefials or in qonducti%ity will aléb cause a change in meter
reading. These afe gradual changes,‘howevef, and can be réédil&

distinguished‘ffom the éﬁddén deflections caused by disqontinuifies




b, (] N )

241
or defecte.

Many types of probes are used with the eddy current method of
inspection dependlng upon the type of application desired. The sensing
coils'are'similar'in inductance but for defect detection of‘simple
cracks e coil with a ferrite or powder iron cote is generally used no
improne resolution. The size of.bhese sensing coils can very from one-
eighth of an inch to one-quarter of an.inch;in diameter'in order to
better_fit,the physical shape of rhe probe being'uséd indrhe test. ‘The
shape of the coil ie determined by'the anplication required, and three
1mportant factors should be kept in mind by the 1nspector. They are:
) the core of the probe should pass d1rect1y over the’ crltical areay
(2) there should be minimun wear at the face of the coil} and (3) there
should be naximum stability and ease of handling.

A second type of eddy current instrument has been developed for
the detection.of surfaee cracks. In sharp contrast to the sensingl
coil mentibned earlier in.this study, this instrument.was designed
specifically to fnnction as a differential probe. This probe contains
two coils whlch have been balanced in such'a way that their combined
output is’ zero. When tbis probe is placed on an acceptable part,'the
impedance changes in both coils will be equal and the conbined output
remains zero. When the probe is moved over a part with a discontinuity,
the impedance in_one coil chenges with respectito tbe other as soon as

it is placed over the discontinuity.
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Thls drfferentlal approach is very sensitive, especielly when
the parts being 1nspected are of low electr1cal conductivity such as
_sta;nlese steelfor tltenlgm{_ For theﬁlnepectlon'of ferromagnetic
materials, the differeﬁtlal method ie'consioered far superior to-tﬂe
probe inspectlon technlq@e with a‘single eoil.

The use of the.slngle-coil probe to detect eurface disconti-’
muitiee in‘ferromegneticimaterials hes been mostvilffioult; ' In direct
oontreet to’the iﬁspection of nonferrops‘meterlels; optalﬁiné'e lift'
of £ conditiom for ferromagnetic.materials‘wlthout eacrlficiﬁg sensi-
timitY‘hae not been possible. This failure ls the direct result_of‘
the pariations in the relative magnetic permeability at the surface of
the material oaused.by streese$ ln the material which are,reeidual from
the ménufacturlng processes. Subsequent to the annealing‘treatment;
':minute stresses‘are left to cause;equally mimute varlations in permea—

v Bility. Slnce the eddy current testlng equlpment is qu1te sens1tive
- even to those small varletlons, they can effectively mask 1nd1cations
Wh1ch>are of prlmary 31gnlf1cance to the 1nspector.

In the automatic inspeetion'process, it is possible to eliminate
the effect of magnetib permeabilitp. For the manual 1nspection process,
the solution to this problem has been the development of eddy current‘
techniques using the differential'coil_which has been bullt into a very .
small probe. In.prlpciple; the test coils shoul&-inspect areas Wﬁichv"

are very close to each other, since there is a minimim chance of
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ovérlookipg a discontinuity Whicﬁ is under both cdilénéﬁvthe séﬁé fi@é.-
There are Several types of signal detectibﬁ éyséems iﬁ use
today, but the most commonly used one is similar to the-one illustféted
in. Figure 39, page 244.(Betz, 1972:10;14)_ This éarticular system
pontaiﬁé fouf.arms, each of which contéins a poséiblé combination of
impedances. One éf tﬁe“arms ¢ontain thé.test coil. Prior to the test;
Ithe bridge is baiaﬁced ﬁith.the'probg on a.saﬁple bf‘éccepfaﬁle .
material By‘adjuéting'éne 6r_more of“tﬁe_elemenﬁs in ‘the ofhéf legs of
.the‘b?idge. Wﬁgn the_Bri&ge is in bé;anqe{'phere is no current flowing °
through thé amplifierr .ﬁheﬁ the coil i; plaéeé on a_tgst s;mﬁlg ﬁith:
differgnt gharécteriéticé, the coilliﬁbedance indiéatér'will change
slightl&, since a differept,curfent.is fléwing_thrquéﬂ the:aﬁplifier.
. By suitébiy aﬁélifying the signél_which occurs when the bridge is
.ﬁnbalanced,ya very sehéitive detection deGicé is obtained. |
" Readout methq&é used fof eddy current testing are as varied as
most other parts éf fhe testing system; By far the most‘comhon’readout
method used is‘the'simple meter. Most instruments with ﬁeter readouts
presenf only_amplifude data about thg siénalz The second mgst common
type is.the'cathodé ray tube type. 'ihe'manner @f bfesenting'data.on thé
'1attér is genefally a Gflying spot," or sdmé other t&ée.of lissajous
(by using 6pe sine waﬁe signal to défleét“the eleétrdn‘beaﬁrhdrizdntéliy
and‘the other.sine waﬁe to deflect the béém vertically, a pattern can :

* be produced which.proﬁides‘a relationship between the two sighals) .
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‘pattern. In the flying'spot type of presentation, the screen represents
the impedance plane and the spot of light is thé location of the coil
impedanée on thé plane. Instruments with this‘typé of presentation
present data on both amplitude and the phase:of the signal. The Sbot
thét the dot follows is the impedaﬁce curve for the particular situa-
tion that the coil detects at the moment. The lissajous pattern also
presents more amplitude data. The most common pattern used is the
ellipse. Proper intefpretatioﬁ'by the inspector of the tilt_and tﬁe
" openings of the ellipse allﬁw derivation of phaée and amplitude infor-
mation about the signal.
A feature found in many instrumeﬁts is the 1ift off éompensator.

The primary function of this feature is the reduction of sensitivity

to 1ift off so that only signals of interest to the inspector will
-appear on the instrument. In its most common form, .1ift off compensa-
tion is a means for varying frequency over a small range té locate the
frequency at which the sensitivity to 1lift off is minimal. In any
frequency range, there is a frequency fo; a given probe-material-
conductivity éombinationnat which the sensitivity to lift off is at.a
minimum. No 1lift off compensation scheme provides for infinite compen-
sation although most systems can compenséte to approxima;ely 0.010 of
aﬁ inch.

For many applications it is desirable to automate decision

making to accept or feject a part on the basis of test results which
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have been predetermined and preset., For this very reason, many-tesf‘
instruments contain some tyﬁe of alarm circuit. These circuits provide
ap'output whenever a signal.exceeds a preselected_amplitude. Once such

a signdl is available, it can be used to successfully activate all -

,typés of auxiliary equipment such as lights, audible alarms, or markers

to idehtify,defgctive materials or systems; The'rejecté& pafts can
be shuhtéd into-sepafa;e-bins for'repéi;shor rejection at a 1ater-date.
Aﬁother_ﬁsefui type of eddy‘cgrrent instrgmengé;ion measﬁreé'
phase differencgs rather than the sigqal‘amplitude. Becagse there is.
a different time required for theée currents to build up in a ﬁaft;
éignals seen in the part due‘ts eddy.curfgnt tests lag beﬂind tﬁe
current usgd to induce them. . This.gime differeqce is commonly known
as phase shift between the two signéls.. Figure 40, page 247, illus~

trates this concept of phase difference (Betz, 1972:10-15). The phase

- shift between the oscillator output and the signal returned from the

test.piece varies with-;he type of material being tested. Other
factors to be coqsidered are material f@igkness, éonductivity, crack
size, and material composition. However,'over a consideraBle'range.
the phase Shift doeS‘ﬁét vary considerably With 1lift off., Instrumen-
tation of this type can be quite useful where it is neéessary to
inspect parts with éharp cbnfiguratiéns'and irregular.shépes..

Some of the differences in eddy curfent iﬁstrumentation have

been outlined in this study. To attempt to present data on all types
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of instrumentation available to eddy.curfent inspectors is considered
by the writer to be beyond the scope oflthis‘study. There are'proBably
more different typgsvof instrumentation availéble for eddy curreﬁt
testing than there are for all of the other methods of nondestructive
testing cpmbined.. For example, there are instruments designed pfimarily
for measuring elec;fical conductivity, inspecting tubing, inspecting
wire and rods, measuring coating thickness, and many 6ther types‘of
inspectiop wh;éh afe_used specifically for measuring the magnetic
quaiities of'metalé,"ihis_multiplicit&‘of test instrumentation is é:
direct result of the variety of test.péfameters required‘fy iﬁdustry.
To attempt to construct a single, all purpose eddy currént test-instru—
ment would be considered impractical, since each test situation requires
a differen; set ‘of test parameters. To attempt to include a large
number of possible situations would make the instrument too complex and
too expensivé. Therefore, there are numerous types of eddy current
instrumenfs évailable, each of which is intended primarily for a éelect

and limited area of inspection,
EVALUATION OF THE EDDY CURRENT TEST

The eddy current inspection process was evaluated by the writer
to determine whether or not it met the five criteria set forth in the
analysis'of data section. The_eddy'current inspection process met the

criteria in. the following ways. .
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Compatibility to Existing
Industrial Education Programs

The writer believes'that the jugtifiqation for including non~
-destrucfive testing prégramé in the industrial education curriculum
can best be‘spated by those who are,knqwledgeablé iﬁ,this afea.
Joseph L. Rosé, Méchaﬁical Engineering Department,:Drexel_University
‘(1976:pér56ﬁa1 letter to;the writef) concurs ﬁith the writer's belief
that nondestructive testing programs-are compatible with industriél :
education programs in the following statement, ™. . . nondestruépive
testing methods are compatible to existing industrial education

programs.,"

In addition to the five methods selected by the writer for
this study, Dr. Rose suggested thét aﬁ awareness of holographic and
acoustic emission fesginé methods would be desirable.

T. W. Judd,'Assistant Division Head, Nondestructive Testing
Division, Republic S;égl Corporation (l976:pérsona; letter to the
writer), cdnéurs with Dr,'Roselin the_foilowing statement, ", . . I
would think that the métﬁods of nondestructive testiﬁg as suggested by
this study would be compatible with‘existing industrial'edﬁcation pro—
grams and would be a desirable adjunct to them." These statements
concur with the statements by David M. Goin (1968:33-34) tﬁat "o
nondestructive testing metﬁods could be incorporated into existing
industrial education programs without disrupting them," and by Glenn
M. Thatchef, Coordinator of Industrial Technology, Kean Céliege of New

Jersey (1976:personal letter to the writer), that ". . . nondestructive
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testing methqu wauld be compatible to industrial education programs
if the support equipment was available."

| Riqhard R. Haugé, Professof of Iﬁdﬁstfial Education;.Bemi&ji'”
State Univeréity (l97§:persona1'ietter to’the Wfiter), sums up the
coﬁpatibility of nondestructive testing programs in the industrial
education program &iph,the fbllowing statement,ﬁ"... . it would appear
fhat nondestructive tesfihg methods are.cqﬁpatiblelwith what should
exist in induétriél édqc;tion programs iﬁ myvopinion.ﬁ

Ability to Satisfy One or More
of the Present Needs of Industry

Glenn ﬁ. Thatcher, Coordinator of industriél Teéhnology, Kean
College of New Jersey (1976:personal letter fo ghe writer), makes‘itl
quite cleaf that nondesfructive methods of inspection éan satisfy one
of the present needs of industry in the following statement, ". . .
people familiarlwith and.trained in nondestructive testing techniqugs
afg greatly desired by industry at the present time." George L. |
Pherigo, Chairman of the ﬁducator;s Division, The American Society for
Nondestructive Testing (1976;personél létfer to the Writer), concurs
:with the statement by Thatcher in thg.followiﬁg statemen;; ". . .. there
.is indeed .a current need for personnel £rained iﬁ hondestructive
testing, and a knowledge of the basics in high school could be benefi-

cial." Joseph L. Rose; Mechanical Engineering ﬁepartment, Drexel -

University (1976:pefsona1 letter to the writer), agréed.with Pherigb
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and Thatcher in the folloﬁing statement, ". . . nondestructive testing
programs in the industrial education program could satisfy one or more
of the presént'péeds of industry."

Rober£ T, Andersoﬁ, TechnicalnDiréctor, The Aﬁérican Society
for Nondestructive Testing, Inc. (i97é:éersonal'1etter to the writer),
sums up the ability of nondestructive Festing methods to sétisfy the
needs of industry by providing high school graduates with competencies
desired by industry‘iﬁ the following étateﬁent, ", f'. high scheol
studeﬁ£s equipped with.a knowigdge.of the practical applicationé of
nondestructivé testing would have an advantage tha; no other high
school graduates would have." |

Relative Simplicity and Broad
Encompassing Nature

Joseph L. Rose;.Méchanical EngineeringvDepartmént,‘ﬁrexel
University (1976:bersonéi 1étter to fhe writer), indicated that,.
“., . . the nondestructive testing processes ofvliéuid Péngtrants,'
magnetic particlés, and eddy-curreﬁtg are relatively simpie and do.

' This statement is reinforced by

have a btroad encompassing nature.'
James P, Nagy, Professor, Materials Science Department; Erie Commuﬁity_
qulege (1976:personal. letter to the writer), who indicafed that
", ., . the methods of liquid penetrants, magnetic particles, and

certain eddy current applications are relatively simple and require.

"a minimum of equipment."
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T. W. Judd, Assistant Division Head, Nondestructive leéting
Division, Republic Steel Corporation (l976:persona1 letter to the
writer), lmplied a note of caution in enalueting the siﬁplicity‘of
certain nondestructive testing techniques in the following statement,
L 11qu1d penetrants and magnetic methods are relatively s1mple in
" their appllcatlon. Eddy currents, radlogrephy and ultrasonic tests may
or maf'not be simply apnlied dependiné upon the nature of the test."

With the exceptlon of eddy currents, Glenn M. Thatcher,
-Coordinator of Industrlal Technology, Kean College of New Jersey, (1976:
personal letter to the writer), concurs with Judd in the following

". . . with the exception of radiography and .ultrasonics, the

statement,
nondestructive testing processes selected by the erter for this study
are relatively simple in their application and do have a broad encom-
passlng nature."

| Since the eddy .current testing nrocess depends‘upon.meeeuring
the'changes in the.impedance.of a coll due to changes in the flow of
eddy currents induced in a conductor, any material change which affects
the‘flow of induced currents sufficiently can be detected. Since so
many factors affect this flow, eddy cnrrent testlng processes can be
applied to a wider variety of test situations than any other of the
nondestructive testing methods‘(Betz, 1972:10.15~10.16);

This broad encompassing nature is evident when one considers

the fact that e&dy‘currrent testing methods are applicable to: (l) a
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wide range of products and fabricating_méthods such as rolled sheet
stock, drawn wire and tubing, welded pipes, and castings; (2) the
détecFion of flaws, cracks, seams, of for the sorting of mixed items;
“gnd'(35 the inspection -of thin-walled an&‘relatively sﬁall itéms which
must be tested in large ‘quantities. |

Eddy current tésting in its simplest fofm is accoﬁpliéhéd by
psiné a probe or coil to induce eddy currents in.the part being tésted.
The results of this test.afe indicated on a éuitable test insﬁrument.
' These results are immediate and can be compared.to those of known
quality. An acceptable eddy current testing unit can Ee pﬁrchaSedv
from Ureséb Corporation 6r-Magnaflux éorporatioﬁ for apppdximately
$2,000.
fotentiél-in Sétisfyiﬁg What the

Writer Believes to be a Weakness

.of the Present Industrial
Education Program

Based upon an.evaluation of the stated goals'ané objectives of
industrial education és éet‘forth by the American Vocational Educatiop
Association, on page 7 (1968:115, the writer believes that industrigl
edpcétioﬁ teachers cannot be expected té satiéfy the néeds of their
profession unless they have developed a certain measure of cbmbeteﬁcy
in eddy current teséipg. This competéncy should inciude an awareness
and Knowledge of: (1) fhe basic theories and ppincipies; (2) the

advantages and limitatiéﬁé,'(B) the potential safety hazards, if any,
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and (4) the. skills reqeifed to satisfaetorily perform the eddy current
test.

Joseph L. Rose, Mechanieal Engineering Debartmeﬁt,-Drexel
University (1976:personal letter to the writer), eoncurred ﬁith the
beliefs of the writer in the following statement, ". . . nondestructive
testing processes ﬁeye the potential to satisfy one of the Weaknesses
of the present industriai,education,progrem." Oren J. Huber, Assistant
Director, American_Society for Metals (1976:§erSona1 1ettef to the
wri#e;); makes an interesting evaluation of the need for the develop—
ment of nondestrueeive teétipg guideiineé in fhe following statement,
AL & ﬁay'appear cynical, but it eppeafs.that secondary ieﬁei-school
instructors do not generaily want to expand much effort until there is
a rather complete inspection package available."

Carl E. Betz and Richard R. Haugo sum up the belief that nen—
destructive testing processee should be included in. the present indus-
triai education program iﬁ the following sta;ements,'". . . mosf eechr
nical and engiheering schools have not appreciated the impoftaqce of
noﬁdestructive testing in today's industrial world, and that a wider
acquaintance with this technolegy at an early level of education is
Ihlghly desirable, (Betzt 1976:persona1 letter.to the wrifef)," and
", . . I would agree that the 1nc1us1on of nondestructive testlng pro-

cesses would be a beglnnlng to satlsfy one of the weaknesses in indus-

trial educatlon (Haugo, 1976: personal letter to the wrlter)
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The ‘Educational Requirements and
Competency Levels Expected of
Inspectors

Since this study ‘is concerned with the development of éntryf ,
level competencies in the ‘area of eddy current'testing, only those
" requirements which are,ggseﬁtial'to the development of this level of
competency ha&e been inciuded in'this study. Each eqtry—level inspéc—
~ tor is expected fo demonstrate, prior to being consideréd for certifif
ca;ion in.thé.fiela of eddy current tesfing,_that he has acquire&
(American'Sociéty fé; Nondestructiﬁe Testing, Suﬁplement (E), 19655
106): (1) éufficient edﬁcation ané’éxperience'to'ensure an ﬁnder_
standing of‘thé principles and procédurés 6f eddy current testing;
'(2) indstruction in-the processing of pérts. Prior to his certification,
the entry—ievel inspecfor should work at all.times_undgr-the supervision
of a certified'inspector; 3 suffiéient knowledge and expefience to
pass an examination which includes thé bgsic test principles, types of
equipment used in:the tests, operating procedures, and testing techni-
ques, Specific examinations should be'included thch cover the speci-
fications and codes used by the-empldyer in‘his nondestructive testing
procedures.l

In addition, each applicant should demonstrate that he is able
to pass é physical eXaminatioﬁ which assures natural of corrected near-—
&istahce,acgity such that the applicant is'éapable of reading J-1

letters on a standafd:Jaeger's test chart. Color vision tests may be
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‘required in cértain situations.
| IHéving met Ehe five criteria as set forth in the analysis of
'data sectiqn,'ﬁrpcedures for épplying the' eddy current proéess.in
induétriél education programs at thé higEISChool levelAﬁaVe been
described in depth. |
PROCEDURES FOR APPLYING THE EDDY CURRENT
" PROCESS IN INDUSTRIAL EDUCATION
‘The test frequencies used in the eddy curreﬁt testing processes

range from 60 hertz to 6 mégahértz or more., The majﬁrity.of theée
testé'are berformed at'a few hundred #iloheftz. As a'genéral rule,'the
lower ffequencies up to épprdiimately one Rilohergz are dsed for the
inspection of magnetic materials, while the higﬁer frequencies are used
for the ingpection of nonmagnetic materials. Theée rules should be’
considered "thumb rules," since the actual frequencies used in any

given situation will depend upon the thickness of the material being

tested, desired penetration depth, sensitivity or resolution required,

and the specific purpose of the test being performéﬁ.

The selectiénlof a test freqﬁency is usually a compromise. For
example{ sufficient ﬁenetration is requi;gd to reach suspected subsur-
face défecfs...since the penetration is éfeater at the loﬁer frequen-~
.cies, this situation would seem to .indicate ﬁhat the inspectorushoqld
use a frequency as low as possiﬁle. IUnfoftunately, as thevfrequency

is lowéfed,‘the sensitivity to small flaws decreases. Therefore, the
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inspector generallyvselects a test frequency as high as possible yet
one which is still considered to be compatible with the depth of pene-
tration required : The choice is relatively. 51mp1e when the detectlon
of flaws is the primary concetn. In this situation, frequencies up to -
several megahertz may be used successfully. When it is.necessarf to
locate flaws which are below the surface and low frequencies are -
required, sensitivity is sacrlficed and it is not pos31ble to detect
minute.flaws.

"'When-magnetic materials are Beiné tested,.quite iow frequencies
;are'in order,'Becéuse of the relatively‘lom penetration of these
'meterials. ‘As With the'nonmagnetic matexials, higher frequencies can
onlf be used when it is'necessary to inspect for surface discontinui—'
ties only;: However, the higher freduencies used in this situation are
still considerably below those selected for the inspection of nonmagne-
tic materials under similar conditions. According to Libby (1971 60-
61), most eddy current test systems perform six 1nterna1 functlons..
They are; '(1) excitation, (2) modulation, .(3) signal preparation,

(4) signel demodulation and analysis, ) signai display or indication,
and (6) test object nandling.

The test equipment used in the eddy'current testint process can,
therefore, be logically divided into sections mnich relete_to each of |
these functions. Fiéure 41, oage_258, illustrates the internal tunctions

of the eddy current'testing process (LiBby,'1971:60); To provide .
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continuity, each of these functions will be examined in depth.

Excitation

The generator which provides test coil assembly excitation
signals can be developed from a single frequency sinusoidal generator
and power amplifier, a multiple sinusiodal waveform generator ana power
amplifier, or a bulse generator delivering the desired pulsélwévéfo¥m;
The signal may also be déveloped from'é self—excifed.;écillétor wﬁose'

behavior is governed by the impedance of the test coil.

Modulation

The signal modulétion occurs inithe electromagnetic field of.
the test coil or coils. These test coils are labeled '"test coil
assemblies'" because of the variety of configurations in which this part
of the test equipment appears. The test coil assembly equipﬁent is
often related mechanically to the test object hgndling equipment 'which

is discussed in detail in subsequent péges of this study.

Signal Preparation

The signal portion of the test equipment consists of the -

: circﬁits which prepare the signal.butput of the test coil assemblies for

the demodulation and analysis functions. These circuits consist of
alternating current compensating or balance networks which subtract a
steady alternating current component from the input signal so that the

instrument amplifiers do not need as large a dynamic range as otherwise
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would be the case. TFilters are often included to improﬁe the signal fo
noise ratio or to separate the different carrier signéls in the case of
multi~frequency tégfé? 'Sigﬁal shaping circuits are sométimes included.
An imﬁortént part of this portioﬁ of the equipﬁent is the aﬁplifiers
‘which raise the signa;,to tﬁé &esired.lévél for demddulation énd analy~

sis.

Signal Demodulation and Analysis

The demodulation and analysis section of the test equipment is
comprised of Qetectors:and analyzers. .These'detectors range from simple
.amplifude &etectoré to amplitude phase detectors agd-more highly spe-
cialized electrial ciréuits. For the coherent detectoté, a reference
signal 1s provided from the generator section. Sampling circuits and
discriminators may'aléo be included in the analysis section. Various
types of summing and comparison circuits may also Be included in the
fest equipment at this ﬁoint. Filters may bé included for filtering
the demodulated signal to accentuate or discriminate.agaiﬁst certain

characteristics of the signal,

Display or Indication

The signal display or indication portion'df the test equipment
is the real cohnecting link between the test equipment and its intended
purpose. This indication of'a discontinuity may be displayed by the

use of meters, recorders, cathoderay oscilloscopes, visual ot audible
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alarm signals, relay outputs, automatic signaling,.or reject equipment.
Typical indicators were illustrated in Figures 36 and 37; pages 236 and

237, ‘respectively. -

Test.Objéét Handling Equipment

...Depénding uﬁéﬁ tﬁe néture of the tests, test obgect handliﬁg
equipme£f heeds ﬁay Be ﬁﬁnimél or they méy‘require‘ve;y coﬁélicated
mechanigal‘designs. Iﬁ:somé test sitﬁ;tions,'thé test coil‘aséemblies'
are'degigﬁed S0 fhét'they can be positiéﬁed_and held ﬁanuélly.

In tﬁis case, the demandé of tﬁé haﬁdling equipment are con-—
side;ed,minimal and all fhgt is ;eqﬁirea is a place to set or hold the -
‘test object while the tesf is being pérf&rméd; in maﬁy tests, however,.,
mecﬁaniéal feeaers feed_the test objects\ﬁast tést‘cqil assembliéé 50
that the test can fe madéhfapidly under uﬁiform caﬁditions.- Sﬁgﬁ- 
equipment requires ébordiﬁation in the design of:ihe test coils and the
feed equipment. Sﬁcﬁ_tésts afe ameﬁéﬁle t0'comp1e£e automatic opera~
tiéns. .A&ditional-éatalregérding these tesf functions can be found in

the text, Introduction to Electromagnetic Nondestructive Test Methods,

by Hugo L. Libby on pagéé 60-61.

‘Inspection and Evaluation
of Parts o

In the eddy qﬁrrent'tésting process, the four basic properties
of electrical conductors, should be kept constantly in the mind of the

inspector. They aré:"(l) eleptrical‘cohductiVity,1(2) magnetic -
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permeability,‘(S) object mass, and (4).the types of»discoﬁtiﬂuitieéitg
be located. In paramégnetic and diaﬁagnetic.materials, changes in
_’electrical conductivity will be ;he major contf;ﬁuting factofé when -
-metallurgical factors are of prime concern to the inspector. This is
-in direct contrast to the group of metals classified as ferromagnetic
where variations in hardﬁéss will caﬁse-changes in the magnetic permea-
bility approximately 100 times greatér tﬁan‘the electficai conductivity
changes. _The influeﬁce of a part's physical mass on eddy current
readings 15 1imi§ed ﬁo the depth of pgnetration desired in the area
surrounding the senéing coils. When thickﬁess measuréﬁenfs.are impor-
'tant, thg-othér variables mentioned'eaxliér'ih this chapter should be
cérefully considered. ° |
The application_éf eddy current tests is dependent upon the
following.test’ﬁariables:
1. The types of discontinuitieé to be detected
2. ﬁhich.physic;l properties are to be measured
3. The thickness of conductive coatings such as foil, plating,
or other nonconductive coatings
4, Whgthef the mate;ial to-ﬁe tested is paramagnetic of dia-
magnetic
5. The raée oflinspection desired
- The use of an impedance deteétor éuch as the one iilﬁgérated in

Figure 37, page 237, requires a simple two-step procedurei preparation
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and detection. It is important for the imspector t§ know thét the
depth of penetration can be changed by adjusting the frequéncy cqqtrol.
Ten positions are available: .ﬁumber ang is the lowest.séfting and the
highest frgqﬁency (134 kilocyclés), Whiie number ten is the highés£
position and the léwest:frequency (54 kilocycles) (General Dynamics,
1957:4—14). Rotétiﬁg'thé contrél_knob,frbm the lowest poéitian to .the
highéét.pogitioﬁ fepreseﬁts an iﬁcreésé_in the depth of penetration
since the Aepth of_penetratioh increases as,the freqpeﬁcy is deéréased.
The 1ift off control is a fine frequency (vernier)‘control for any
frequéncy Selected by'thé frequency-controi. .In.norﬁal_practice, the
frequency‘control is set to a, position and_the finalifrequency is’
selected fhrough the iift off cqntrol.- The frequeﬁ;y‘control is,
therefore; a anrse frequenéy control while the 1lift off control is a
fine frequency control. '

Prepaggtion fo; discontinuity detection is éccomplishgd by,

completing the following steps (General Dynamics, 1967:4-14):

1. Make certain that the detector is turned on and the sensi-

tivity control is rotated clockwise‘to the MAX position 

2. Turn the balance control counéer;clbckwise to the maximum
position

'3._ Tufn thellift.off control countér—ciockwise to the maximum
position | |

4, Set the frequency comtrol to position number one or to a
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specified position if it is known.

5. Press the pfobe on the surface of a reference paff. Use a
'refgréncé that hés been pfeviéﬁg}y found to be acceptable;

6. A&just.the Balance controi to'bbtain mid-range iﬂdication
(approximately 250 microamperes on the meter scale).

' 7. Lift, thén return the probe to the reference's surface °
noting the_airection of meter deflection!

8. When the meter deflects down-scale toward the lower value,
rotate the frequency control to position number two and.repeaf steps
6 and 7. If necessary, repeat the procedures using fosition number
three (or thé next highest number) until deflection in the.up—scalg
direction is obtained..

9. Place a sheet of ordinary writing pape% (0.002 to 0.004
inches.in thickness) between the probe and the article being tested.

10. Slide the paper out from under the probe and note the
direction of @eter deflection.

11. Rotate the 1lift off control in a clockWise direction and
note the direc#ion of meter deflection.

12. Verify that the meter deflection in step 1 is the same as
in step 10. 1If it is not the same, rotate the frequency control to the
next highest position and adjﬁst the balance control to obtaiﬂ mid-

range indication.’

13. Repéat steps_9'fhrough 12 ﬁntil'no meter deflection occurs
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when the piece of paper is removed from under the probe.

14. 1If desired, the senéitivity can now be reduced by rotating

the sensitivity control in a counter-clockwise direction. This will
reduce the spread as displayed on the meter.

Eddy qurfent discontinuity detection using the impedance method
is a.gross detection system which is based on the détection of changes
from a referenée standéfd; The test article througﬁ-the regular.eddy
cu?rent pét;erns within the part is thg réference.'_As,fhe edd& éurrent

test coll probe is moved across the part's surface, a meter deflection

indicates a change from a reference standard. The reason for the meter . -

change cannot be détermined by observing the metér deflection, but fhé
inspector knows that éoﬁetﬁing Withiﬁ the part has changed.

Since a number oflfactors within the part can affect the test
coil, the significance of the deflection change depends upon the
specific test application,‘the inspector's experience, and the availa-
bility of standard references with artificial or natural discontinui-
ties. It is'necgssary to kéep in mind that the depth of penetration
varies.with the test frequency. Therefore, the depth‘of tes;ing is not
constant. The inspector should aiso realize tﬂat eddy current teséing
is basically a surface tésting technique which is limited by fhe depth
of penetration. When the depth of the article is greater than the
depth of penetration (the normal case), 100 per cent testing of the

article is not being accomplished throughout all areas of the part.
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Establishing Acceptable Standards

Over the years thére has been an insistanf'demand fér standérds
to govern the acceptgncé of componeﬁts and materials on the basis of |
ipdicationé ﬁroducéd by‘néﬁdestructive testing ﬁetho&s, .Companies
utiiiZing nondestructive methods of inspection were told to use a
particular method of'inspection; but they were not told Wﬂat to do when
they discovered:discontiquities. Reflection on the pgft of the readér
should make i£ apparent that broad, ali—eﬁcbmpassing standards for
this pufpose are considered impossible.

h Wﬁéther or not g discontinuity warrgnts rejection depends
entirely upon factorg whiéh have little‘of no relation to fﬁe inspgc—
tion method ﬁhich produced the indication. The service,réquirements
of the part in quéstion are the coﬁtrolling factors. Néture of the
'séresses in service, stress considerations, the critical ﬁaturq and
function of the paft; and even the iocation and ofientation 6f Fhé
defect should énter into the decision to accept pf reject a part. These
considerations cannot he generalized, but muét be applied by those
possessing knowledge felative‘to éach specific testing situation. A
‘given defegt'in one component may warrant rejecfion but have no signifi-
cance if present in a.differentlcomponent.

| The préparation'of acéebtable standards are the responsibility

of the component designers and the quality control departments since

these standards are most effective when they are includéd . in the process . .
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specifications. When such specifications are not available and the
individual evaluating the part does not possess sufficient experience
or knowledge, he should seek it from those who are respon;ible for the
design and‘serQice ?efformanée of the paft. Inspectors should not
'éxpect'broad s£aﬁdards to be made available. A knowledge of tﬁe part
material and its ekpectéd sefvice 1ife‘as.we11 as the tyfes of_diséoﬁ—
tinuities expected and their effect.on the gtrength and ferfofmance-
often enablé.the knoﬁledgeable inspéctor, with the use of common sense,
to arrive at an intelligent décision_regardiﬁg the éccepténce<ér.
.rejecfion of the part (Sharpe; 1970:383).

There are three major sour@es of insﬁection requireﬁents which.
-the iﬁspectbr can use in the developﬁent of accéptable leveis of
evaluation. They are: (1) theoretical consideration and/or stress
analysis; (2) correlation of nondestructive tgst results with mechaﬁical
'propertigs, destructive tests, or service'life requirementsi and (3) tﬁe.
quality level of simi arnparts which havé been used With‘succesé in the
past. In view of'the difficulty of analyzing and using data from
theoretical analysig or empirical test correlation results, one of the
best sources of information for the estéblishement of'sﬁitéble accept-
ance criteria is the test results from fast experiénce. For example,
suppose it was decided té inspect éluminum forgings  with the eddy
current'inspection method in an attémpt to locéte a particular type of

discontinuity. @Past experience has shown that 90-95 per cent of the _‘
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aluminum forgings produced have been satisfactory in service. There~
fore, it would not be logical to establish standards which reject 50
per cent of all the forgings inspected unless metallurgical analysis
indicated that the forgings in this particular batch Wefe abnormal.

An inspegtion accéptance level a;rived at on thisibaéis:ﬁot
only provides reaso;able assurance thaf'tﬂe parts‘acceﬁted’will pfoviae
satisfactory performance Bﬁt.also permits.an écéeptance level which is
econémically feasible. Naturally, the quality requirémenfé cannot
determine the design requirements, but it would be considered extrava-
gant on the other hand to establish a level of quality beyond that
which has proven to be satisfactory in the past.

When the inspector i1s dealing with a new design or material;
past experience may provide very little assistance in establiéhing.an
acceptable desién or performénce critefia. In this case, the following.-
procedures should be carefully consiééred:, I |

1. Pilot parts should be fabrigéted and iﬁspected for internai
and external diséontinuities by applicaﬂle destruétive methods;r |

2, The frequeﬁcy and severity of all flaws should be

recorded.
3. _The part cbntaining the poorest quality should be subjectéd

to mechanical or simulated service life tests. Should the. part fail,

the next poorest part should be tested. This procedure should be




269
continued until a part'pésses the test. The qualit?llevel of the.part
passing the test should be usedlas the minim#m level of,acceptance for
qualifying.

4. Time permitting, the part should be iden;ifiéd and subjéééed
to true service life condit;éns to ascertain that it will not fail due
to overloading or cyclic fatigue. fhe part should be periodically
inspected to See.whether original discoﬁtinuitieé ha&e grown in size
and to make éé;tain,tﬁat‘the service life to which the part has been
subjected is not inducing undesirable'diécontinuities which could lead
to part failure at a lafér date. | ;
Developing acceptance inspection criteria'is no£ an iﬁsur—:
'mountable'task, since stahdards'and specifications which include
acceptance levels are available for eddy current methods of insﬁectiqn.
Standards with seaﬁs of varying width and depth have been developed to
establish a relationship between the test and the actugl crack. Figure
42, page 270, illustrates a typicél eddy current standard produced as -
the diréct result of a destructive test (Ridder, 1972:11-7).

| In férromagnetic materials, the'depth of peneéfation is not
‘easily determined since the magnetic permeability is £he major:inflﬁen;
cing factor arnd this-faqtof is seldom accurately known. _However, by .
using the differential coil approach, some practical experiments have
shown a fairly good correlation up to approximately 0.026 of an inch.

Beyond that depth there is no measurable increase in the meter reading.
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271 .
The relationéhip between the instrument Qalues and the actual crack
depth must be determined by procedures describéd earlier in this
chapter. |

In nonferrous matérials, the depth of penetration is fairly

accurately known and when the diameter of the probe exceeds the length .

of the discontinuity, thé depth can be approxiﬁafed.< The width  of the
discontiﬁuit&, however, is‘not known énd the accuracy to which this
can be determined is limited to approximatipn. When thé deptﬁ.of the
cféék exceé&s the.depth,of_penetration,;no mea%urablé increase in.
. meter reading results. |
Since'the study.df eddy curfenfs.is applicable to such a wide
variety of tgsting situations, the dévélopméﬁt of standards.forhﬁroad
applications 1s beyond the scope of this study. However, there are
certain prgcautions and conditions which are generally app;icable to-
the development acceptable eddy current standérds. They are:
1. The standard should be of the samé alloy and heat treat |
-condition as the part to be inspected.
.. 2. The standard should have the same shape and size as the
part to be inspected.
3. - No variagidn in'platiné, coatings, or surface finish fs
allowable between thgfst;ndard and the part being tested.
4.. Long parts such as rods or tubes should be.long enough fé'

. compensate for end effect.
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5. The standard should not be cold worked by bending or
rubbing.

6. The standard should not be overheated.
Strict adherance to the principles listed above will enable the inspec—‘_
~tor to develop an eddy current compensation curve using a test block
similar to the one shown in Figure 43, page 273 (Ridder, 1972 ll -19).

Chapters 2, 3, and 4 of this study have reviewed some of the

basic requirements of nondestructive testing specifications and some

of the test elements considered basic and essential to the success of.
these testing processes. Basically,.there are three major soorces of
nondestructive testing specifications. They are: (1) military sonrces,
2) technical societies, and (3) industrial sources. Considering the.
' vast number of specifications available, it is not practical in tne.
opinion of the writer to attempt to list all of them in a. study of this
scope. However, a briefllisting of specifications appliceble to 1iquid.
penetrants, magnetic patticles, and eddy current testiné have been
included in Appendix A; peges 358-363.

Factors Adversely Affecting
Indications

Some test problems arise due to the indirect nature of the eddy -
current test. Eddy currents are cuased to flow in the test specimen by
placing it in the alternating current magnetic field of the induction

coil.  The flow of currents is affected by the electrical properties and
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the shape of the test part or by the presence of discontinuities or.
defects. The current flow, in turn;'mékes its effect .observable bf-
affecting the eleétrig;l_impedance of the exéiting coil or_by ;he'
related éffect-of altering the‘induced Qoltagezpf,thé coil. These
effects may be observed by monitoring the test coil iﬁpedance. The
.eddy current test is indirect in thaf it does not measure diréctly any
specific characteristic of the part being'tested. .It does, however,
respond to some Weightgd function of thg current flqw which is indir-
ectly related to the test specimen's_conditign.- This weighted function
depends on the test coii design, the_opérgting fréquency, and the test
specimen. The result is that if seve;al test éonditions vary it
becomes difficult or perhaps impossible to identify the individual tgst'
conditions by observing the test signal in thg_conventiohai test. The
effectiveness of the'conventional.single‘frequehcy eddy current-tes;

is limited to the identification of one'qr two test conditions only.

Edge effect. When a test coil approaches the edge or end of a
test piece, the eddy currents are distorted, because they cannot flow
beyond the edge of the part. This distortion results in an indication

which is known as "edge effect." Edge effect limits testing near the

edges of parts, since the magnitude of this effect is very large. Unlike

lift off, there is very little that can be done to eliminate this effect.
Smaller coils will reduce the effect somewhat, but there are practical

limits to the sizes of coils. For the most'part, edge effect is at
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least one-eighth of an inch, and it is not normally considered practical

to inépect any closer to the edge of a part.

Fill factor. Another‘conditibn c&mparéble to liff off Whicﬁ
is known as fill facto¥ occurs when aﬁ encircling coil is used. This
is a measure of hoW well the test part fills the coil. Changes in fill
fgctof result from éutside diameter Variafions and must be watched
carefully since small changes cah give large indications. The 1ift'off
curves .in Figure 44, page 277, are very similar to those ﬁsed.tq
indicate changes in fi1l factor. For a'giveﬁ fiked 1ift off or fill
factor, the conductivity curve will shift to a new position as.indi;
cated in figure 44.. Use can éometimes be ma&e of the fill factor,
' becausé it makes.a rapid method for chegking the oufside‘diaﬁetér'

variations in bars and rods.’

Ceometry of part. TIn addition to. the geometrical relation

between the part and the test coil, the geometry of the part itself
will effect eddy current response. Eddy currents are not uniformly
distributed throughout the conductor. Instead, they are most dense at

the surface of the part and become progreésively less dense with in-

creasing distance below the surface. This phenomenon is known as "skin-

effect." At some point below the surface of thick parts,'there'will

be essentially no eddy égrrents flowing at ali.
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Lift off. A test coil with no conductive materials in the
vicinity will give some indications when they are attache& to a suitable
instrument., As the test coil is moved.closer to a c0nduct6r; the
indication will begin to change. Because the field of the coil is
'é;réngest close to the coil, the indicated change on the instrument
will continue ;6 increase'until the'coil is directly on the conductor.
.$hese chanééslin indication with.changes‘in spacing between the coil and
the test piece are known as "lift off.h The lift off effect is so
_.prbnounced that small variations in spacing can mask many indications
reéulting from conditions of interest; For this reason;-it is normaily
necessary to maintain a constant coil-to-test-part geometry. The 1lift
off effect also ‘makes i; very difficult to perform a test fhat requires
.tﬁe ééanning of a part with a complex shape. |

The changes of coil impedance with 1lift qff can be seen in the
. impedance plane diagram in Figure 44, page 277 (Betz, 1972:10—6). When
the coil is in air, the impedance is at a point'at the upper,end of the
diagram. As. the coil approaches thelcoqduc£of, ;he impedance moves in
the direction iﬁdicated by the dotted lines ﬁntil the coil is in ‘contact
with the conductor. Ih; impedance‘is then at a point corresponding to
the impedance of the tést bart, in this case its conductivity. The
fact that the 1lift off curve approaches the coﬁductivity cﬁrve at an
angle can be utilized iﬁ some instruments to separate the 1lift off

signals from those resulting from variations in conductivity or. some
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Figure 44

Impedance Plane Diagram Showing Conductivity
and Lift Off Curves--Test Frequency 100kHz.
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ofher parameter of intérest. ‘
In spite of thé fact that 1lift off can be quite troublesome in
. many applicationé; it'éan also be quite useful. Eddy current instru~
ments are excellent for measuring the thicknéss of nonconductive
coatings such as pain£ on conductive base materials or anodizéd coatings
on alﬁminum or magnesium alloys, -and for maﬁy nonconductive hard;sur—
face coatings on a conducting.base.

Types of Discontinuities Located
with Eddy Currents

When eddy-cqrrent‘tesfs are pfoperinapplied, they can be used
to measure such diverse condifions aqd properties as'électrical.copduc—
tivity, grain size, heat treatment, coating tﬁickness, part dimensions,
and hardness. This testing process can also be applied to a Qiﬁe
range of types of prodpcts gnd fabricating methods. Rolled sheet stock,
drawn wire and tubing, ﬁar stock, welded pipe, and castings are all
being tested for one type of diécontinuity.or énother.with the eddy
current method of inspection. Eddy currents tend to be most effective
on thin or small items where other methods of nondestruéfivgltesting~are
considered to be of ;ittle or no value. They are, thg;ef;re, the best
method fqr testing such.things as hypodéfmiq tubing and fine wi;es.

For the rapid detection of flaws, cracks, seams,'and thevsorting of‘
mixed materials they are.unexcelled. In addition‘tb their versatility,

one of the biggest advantages of the eddy current method of tés#ing is --
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their speéd. Ip:the,casé‘of léng, uniforﬁ.éhapes such as tubiﬁg,
inspeétion speeds up to 500 feet per minute are not considered uncom-
‘mon, For the sorting o? testing of smalllitems such as nuts and bolts,
inspebtion'rates of 200 piecés per minuté can be achieved (Betz, 1972:.
‘10—1). . |
Since the use of eddy currents depends upon £he development of

acceptable standards which.héve been discussed in deﬁth.éarlier_inlthié
chapter and since the solidification, processing, and service categor-
'ies.of discontinuities are not in the opinion qf £helwfiter relevant.td
the’eddy current tesfingjprocess, thesg catégoriés of.discontinuifies
will not be inclu&éd in fhis.chapter. An extensive discussion of types

of nondestructive testing discontinuities can be found in Chapters 2

" and 3 of this study.

SUMMARY

Electromagnetic inspection processes are generally referred to
as eddy current testing because the basic principle behind such inspec-
tions are derived from the eddy current phenomenon. When a mass of

conducting material is moved in a magentic field or is subject to a

_changing magnetic flux, eddy currents circulate within this mass.

Theég éddy currents are closed loops of induced current circulating in

. planes perpendicular to. the magnetic field.

The use of eddy currents as a praétical méthod of nondestructive

+
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testing was not used e#tensively until the end of World War II. Most:- '
‘of the theoretical basis for the use‘of eddy current testing was formu-
giated by Ereidpich Foerster, in Germény;Aduping-the period 1930-1950,
In addition to his theoreéical work,‘Foe£ster also helpeé to develop
an extensive g?oﬁp'of-instruments for the performance of various non-
destructive,tésts; It was the introductioﬁ.of these instruments outside
of Germany in the early'l950's which helped to make eddy.currenp
teéting_significant_iﬁ modern industrial processés. 'Téday, eddy
_current festing‘equipmeht is compatible with most ipdustrialusbecifica—
" tions, and these.testing pfoceéées are often integrateé into tﬁe manu-
facturiné p:ocess-td'provide é completely automated inépection of parts
as they are béing'cast, forméd, or ﬁachinea.

| The eddy curreﬁt testing process may-be defined as a method of -
nondestructive testihg which requirés the part being tesped to be sub~-
jected to an alternating electromaénetic field. This testing process
can be compared With a person rowing a boaf. As he dips and pulls on
the oars, little whirpools (eddies) are formed in the water. When
these whirlpools ﬁit something floating in the water, their shape
changes. Similarly, a‘coii carrying an glternating curfent can induce
a circulatiné électricél'current within a mass of metal., This electri-
cal ﬁhirlpool is known as an eddy current. Its basic characteristics
change éccording to thg.type of material being tested, the.abiiity of

the metal to conduct electrical current, and other factors directly
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related to the materiél'geing tested.

In the fieid of eddy current testing, the Word:"flaw" has a
much wider meaning thaﬁ-it does in other forms of nondestructive
testingP since the eddy cﬁrrent process is abplicabie fo more than the
detection of discontinuities. Eddy current applications fall into
three basic cétegories. They are: @B detecting flaws in parts, this
- includes the detection of cracks, voi&s, inclusions, laps, anduéeams;

(2) sorting 6f-parté according to thgirvalloy, conductivity, temper, or
'other metallurgicél conditions; and-(S) gauging parts_accofding to their
size, shape, plating thickness, or insuiation thickne;s.. l

The detection:of discontinuities, however, hés béen one of the
principal areas of application for this ﬁethod of inspecfion, and i£ iéi
in'this area that Fhe eddy current method has replaced such methods as
the'viguai and magnetic particle methods of insfection.

In the eddy current testing process, a coil is uééd to induﬁe
eddy currents in the part being tested. The electrical characteristics
of the coil are affected by any discontipuity or defect. It is the
careful electronic measurement of coil changes which make the eddy
current method of inspection unique améng nondestructive test methgds
'in the determination of part composifion-or the accurate ideﬁtificatiop
of materials in addition to locating discontinuities.-

There are many , factors which copffibﬁte to the widespread use

of eddy currents. Some of these factors are: (1) Wﬁeh.eddy currents 
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are properly applied, they can be used to measure such,diverse condi-.
tions as heat treatment,'eiectrical cenductivity, coating,thickness,'
pert dimensions, and hardness; (2) they can be applied to a wide range
of products and fabricating methods such as rolled sheet stock,-drawn”
wire and tubing,.welded pipes, and castings; (3) this method of inspec~
tion is excellent when it fs used for the rapilid detection of flaws,
cracks, and seams or for the sorting of mixed items; and (4) they ere
most effective on thin-walled and relatively smail items which must he
tested in large quantities.

A variety of test nrobes, frequencies, end instruments are
available. Generally speaking, the term "testiprobehArefers'to en-’
electromagnetic transducer placed onlthe surface ef a test.object,
while the term "test coil' is used to designate a transducer which
encircles the test object. In any case, the test equipment used in
the eddy current testing processes should incluce the following
elements: (1) an oscillator, (2) a method of detecting impedance
changes in the coil, and (3) a method of displaying the test results.’
Probes and coils vary. in inspection area dimensions from 16 by 16
. inches to 0.020 by 0.030 inch to O. 001 inch in diameter.

The test coil or probe is usually a coil of wire with electrical
properties which match the instruments with which they are used :in.
addition to this coil of wire, there is often a piece of ferrite

material assocalted with the test probe which is designed to shape and
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focus the.electromagnetic field. By using such a éore materiai,.if
is possible to di;ect the electromagnetic field from the coillaf the
wire tp-the‘specifié area of the test object which is to bé'iﬁspected
and théreby increasing the resolﬁtion and sensitivity of the.teét.
Some types of test equipment include a means of analyzing impedance
changes while others prov#de a means of compensating for lift-off.

While there are many different test frequencies, céils,‘and
probes available from manufacturers of edéy current test equipment,
there are basically_t@o types of instruments. The ngmber‘of test
probes aséociated with an instrumenf is_indicative of-ifs type. ‘A dual
.differentiél‘instrument ﬁas two identical test probes whicﬁ are elec—~
trically opposed. Metaiiurgical diffe;ences_withih a sample or between
samples are detected and displayed by this type of inStrument; An
absolute test inétrﬁment, on the other hand, has only one test coil
or prdbe associated with it. 1In this sitﬁation, the metallurgical or
geometrical diffefeﬁces between test objects, or the presence of a
flaw or defect, changes the properties of the test coil and thereby
produces an indication on the instruments display-gystem.

Most of the eddy curfent testing‘systems perform six internal
functions. They aré: (@H) excitation; (2) modulation, (3) éignal
preparation, (4) signal demodulation'aﬁ& analysis,'(S) signal dispiay,
and (6) test objecf ﬁaﬁdiingf

.The eddy current data signals obtained from the coils are
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_usually displa&ed.in one of four ways. Thé‘simpleét,of these is the .
meter  display thch prévides a numericéi indication of tﬁélﬁifferences
'betwééﬁ the part being tested and a part'pf,known:quality. The other
threé.Basicyoécilloscopé disﬁlays are: _the line traée;-the ellipse,
and the flying spot. 'Thé former provides a:ﬁumericél iqdicati;n which
can'be‘calibrated to indicate thé depth of a defect while the latter
provide the data necessary to separate fest variables or to analyze the’
proferties of the test‘object.- | |
The eddy current testing préceéé was evaluated by the>writer to

determine whéther or not it met the crifefia“éet forth in the énaiysis
of data sectionloﬁ'this.study. This critgria-inciuded an e&aiuation of
"the edd& current testiné pracess in ﬁerms of its: (1) compatibility to
.existipg industrial education programs, (2) ability to satisfy ome or
more of the present needs of industry, (3) relative simplicity and
broéd encompassing naturé, (4) potential in satisfying what the writer
beliéves to be‘a weakness of the preSgnﬁ industrial educatfon program,
and (5) the educational requirements and.cﬁmpetency levels required of
entry-level insﬁectors. |

- ! Since an evaluation of thi; type could best be accomplished .by
those with experfise in the field éf eddy current testing; letters were
written to those who had published books or articles, thosélwho were
currently émployed,in noﬁdestructive teéting positions in industry.and‘

others who were:éonéidered to be knowledgeable in the field of eddy




285

current testing. They were requested to evaluate eddy current testing
processes in terms of the five criteria selecped by the writer fof
this study.” Their stateménts-indicated to the writer ‘that the eddy
current processes could be taught successfully in in&ust;ial education
classes at the high school level. | |

Today, elecfromagnetic testing has feen developed to thé point
where it can provide inexpensivé, high speed nondestructive testing with
the accuracy_and‘stability required to meét'iqdustrial needs. Eddy
current testing has often served to_speed up testing and in some cases
has offered 100 pér cent inspection where only a destructive sampling
was previously possible. The'excellence of this method of testing‘is
Ievidenced in the inspectionlof space vehicle matériais. in the space
vehicle, eddy current tests are performed on thousands of feet of small
diameter'tubing; thin'sheet metal, and numerous other items with high_
safety requirements;' Thé'safe;y of flight pérsonnel requifgs complete

reliability in each and every component.




Chapter 5
RADIOGRAPHIC TEST

Radiographic testing is a method of nondestructivet festing

which provides for the internal inspection of a material by a procedure.’

‘which utilizes X~rays b; gamma rays. -The results of this test are
accomplisﬁed by reéofding the effecté of thé penetrating radiation on
a sensitive film. It is‘considered to be one 6f the oldest types‘of
nondeétructive testing. The radiographic method of inspection has
undergone continuous improvement, and today it is readily applicable
to both.the.medhanical'tésting field and tﬁe area of qﬁality control,

Histofy of the Radiographic
Process

Many of the spectacular scientific and engineering achievements
of the past few years can be traced to nondestructive testing methods
which, by determining the internal soundness without destroying the

usefulness of the product, assume the satisfactory performance for

which the product was intended. Perhaps the oldest of the modern non~ .

destructive testing methods .is radiography.

in 1895, while usiﬁg a Crooke's tﬁbe in the course of his
cathode ray sﬁudies, Wilhelm Conrad Roentgen discovered that this tube,
when energized, gave off a new ray which caused a piece of papér,
accidently covered with platinocyanide érystals, to glow. Further

investigation revealed that this invisible radiation penettrated paper,
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wood,_bogks, the human h;nd, and certain light metals, but not lead.
Roentgen, assuming that this new ray was a form of invisible light,
- made thé'first human radiogrgph of Mrs. Réentggn's hand on 'a photo;f
graphic plafe. He called this mysterious ray "x" fér the unkﬁowﬁ
qgan;ity and_the téfm "X—fay" came into being.' During the following
year, 1896, Becquerel discovered that certain uraﬁium beariné ofes
also eﬁitted a simiiar, but more penetrating type of radiation. 'Thié
lead to the discdvery of another similar natural radiafion'émi;tér: -
the new glemgﬁt radium Bf Madame Curie and hér hﬁsband; The radiation'
pro&uéedﬂby these naturai emissions‘seemed.similar éo‘ROEntgen‘s_X—rayé
bﬁt-aléo seemed.tg.be more penetrating. - Therterm "gamma ;ayg" was
eventually applied to these natural emiséions to.disfinguish them from
X—ra&s (Aman andlgthers, 1973:1). .

It was not until 1922 that the first commercial use of indus-
trial radiographic testing was pioneered by Colonel Jenks and Dr..
Lester at the Watertown Arsenal in Massachusetts‘(Raéor,.1§76:unpub—
lished data sent to t’t'le_ writer). |

In 1927, the aluminum industry began to use radiograpﬁic.
testing processes fo.insu£é thatonly sound materials were béing used
in the construction of'aircrafta About ten years iater, the makers of
high pressure boileré,bégan to use radiographic testing methods for the
inspection of welds. Since éhen, industrial radiographic.;echniqﬁes

have been developed for the inspection of woods, plastics, ceramics,
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and for quality control inspections using electronic equipment.

Description of the Radiographic
Process .

A basic description of the radiographié method of inspection
s provideé iﬁ Figure ZS,.page 289 (General Dynamics, 1967:7.5-7.6).
The equipment required, types of discoptinuities detected with the-
'.radiogfaphic test method, and the advantages and 1imitatioqs of this
method 6f inspection are (Materials Selector, 1970:489):

1. Equipment requirea: ‘commercial equipment containing X-ray
or gamma unifs, £ilm processiné facilitieé, and fluoreséoﬁiciviewing
equipment.

2. Enables the detection of: interior microscopic flawé,'
cracks, nonmetallic inclusions, incompiete root penetration, under-
cutting, icicles,'and burn~through.

3. Advantages: positivé flaw detection, inspectiog sténdards
are usually available, .surface roughness is not a proBlem, irfegular

cqntours can be inspected, high sensitivity to flaws in the path of the A
X~rays or gamma rayé, and the method provides a permanent record of the
test results. |

4. Limitations: the test-sensit;vity'is limited, test thick-
ness is limited, flaw orientation is critical, ﬁlaw‘depth requires
highly specialized equipment and inspection techniques, radiation

hazards are present, high equipment and testing costs, and the test
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equipment is not usually portable.

“Principles of Radiographic
Testing

Just és the doctor peers'inside of éhe human body with X—rays;
radioéraphic testing processes utilize these same X-rays to inspect
industfial materials and.products. A radiographié'test in its.simpiest
form is .the interpretgtiqn of a pho;qgraphiq record which has been
proauced bf phe passége of X-rays of gamma rayé.through an objeét'onta
a film. When thislfilm s exposed to X~rays, gamma rays, or light, a
a.chéngelis produced iﬁ_ﬁhe filﬁ emulsion. . Gamma rays are similar to
X—rays and show the same'similarities‘td, and differences from, visible
light as to the X-rays. They are distinguished from X-rays by their
source of origin rather than by their nature (Eastman Kédak, 1969:7;85.

In the rad;ographic testing process, a beam of gamma rays or
X-rays are directed toward the part béihg‘tested. Some of this beam_ié
absorbed as the ray passes through the parf while sdme.of thé ray is
scattered. The absorption of this beam dépénds upon the thickneés 6f
the part; its ph&sical density, and its composition. The part of the
'beam which passéé through the part is recorded on a special photographic
film for interpretation and evaluation by the inspector. .Raéiographic
tests éan be appliéd to organic ﬁaperialé, ianganic materiais, solids,

1iquids, and even‘gass¢s (Aman, 1973:8t2-8.3).
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Purpose of Radiographic-Tests

Radiographic tésting processeé are used to discover the
presence and the nature of microscopic discontinuities located beneath
the surface in metals, 'This testing process is based upon‘the.ability
- of X;rays.and,gamma rays to penetrate metals and other opaque materials,
thus producing an image on sensitizea film or on a fluofescent scréen.
The term "X-ray quality" widely used by industry to infer higﬁ quality
welds,'ariSed froﬁ the method of inspectiéﬁ gsédjto guarantee this
quality (_Hinl{el, n.d.:7-8). | |

Since'the radiographic testing process utiiizés both X—réys
and gamma rays, a brief descriﬁtion of these types of rays has been
included.

1. ZX-rays, which have a wave length 1/10,000 that of visible
’ light,'are produced by high.yoltage generators. Tﬁe depth to which a
material can be penetrated depends upon the power of this generator.
Todéy, portabie tésting equipment, rated up to 2,000 kilovolts, is used
in the inspection'of welds. The higher power unité, operating betﬁeen
1,000-2,000 kilovol;s, will penetrate from fi&e.to nine.inches of steel
and produce réliable indications.

2. Gamma rays are produced by tﬁe atémic disintegrafion of
radioisotopes. They are similar to X-rays, except';hat thé wave-length
is usually shorter than the X-rays produded with low voltage equipment.

X-rays generated at 1,000 kilovolts or higher, for all practical
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purposes, appear to be identical to the gammé rays produced by radio-
isotépes. While the short wave lengths of gamma rays allow penetration
to considerable depth,lthe exposure times required to obtain an
acceptab}e.éipfure are uéually many times greater than the time
requiréd for X-rays because of the 1éwer inteﬁsity of the radiation.
The level of radiatioﬁ is directly proportional to the amount of
ra&ioisotope used in fhe‘test.

When the X—ray% or gamma rays used in the radiographic'test are
directed at a part.being teéted, nof all qf the radiation gets through
the metal and to the film located behind the:part. Some of the rays
' are absorbed, and the denser or thicker Fhe material being tested the
greater this rate oanbsorption. Should there be a discontinuity in
the interior of the pafé, such as a blow—hble or internal crack, thé
radiation will have less material to pass through than it would in a
soﬁnd part. Comsequently, there'wiil be less absorption iﬁ the area
where the discontinuity is located and a greate;uambunt of radiation
striking the film. After the film_has been developed, the size and
shape of the diséontipuity Wiil be inéicated on the film as a black or
darker area. | |

The film image is known as a radiograph. Radiographs made with
" X-rays are referred to as exographs, while those made with gamma rays
are called gammagraphs.

The ultimate purpose of radiographic testing is to provide
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yisual information upon where judgménfé can be bésed concexning the
disposition of the pa¥t. It must be remembered that radiography as
effective as it is does not guarantee that all discontinuities Wiii
show up as indications on the radiograph nor doeé the level of accept-
able.discontinuigy assure the servicibility of the part. It is always
wise in the.practicé of nondestructive testing to confirm the presence.
or absence of flaws, particularly in critical parts, by another test
method 1f pﬁssible. Thérefore, radiography or any other nondestructi?e
test method sﬁoﬁld be used to compliment or supplement another methﬁd B

or methods (McBride and others, 1973:9.36).
EVALUATION OF THE RADIOGRAPHIC TEST

The radiogrgphic inspection proéess was evaluated by the.
writer to determine whether or not it met the five criteria set forth
in thé analysis of data section. The radiographic inspection—process
did not meet four of the five criteria. in the following ways.

Compatibility to Existing
Industrial Education Programs

Whgther or not radiation in the radiographic testing process
is dangerous depends upon sevefal factors: time,;distance, and shield-
ing. When the correct safety precautions are ut;lized, radiation is no
more dangerous than driving 'a car on today's highways. On the other

hand, inspectors and other personnel in the vicinity of radiographic
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tests may be getting 'zapped" by radiation without knowing that it is
actually happening.: If the testing proéess is either the X-ray or the
isofopic type, and the proper safety precautions have not been
strictly adhered tb,'there is a high probability that radiation hazards
exist (Welding Enéineer? 1970:55).

It is the ﬁse of these rays and the gammé rays specifically'
which preéent a radiatiQ@ hazérd to ;hdse engéged-in.the radiographic
testing_process.--The primary beam of thisltestihg equipment will be
of a higher intensity and, therefore, more dangerous than the scatter
or background radiation mentioned earlier in this chapter. Howeﬁer,
this scatter radiation is far moré difficult to measure, thus presenting
a more difficult shielding or personal protection problem. By defini-
tion, scatfer radiation is a type of radiation which "bounces" off
test parts in such a fashion thaf it can reach places Where.direct
radiation canﬁot: behind a thick wall, for exaﬁple (We1ding‘Engineer,
1970;55).' |

This problem with scatter radiation is complex and can be
calculated with a great deal of difficulty under the various testing
conditions which exist in radiographic testing. Althouéh this scatter
radiation may be of a mﬁch lower intensity than the radiation of the
primary beam,.its affects are cumulative énd its after effects can be
just as hazardous over an extended period of time.

The writer gave special consideratiorn to the statements in




295

Materidls Selector (1970:489), which indicated that prospective users
of radiographic equiément should be aware of the following limitations:

1, Spegialized_testing equipment and operatiﬁg ;echniques a?e.
'required ' | |

2. Radiation hazards are present

3. Test gquipmént and application éosts~are re%afivél§ high_

4. The test equipment used in the radiographic testing process
is not usually portable. -

Hugo L. Libby, Physics and Instrumentation Departmeﬁt, Pacific
.Northweét.Laboratbries (1974 :personal letter to the writer), emphasized
_ the need for special consideration of the problems relafed to radiation
hazards‘in the following statement: |

« « «» the field of nondestrucfive testing involves a wide

range of disciplines and I am sure that the attempt to teach
these processes in the high schools will present some special
safety problems. Among these is that of personal safety which

is especially important in X-ray and other radiation inspection
processes. A

James P. Nagy, Professor, Materials Science Department, Erie
Community College (1976:personal letter to the writer), indicated con~
cern for those involved in the radiography tests in the following

statement, "

... . care must be exercised in using X-rays or gamma rays
with students under the age of eighteen, because of the low allowable

‘radiation requirements."
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Ability to Satisfy One or More
of the Present Needs of Industry

John B. Rasor, Department Chairman of Nondestructive Testing,
Don Bosco Technical .Institute (1976:personal letter to the writer),
indicated that, ". . ..we at the Don Bosco Technical institute have
been teaching nondestructive testing to students hetween the agea of
fifteen and sixteen for the past twenty years." |

Wesley P. Winter, past professor of Nondestructive'Testing,'
Pennsylvania State University (1976:personal letter to the writer),
indicated that, ". . . nondestructive testing methods could satisfy
one or more of the present needs of industry." He indicated a concern
for the fact that the newer methods of teaching industrial education--
broad concepts of manufacturing and construction--could easily by-pass
nondestructive testing. Professor Winter maderthe following statemént,
"I am, in general in complete sympathy with the hypothesus of the
writer. Nondestructive testing could and should be taught at the high
school level." He indicated, however, that‘the inclusidn of radio—
graphic testing could present radiation hazards, and the cost of_.
existing equipment is quite expensive.

George L. Pherigo,‘Chairman of the Educator's Division, The
American Society for Nondestructive Testing (1976:oersonal letter to the

writer), sums up the present need for nondestructive test personnel in

industry in the following statement, ". . . there is a current need for , |

technically trained personnel in nondestruotive"testing, and a knowiedge'
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of the basics in high school could be beneficial."

Relative Simplicity and Broad
) Encompassing Nature

Kanji'Ono, Professor, School of Engineering and Applied Science,
University of Californig, Los Angeles‘(1976:persohal letter to the
writer), madé the foilowing statement regarding the simplicity of non-
deétructive tésting processes. in his opinion, "the basic pfinciples
are simple, but not necessarily their application.” This opinion was
shared by George L. Phérigo, Chairman of the Educator's Divisiﬁn, The
American'Society ﬁor Nondéstructive Testing (1976:personal letter to
the Writér), in the following statement:

. « . only the liquid penetrant and magnetic particle processes'

are simple enough to include in the high school program with more
than a theoretical approach and only the liquid penetrant and

magnetic particle processes can be taught to high school students

without involving them in ‘an extensive and intensive amount of

technical preparation.

querf T. Anderson, Technical Director, Thé American Society

for Nondestructive Testing (l976:pe;sbnél letter to the writer), con-— .
curred with the opinions of Pherigo and Ono by making the following
statement, ". . . some of the nondestructive testing processes-are
simple while othérs are complicated. A good working kﬁowledge of
radiography, ultra sonics, and eddy currents require.signifitant ..
training and' experience."

Glenn M. Thatcher, Coordinator of Industrigl Technology, Kean

College of New Jersey (l9765peréonal lefter to the writer), sums up the
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evaluation of radiographic testing in realtion to its relative simpli-
city and broad éncompassing nature in the following'statemeﬁt:

« « .« the nondestructive testing processes suggested by
the writer for this study are relatively simple and do have a
" broad encompassing nature with the exception of radiography and
ultra sonics which require both sophisticated equipment and '
licensing to adequately familiarize students with their princi-
ples. : ‘ : ' :

Potential in Satisfying What the
Writer Believes to be a Weakness
of the Present Industrial Education
Program

Based upon an evaluation of thg stated goals and objectives of
industrial education as set forth by the American Vocational Education
Association (1968:9~11) on page 7, the writer believes that industrial

education teachers cannot be expected to satisfy the needs of their

profession unless they have developed a cértain measure of competency

in raaiographic testing. This competency should include an awareness
and knowledge of: (1) the basic theories and principles, (2) the
advantages and limitations, (3) the potential safety hazards, if any,
and (4) the skills required to satisfactorily perform the radiographic
test.

The potential of the radiographic testing process to satisfy
these needs is, however, offset by evidence presented by those ‘who
were coﬁsideréd to ‘be knowledgeable in.thé field'bf nondeétr;ctive
testing. In thelr bpinionlthe rédiog?#ﬁhic mefhod of inspeétion Wgé

not: (1) compatible to existing_induétriai education programs, or
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(2) relatively simple in either theory or application. The radiographic

method of inspection required both an extensive and intensive amount of

technical preparation.

The Educational Requirements and .
"Competency Levels Expected
of Inspectors '

Sipce this studf is.concerned with the development of entfy—
level.competencies in the aféa of radiographic testiﬁg, only those
requirements which are essential to the development of this level of
competency have been included in this study. Each entry-level iﬁspec-
tor is expeéted to deménstrate, prior Eo being consi&ered for certifij
cation in the field of radiographic tesfing, that-he:haé acquired
(American Séciéty for Nondestructive Testing, 1971:1—10): (1) suffi-

. cien; educgtion'and experience to insure an undexstaﬁding of the -
radiographic principlgs.and procedures; (2) instruction in the pro-
cessiné of parts: under no circumstances should he be permitted to
inspect parts prior to certification; and (3) sufficient knowledée to
pass an examination which includes questions related to the theory of
radiographic testing, operating procedures and techniques, and éest
equipment. Prior to his ceptification,'the entry-level inspéctor
should work at all times under the supérvision of a certified inspector.
He is directly responsible to this inspector for the proper performance

of all radiographic inspections.
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It may appear to‘fhose who are unfamiliar with the process of’
radiographié~inspecfioh'that the requireﬁents are no more stringent’
.than they are ﬁér the ﬁonde?trqqtive test methods evaluated earliér_in‘
tﬂis study. Without going into extensive detail, some of the techni¢al
preparation redquired of'these inspectors have been listed. - Each
.inspecgor-ié expected to have an awareness of: |

1. The'history of industrial radiogfaphy, its principles and
theories, the reiationshiﬁ of penetrating radiation, radiography and
radiométry; and the éenéral areas in which tﬁis method of inspecfioq
is appliéable.

2. The physical principles of fadiography iﬁcluding the nature
bf particles, wave pféperties, electromagneﬁic waves, electrical tHe&ry
of matter, the fundémentals of radiation physics; and-sourcéé of
radiation.

If one is expgcted to apply radiographic methods of inspection,
it is the opinion of the writer, that he should underéténd just what
radiétion is, how it is formed, how it interacts with matter, and how
the images_aré produced,

Since thé radioéraphic method of inspection did not meet the
criteria as set forth in the analysis of'dafa section, procedures
for applying the radiographic process in industrial edﬁcation programs

at the high.séﬁdol level have not been included in this study.
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SUMMARY

Radiographic testing is a method of nondestructivé testing
which provides for the internal iﬁspecfioﬁ of a mé;erial by a;procedure
which utilizés x—rays.or gamma rays. The results of ;his test are
_accomplished by recérding the .effects of the penetrating radiation on
a sensitive film. This méthod of inspectioﬁ is considered to be'one
of -the oldest types of nondestructive testing. The eaﬁly methods of
radiographic inspection have undergone continuous improvement and are,.
éoday, readily applicabie to both the mechanical testing field 'and thé
area of quality control.

In 1895, while using a Crooke's tube in the course of his
cathode ray studies, Wilhelm Conrad Roentgen discovered that this tube,
when energized, gave off a new ray which caused a piecé of paper,
acciéently_coveredtwith.platinocyanide crystals, to gldw. Further
inv;stigation revealed that this invisible radiation penetrﬁte& wood,
paper, books, the human hand, and certain light metals, but not lead.
Roentgen; aséuming that this new ray'was é form of invisiblé 1iéht,
made the first human radiograph of Mrs. Roentgen's hand on a photogra-
phic plate. He called fhis mysterious ray-"x" for the unknown
quality, and thé term x-ray came into being. During the following year,
Becquerel discoverd that certain uranium bearing ores also emitted a
similar, but more penefrating, type of radiation. This lead to the

discovery of another similar natural radiation emitter: the new.
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elément radium by Madame Currie and her husband. The rédiafion-pro— -
~duced by these natural emissions seemed similar to Roentgen's x-rays,
but they also appeared to be more penetrating. The term "gamma rays"
was event;ally applied.to these natural.emissions to &istinguish.them
from x—réys. |

The first commercial use of industrial-rgdiography was pio-
neered by Colonel Jenks and Lester in 1922.at the Watertown Arsenal in
Masséchusetts. The aluminqm indﬁstry in 1927 began to.use tﬁis method.
of testing to insure.that only sound materiéls were being used in ;hé
conétruction of aircraft. Approxiamtely ten years later, the makefs of
high preSéure boilers begén to use rédiograﬁhic testing ﬁéthods for
the inspection of we}ds. ‘Since then, industrial radiogréﬁhic techni-.
qgeS'have been developed for the inspection of wood; plastic, ceramics,
and for.quality coﬁtrol inspections using electronic equipment.

Just as a doctor peers inside of the human bodylwith X-rays,
radiographic testing processes utiiize these rays to inspect materials
and products. A radiographic test in its simplest form is the inter—
pretation of a photographic record which ﬁas been produéed by the
passage of x-rays or gamma rays through an object onto a film. When
this film is exposed to gamma rays, x;rays, or light, a'change is
produced in the film emulsion. Although gémma rays are simiiar to
x-rays and show the same similarities to and differencés from visible

light as do the x-rays, they are distinguished from x-rays By their
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source of origin rather than by their nature..

In the radiographic testing process, a beam of gamma ra&s or
x-rays are directed toward the part being tested. Some of this beam is.
absorbed as the rays pass'thfough the part while some of the rays ate
scattered. The absorption of this beam depends upon the thickness of
the part, its pﬁySical density, and its compositién. The part of the
beam which passes through the part is récdrded on a spepiai photogfa—'
phic film for interﬁrététion arid evaluation by the inspecfor. These
tests can Ee applied to ofganic'materialg, inorganic materials, solids,
: liquids; and gases.

Radiographic tes;s are used to discoveyr the presence and nature
of discontinuities located below the surface. Tﬁe.teéting pfocess is
based upon the ability of x-rays and gamma rays to penetrate metals or
other opaque materials, thus producing an image on sensitized film or
on a fluorescent screem. The term "x—rayvquality" widely used by
industry to infer high quality welds, arises from the.method of inspec-

tion used to guarantee this quality.




Chapter 6
ULTRASONIC TEST

The.ultrésonic process of nondgsfructive testing is a physiéél
. test., It finds its mgin application in the location of subsurface

' discdntinuities; With the ultrasonic method pf inspection, it is
possible to locate flaws in metal parts which cannot be detected by
other nondestructive meané and also go deté;mine the actual flaw
geometry, size, and positidn. The néea fo; industrial'quaiity in
various materials is increésing, and new appiicatiohs are béing

developed for ultrasonic inspection processes.

History of the Ultrasonic Process

The first use of sound in nondestructive testiné could have
been the result of an'éccident centuries ago'when a man noted that,
when tapped, a cracked bowl emitted a different tone tﬁan an upcracke&
one. Many variations of.this method have been used in an attempt to

ascertain the internal quality of material. The sensitivity and accur-

acy of these tests are obviously operator sensitive and depend primarily

upon-thé ear of the inspecto;.

Althoqgh éertain laboratory experiments in the late Nineteenth
Century indicated that sound could be generated with frequency above‘tﬁe
human hearing range, it was not until the 1930's that the possibility of
using ultrasoﬁic waves for nondestructive testing Was'recognized.‘ At

this time, 0. Muhlhauser, A. Trost, and R. Pohlman of Cermany and S..
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Sokolof of Russia investigated various continuous wave techniques. The
inspection methods developed from their studies were a giant étep
forward, but depended upon a gross flaw obstructiﬁg the trgnsmission of -
éoﬁnd through the test ﬁiece from onélﬁrénsducer to another. This .
process is now known as the through transmission method. Ihis test
précess was limited because of the neéd for acpgsé to twoloppbsite
surfaces'on the test part 'and the limitations in locating minute déﬁecfé
and determining their 1ocationé below the surface (Smith, 1972:1), |

Those shortcomings were overcome in the early 1940's when fred
Firestone of the University of Michigan developed an instrument that
utilized pulsed ultrasonic wave trains to determine the depth and
relative extent of small fiaﬁs. Access to only one side was nédessary'»
because the system was monitoring refleéted energy; not the loss of
transmitted energy (Smith, 1972:1). |

From that'timeton, pglse eché ultrasonics'has,beén developed".
into a reliable ana efficient nondestructivé fes;ing.tOAi with uses iﬁ_
such widely varying, and many times compléx, systems that it is con;.
sidered by the writer to be out of the scope of this study to discuss.
many of them.

Description of the Ultrasonic
Process -

A basic description of the ultrasonic method of testing is

provided in Figure 46, page 306 (General bynamics, 1967:7.5-7.6). The
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equipment required, types of discontinuities located with ultrasonic
testing processes, and the advantages and limitations of this ﬁethod
are (Materials Selector, 1970:489):
1. Equipment required: special commercial équipmenf of either
. the pulse-echo or tiansmission_type is required, standard'referénce
pétterns are requifed to accurately interpret (RF) or video patterns.

2. Enables the dgtection of{. surface and subsurface f;aws,l
including those which are too small to be detected by othef ﬁondes—.

" tructive tests; it ié especially good for the detection of éubsurface
discoﬁtinuities in laminations.

3. Advéntaées: high test sensitivity, beam direction can bé
varied, flaw depth can be accurately pin-pointed, there is no limit to .
gasting thickness, flaw thickness is normally not a factof, test-éﬁuip—
ment is inexpensive, -and portable an& tes£ resulté are immediately
available.

4, Limitations: As-cast surfaces are sometimes unacéeptable to
this method of testing, coarse grained castings are di%ficult to test,
the naturé of the flaw is not identified, highly skillgd inspeétors are
required, acceptance étandards are not avallable, and permanent records

are not normaliy obtained.

Principles of Ultrasonic Testing

During World War II, submarines were tracked with sonar, sound .

navigation, and ranging. By accurately measuring the time it took for
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sound pulses to go out and come back, sonar ins;ruments ﬁére'able to
indicate how far away a 'submarine was fgom the ship. The same thing
ﬂgppens on a smgiler scale in ultrasonic testing. Instead of looking
for enemy éubmarines,.the_ultrasonic inspector attemfts to lécate
discontinuities inside of steel parts; tank walls, welds, and concrete
cigsions; Inépectors éan.determine how thick a piece of metal is
without seeing the other side of it.

In the ultrasonic testing process, pulses of sound energy are
created by electrically exciting é crystai, known as a transducer,
which has piezo—eleqtrié propefties, causing the crfstal to vibrate.
Sound energy is transmitted into thé material being tested through a
cbuplant; this couplant can be water, oill,. or glycerine. Sound ﬁhiéh
returns td'the crystai'as reflectéd energy is converted into electrical .
'éignéls by a'traﬁsducer. These signals can be shown on an ogcilld—‘
~scope. The time and amplitude relation of these reflected signals can
be intérpfeted'to show the location of iﬁternallreflecting surfaces in
three-dimensions for accurate location (Materials Seiector, 1970:490).

Ultrasonic testing equipment generates ultrasonic pulses which
are converted into é beam of ultrasonic waves by a transducer which is
a combination microphone anﬁ loud-speaker. ThelwéVes’travel th;ough the
part being tested and diécontiﬁuities anq the opposite side of the paft
reflect theée Pdlées back to the transduéer where they can be inter—

preted and evaluéted,by'the inspector. . The amount of time it takes
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between the starting pulse and the reflection is indicated on a cathode-
ray tube. The piéture 6n this tube 166ks like a line with "spikes" on
it. The distanqe between these sﬁikes and their relative height
. accurately pinpoints the discontinuity and.indicates hoﬁ bad it is.
Using the ultrasonic method of inspection, discontinuities as faf as

thirty feet below the surface can be located (Rolfe, n.d.:2).

Purpose of Ultrasonic Tests

Ultrasonic teéting processes are used.fd; the‘nondestrugtive‘”
detection of discontinuities within materials. The uitrasoﬁicltest
equipment reqﬁires access. to only one surface of the paterial being
inspected énd can be used successfuliy.with eitherstraight or angle-
beam testing techniques. | |

'The test instrument electronically generates ultrasonic vibra—'
‘tions and sends them in a pulsed beam th;ougﬁ the part being tested.
‘Any diécontinuity within the part, or the opposite end, will reflect
the vibration back to the test instrument which measures the elapsed
time between the initial pulse and tﬁe returﬁ of'all reflecfions, and
iﬁdicates such time lapse on a cathode~ray indicator. In the testiné
process, the searching unit is caused to vibrate while sending out an
initial pulsé, then stops until the pulse reaches thé.other end of the
piéce or a discontinuity and is reflected back. The return signal is
amplified and appeérs as a pip or mark on the cathode—réy tube. This'

return pulse is timed so that it appears on the tube in ‘the same
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relation to the front and back pulse as the discontinuity is to the
front and back of the part being tested.

The differenceslbétﬁeen ultrasoniq testiﬁg processes asd other
noﬁdestructive’testing'processes,.such as liquid penetrants and magne-
tic particles, are obvious because the latter tws are sensitive to

.surface or very shallow subsurface discontinuities only. While .ultra-
_ sonics can be tailored to detect the same type of dlscontlnultles, it
is primarily used for the inspéction of the area beyond the successful

depth of penetration of msgnetic particie inspections.
EVALUATION OF THE ULTRASONIC TEST

The ultrasonic inspection process Was evaluated by the writer
to determine whether or not it met the five criteria set forth in the
analysis of data section., The ultrasonic inspection ptbcess‘did not
meet fsur_of the five criteria in the foiiowing ways.

Compatibility to Existing
Industrial Education Programs

The statement by Ostrofsky (1965:9) that ". . . at the present
time ultrasonic testihglprocssses reqﬁire highly trained and sxperienced
inspestors" is reisforcsd by the following statement by Betz, Nondes-
tructive Test Consultant, and past vice—president to Magnaflu# dorpora;
tion (1974:personal letter to the writer), stating that:

One must not lose 51ght of the fact that the pr1nc1ples under-
lying many of the nondestructive testing. processes are very
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sophisticated, and for their full understanding require a wide
familiarity with many phenomena of physics. I do not believe
that attempt to teach such methods as ultrasonics or radiography
would be very fruitful. Onthe other hand, this is not equally"
true of the magnetic particle or liquid penetrant testing pro-
cesses since these processes require very little theory for their
complete understanding. Their concepts can be easily taught
without going very far into their theory.

The beliefs of" Ostrofsky and Betz are summed up in thé follow-
,ing'statement in Méterials Selector (1970:489); Which indicated to the
writer the definite limitations of ultrasonic testing, "o tne
ulttasonic testing.mgthod.of inspection requires highly skilled
inspectors."

" Ability to Satisfy One or More
of the Present Needs of Industry

John B. Rasor, Denartment Chairman, Don Bosco Technical Insti-
tute (1976:personal. letter to the Writer); made the following statement

regarding the ability of ultrasonic tésting, .« . s éithough thé pro-
cesses of ultrasonics and radiographic testing requite the most
technical preparation, they do have the ability to satisfy one or more
of the needs of Industry." Rasor's concern regarding the amount of !
preparation required for ultrasonic testing.processeg is reinforced by
the following statement by Kanji Ono, School of Applied Engineering
Professor, University of California, Los Angeles (1976Epersonal letter
to the writer). Ono indicated that, ". . . not much depth appears to

be possible in the teaching of ultrésonics'at the high school level.":

The- opinion of thé'writer'cdncerning the.ability of ultrasonic
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testing processes to.satiéfy one or more of the needs of industry is
reinforced by the statements made by Wesley P. Winte;, past professor
of Nondéstructive Testing, Pennsylvénia State University (l?76:pefsogal
letter to the’wfiter) and Joseph L. Rose, Mechanical Engineering

Department, Drexel University (1976:personal letter to the writer).

They stated that, ". . . the nondestructive testing processes suggested

py the Writer.for thig study do have the potential to éatisfy onelor
.more -of the preseanneeds of industry." |

élenn B. Thatcher, Coordinator of Industrial Technblogy, Kean
College of New Jersey (1976:personal 1ettér to the Writeyj, in the “
following statement, "fes, people familiar with and trained in nondes-
tructivé tegting techniques are gréatiy desired by industry at the
present time."

Relative Simplicity and Broad
Encompassing Nature

An evaluation of the ultrasonic testing process in Materials
Selector (1970:489) indicated the following limitation: highiy,ékilied
inspectors are fequired for the ultrasonic metﬁod of inspection.

Robert T. Anderson, Technical Director, Americén'Society fo£ Nondes~

tructive Testing (1976:bersonal letter to the writer), concurred with

the statement in Materials Selector in the following statement, ". . .

in ultrasonic testing, students must be fundémentaliy founded in the

principles of acoustics or the propagation of sound." J. E. Hinkel,
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Application Engineering, The Lincoln ﬁlectric Company (1976:personal -
letter to the writer), made the following.statement concerning the
relative simplicity of ultrasonic testihg processes. He'stated‘that
"f . . t?e ultrasonic method of insﬁéctiﬁﬁ is not simple.” Gignn M.
Thétcher, Coordinator of Industrial Technology, Kean College of New
Jersey«(1976;personal letter to the writer), points out éhat, "o
sophisticated equipment is required for_ul;rasonic tgsting aqd radio-
g?aﬁhic testing proéesses, and that licensing is-nedéssé;y'td adequately
familiariée students with théir.princip;es."

Joseph L. Rose,'ﬁeéhanical Engineering Department, Drexel
tﬁniversity (1976:personal letter to the write;), sums up the need for
both intensiﬁe and . extensive technical preparétioﬁ for tﬁoselinterested
' in ﬁecoming an inspec;or in the area of ultrasonic tésting‘in.tﬁe

1"

following statement, ". . . ultrasoﬁiq théory is not simple. Very.f;w
peoplé undérstand.wave propagatién’theory and inspectors using ult;;— '
sonic festing either don't know why it works or thinks he knows why,
but he probably.doeén't." |
Potential in Satisfying What the

Writer Believes to be a Weakness

of the Present Industrial
Education Program -

Based upon an evaluation of the stated goals and objectives of
industrial education as set forth by the American Vocational Education

Association (1968:9—11) on page 7, fhé writer believes:that industfial
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education teacﬁers cannot be expected té satisfy the needsiqf their
profession unless they have developed a certain measure of competency
in ultrasonic testing. Thigrcompetency should includg.aq aw;reness
and knowledge of:: (15 the basic theories and pripcipleé! (Zj'tﬁé.
'édvéntages and Iimitations, - (3) the potential séféty haéards,~if any,
and (4)'the skillg required,to‘satisfactorily perfofm the uitrasbnic
test, | | |

The potential of the ultrasoﬁic testing process to satisfy
these needéiis, héwever, offset by the‘eQidence presented by those Who
were considered kndwledgeable in the field of ﬁondestrﬁctive‘testing.
In'théir opinion, the ultrésbnic method of inspection.Was not: (1)
compatible £o existing industriai education programs; or'(2) felativgly '
simple in either theory or application. The ultrasonic method of
inspection requiréd'bofh an extensive énd intensive amount ofltechnicai
prebération. |
The Educational Requirements and

Competency Levels Expected of
Inspéctors

Since this study is primarily concerned with the development_of
entry-level competencies in the area éf ultrason;c testing, only those |
requirements which are essential to the development of this level of
competency have been included in this study. Each entry-level iﬁspector
. is expected éo demonstrate, prior to being considered for certificatioh

in the field of ultrasonic testing, that he has_acquire& (American
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Society for Nondestructive Testing,-l97l, Supplemeﬁf (C):l—é):
(1) sufficient education and experience to_insure an understanding of
the ultrasonic princip1e§ and procedures; (2) instruction in the _
procéssing of parts: undér ﬁo circumstances should he be permitted to
inspect parts prior to certification; and (3) sufficient knowledge to
pass an examinafion which Includes questions related to the theory of
ultrasonic teéting, operating procedures and tecﬁniques, and test
equipment. Prior to his certificatioﬁ, the entry—1e€e1 inspector should
work at all times under the supervision of a certified inspector. He
is directly responsible to this inspector for the proper‘pérformance
of all ultrasonic insfe;tions. .

It may appear to tﬁose who are unfamiliar with the process of
ultrasonic ‘testing that the requirements are no more stringent than they
are for the nondestructive methods evaluated earlier in this study.

'Withgut going into exténsive.detail, some of the technical prepgration
réqﬁired_of these inspectors have been listed. Each inspector is
expected to have an awareness of:

1. The fundamental properties of sound, including frequency,
velocity, and wave length; fhe definition of ultrasoﬁic vibrations and
its géﬁeral applications. |

2., The princiﬁles of wave ﬁropagation and the generation of
ultrasonic waves. | |

- 3. TUltrasonic testing methods including: contact testing,
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immersion testing, and modified immersion testing.

4, Ultrasonic testing equipment including: a,description of
basic pulse-echo iﬁstrumeﬁts, special test:instrumenté, and scanning’
équipment.- -

If one is expgqped to apply the ultrasonic methods of inspec—
tion, it is the opinion of fhe writer tﬁat he should ﬁﬁderstand how
test parameters are sélected, tests are sfandardized, test results are'
. interpreted; and the variables of the ultrasonié testing prbcesses..

. Since the ultrasonic method of inépection'did no;.ﬁeet the
cfitgria as set forth in fhe.analysié of &ata section, procedures for :
abplying the ultrasonic process in industrial education programs at the

high school level have not been included in this study.
SUMMARY

The ultrasonic method of nondestructive'fegfiﬁg is é physical
test. It finds its main application in the.location of spbsurfaée
discontinuities. It is possible, with the ultrasonic method of inspec-
tion, to locate flaws in’metal parts whicﬁ cannot be detected with other
nondestructive means. It is also possible to determine the actual flaw
géometry, size, and position. The nee&lfér industrial quality in -
various materials is érowing and new'applications-are being developed
for the ultrasonic inspéction.processes.

The first usé-of_sound in nondestructive testiné could have
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been the result of an accident centuries ago, when a man noted that a
cracked bowl emitted a different tone than an uncrached one. Many
variationS'of this.method of inspection have been used in an attempt
to ascertsin.the internal qualities of materials. The sensitiuity and
accuracy of these tests are operator sensitive and depend priharil&
upon theAeaf of the Inspector.

Although certain.laboratory experiments’in the latter part of
the Nineteenth Century'indicated that sound could be generated with'
frequency above the human hearing range, it was not until the 1930'5

-that the possibility‘of using ultrasonic waves for nondestructive
testing was recognized. At this tine, 0. Muhlhauser, A. Trost, and R.
Pohlman of Germany and S. Sokolof of Russis investigated various
continuous wave techniques. The inspection methods-developed from
their.studies were considerd a glant step forward, but depended upon a

gross flow obstructing the transmission of'sound'through the ‘test

piece from one tramsducer to another. This process is now known as the

"through transmission" method. This particular process was limited,
because of the need for access to both sides of the test part and the
limitations in loceting minute defects and determining their exact
location below the surface.

These shortcomings were overcome invthe-early l940's when Fred
Firestone of the University of Michigan developed an instrument which

utilized pulsed ultrasonic wave trains to determine the depth and
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relative extent of small falws. Access to only .one side"of the part
. was neceasary, since this system of testingrwas monitoring reflected
energy, not tne loss of:transnitted energy;": |

Submarines were tracked during World War II ‘with sonar, sound
navigation and ranging By accurately measuring the time it took for
these sound pulses to go’out and to come-back, sonar instruments were
able to indicate how far away a submarine was fron the ship. The‘same
tning happens on a smaller scale in ultrasonic testing. The ultrasonic
inspector, instead of looking for a submarine, attempts to locate dis-
.contlnuities inside of steel parts, tank walls, welds, and concrete
cissions. Inspectors can now determine how ‘thick a piece of metal is
without seeing the otner side of it.

Pulses ofisound in the ultrasonic testing process are created "
by'electrically exciting a crystal, known as a transducer,'which has
'pieZo-electric properties thus causing tne crystal to vibrate. Sound
energy is transmitted into the material being tested through a couplant;
this couplant can be water, oil, or glycerine. Sound which returns to
the crystal as reflected energy is converted into electrical signals by -
a transducer. These signals can be shown on an oscilloscope. The time
and amplitude relation of these reflected signals can pe interpreted to
show the location of internaltreflecting surfaces in three dimensions
for accurate location.

Ultrasonic test equipment generates ultfrasonic pulses, which
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are convetted into a beam of ultrasonic waves by a transducer Which‘is
a combination microphone and loud-speaker. These waves travel through
.the part being tested and discontinuities or the other side of the_part
reflect these'pulses back to the transducer nhere they can be'intere
preted and eyaluated'hy the inspector.- lhe amount of time it tahes
between the starting pulse and the reflection is indicated on a cathode-
‘ray tube. The picture on this cathqde;ray tube ldoks.like a line'with
"spikes" on.it. The distance between these spikes and their relative
height accurately pinpoints‘the discontinuity and indicates'the extent
. of the discontinuity.; Discontinuities,as far as thirty feet below the
surface can be located with the ultrasonic method of inspection.

In the.testing process, the searching unit.is caused to'v1brate
while sending out an initial pulse, then stops until the pulse reaches
the other end of the piece or detects a discontinuity and is reflected
back. This return signal is amplified and appears as a pip or mark on
_the cathode;ray tube; The return pulse is timed so that it'appears
back on the tube in the. same relation to the front and back pulse as
‘the discontinuity.is to the front and back of the patt being tested.

The_differences between ultrasonic testing and other methods of
nondestructive testing, such as liquid penetrant and magnetic particle'
testing,-are‘obvious since the latter are sensitive only\to surface or
very shallow suhsurtace discontinuities. Although the ultrasonic

method of inspection can be tailored to detect surface discontinuities,
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it is used ﬁrimarily to detect discontinuities beyond the successful
depth of penetration of either the liquid penetrant or the magnetic

_particle method.




Chapter 7
SUMMARY, CONCLUSIONS, AND RECOMMENDATTONS
SUMMARY

The term ﬁondestructive testing as itfis used in this study‘is.
a general térm given to all methods_of testing which:permit the inspec~
tion ana evaluation of a metal without impairing its future usefulness
in any ﬁay, shape, or. form.

With all of our advanced technology and all of the dévices
industry has developed for quality Eontrol, our nation is still umnable
to produce materials which possess the high degree from imperfecfion
‘that our highly complicated machines and deﬁanding services require.
The acceptance of nondestructive testing by in@ustry is practically
universal today, and experience with these methods is now so extensive
that complete confidence'exiéts in thesé‘testing processes and in the
ability of competent iﬂspeqtors to interpret the results.

Statemenfs by Betz, Goin, Stérn, and Tyler iﬁdicateﬂ a growing
awareness on the part of industry and educatioﬁ;-an awareness of the
need to include nondéstructivg testing methods as an integfal‘part of
the industrial education program at the secondary level. In their
opiﬁion, it is the responsibility of the schools to initiate methods of
instruction and to provide the means for the practical agplication of

oy
these methods of testing.
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Numerous volumes have been written on the subject of nondes-
tructive tésting, but it is the opinion of the writer that large

amounts of this data was not available in a form easily unﬁerstood by

industrial education teachers.

fhe problem of this study was twofold: (l) to evaluate the
five major methods sf nondestructive testing according to the critéria'
set by the writer for inclusion in the industrial education program;
and (2) to describe procedures for applyiﬁg those ‘testing processes
found acceptable to the industrial education progrém in a form more
easily understood by teachers. Once the data had_beén collectédrand
organized, each of the testing processes Was'evaluatea in tgrms 6f
five criteria:

1. Compatibility to existing ;ndﬁstrial education programéw

2. Ability to satisfy one of more:of thé present needsiof
industry

3. Relative simplicity of the test and its broad encompassing
nature B

4. Potential in satisf&ing what the writer believgs to be a
weakness of the present industrial éducétidn pfogram: the exélusion
of nondestructive testing methods from the indus;rial education.prbgfam,i”

5. lThe eddcationéi requirementg and competency levels expecfed
of entry-level inspéctors | |

An indepth description for applying these tests.in the .
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industrial education program was included only when a test satisfac-
torily met the five c?iteria set by the writer. The premise of the
writer was that once suitable guidelines had been developed, industrial
education teachers would be encouraged by the évailability of these
guldelines to inciude these testing proéesses inAtheir program,

. No attémpt was made by the writer to provide thélréader with
data ﬁertinent to tge development of test equipment or méterials;
Emphasis was placed on the description of "need to know" data in a

form more easily understood by industrial education teachers.

Liquid Penetrant Test

The forerunner of the present day liquid penetrant inspection
process was the oil and'whiting method which was used by the railroad
iﬁdustry in the Nineteénth Century for the maintenance of steam loco-
motives., Parts to bé insﬁected were dipped iﬁ a diluted solution éf
1ubriéating oil, dried,“and then coated with a ﬁixture'of chalk and
denatured alcohol. Tﬁis mixture dried rapidly leaving a deédfﬁhité'
coating on the surface of the part. The oil entrapped in the’discon?'
tinuity would seep out leaving a dark stain as an indication of a
possible defect. |

The liquid penetrant process is used by indusfry to locate
discontinuities which are open to the surface in solid and essgntially"
nonporoﬁs materials, Thére is no limiéaﬁion fo the size or shépé of ;hé_:'

part, the process is applicable to magnetic and nonmagnetic materials,f 
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discqnfinqities which cannot be seenAwith'the unaided eye become
visible, and the tesfiﬁg process is:rélatively low in cost.

The liquid penetrant proceés depends for its sucéess_upbn the
principle that a penetrating liquid entériﬁg a shrfacg opening and
remaining in that'openiﬁg'will be made visible when the propér:devel—'
oper is abplied. In basic principle, tﬁe liquid penetrant process.is
gimple., Its effectiveness is based upon the natural phenomenon of
capillary action,.one of the most poWerfui forces in nature. The
peﬁetrant does ﬁof seep into a discontinuity, i£ is literally pulled
iﬁto the discoﬁtinuity by capillary action. Wﬁen the correct developer
is applied, it.acts like a blotter dfawing the penetrant.remainiﬁg:in
a discontinuity to thé'surface.

Liquid penetrantAtests are used by industrf With‘three differ~
ent philosophical points of view, each of ﬁhich has a different princi-
pai purpose. These points of view are: _(15 to locate flaws befdre

the finished product goes to the consumer, (2) to reduce production

NS I R

costs by applying these tests at various stages of produétion thus per-—

mitting the removal of defective parts before additional production
costs are inéurred, and (3) to tabulate and analyze data resulting from
‘these tests for the purpose of improving future products. All of these
concépts are considered to be an integral part of the production pro-
cess and each is équally respoﬁsible for dec?easing the cosf of the

"part and increasing its service life.
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The types of liquid penetrants commercially available can be
divided into two categories: dye penetranté and fluorescent pene~
trants. In the case of the dye penetrants, a special dye is selected
which provides a high degree of contrast between the penetrant and the
developer. When the fluorescent penetrants are used, the materials
added require excifation by ultra violet radiation and observation
under subdued light.

Usually, no special equipmeﬁt is required to perform the liquid
penétrant tests when there are only a few parts to be tested, maximum
sensitivity is not required, the part is too large to remove or blacé
in the test equipment, or the proper test equipment is not available.
Color contrast penetrants and fluorescent penetrants.can be applied by
hand, the excess penetrant can be removed by hand cleaning, and the
developer applied by hand. The only item of special equipment requireq
is the ultra violet -light for the fluorescent process.

On the other hand, when there are a large number of parts to
be inspected on a productién line, a high degree.of sensitivity is
required, large parts are to be inspected regularly, or consistent
repetitive results are required as they aré in produ;tion testing,
certain industrial equipment is considered essential. Included in
this category are: (1) precleaning and penetrating stations, (2)
solvent remover and washing stations, and (3) drying and rinsing

stations. Automated testing units are now available which have been
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designed to use prepunched computer cards which‘aﬁtomatically program
the various aspects of the liquid penetrant process. |

Although many inspection problems can be solved using one or
more of the penetrant test methods available,'oné.testing prgcesé may
be preferable for a specific material. When a choice exists, the
‘éelectiOn of the testing.method may be just as Iimportant as the proce-
~ dures ﬁsed in the tésting process. The peneérént.inspectionimgthod ié'
usually_selectgd on the basis of its aBility to locate open and shallow
'discontinuitiés, its sensitivity to very fine,disc;ntinuities, and itsv
relatiQe ﬁfigﬁtness. Other criteria by which:a_méthod is selected
are primarily econoﬁic?

Since there are other methods of insﬁecfion classified as
nondestructive thch are capable of locating discontinuities in non-
magnetic‘materials, a quick comparison should provide continuify in
the analysis of these inspéction processes. This compariéon indicéted
that the penetrant process: |

1. Is more flexible than the éddy current method and is not
restricted by.part geometry or size. Eddy currents are considerably
faster on bars agd tubihg for certain classes of défects, bpt they
cannét locate aslwide a Qériety of discontinuities with regard to
width, depth, or direction.

‘2. Yields to the methéd above in the detection of internal

defects. In this respéct, the penétrant method also yields to the
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magnetic particle method (on parts which can be magnetized) but aré
practically the equal ofthe latter in all applications where thé
suspectéd disqdntinuity is oper to the surface and is not filléd with
some type of ﬁlocking contamination. |

3. Excels eddy currents and magnetic particles in the location
of fine, short, or shallow discontinuities which are open to fhe sur—.
face, ‘The liquid éenetrant method is the most effective method avail-
able for the detection of‘fatigue cracks in nonmagnetic materials.-
The magnetic parficle method is, however, its equal in this respéct
Wheﬁ the discontinuity has become filled with a foreign substaﬁce.

Fatigue cracks almost invariably begin at the surface of parts
which have been subjected to high stresses in service and spread
throuéh.the cross.section until a complete failure,of‘the-part occufs.
When these defects'are discovered in their early stages, they éaﬁ‘be-
prevented and the part saved. Because-of.its special ability din
1ocating surface discontinuities, the penetrant inspection method is
cqnsidéred superior to all other methods, in most instances, for the
upkeep and maintenance of all types Gf machinery.

The liquid penetrant method of inspection was evaluated by the
writer td‘determiﬁe whéther or not it met the five criteria set forth
in the analysis of data section of this study. Siﬁcelfhis evaluation
could best be accomplished éy those with expertise in the field of |

liquid penetrants, letters were written tofthosévwho had published
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books or articles, those who were currently employed in nondestructive
testing positions in industry, and pthérs who were considered knowl-
. edgeable in the field of liquid penetrants. They were requested by the
.-Writer'té evaluate the liquid penetrant process in terms of thé five
criteria selectgd for this'study. Their statementé indicated to the
writer that the liquid penetrant method could be taught successfully

in the industrial education program at the high-sdhool level.

Magnetic Particle Test

Magnetic particle inspection processes can be tsed to determine
the physical soundness and'other characteristics of a.metal without
impairing.its-future,usefulness in any way, shapé, or form. The results
of théée tests have heiped to make possible the manufacture: of lighe¥
and stronger materials and équipment,.and the use of fhese ﬁéterials
and equipment with a high degree of safety to the consumer.

In thé years prior to 1920, the term nondestructive testing'ha&
not yet acquiredla meaniﬁg or found a plaée iﬁ the language of indusfry.
fhere were ﬁany methods of testing, but magnetic particle testiné was
not one of them. In fact, none of the nondestructive testing methods
which are considered eésential to industry wéfe even under consideration.“_

Two developments.in the days following WOrld War I marked the
birth of modern nondestructive testing methods. These developments

were: (1) research at the United States Bureau of Standards and General

Electric Corporation indicated that X-rays could be used to make
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. pictures of metallic articles thus revealing their internal conditions;
and:(2) William E. Hoké made the discovery.that magnetic fields could
be. used to locate diséontinﬁities in ferromagnetic metals. In 1928 and
1929, A, V. deForegE completed the work which.actualiy resulted iﬁ the
ﬁagnetic particle methods as we now<know them, 'Thése initiai contri-
butions provided tﬁe impetus for the deVelépment of a practical and
useful pgsting érocess.

The magnetic pérficle'inspection process can be used to locate
surface and subsurface discontinuities in ferromagnetic materials.
Essentially, there are three basic steps in the application of this
methéd of inspéction. They are: (1) éstablishment of a magnetic
-field of suitablé strength aﬁd directiony (2) application of the mag-
netic particles in such a way that they are free to move over the
surface of the,part; collecting at 1éak§ge fields whicﬁ occur as the
result of a discontinuity; and (3) inspecting and evéluating these
indications in terms of part acceptance or rejection..

. The magnetic. particle process depends for its success upon the
fact that ferromagnetic materials, once they have béen magnetized, cause
a stroné leakage field to be formed at the surface ﬁhén_a discontinuity’
is present. This leakage fieid provides‘é means fér locating disconti-
,nﬁities which lie in a direction trahsverse.to'the directién of the
magnetic field. The fresence of this field and, therefo?e, thg

preséncé of a possible defeét is accurately 1ocated'by’the:application
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of finely divided ferromagnetic particles over the surface dﬁ the paff.
This magneticaliy held collection of particles forms an outliﬁe of:fhe
disgohtinuity and reliabiy ipdicates its exact 1ocation,,éhape, size.,
ahd extent. | - |

Magﬁetié particle inspections are used to detect discontinqi;
ties in fErroﬁagnetic ﬁaterials which could'éonstitute.a defect, thus
necessitating repair of the'part qr-réjection of the part. The
inspector is ablé to locate discontinuities on the surface which are
too fine to be seen with tﬁe unaided eye or those.whicﬁ.are.located
beneath the surface.l it should be clearlylunderstood, howevgr,'thét
the brimarf purpése of the magnetic bérticle test is the detection of
discontinuitieé; It is_pot the purpose of these tesés to determine '
whether or not suchAdiscontinuities constitute harmful defécts. How
ﬁarmful a defect is to the service life of a component sﬁould be
determined by those who know the service requirements of the part.

Commercial test equipment, Both pbrtable and stétionary, are
readily available'fof neérly every inépeétion situation where this
method is applicable. 'Stationary equipment providing direct current
for either the wet continuous or the residual, circular, or 1ongitudi—
nal magnetization, rectified aiternating or direct current, electri-
cally movable contact heads and safety devices satisfy the needs of
industry in the shop, while portable equipment using contact prodé fo;

‘circular magneﬁization or cables in-the form of looped—céilé for
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longitudinal magnetization are used for“field applicaﬁions. The -
magnetic particles used in these processes are in all cases finely
divided ferromagnetic materials. Before a specific material is
selected for the test, careful consideration should be given to parti-

cle size, shape, density, contrast, and mobility since all of these
factors affect the final test results. The basic-choice in the.
selection of magnetic particles is betheﬁ those used in the wet
pfocess and those used in the dry proéess, and secondarily betﬁeen'thg
various colors availébie,'including ﬁlﬁoréscent particles.

The magnetic pérticle process has the fdilowing characteristics
" when it is comparéd to the liquid penétraﬁt aﬁd eddy current proceéées.

1. When magnetic particles aré compared to.1iquid p;ﬁetrants,“
the liquid penetrants'afe their equal for the location of surfacg'
discontinuities, provided the discontinuities are not already filled
with a foreign substance. Because of this factor and the knowledge
that the penetrant method is slower, the magnetic particle method of“
inspection is preferable on magnetic materials for the loaction of
surface discontinui;ies. Penetrants gré unsuitable for locating dis-
continuities below”tﬁé surface, but maénetié.pérticleé can dp-a
remarkably good job under favorable circumstances aﬁd éontrolled con;‘
ditions.

2. When magnetic particles ére compared to eddy currents, it.

was found that eddy currents were better adapted to the detection of




332
discbntinuitieé in nonmagnetic materials. Eddy currenf testing, Whéﬁ.
it is qsed in éonjunction with magnetic saturating bias fields, are
soﬁefiﬁeé better for the location of-subsﬁrface &iécontinuities.:
However, eddy currents are more limited in the depth they can penetfate
efféctively. Eddy current usually indigaté only those discontinuities
lying close to the surface. Magnetic particle feéfs.aré less hampered
by part size and shape.

Since the magnetic particles précess excels all others in thé
location of very shallow discontinuities in ferrdmégnetic ﬁaterials, it
-iS considered the best,metbod to use in the.deteétiop of fétigue cracks.
The magnetic particle pfocess is preferablé to eddy currents and liquid
penetrants in the overﬂaul and maintenance §f machinery Becauée of its
tremeﬁdous ability to locate very fine surfacé discontinuities.

Advancements in the art of magnetic particle testing have
eﬁabled it to provide the means for the critical inspection' performance
demanded by industry. To thoée who encounter these techniqqes‘for the
first time, they may appéar deceptively simple, but the_magnetié parti—'
cle inspection processes must be applied with care and within carefully
set guidelines théh have been cérefully defined and deyeloped through
experience. Even in the casevof electronic methéds, where the equipment
has been pfecalibrated and set to provide:fbr the automatic rejection '
_of unsatisfactéry parts, setting these limits involves human judgment?

Broad knoﬁledge and experience on the part of the inspector is essential
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for the proper interpretation and evaluation of magnetic particle
tests.
? .

The magnetic particle method of inspection was evaluated by the
writer to determine whether or not it met the five criteria set forth
in the analysis of data section of this study. Since this evéluatibn
could best be accomplished by those Qith expertise in thé fieid of
magnetic particles, letters were written to those who had ﬁublished
books or articles, those who were employed in .nondestructive testing.
positions in industry, and others who'were considered to be'knowledge;'
able in the field of magnetic particles. They were requested by the
writer to evaluate the magnetic particle process in terms of the five
criteria selected for this study. Their statements indicated to the

writer that the magnetic particle method could be taught successfully

in the industrial education program at the high school level.

Eddy Current Test

Electrémagnetic inspection processes are generally referred to
as eddy current‘testing, because the Basic principles behind such
inspections are derived from the eddy current phenomenon. When a mass
of conducting material is moved in a magnetic field or is subject to ;‘
changing magnetic flux, eddy currents éirculate within this mass. These
eddy currents are closed loops of induced current circulating in planes

perpendicular to the magnetic field.
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The use of eddy currents as a praétical methoé‘of'non&éstructive
.testing was not qséd éxteﬁsively until the end of World'War‘II._ Most
of the thgoretical Basis for the use of -eddy current tes;ing was formu-
lated by Freidrich Fberéter, in Germany, during the period 1930-1950.
In addition to his theoretical work, Foerster also ﬁelped fo develop an
extensive group of instruments for the pefformance-of various non&es—
tructive tests. It was the introduction of these instruments outside
of Germany in the early 1é50's which helped to make edd& cufrent
testing significant.in médern industrial‘processes. Todéy, eddy
currgﬁt testing-eduipment is compatible withfmést industrial‘sﬁecifica—
tions, and these testing processés aré often integrated iﬁto the manu-
facturing process to providé a completely autpmated inspeétion of:parts
as they are being cast, formed, or machined.

The eddy current testing process may be.defined as a method of
nondestructive testing which requires the part being tested to be sub-
jected to an alternating electromagnetic field. This process can be
compared with a person rowing a.boat. As he dips the oafs, 1ift1e
whirlpools (eddies) are formed in the water. When these whirlpools
hit somethiﬁg floating in the water, their shépe changes. Similarly,

a coil carrying altéfnating current can induce a circulating electrical
current within a mass of metal. - Th;slelectrical whirlpool is Rnown as
an eddy current. Its basic characteristics éhange according to the

type of metal beiﬁg tested, the ability of the metal to conduct
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electrical current, and other factors directly related'to the matetial
being tested.
In tﬁe field of edd& current testing, the word "flaw" has e
.much.wider meaning than it does in other forms of nondestructive
testing, since‘the eddy éurrent process is applicable to more than‘tne :
detection of discontinuities. Eddy cuirent applications falivintp'
three basic categories; They are: (1) detecting-flans.in parts~ this
.ineludes the detectlon of cracks, voids, inclusions, laps, and seams ;
) sorting of parts .according to their alloy, conduct1v1ty, temper or
other metallurgical cond1tions~ and (3) gauglng parts according to their
size, shape, plating thickness, or insulation thickness.
1The detection of discontinuities? however, has peen one of the
principle areas of application for the eddy current method, -and it is
in this area that the eddy current method of inspection has replaced
such.methods as the visuel and magnetic particle ﬁethods of inspection.
In the eddy current testing prpeess, e coil is used to induce
eddy currents in the part being tested. The'electrical characteristics
of the coil are effeCted py any- discontinuity or defeet. It is the
careful measnrement'of coil changes nhicn make the eddy current method
of inspection uniqne among other nondestructive test methods in the
determination of part composition or the accurate identification of
materials in additien to locating discontinuities.

There are many factors which. contribute to the widespread use
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of eddy éurrents. Some of these factors are: (1) when eddy currents
are properly applied, they can be used to measure éuch diverse condi-
tions as heat tregﬁment, eiectrical-cénductivity, coating thickness,
part dimeﬁsions, and hardness; (2) they can be applied to a wide range
of products and fabricating methods ;uch as rolled sheet stock, drawn .
wire and tubing, welded pipes, and castings; (3) thisAmethdd'of
.inspéction is excellent when it is used for the rapid detection of
flaws, cracks aﬁd seams,. or for the sorting of mixed items; and

(4) they*ére mosf effective on thin—Walled and relatively émall items
Whicﬁ,must be tested in large quantities.

A variety.of test probes, frequencies, and test instruments
are commercially availéble. Generaily speaking, the term "tegt probe"
refers to an electromagﬁetic.transducer which. is placed on the surface
of a test object while the term "test coil" is used to designate a

-transducer which ené¢ircles the test object. In any case, the test
equipment used in'ghe eddy current testing process should.include the
féllowing elements: (1) an oscilla;or, (2) a methOd of detecting
impedance changes in the coil, and (3) a method of displaying the test
results, -

. While there are .many differenf types of test frequeﬁcies, coils,
and probes ‘available, thére are two basic'types. They are: (i) a
dual differential test iﬁstfument which has two identical test p;obes

which are electrically opposed, and (2) an absolute type of test
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instrument. Tﬁe number of test probes associated with an instrument
is indicati&e of its type. A dual aifferential instrument has two
identical test'probes which are electricall§ opposed. Metailurgical
differences within a sample or between s;mples are detected and dis-
played by'thié type of instrument. Aﬁ absolute instrument, on the
‘other hand, has.only one test coil or probe associatéa with it, In
this situation, the metallurgicallor geometrical differences between
test objects, or the presence of a fla& or defect, changeé the proper-
ties and thereby pfoduces an indication on the test instruments display
system;.

' Most of the éddy current testing systems pérform six internal
functioﬁs. They are: -(l) excitation, (2) ﬁodulation, (3) signal
preparation, (4) signal demodulation and analysis, (5) signal display,
and (6) test object handling. |

The eddf current- data signals obtained from the test coils are
usually displayed in one of four ways. The simplest of these is a:
simple display which provides a numerical indication of the differenqes
between the part being tested and a part of known quality. The other
three are basic bscilloscqpe &isﬁlays which include the line trace; the
éilipse, and the fiying spot.. The former provides a numerical ipdica—
tion which can be calibrated to indiéate the depth of a defect, while
the latter proﬁides the data necessary to separate. test variables of to

' analyze properties of the test object.
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The eddy current process has the following characteristics when
it is compared to the magnetic particle and ultrasonic processes.

1. Eddy currents are subject to limitations similar to ultra-
sonics for the location of surface cfacks, since a finite depth is
required to unbalance the. impedance bridge and secure reliable indica-
tions.

2. Eddy current methods, in general;.are better adapted to_the
testing of.nonmagnetic than magnetic matériais.

3. Eddy currents used in conjunction with magnetic saturating :
bias‘fieldsAare sometimes‘better for the location 6f below the surface’
discontinuities than magnetic particles, but they are more limited in .
the depth they can penetfate.

4., Eddy current tests can usﬁsally-indicate only discontinui- .
ties lying close to the surface.

Today, electromagnetic testing has developed to the point
where it can provide inexpensive, high speed nondestructive testing
with the accuracy and stability required by ihdustr&. Eddy cufrept
testing processes have hglped to speed up testing; and in some cases
" has provided 100 per cént inspection whefé only a desﬁructi&e sampling
was previously possible. The excellence.of this method of testing-isA
evidenced in the inspection of space vehicles where thousands of feet
of small diameter tubing, thin sheet metal, and numerous other items

with high safety requirements. In this situation, the safety of flight
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personnel requires complete reliability in each ana évéry component.‘

‘The eddy current method of inspection was evaluated by the
writer to detérmine whether or not it met the five criteria set forth
in the analysis of déta section of this study. éince this evaluatiqh
could best Ee accdmplished by those with expertise in the field of eddy
‘current testing, 1etters.were written to thosg who hadvpublished books
or articles, tﬁose who were employed in nondestructive testing positions
in industry, and others who Werelconsidered to be knowledgeable in the
field of eddy current testiﬁg.‘ They were requested By the writer to
evaluate the eddy current process in térms of the five criteria
sélected for this sfudy. Their statements in&icated to the writer that
the eddy current testing process could be taught successfully in the

industrial education program at the high school level.

Radiographic Test

Radiographic testing is a method of nondestructive testing
which provides for the internai inspection of a maté?ial by a, procedure
which utilizes X—rayé or gamma rays. The results of this test are
accomplished by recording Fhe effects of the penetrating radiatioﬁ on
a sensitive £film. This method of inspection is considered to be ome
of the oldest types of nondestructive testing. The early methods of
radiégraphic ingpection have undergone continuous improvement, and
;oday these methods of inspection are readily applicaBle to both the

mechanical testing field and the area of quality control.
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In 1895, while usiné a Crooke's tube in the course of his
cathode ray'stﬁdies, Wilhelm Conrad Roentgen discovered that this tube,
.when energized, gave off a new ray ﬁhich caused.a piece of paper;

. accidently covered with platinocyanide crystals, to glow.. Further
investigation revealed that this invisible radiation penetrated paper,
wﬁod, bqoks, the human hand, and certain light metalé, but not lead.
Roentgen, assuming that this new ray was a form of invisible light,
made the first human radiograph of Mrs. Roeﬁtgen's hénd'on a photogra—
phic plate. He called this mysterious ray "x" for the unknown quality,
and the term X-ray came into heing. During the following year, 1896,
Becquerel discovered that certain uranium bearing ores also emitted a
similér, buf more penetrating, type of radiation. This lead to the
discovery of another similar natural radiation emitter: the new
element radium by Madame Currie and her husband. The radiation
produced by these.ﬁatural emiséions seemed similar to Roentgen's X-
rays, but they also appeared to be more penetrating. The germ "gamma
rays" was eventually applied to these natural emissions to distinguish
them ‘from X-rays.

‘Tt was not until 1922 that the first commerical use of-indus—
trial radiography was pioneered by Jenks and Lester at the Watertown
Arsenal in'Massééhﬁsefts. In 1927; the aluminum indﬁstry began to use
radiogréphic testing prbcesses to insﬁre that only s.ound ma_teriéls were

. being used 1In the construction of aircraft, About ten years later, the
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makers of high pressure boilers began to ﬁse radiégraphic tésfing
methods for the inspection of Welds;: Since then, industrial radio-
graphic ﬁécﬂniques-have Beeﬁ‘develbped fof the inépection of woods,’_
" plastics, ceramics, and for.qﬁality control inspections using electro-
nic équipment. | |

Just as the doctor peers inside of the human body‘with X—f%ys,
radiographic testing processes utilize these same X-rays td inspect

materials and prdducts. A radiographic test in its simplest form is

the interpretation of a photographic record which has been produced by

the passage of X-rays or gamma rays through an object onto a film.

When this fiim is exposed to these gamma rays, X-rays, or light, a
change is produced in the film emulsion. Although gamma rays are
similar to X-rays and show Fhe same similarities to and diffe;ences
from visible light as db the X-rays, they are distinguished from X—fays
by theilr source ofyorigin rather than bj their nature,

In the radiogréphic test, a beam of gamma rays or X-rays are
directed toward the part being tested. Some ﬁf this beam is absorbed
as the ray passes through the part, while some of the ray is scattered.
The absorptioﬁ of this beém dependé upon the thickness of the paft, its
physical density, and its composition. The part of the beam which
passes through the part is recorded on a special photogrgphic film for
interpretation and evaluation by the-insﬁgctor. These tests can be

applied to ofganic méterials, inorgariic materials, solids;'iiquids, and
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even gases. -

Radiographic tests are used‘to disco&éf the presence and ﬁatufe
- of'discontinuitiés'10cate§ below thg surface. Thig testing p;ocesé is
béséd upon the ability”of.X;rgys and ggmmé rays to penetrate metals or
other opaque materials, thus p;oducing'an image ‘on sensitized film or
on a‘fluo;escent screen. The term "X-ray quality" widely used by
indﬁstfy to. infer high quality welds, arises from the method.df inspec—
tion used to guarantee thié quality.

When the radiographic inspection process is compéred to the
magﬁgtic particle-process; the'radiographip process is:

| 1. Supgrior tqvthe magnetic particle tesfing“brocess in most
cases for the loéation of discontinuities Which lie wholiy beipw the
surface.

2. Nof nearly so effective, howéver, for the location of
surface cracké, in which magnetic partiélé.te;ts excel ali other
methods, on magnetic materials;

| 3. Slower;and more expensive to apply than the magnetic par-
ticle process, especially when 100:per cent inspection of large quan-
tities of parts is required, and the results are immediaté.

4. The ﬁagnetic parficié inspection method is less hampered
by tﬁe shape of the'part than is the radiographic'ﬁetﬁod.

The ultimate:purpose of radiographid testing is Fo provide

visual'informafioq upon which judgments can be based cqncérning'the
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disposition of the part. It should be remembered that the radioéraphy
inspection process, as effective as it is, does not guarantee that
all discontinuities will show up as indications on the raéiograph nor
does the ievel of acceptable discbntinuity assure the éervidibility
of the part. It ig aiways considered prﬁdeﬁt in the fie}d of nondes-
trﬁgtive teétiﬁg'to'bonfirm the présence of absence of_flaws; particﬁj

larly in critical parts, by another test method, if possible.' There~

fore, the radiography test or any other nondestructive testing process

should be psed to supplement or‘compliment another method or methods.
| The radiographic method qf inspectign was evaluated by the
writer to determine whether or not it met the five criteria set forth
in the analysis of data éection of this sfudy. Since this evaluatiog
could best be accomplished by those with expertise in the fiel&.of
radiography, 1ett§rs were written to thosg who had published bqoks_or
érticles, those who were cufrently employed in nondestructive tesging
positions:in industry, aﬁd others who were considered knoWledgeable in
. the field of radiograph&. They were requested by.the Writer té evalu-
ate the radiographic inspection méthod in tefms of the ‘five criteria
selected for this study. Their stateﬁenfs_indicatgd to the writer that
the radiographic inspeétion method could not be taught succéssfﬁlly in

the industrial education program at the high school level. .
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Ultrasonic Test

The ‘ultrasonic method of nondestructive testing is ‘a physical
test. It finds its main application in the 1ocat1on of subsurface'
discontinuities. With the ultrasonic method of 1nspection, it is
possible to locate flaws in metal parts whlch cannot be detected w1th
other nondestructive means and also to determlne the actual flaw geo—

“metry, size, and p051t10n. The need for industrial quality in various

materials is growing, and new applications are .being developed for the - .

‘ultrasonio inspection processes.

'The,first use of sound in nondestructive testing could have
been the result—of an accident centuries ago, when a man noted that'a
cracked bowl emitted-a different tone than an uncracked_one.. Many
variations of this method of inspection:have been.used in an attempt to
'aScertain'thelinternal qualities of a naterial. The sensitlvity and
accuracy of these tests are obviously operator sensitive-and depend
primarily upon the ear of the inspector. |

| Although certain laboratory experiments in the late.Nineteenth
Century indicated that sound could be generated with frequency above

the human hearing range, it was not until the 193Q's that the pOSSibll—

ity of using.ultrasonic waves for nondestructive testing was recognized.

At this time, O, Muhlhauser, A. Trost, and R. Pohlman of Germany and
S. Sokolof of Russia investigated various continuous wave'techniques.

The inspection methods developed from their'studies were a giant step
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forward, but depended upon a gross flaw obstructing the transmiséion'f

of sound through the test piece from one transducer to another. ‘This

process is now known as the through transmission method. This particu-—

lar test process was 1iﬁited because of the need for access to two
opposite surfaces onnthe test part and the limitations in locating
minute defects and determining their location below the surface.

These shortcomings were overcome in the early 1940'5 when
Fred Firestone of the University of Michigan developed an instfument
that utilized pulsed ultrasonic wave trains to determine the depth and
relative extent of small flaws. Access to only one side was necessdry,
because the system was monitoring reflected energy, not the loss of
transmitted energy. |

From that time on, pulse echo ultrasonics has been developed
into a .reliable and efficient nondestructive testing tool with uses in
such widely varying, and ﬁany times complex, systems that it is con-
sidered by the writer to be beyond the scope of this study to discuss
many of them.

During World War II, submarines were tracked with sonar, sound
navigation, and ranging. By accurately measuring the time itvtodk for
sound pulses to go out and come back, soﬁar instruments were able to
indicate how far away a submarine was from the ship. The same thing
happens on a smaller scaie in ultrasonic testing. Instead of 1oqking

for a submarine, however, the ultrasonic inspector attempts to locate
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discontinuities inside of,steel parts; fank walls, welds, and concrete
cissions. Inspectors:éan now determine ﬁow thick a1piecé of metal is
wiphout seeing the other side of it. |

In the ultrgsonic testing process, pulses of sound are created
‘by'electrically exciting a crystal, known as ; tfansducer, which has =~
piezo—electric prbperties, caﬁsing the crystal to vibrate.l Sound
energy ié tr;nsmitted into the materiallbéing tested through a couplant:
this couplaﬁt can be water, oil, or glycerine.. Sound Whiﬁh returngd
to the crystal as reflected energy is converted into electrical signélé
by. a t;ansducer,. These signals can be shown on an oscillbséope; The
time and-amplitﬁde'rélétion of these reflected signals can be iﬁter—
prgted to shoﬁ tﬁe 1qcation of internal feflecting éurfaceé in three-
dimensiﬁns-for accurate location. |

Ultrasonic .equipment generates ultrasonic pulses which are
converted into axbeam of ultrasonic waves by a transducer which is a
combination microphone and loudspeaker. ‘These waves. travel through the’
part being tested and discontinqities or éhe otheg side of the part
réflect these pulses back to the fransducer where they can be inter-
preted and‘evaluated by'the inspector. The amount of time it takes
between the starting pulée and the refiectipn is—indicétea on a cathode-
ray tube. The picture on this tube looks like a line.with "spikes" on
it. The_distgnce betweén thesg spikes_gnd tﬁgir-rglétive height

accurately pinpoints the discontinﬁity'and indicates how bad it is.
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Using the ultrasonic method of inspection, discontinuities as far as
thirty feet below the surface can be located.

In the testing process, the searching unit is caused to vibrafe
while sending out an initial pulse, then stops until the pulse reaches’
the other end of the piece or detects a discontipuity‘and is reflected-
back. The return signal is amplified and appears as a pip of mérk on
the cathode-~ray tube. This return pulge is timed so that it appears
back on the tube in the same relation to the front and back puise'as
the discontinuity is to the front and back of the part being tested.

The differences between ultrasonic testing processes and other .
nondestructive testing processes, such as liquid penetrants and magne-
tic particles, are obvious because the latter aré sensitive only to
surface or very shallow subsurface discontinuities. While the ultra— -
sonic processes can be tailored to detect the same type of disconti-
nuities, it is primarily used for the inspection of an area beyond the
successful depth of penetration of magnetic éarticle inspections,

When the ultrasonic method of'inspection is compared to the
magnetic particle process, the ultrasbnic process:

1. Is inferior to the magnetic particle inspection process for
ﬁhe location of exceedingly shallow surface cracks, since there is no
known minimum limit to the depth of cracks magnetic particles will
detect, provided the proper materials and techniques are used.

2. Requires a certain minimum depth, although this is very
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small, in order to obtain sound wave reflection.
3. 1Is in generél superior to magnetic ﬁarticle processes in

the case of below the surface discontinuities at great depths below

the surface.

4. 1Is inferior to the magnetic particle process when irregu—
lar shaped parts are being inspected.

The ultrasonic method of inspection was evaluated by the.w;iter
to determine Whether or not it met the five criteria.;et forth‘in thé
analysis of data section of this study. Since Fhis gvaluaﬁion cbulé -
best be accomplished by those with expertise in the fielé of ultrasonic
. testing, letters were writtem to those who had published bdokg or
articles, those who were currently employed in mondestructive testing
pqsitions in industry, and those who were considered knowledgeable in
the field of ultrasonic testing. They were requested by the writer
to evaluate the ultrasonic testing procéss in terms of the five cri-
teria selected for this study. Their gtatementslindicated to the
writer that the ultrasonic method of inspection could ﬁot'be taughf"-
'successfully in the industrial education prograﬁ at tﬁgvhigh'gbhopi 
level, | |

During the past dgcade, public.attgnfion hés iﬁc?easinély
focused on the schools and their difficulties in providing'aﬁ‘adequate
education for all segments of the nation's population.. This is

especially true in the area of industrial education where one of the
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basic educational objeetives has been an attempt to satisfy an indi-
vidual's vocational needs.as he prepared to enter the world of work.
The development of vocational competencies is a tremendous challenge
when one stops to consider the rapid changes which occur almost daily‘
in American industry. The respensibilitf of fulfilling this mandate
ultimately falls upon the teachers. Teachers are expected to develop-
an adequate foundation for 1earning:: a'foundation which will be'of ese.
to their students throughout their entire lives. | -

In the decade ahead, teachers Qill te held“increasingly
responsible and accountable for the behavier of students in the scheols.f'
It was stated by‘the American Vocational Education Association ie their .

report, A Guide to Improving Instruction in Industrial Education

(1968:9-11), that there was a need for a closer correlation betﬁeen the
needs of industry and the goals and objectives of education. This is
especially true in the area of industrial and technical education.

This movement toward behavieral accountability has arisen partly-from
the convictioﬁ that desired educational outcomes‘één be specified.ahd
measured with reasonable precision, and partly from thexlncrease 1n

© parent-community concern and 1nvolvement in not only the directlon'of
education but also in. the operation of publlc educatlon. The teachlng
profession while working steadily toward public recognition ef its
professional status has found that it must deal realisticaliy with the

issues of accountability. 1In the case of industrial education, there -
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is a gréwing awareness on the part of both educators gnd meﬁvof
industry that the cur;iculum of industfial and technical educatioﬁ
should be closely related to the needs 6f the natioﬁ.

In an attempt to improve industrial education and assist
teachers to meet these needs, educators should be involved in a con-
inual search for alternative means to improve the educational curricu-
lum as well as teacher competence and accountability. The inclusion
of these methods of testing could, in the opinion of the writer,
enhance the future of industrial education.

The adoption of these processes will not simplify the .1lives of
those responsible for the preparation‘of indﬁstrial education teachers
nor is it intended to simplify the lives of students who are pfepariﬁg
to enter teaching or technical professions. The decision to implement
these testing processes will require considerable effort on the part
of teachers and students alike, since this type of program will tend to
create an atmosphere of anxie#y and concern on their pért. These
feeliﬁgs are considered to be a normal reaction when onme is faced with
the uncertainty of a novel program. To the extent that the people and-
institutions involved are adaptable, there is hoﬁe for success. |

The justificatioﬁ for including nondestructive testing pro-
cesses in the industrial education prbgram lies primariiy in the
knowledge that:

1. ©Nondestructive testing processes and procedures permit an
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effective integration of industrial theory and practice.

2. There is an immediate need ‘in industry for iﬁdividuals with
nondestructive testing cgmpetencies.

Certain advantages could be derived as a direct résult of
initiating a program of nondestructive testing in the industrial educa-
tion program at the high school level. Among the most promising are
its attention to an individual's vocational needs, its focus on educa-
tional objectives, its accountability features and its efficienty
which is enhanced by the use of feedback. These advantages would
appear to warrant and insure a strong and viable movement toward
strengthening teacher preparation in thé field of industrial'education '
through the development of individual strengths in spécific'areas of

nondestructive testing.
CONCLUSIONS

Based upon this study, the following conclusions were made:

1. 1In spite of the changes which have occurred in industrial
education in the past twenty years, the gap between what is being
taught in the present industrial education nondestructive testing pro-
gram and what is needed by individuals preparing to enter the world
of work appears to be widening. |

.2. Based upon the opinions of’selecfed authorities, nonde-

structive testing processes and procedures can be made an integral part
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. of existing industrial education programs or integrated into existing.
programs of science, chemistry, or metals testing.

3. It is the opinion of selected authorities in the field of
nondestructive testing that high schools can develop levels of compe-
tency in nondestfuctive festing which are comparéble to those developed
by industry. |

4. There is a willingness on thélpart of mémbe?s'of indust;y
to assist teachers in thé‘development of nondestruc£ive tésting. |
programs.

5. The nondestructive testing processés of eddy currehts,
liquid penetrants, and magnetic particlgs met the criteria selected by
the writer for this study. Radiography and ultrasonic testing pro-

cesses did not meet the criteria of this study.
RECOMMENDATTONS

Utilizing the findings and qoqclusions of this study as a
basis, the following rec;mmendations are made: ‘ |

1. Industrial education should provide for'thefacquisition.
and demonstration of éecﬁnical and occﬁpétiohal compétenéie§ in
nondestructive testing.

2. The nondestructive testing processes and procedures
included in thig study should be continually updated to keep abreast

of new developments and technological changes in the field of
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nondestructive testing.

3. The Departments of Industrial Education in universities and
colleges should conduct a study to determine the feasibility of
developing a program of nondestructive:tesfing to be added to ;he
present curriculum.

4. The administration at teacher éducafion.ihstifutions ﬁith
industrial education proérams should provide releaée time for faculty

- members who are conducting the feasibility study.

If the Department of Industrial Education at these universities
and colleges, based upon the results of the feasibility study, decide
to implement a nondestructive testing program into their present
curriculum, the following recommendations are made:

1. A standing committee should develop a continuous comnunica=~
tion system. This éystem should inélude the meaﬁs for feedback ffdm'
members of the universityffaculty, memﬁers of secoﬂdary schbql
faculties, members of,industry who are curréntly engageﬁ in nondeétrﬁc—
tivé testing, and students who are interegted in nondestructive testing
processes and prbcedures.

2. Key teaching personnel should be encouraged by financial
support to enroll in nondestructive testing programs similar to those
offered by Magnaflux Corporation for the development of comﬁetencieé iﬁ
the areas of eddy currents, liquid penetrants and magnetic particles.

3. The faculty should become involved in current research
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dealing with the éubject of nondestrucfive Festing.

4. The faculty should develop an on-going evaluation,qf the
nondestructive testing program to dete:mine'the'degree to Wﬁich the
stated goals and objectives of the program are being mef.

5. The writer believes that nondestructive testing curricu—
lum guideiines should be developed for industrial educators in the
areas of eddy currents, liquid penetrants and magnetic particles

utilizing the processes and procedures found in Chapters 2, 3 and 4

of this study.
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APPENDIX A

Commonly Used Specifications and Standards for Nondestructive Testing

Title Number Date Issued By
Liquid Penetrant Methods
Method for Inspection, Liquid E165-63 1960 ASTM
Penetrant Inspection
Method of Liquid Penetrant AL62-62T - 1962 ASTM
Inspection- : :
Fluorescent Penetrant AMS~2645E n.d. SAE
Inspection
Contrast Dye Penetrant AMS-2446A n.d. SAE |
Inspection . . :
0il, Fluorescent Penetrant ~ AMS-3155A 1964 SAE
) Solutiop Soluble .
'~ 0il, Fluorescent Penetrant AMS-3156A 1964 SAE
Water Soluble '
‘Solution'FluoreSQent Penetrant,. AMS-3158 1964 SAE
Water Base ' '
Inspection Penetrant Method MIL-I-6866A 1953 " Naval Supply Depot
o (FSC-6850)
 MIL-I-25135C 1961

Inspection Materials Penetrant

Naval Supﬁly Depot
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Appendix A (continued)

- Title Number Date Issued By

Qualification of Inspection MIL-STD-410A ' 1962 Naval Supply Depot
Personnel, Magnetic Particle : )
and Penetrants

Inspection Penetrants, Non- MIL-I-19864 1957 Naval Supply Depot
destructive Testing (FSC-6850) ’
- Inspection of Materials, Fluor- T.O. 420—1—10_ 1955 ) Naval Supply Depdt»

escerit Dye Penetrant Method

Inspection Unit, Fluorescent MIL-I-25105 1955 Naval Supply Depot
Penetrant Type, MA-2

Inspection Unit, Fluorescent MIL-I-25106 . 1955 ‘Naval Supply Depot
Penetrant Type, MA-3 . . : .

Magnetic Particle Methods

Dry Powder, Magnetic E109-63 : n.d. ASTM
Particle Inspection

Methods and Specifications for A456-61T n.d. ASTM
‘Magnetic Particle Inspections -
of Large Crankshafts

Reference Photographs for E125—633: n.d. ASTM
Magnetic Particle Testing
_of Ferrous Castings

Steel Forgings, Heavy Magnetic A275-61 A " n.d. ASTM
Particle Testing and Inspection - ’ :

LSE




Appendix A (continued)

Particle Inspections

Title Number Date Issued By

Wet Magnetic Particle Imnspection  E138-63 n.d. ASTM
-Magnetic Particle Inspection, AMS-2300A n.d. SAE

Premium Aircraft Wuality Steel

Cleanliness

Magnetic Particle Inspection AMS-2640G n.d. SAE

Magnetic Inspection Unit, MIL-M-19698A 1958 Naval Supply Dépot
Portable (FSC-6635)

Magnétic Particle Inspection MIL-M-11472 1952 Naval Supply Depot
Process for Ferro Magnetic

Materials

Magnetic Particle Inspection MIL-M-11473 1951 Naval Supply-Depot
Soundness Requirements for . ' o .
Weldments

Qualification of Inspection MIL-STD-410A 1962 Naval Suppl& Depot
Personnel, Magnetic Particle . : :

and Penetrants

Inspection Process, Magnetic MIL-I-6868C 1965 Naval Supply Depot
‘Particle, General Requirements

Teéhniqél Inspection Manual, NAVAER n.d. "Naval Supply Depot
Volume 3, Section-4, Magnetic 00-15PC-503 : :

86E




Appendix A (continued)

Issued By

Title Number ‘Date
Inspection of Materials, T.0. 33-B2-1-1 1963 Naval Supply Depot
Magnetic Particle Method
Inspection, Magnetic Particle MIL-I-18620 1955 Naval Supply Depot
Requirements for Processes
Applicable -to Overhaul of
Airframes, Propellors and
Accessories
Inspection Procedures for MIL~STD~-288(1) 1957 Naval Supply Depot
Determining Magnetic. Permeability
of Wrought Iron—Austenite Steels
Magnetic Particle Inspection MIL-M-23527 1962 Naval Supply Depot
Unit, Lightweight
Magnetic Inspection Unit MIL-M~-6867B 1961 Naval Supply Depot
Magnetic Particle Inspections MS-17980A 1963 Naval Supply Dépot
on Steel Parts : ‘ :
Eddy Current Methods )
Methods of -Test for Electrical B342-61T 1961 ASTM
Conductivity -Using Eddy Currents
Determination of Aluminum Alloy Probosed Aero- 1964 SAE

Tempers Through Electrical
Conductivity Measurement

space Recommended
Practice

66¢€
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Appendix A (continued)

Title Number Date Issued By

Electromagnetic Testing of E~215-63T 1963 ASTM

Seamless Aluminum Alloy Tubing

' Welding, High Pressure and T.0. 00-25-224 1964 Naval Supply Depot
Cryogenic Systems ) :

.Generél Nondestructive Methods

Index-to ASTM Standards ‘none Annually ASTM
Nondestructive Testing, Person- SNT-TC-1 1963 Society for Non-
nel Qualifications and destructive Testing
Recommended Practices

‘ Castings, Classification and MIL~C-6021F n.d. Naval Supply Depot
Inspection of ' _ ’
Inspection Requirements, Non- .MIL-I-6870A 1960 Naval Supply Depot
destructive, For Aircraft

Materials and Parts

Nondestructive Test Symbols MIL-STD-23A 1950 Naval- Supply Débot
Military Standard Nondestructive MIL-STD-271D 1965 - Naval Supply Depot
Testing Requirements for Metals : :

Standards for Welding of Reactor NAVSHIPS 1964 Restricted by Navy
Conduit Coolant and Associated - 250-1500-1 Technical Orders .
Systems ’

Fourth Edition, American American Welding‘

Welding Society Handbook

none. n.d.

Society
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Appendix A (continued)

Note: Addresses of References Cited

‘A. ATSM, 1916 Race Street, Philadelphia, Pennsylvania
B. SAE, Society of Automotive Engineers, 485 Lexington Avenue, New York, New York

C. Naval Supply Depot, Commanding Offlcer Naval Supply Depot, 5801 Tabor Avenue,
Philadelphia, Pennsylvania

D. American Welding Society, United Engineeriqg Center, 345 East 47th Streef,
New York, New York

*% The specification and standards used in this appendix were obtained from the text,

"Electromagnetic Testing, which was published by the Government Printing- Offlce
Washington, D.C. 1965, pp. 147-150.
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APPENDIX B

Permission to Copy Letters

RABEY SCHOOE

US Hoask Staling Meal Ancex
Apoditle, Pasta Ris 00604

leln. {loxs Thostas, Head
Indusbulol Avts Deporfutent

15 July, 1975 !

Addison~VWesley Publlshlng Company, Inc.
Reading, Maine # 01867

Dear Sirsi

I am presently in the process of writing my dco”or~: vhssiz
in industrial education. The area I have selecwc. %0 vescarch
is the development of guidelines for prospectlve “eathe(s in
the area of nondestructive testing. To accomplisi this task,
1 have attempted to collect the most easily undcrsmocd ‘ata
‘pertinent to thlu field,

with this in mind I would be most apprec1able if yowy
. company would -give me permission to use data in *h2 text,
sics by Francis W, Sears with the fcllowing
11m1tat10nsa

A, Data -will only be used in my doctoral theblc and
the’ the31s will nol be published,’

B. Copyrlght regulations will not be cz"cunvxnted
and appropriate footnotes and refereace: w1‘l be
given for all data used,.

Speclfically. I am interested 1n data found on Toges 555~
556 which relate to the phenomena of magnetismi and the
right hand rule figure on page 550.

I sincerely hope that I will be granted permissxon to
include this useful data in my thesis,
Doar Professor Thomas:
Parmission Is horeby given to

use the material noted In thls . Respectfully,

. letter in the manner expllclﬂy @

stated above. . Arpvv~e—a_
- Metle C, Thomas

q%nmq aéh/%
Mary Loiko//- Pormissfons Department
Sclence and Mathematics Division
August 22, 1975
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AMERICAN SOCIETY FOR- METALS, * METALS PARK,OHIO 44073

DR.WILLIAM M, MUELLER
BIRECTON OF LDUCATION

19 April 1974
MEI-sb-18

Mr. Merle C, Thomas
Rt. 1 Box 6613B

Ronan, Montana 59864
Dear Mr. Thomas:

RE: Your letter of 8 April 1974

In answer to your request, we give you permis iou . rz2ference the
MEI materials with proper credit; The course you have pur. hased carries

a copyright which-makes 'duplication of the materia) i/:gal 1 his ietter
does not grant permission to circumvent copyrignt 1 ~zulations

I hope you have found the MEI course useful and i w. nt to extend
my congratulations and best wishes for your projcct.

Cordially,

TEL AREA CODE 216

3386-5151

METALS ENGINEERING INSTITUTE

QoA
Oreén J. Tlubex
Assistent Director

OJH/SBurnett
cc: Dr. Mueller

Ml
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AMERICAN SOCIETY FOR METALS - METALS PARK, OHIO 44073 : (216) 338-5151

EDWARD J. MYERS

OIAZCTOR OF ROUCATION:

30 July 1975
MEI-sb-7

Mr. Merle C, Thomas

Ramey Schuol

U,S. Naval Station West Annex
Aquadilla, Puert» Rico vi604.

Dear Mr. Thowa ;:

RE: Ycur 'Antfer of 25 July 1975

This letter grants you perm1s51on to use sclected data figures,
and tables from the MXT course, "Fundamentals of Nondestructive
Testmg , in yoir thesis. The source of the individual items used should

be acknowledged in appropriate footnotes or references.

We are pleased to learn that you find our materials useful and
would appreciate an opnortunity to see your finished thesis,

Cordially,
META LS ENGINEERING INSTITUTE.

Q\%\&@

Oren J, Hube
"Assistant Director -

OJH/SBurnett
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GENERAL DYNAMICS
Convair Aerospace Division

' Kearny Mesa Plant, £. 0, Box 1128, Sun Miego, Calformun 92112 < 714277 -8300 Procurement, P 0. Box 172 - Accountiny, P. 0. Box 1708

Lindbergh Freld Plunt, P, O. Box 1950, San Diego, California 92112 714:296 - 6611

8 May 1974

Mr., Merle C. Thomas
St. Ignatius High School
St. Ignatius, Montana 59865

Dcear Mr. Thomas:

Your letter of April 28, 1974, requestig pere s sion to
reproduce certain pages from the Conveii NDT hardbook
P1-4~5 on Eddy Current Testing has been rocerred to me
for consideration and reply.

We are willing to grant permission to reproduc- portions
of that “book, subject tothe following T™aitativns.

1) data will only be used in your doctoral tnesis-

2) there will be no publication of the thesi. -

3) -appropriate footnotes will be made for data used, '
and the title page shall identify the copied material),
acknowledging the General Dynamics/Convair Aerospace:
Division copyright.

My best wishes on your eﬁdcavdr.

Sincerely,

e

H, F. Mohrilock
Patent Department

HFM: mb

i
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ONE PARK AVENUE, NEW YORK, N.Y. 10016

(212) 689-0360
, Cable Addreas: SCIENCEPUB

July 23, 1975

Mr. Merle C. Thomas, Head
Industrial Arts Department
RAMEY SCHOOL p

US Naval Station West Annex
Aguadilla, Puerto Rico 00604

Dear Mr. Thomas:

Thank you for yoi:r letter of 22 July pointing-out the material
from our publicailon NONDESTRUCTIVE TESTING' by McGomnagle which
you wish to reproduce in your doctoral thesis. " '

We hereby grant you permission to use this abovementioned material -
in your thesis, under the proviso that the thesis is not published,
and that should our copyrighted material should appear in a published’
form, that permission be re-requested.

Sincerely %
Thomas Siolek
Assistant Editor

CORDON ARD BREACTH, SCIENCE PUBLISHERS, INC.
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- MAGNAFLUX
CORPORATION

. 7300 WEST LAWRENCE AVENUE ¢ CHICAGO, ILLINOIS 60656

QOctober 30’. 1975

RAMEY SCHOOL _
. US Manual Stalion West Annex
Aguadilla, 1Pucrta Rico

Attention: Merle C. Thomas
Referencc: Qur #815+1152

Gentlemen:

Thank you very much for your letter of September 22, 19/5. We
have no ohjcction to your using certain data from the "Principles
of Penetrants' and "Principles of Magnetic Particle Testing” 2
long as credit is given to Magnaflux Corporation, It wruld hc of -
interestio us to receive a copy of your doctoral thesis. -

We.take this opportunity to extend our best wishes toyou in.y'oar.‘
NDT project, ' - '

Since.t-eiy yours,

MAGNAFLUX CORPORATION

i/

"ANZ:ic

NONDESTRUCTIVE TESTING SYSTEMS v METHODS © SERVICE
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OFFICE OF THE ASSISTANT SECRETARY OF DEFENSE ~
WASHINGTON, D. €. 20301

2 4 APR 1974

ENSTALLATIONS AND LOGISTICS

WR

Mr. Merle C. Thomas
School District No, 28
P.O. Box 288
St. Ignatius, Montana 59865
Dear Mr., Thomas:
This office has .o cbjection to the use of material in DoD Handbook
H~57 1n your Doctoral Thesis providing appropriate credits are
given, Please note, however, that in the event you intend to |
copyright irn"r material such copyrights may not be extended to
" materinl extracted from the:handbook.
) Sincerely,
Qoo i Mooty
Donald H. Montgomery )
Staff Assistant for Quality Assurance

Directorate for Product and
Production Engineering
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The Ronald Press Company
Pubhsher‘s since 1900

79 Madison Avenue New York N.Y. 10016

August 1, 1975

Mr. Merle C. Thomas

Ramey High School

U.S, Naval Station-West Annex
Aquadilla, Puerto RBico 00604

Dear Mr. Thomas:

Thank you for your letter of July 15, requesting permis-
sion to use material from the NONDESTRUCT.VE TESTING
HANDBOOK, edited by McMaster.

We are happy to grant you permission to nurte, in your
doctoral thesis, and to reproduce on micrrrilm, the
material specified from pages 6.6, 6.22 and 6. 2' of our
publication. Please note, however, that +% you publish
your thesis in any form at some time in uvae tuture, it
will be necessary for you to obtaln pprm4551on aga n
for the use of our material.

It is our understanding that the follow1nv credit line

will be given on each page where material from aur book
appears:

NONDESTRUCTIVE TESTING HANDBOOK edited by
"Robert C. McMaster Copyright {c) 1959
The Ronald Press Company, New Ydrk,

Sincerely yours,

LB A

n E. Hubig .
Permissions )

JEH/m
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THE AMERICAN SOCIETY FOR
NONDESTRUCTIVE TESTING, INC.

914 CHICAGO AVENUE + EVANSION, JLLINOIS 60202 + TELEPHONE 312/4754600

July 28, 1975

Mr. Merle C. Thomas

Ramey High School

U. 8. Naval Station-West Annex
Aguadilla, Puerto Rico 00604

Dear Mr. Thomas:

In reply to your letter of July 15, in-which you request
to use material published in MATERIALS EVALUATION, please con—
sider this letter as permission to do so. As a courtesy to

. the author, I urge you to address a similar request to him.

The article to which you refer was published in Volume
XXVIII, Number 12,  December 1970, pp 262-266. The author
was: )
,Dr., Donald L.:Waidelich
University of Missouri
Department of Electrical Engineering.
Columbia, Missouri 65201

I share your opinion that this article is quite explicit
and useful as educational background material, I presume
that you are familiar with the programmed instruction manuals
and audio-vigual materials that we supply. In case you are
not, I have enclosed a copy of our most recent Book Mart.

Thank you for your comments and interest in NDT tech-
nology. Please let me know if ASNT can be of further service
to you.

Very truly yoyzs,

Robert T. Anderson
Technical Director

RTA/lc

"Enc: Book Mart

MEMBER ENGINEERS JOINT COUNCIL
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UNITED STATES GOVERNMENT PRINTING OFFICE

PUBLIC DOCUMENTS DEPARTMENT
'WASHINGTON, D.C. 20402

Thank you for your recent communication requesting permission o reprint or
quote from & United States Govermment publication.

Title 17, United States Code, Section 8, provides in'pertinent part that:

"No copyright shall subgist in * * * any publi-
ecation of the United States Govermment & * *
excapt that the Imited States Postal Service
may secure copyright on behalf of the United
States in the whole or any part of the publi-
eations authorized by Section 405 of Title

33" [United Statsa Code).

By virtue of the foregoing, therefore, public documents can generally be
legally reprinted. However, Government publications often do contain )
copyrighted material vhich was used vith permission of the copyright owner,
and publication in a Government document does not authorize any use or
&pproprianon of such copyright material without the consent of the owner:

Since the Government Printing Office serves merely as a printing snd
distribution agency for Government publications and has no Jjurisdiction over
their content or subject matter, I would suggest that you take the matter up
vith the originating department or agency or its successor prior to the re-
printing of any given publication. In those instances in vhich permission
to reprint material from Government publications is granted, customary credit
should be given to the Government department which prepared the material.

SUPERINTENDENT OF DOCUMENTS
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UNIVERSITY OF MISSOURI-COLUMBIA

October 6, 1975

Mr. Merle €. Thomas

Raey High School.

U.L Maval Station-West Annex
Agu‘aiila, Puerto Rico 00604

Dear Mr. Tnomas .

College ofEng}neeﬁng
Department of Electrical Engineering

239 Electrical Engincering Building
Columbia, Missouri 65201

Telephone (314) 882-7559

This 15 ip veply o, your letter.of.September 22 concerning the use of certain,
! ta from my paper "The Role of Theory in Eddy Current Testing". You have my
pe.missiun to usce this data in your thesis. It is understood that no publication

of the miterial will occur.

I wu:1d be interested in seeing a copy of your thesis when it is.completed.

Would this be pussible?

Sincerely yours,

Donald L. Waidelich

Professor
W/ 1w

an equhs dpportunity institution

m/c%&/ Wg/
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15 July, 1975

John Wiley & Sons, Inc,

‘ ‘g 3013 1nol
605 3rd Avenue Croalt-8 »uld inclade ths

folleoyir , componz- ks Title,
New York, N.Y, # 10016 aubanr io and/ow e ;tox( I
Conyrigh. O. {daseand ov.ner)

reprint=d v paraizsion of
Tohn ¥ilr: & Sonz, Ine.

I am presently in the process of writing my doctors . thesis

in the -aroa of nondestnuctive testing: the devalopnent rt
guldelines for prospective teachers. in t.- Tleif of Industrial

Dear Sirs:

Education.

With this in mind it would be appreciated if your ~ompany
would give me permission to use dat, figures and ta.les from
the text Introduction to Electromagnetic Noadestructive
Testing by Hugo L. Libby. 1971, with the followiag
limitationss

A, Data will be used only in my doctoral thesis and
the thesis will not bve published,

B, Copyright regulations will not be circumvented
and appropriate footnotes and references will be
given for all dat used.

I sincerely believe that once these guidekines are ‘eveloped
industrial educatlon teachers will be more willing to 1nclude
this subject in their curriculum.-

Your consideration of this request at an early date 1s
appreciated, .

171975
Parninsion grantad.JUL

Proper orodit must e glven Respectfyully,
449 our publlcatlon..

TCl %, LIJCS with erecit ‘to ansther aource,
PornlﬂciorJ Inagor duthoriza®lon fricn that scuroe

Fob Jeha Ulley & Song..Tnan © . s .required.

- d -
1 material eppears.in our book
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APPENDIX C

Letter Sent to Selected Specialists in the Field
- of Nondestructive Testing

Gentlemen:

It has been my objective as part of the requirements for my
doctorate in education to develop nondestructive testing guidelines
which could be used at the high school level to develop entry level
nondestructive testing competencies for interested students. My
hypothesis is that there is not only justification for including NDT
principles in the industrial education curriculum, but also the sincere
hope that other iIndustrial education teachers would be encouraged to
include these methods of testing in their programs, once suitable
guidelines had been developed. This study has been limited to the -
five major methods of nondestructive testing: (1) eddy currents,
(2) liquid penetrants, (3) magnetic partlcles, (4) radiography, and
(5) ultrasonics.

With the above in mind, it would be appreciated if you would"
jot down your thoughts regarding the following:

A, Are the methods selected compatible to existing industrial
education programs?

B. Could a knowledge of the testing methods satisfy one of the
present needs of industry: students graduating from high school with a
knowledge of the practical applications of nondestructive testing?

C. Are the methods selected for this study relatively simple
in their application and do they have a broad encompassing nature?

D. Do the methods selected have the potential to 'satisfy one
of the present weaknesses of industrial education: the exclusion of
NDT processes in the curriculum?

E. Which of the methods selected can be taught to high school
students without involving them in an extensive or intensive amount of
technical preparation?

Your consideration of this request at .an early date would be
appreciated.

Respectfully,

Merle C. Thomas
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GEOMETRY OPINIONNAIRE

name School Period Date
Iast TiTst middle — —

Directions:  FEach of the statements on this opiniomnaire expresses a feeling which a
particular gerson has toward geometry. You are to express on a five-point scale, the extent
of agreement between the feeling expressed in each statement and your own personmal feeling.
The Iive points are: Strongly Disagree (SD), Disagree (D), Undecided (U), Agree (&), and
Strongly Aqree (SA). You are to circle the letter which best indicates how closely you agree
or disagreé with the feeling expressed to each statement as it concerns you.

1. I do not like geometry. I am always under a SO DU A SA
terrible strain in the geometry class.
2. Ido not likelgeometry, and it scares me to SD.D U A S
have to take if.’
3. Geometry is very interesting to me. I enjoy SO DU A SA
this geometry course.
4. Geometry is fascinating and fun. SO DUA S
5. Geometry makes me feel secure, and at the SO DU A SA
same time it is stimulating.
6. I do not like geometry, M{ mind goes blank and SO DU A SR
I am unable to think clearly when doing geometry.
7. I feel a sense of insecurity when attempting SO DU A SA
geometry,
8. Geometry makes me feel uncomfortable, restless, ' SO DU A SA
irritable, and impatient, '
9. The feeling that I have toward geometry is a SO DU A SA
good feeling.
10. Geometry makes me feel as though I'm lost in a SO DU A SA
jungle of numbers and fiqures and I can’t find
my way out.
11. Geometry is something which I enjoy a great deal. SO DUA SA
12. When I hear the word geometry, I have a feeling DD U A S
of dislike. '
3.1 apEroqch geometry with a feeling of hesitation-- SO DU A SA
hesitation resulting from a fear of not being to
do geometry.
14, I really like geometry. ‘ SO DU A SA
15. Geometry is a course in school which I now SO D U-A SA
like and enjoy studying, ‘
16. I don’t like geometry. It makes me nervous to SO D U A SA
even think about having to do a geometry problem.
17. I do not like geometry, and it is my most SO DUA SA
dreaded subject.
18. I love geomgtry. I am hanier in the geometry SO DUBA SA
class than in any other class.
19. T feel at ease in geometry, and I like it very much SDDUA SA
20. T feel a definite positive reaction to geometry; SO D UBA SA

it is enjoyable.
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