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Hwlity 0ontr6I.H hahaer been recognized fop 10- yews as an seonom%csP 

an8 requiped tool of Ordnance C o w s  prowemen$. Xn f t a  broadeet an8 

mort complete sense t h i s  term may be defined as the planned application. 

of t er t s  or measurements to  item of mmufactu~e and the rneandbngfi11 

analysis of the re~uleing data in terma of their qm0ity.  In addition, 

there irr a definite nomotation i n  the tern regarding irnprovemw~t of 

quality of fiture items t o  be mimufactuped ar a mssult of %mp%poveb besign 

or manufacturing p~oeedurse based upon previous tent findings. In other 

worda, Qaality Control isr directed at obtaining arauranae that Ordnannoe 

items are procured having adequate quality to perfom sat$wfae%orily, 

this assurance being obtained at the leaet oos$. 

It  is regarded that er b l i % y  Oantrol program involvee the followfn,g 

basic elements of eonsf derat ion : 

1. bn engineerlrmg detemination of the neeeassry quality oharacter- 

f r t i c ~  requfped for satisfactory perfo~manee sf an O ~ n a ~ l e s  en% item 

or component. 8emise perfomace requirements form the basier of this 

det eminat ion, 

2, The eeleetion and epecifiaation of tes t  or inapeotfoln methods 

and pmcedump which are capable of determini= that the neaeseaf-y quality 

aharactsristfes exis& in kind and degree as ~equ%redl. 

3. The formulation of a W i t y  Control plan which eonaidera: 

a. The ntage during the ~ u f ~ t u r i n g  cycle st which $he 

insgeetion should be ge~formed in order t o  permit improvemenbin mama- 

feteturing prooesses by dlscloeure of aoupoes of trouble, 



b. The sample size 

c .  The permisraible deviations for oon t ro l  of product quality. 

d.  Pte. 

In more brief terminoPogy, Item 1 above may be called produe% 

emgineering OP elassifieation of dsfeete; item 2 m y  be earlad iaspeetfon 

or test engineering; and item 3 may be cabled statiatical planning and 

analyeir. I% i a  believed that a l l  three eon~ideratfone are mandatory 

for the procurement of eratisfbetory OpBnm~d dbtern~~ 

In order %ha% an tunde~etandirg of the viewpoints exprs~eeb below 

can be fmiPitated, it ehould be stated that the asrigned miwrfon of 

the Ordnance Borpe group p r e s e n t i ~  therere olewpointr i a  research and 

deve%opmeat i n  the field of Nondestructive Testing. A fairly complete 

g i e tu~e  of this f i e l d  of w t i v i t y  h a m  been presented by br, R, C. Mch~ter 

in h i e  Mger Marburg Lecture of %95z0 preaenteb before $he American Soafs%y 

for Testing BJate~ialo. A copy of thia  honor leetare  is appsdd hereto 

f o r  refemnee (8ppedabx A), 

I% i s  the purpose of what f'olPowr to aonafder item 2 above aos it 

n%a$er t o  the overd l  problem of Quality Control by nodestmetive 

t e s t  methodr. 

!i!he adlvcn%agsr of nondsrtmetfre over destmct%oe %eating techniquea 

for Quality Gon%ml peorpoee~ have been recognine8 for  r number sf yaaro, 

~ ~ o m i n a n % % y ,  nods~twnctive tsete ha88 enjoyed %heir widest erpplfeatfca, 

both in %he Ordnance Corps proeammnt grogram and in industry, $0 the 

evduation o f  f h w r  much as cracks, eavi t ier ,  ete.  %a metals, Hovsmr, 

i t  isa fe l t  that there ome adventagee ~ h o u l d  be made avaASabBe t o  a greater 

extent than a% p~erraent for the determination of other quality eharaete~fat%es 



and in other materials. Until recently, the development of' new noa- 

destnactive test ing prineiplea, r philoeophy for their development and 

application, andl the engineering rescneiated with the d e ~ i g n  of testing 

equipment for the entire Ordmmee Corp~, hias been the reerponsf'bblity 

of  a small group of about f ive  (5) workerr at Watertom kseaal,  Mom 

recently, the gmup at  Watertown Ma united %nformiaf%y with a gmup 

of eleetronio engineerr an8 aoientiste of the Htmri-hnn hboratsriee 

at Fraakf~rd kaena l  in an effort to csorbinate and increase the rats 

of ef fort  i n  th is  f ie ld .  

In order t o  i l lurtrats  the tremsadour improvsmente which can be 

redlized from o eoordinrted devslopmental program of thia type, 

Appendix B is attaeheil hereto. &%sted therein are past accomplishmem$e 

of these t w o  orgmiaa$ione i n  the field, of nodestmct%ve testing and 

o list of emrent work projeeta with an indication o f  expected Ordnance 

Coxyr benefit-all preaentsd aa brief' ab~traate.  

In the past, the Bevmlogment of nonrfe~tmctive testing methods has 

been financed to s large degree by the IntIumtriaB Division o f  the Office, 

Chief of  Orbane@, partioularly when specific end item tersting probleae 

were involved, and because h d e  available under Project 'PBb-21 have 

been inadequate. I t  haa long been recognized, however, by those in.- 

timately asaoeiated with work in this f i e l d  that, if new and more severe 

rsmics ~equ%mmen$r continue t o  become evident because o f  new weapon$ 

and materials development and because inspeation teoting must be eondueted 

without beeoming a bottleneck t o  pro&uet%on, %he development of new 

nondeatruetive testing pr%neipPer and teahnfquesa m e t  be eon$inual%y 



aponso~edl. Such dsrolopmento, ppimapaily Palling in the teahniaal f i e l d  

of applbd physice, have been inadequately fundeb in the gas% under 

0.0,  h o J e e t  !Dl+-21, whiah is believed t o  be the only prageet appXfcabPs 

t o  the generalfeed type of developmental work iavo2g~ed, Some ides of 

tb indequmy of hmding a m  be obtailaed when it is pointed cu t  that, 

so a typical year, $8: n53 provided only $70,000 for a l l  BevsPopea%di 

work in the Ordnance C o r p ~  dealing with 911 typeus of t e s t a  (ahemics~,  

mechanical, nodeet~s le t  f ve, metallographie, e ta , )  with regard $0 me$aPo, 

During the  me year, approximately $4,000,000 w r l  alltoaatedl t o  the 

development an8 eva%u,%%ion of new and improved mtsrials of various 

types for Q r W e s .  It e m  be s d e l y  statedl that, with each new matsr%sl 

improvement, a variety of terting ant3 inspeetiom probllemer is ueually 

created, With %he budget rlloaated t o  the development of sPI testing 

teehnf quea representing only about Ib 1/2$ of' that allocated t o  %he 

development of improved m~ter%aPs, the problsm~ are rapidly outsstrigpinag 

our ability t o  provide eolutions. 

Since meh of the work contemplatodl for  the Bsvelopmen% of non- 

d e r t m e t i ~ e  tert iag teohmiquer f a  of s general nature, i.e,, developmen% 

of ultraaronie testing t s ~ h i q u a s ,  mgnle$%o teeting teehiqnnes and. radio- 

graphic tasting teahnAquer, it is extramsly d i f f i c u l t  $0 obtain f u d e  

for euch work from OCO  group^ having speeiff~ end-item %m%eres$, 
/- 

~ontampBs$ed grogrm bas been developed rr a maul$ sf the critical 

rather than the need to solve a speaiffc inspection or %sat problem, 

This type of critical study, followed by fundmental teot  ms$hodr 

deve%opment, bas ~ e ~ u P t e d  in the pas% in %be soluti~n o f  a large number 



of  speeifie problems, Such leucesls is attributed t o  a complete 

urdsretmding of the physieal prineLpPer of the t e s t  methob, which 

understanding permits the recognition of baeic 8fmi%ar%$Pae between 

teat  probPems and s more rapid solution thewof, 

The above appromh bas been devoted in psat ysaro t o  studber of 

radiographic and magoetia tes t ing  notably. The rbauP% baa been that 

these methoas were employed an a broad seals during World W ~ P  Bf f o r  

the inspection of many typee of Ordnanse, i.e,, cetat armor, ammmdtfow, 

welded gun mounts, welded tanks, and many othsrer. Reasnt generalized 

developmenti3 in mgnetie tes t ing  a m  being mlminatsd in the auecesr- 

fu l  construction of apparatus for more rapid md reliable examination 

of  artil lery tubel, p~oJeet%lea  of  both large and small caliber, art i l l ery  

and rmall arms cartridge carer, etc. The more reesnt work b e  bean 

directed at hi&-sped, fully automixtic testing for  flaw@ and eontroP 

of metals heat treestmsnt where bottlsaaeeks in productforn due, $0 prs-rioatm 

slow md relatively mrsliable rnathd~ are being elimimated. 

POT" FY "55 it i~ being requested that $150,00CP be allocated 50 

Watertown A~senaP Lab~ratory a d  $15,800 t o  thm Pitmerra-Durn Labora%or%es 

at Frankford iAPaenaP for the development sf nondeelmetive t e ~ t i a g  

methodl (0.0. ProJeetpr !CB4-216, B, a d  0 ) .  !Them figures havm been 

ineluded a a  w part of the gmrr e~gl~unt requested for all work mder 

TB4-21, Metal8 Tasting Methode, f o r  Wer%ertowm and P ~ d c f o r d  AreemiP~. 

It ohould be PrnBeratoocT that there eunoolntr ape t o  oovsr work An the 

generalized Pimld of physics of nondestruotioe t e e t r ,  the e f for t  t o  

apply them techniques t o  speoif'ie Ordnance problems bring finmced fpom 

other R & ID or  IndustfirP Divbeion fbdr ,  



AJthoagh $he momtr referred t o  above do not refleet tha rate 

of e f f o r t  which ehouPd Be ogent in er BogioerP ratio sf materialo 

devefopment effort t o  t e s t  mebhudr devs%opm~n% afior$,  they sre 

regarded aer apprspria%rs t o  the mpower now dmoted t o  work 1x1 tb%e 

field. Xt is believed that general advancer in pregarsaPnesar, of wh%eh 

t h l r  effort i o  a part, can best be aeeornpllehsb at this time, when the 

prersurer of an mergenay o r  war are not dictating the dimatkon ef 

effort. %&her increase in the taxp@mditur@s f o r  nondsatmetiw $er$ 

me%hods developaan% r h o ~ l d  be eontemplatsd for the h%urs.  
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Rep. U.S. Pat. 08. 

EDGAR MARBURG LECTURE 

P R E S E N T E D  BEFORE T H E  FIFTY-FIFTH A N N U A L  MEE'rIXG 

(FIFTIETI: ANNIVERSARY MEETING) 

O F  THE AMERICAN SOCIETY FOR TESTING MA'I'ER1AI.S 



"By  xed, industry, loyally, insight, and high ability exerted through sixteen years 
as Secretary-Treasurer of the Society; by guid ing its actions, eltergizirtg i ts  activities, 
and guarding its name, he ltas exercised a powerjul influence on the character, standing 
and scsefulness o/ 6he Society, a d  on the making of specifications and tests for the 
mateals of engineering. " 

Excerpt from R-lution Adopted by the A.S.T.M. at the Twenty-first Annual Meeting, 1918. 

Fmsr Secretary-Treasurer of the American 
Society for Teriting Materials, 1902 until his death. In addition to serving as an officer 
of the Society, Doctor Marburg was also head of the Department of Civil Engineering of 
the Uni-ty of Pennsylvania from 1892 until his death. 



EDGAR MARBURG LECTURE 

T H E  PuReose of the Edgar 
Marburg Lecture is to have described at the Annual Meet- 
ings of the American Society for Testing Materials, by lead- 
ers in their respective fields, outstanding developments in 
the promotion of knowledge of engineering materials. 
Established as a means of emphasizing the importace of 
promoting knowledge of materials, the Lecture honors and 
perpetuates the memory of Edgar Marburg, first Secretary 

of the Society. 



DR. ROBERT C. MCMASIEB is Supervisor of the 
Electrical Engineering Division a t  Battelle Memorial Institute, Columbus, Ohio. Dr. Mc- 
Master obtained his Ph.D. degree from the California Institute of Technology and has par- 
ticipated in the development of X-ray and other nondestructive test methods during the 
past ten years. He has contributed to the development of methods for radiography of spot- 
welds in light-alloy aircraft sheet materials and fluoroscopic methods of examination of air- 
craft castings and forgings which have been adopted by major manufacturers for inspec- 
tion of aircraft components. Other nondestructive test developments have been concerned 
with the application of ultrasonics, fluorescent magnetic particles, and electromagnetic 
induction methods to industrial inspection problems. 

Prior to joining Battelle's staff, Dr. McMaster served with the General Electric Co. and 
the Naval Ordnance Laboratory, and, for four years, supervised the million-volt laboratory 
and lightning research a t  the California Institute of Technology. He has also taught electri- 
cal engineering a t  Case Institute of Technology and in the Graduate School of the Califor- 
nia Institute of Technology. 

At BatteUe, Dr. McMaster has participated in studies of the fatigue of aircraft structures; 
of corrosion fatigue failures of oil well drill pipe; of high-speed, high-temperature testing of 
melallic materials; and of other problems in industrial physics. More recently hc has super- 
vised studies in! electric power communication, computers, servo-mechanisms, electronics, 
ultrasonics, electro-biology, and related fields of electrical engineering. 



Authorized Reprint from the Copyrighted Pracecdinga of the 
AMERICAN ~ E W  POR TESTING MATER~AU 

Philedolphio, Pa. 
Volume 52, 1952 

NONDESTRUCTIVE TESTING1 

Nondestructive testing is a normal 
human sensory technique. Its extension 
through scientific methods has increased 
its scope, snsitivity, and reliability until 
it has become a vital operation in modern 
industhl production and quality con- 
trol. Misuse or omission of appropriate 
nondestructive tests on critical structures 
,or equipment is sometimes disastrous. 
'Proper application of nondestructive 
tests lowers production costs, increases 
industrial pr~uctivi ty,  and insures reli- 

and safety in service. 
the art of nondestructive 

testing includes all possible methods of 
detection ox measurement of the proper- 

' ties or performance capabilities oi mate- 
I < I _ 1  rials, parts, assemblies, structures, and 

, I  , ,  machines, which do nol damage or destroy- 
their smkeability . By definition, nonde- 

4'  ~ d ~ ~ ' ' '  structive tests differ from all tests and 

~f,l!ii PI 
measurements which can be achieved 
only through damage to, or destruction 
of, the serviceability of the test objects. 
The latter are known as destructive tests. 

Any valid law of nature may serve as 
a basis for a useful nondestructive test- 
if it provides reliable measurements that 
can be correlated with material proper- 
tks  or discontinuities and with service- 
ability. Modern nondestructive tests are 
of three general types: 

1. Those involving transmission of en- 
ergy, 

2. Those involving transport of mat- 
ter, and 

3. Those involving combinations of 
matter transport and energy transfer, 

in their probing media. Transport of mat- 
ter, as used in mechanical gaging, fluid 
penetrant and leak tests; filtered particle 
tests, and others, is generally useful only 
for nondestructive testing of exposed sur- 
faces, or of surfaces connected to exposed 
surfaces by open channels, uf test oh-. 
jects. Transmission of energy, as used in 
X-ray, magnetic and electric field tests, 
and others, may reveal structure and 
discontinuities wilhin materials, or on sur- 
faces of ertclosed cavities. Combined trans- 
fer of e w g y  and mailer provides powerful 
additional nondestructive test methods, 
such as the ultrasonic, electromagnetic 
induction, and nucleonic types, capable 
of probing very thick or very thin layers 
of materials, or of producing informative 
secondary reactions which reveal mate- 
rial properties. Usually more than one of 
these types of nondestructive tests must 
be employed for complete inspection of 
test objects in industry. 

Sondestructive testing is fact finding, 
even when the facts are hidden from 
ordinary observations. It  is an extension 
of human observations. I t  may or may 
not require a human operator to evaluate 
the observations. In most cases it is pos- 
sible, by means of adequate research and 
development, to develop machines which 

1 Presented at the Fifty-fifth Annual Meeting of the 
Society, June 25, 1952, X r w  Y O T ~ ,  X. Y. replace some or all of the functions of a ' Supervisor. Electrical Engineering Division, Battellc 
Memot~al Inst., Columbus, Ohio. A human inspector. Where standards of 



servicerrbitity are well established and 
where exten& past experience exists, it 
sometimes becomes feasible to develop 
fully automatic nondestructive-testing 
devices. These may not only measure the 
significant properties of the test object 
but also judge and decide upon its ac- 
ceptability or rejection. Such develop- 
ments of automatic machines are usually 
justified only when: 

1. A large number of inspections must 
be made; 

2. The value of each test object is 
great ; 

3. The test object itself is cheap but is 
critical to human life or safety o; to the 
performance and serviceability of a costly 
assembly, such as a large airplane; or 

4. The object when tested is cheap, 
hut if accepted, will be given costly fur- 
ther fabrication or treatments so that it 
is ultimately very costly. In this case, 
the prior nondestructive test saves the 
costs which would otherwise be wasted 
in the expensive finishing of the piece. 

All too often, those who are unfamiliar 
with the basic nature of nondestructive 

I tests expect them to work miracles. If 
I 

X-rays or ultrasonic waves permit one to 
"see" through opaque solid objects, can I 

\ they not be expected to provide other 
magic solutions-to our production prob- 
lems? Not a t  all! rcjondestructive tests 
usually reveal only the specific kinds of 
defects and conditions they were designed 

% p e c f e i l t o t m ~ T  of 
+-f~Ek'n'o'GK~ A= w-w --I+- o f t  .--y------- e nafiiii%TiEi€i:- 
rTXs,-o~€Ee causes o r ~ r v ~ c e  failures, or 
of the sburces of ~ r o d u c ~ o ~ ~ c ~ d ~ ,  

ma--*--.-.. 

owever, nondestrGKe tests can pro- 

I vide additional factual data concerning 
such defects and conditions, on the basis 
of which engineering management can 

- t 

make a more intelligent analysis. And 
nondestructive tests can monitor the ef- 
fects of corrective changes in production 'n' conditions of operations, to show whether 
or not the difficulties are being elirn- ) 
inated. -\ 

Misconceptions usually lend to mis--1 
applications of nondestructive tests and I, 
to failures which are not rightly the fault :I - - 
of the test method. A typical rniscon- '1 
ception is the assumption that if a part i 

Y has been given a specific nondestructive u 

test-let us say, by X-rays-and been 
passed, then the part, and the method 
Ily which it was produced, are acceptable, 
possibly cven perfect. This is usually I 
untrue. Nondestructive tests are specijc 4 
to certain types of materials, conditions, 'j) 

There are many specific jobs which 
nondestructive tests can do well. How- 
ever, no single nondestructive test can 

. - 

and defects. 
X-rays are capable of revealing a mu 

titude of different material conditions, 

necessarily do them all, even for a single 
material. And a single job may need 
different nondestructive tests when the 
material is changed. The nondestructive 
tests are, in general, specific. The test 
must be selected in accordance with the 
material, the conditions to be detected, 

but there are other common undesirable 
conditions they frequently do not reveal. 
Typical of these might be laminations 
perpendicular to the direction of the 
X-ray beam, or fine, tightly closed cracks 
near the surface. The laminations might 
be clearly revealed by an ultrasonic test. 
The tight cracks might best be detected 
by magnetic-particle or penetrant inspec- 
tion, as appropriate to the material in 
question. What a nondestructive test is 

--. 

capable of revealing, it usually does show r 
reliably. But it says nothing about other 
possible conditions, outside the scope of 
its detection. 













of the process. Even .more important, 
prompt nondestructive testing often per- 
mits more sensitive and lower cost non- 
destructive testing. The specific damage 
may often be more easily and sensitively 
detected before it is hidden by the effects 
of further processing or fabrication. 

Most l~ondestructive test methods 
evaluate the quality, strength, or service- 
ability characteristics of the test objects 
indireclly. Usually, they involve the 
measurement of a critical or useful p rop  
erty (such as strength or the presence 
of flaws) in terms of other related, but 
noncritical, properties. The latter of ten 
have little or no direct significance in the 
application. For example, the fatigue p r -  
formance of a casting may be evaluated 
by tests of its magnetic discontinuities 
or X-ray absorption. Neither of these 
latter two properties has any ultimate 
usefulness or direct bearing on the fatigue 
life of the casting in service. 

Most nondestructive test methods in- 
volve far more than simple visual inspec- 
tion of the exposed surfaces of test ob- 
jects. In many cases, the nondestructive 
tests are designed to reveal the proper- 
ties, dimensions, and discontinuities of 
the interior of the specimens. Nearly 
every basic principle of physics has been 
used to obtain, nondestructively, this 
basic information concerning the internal 
condition of test objects. 

Nondestruci-.ive tests differ from per- 
centage destructive tests, or " coupon tests." 
I n  coupon tests, a selected fraction of all 
the units in a lot are mechanically loaded 
to failure or are cut apart for examina- 
tion. The strength or condition of the 
few samples is determined destructively, 
after which the units tested are unfit for 
service. Often, only a portion of the se- 
lected object is tested. This may be done 
by cutting a tension test specimen fromi 

one portion of it, or by sectioning it and 
making a metallographic examination af- 
ter polishing anrl chemically etching the 
sectioned surface. Tests of this type de- 
stroy the test samples. 

The corresponding advantages and lim- 
itations of destructive and nondestruc- 
tive test methods are listed side by side 
for easy cbmparison in Table I. From 
these comparisons, one may conclude 
that: 

1. Destructive tests are often quanti- 
tative; nondestructive tests are most fre- 
quently qualitative only. 

2. Nondestructive tests usually require 
considerable skill, experience, and judg- 
ment on the part of the inspector. 

3. Nondestructive tests are to be pre- 
ferred if there is large random variability 
within production lots, if the product is 
valuable or critical in application, and if 
suitable nondestructive tests exist. 

4. Nondestructive tests offer advan- 
tages if there are many possible causes 
or mechanisms of failure in service. Thesc 
usually cannot all be evaluated with a 
reasonable number of deslructice tests. 
Since several different norzdestructizle tests 
may be used in succession on each objcct, 
they can cover each of the possible causes 
for premature service failure. 

5. Nondestructive tests usually cost 
less than destructive tests, in cases whcre 
either method can supply adequate in- 
formation. 

6. Nondestructive tests offer particu- 
lar advantages over destructive tests in 
maintenance inspection during service. 
They usually do not require tlisassembly 
of units before inspection. 

7. Nondestructive tests offer a prac- 
tical means of assessing the effects of 
cumulative damage during service. 

8. Nondestructive tests, in general, re- 
quire less preparation of specimens than 
do destructive tests. 

9. Nondestructive tests are usually 
faster than destructive tests. Conse- 



TABLE L-AIUTIVE ADVANTAGES AND LIMITATIONS OF DESTRUCTIVE 
AND NONDmUCTIVE TESTS. 

1. Tats usually simulate service conditions, conse- 
quently tend t o  mwurc serviceability. 

1. Tests usually involve meanurements of properties of 
no direct significance in service; the correlation between 
these measurements and serviceability must be proved by 
other means. 

2. Tes ts  are usually ~ u r a t i t a t i v e  meanurements of luad 
for failure or for significant damage, or of life t o  failure un- 
der given loading m d  cnvironmental conditions. 

2. Tests tire usuully qu l i t a t ive  and rarely qutntitative; 
they db not usual1 measure load for failure, or l ~ f e  to fail- 
ure, even indirect$. 

3. The  correlation between most destructive test meas- 
uremenu and the material properties b i n 4  measured (par- 
titularly under simulated sewlce loading) IS usually direct. 
Hence, most observers may r t c  upon the results of the 
test and their significance w i x  reapect t o  sewiccability of 
the  material or part. 

3. Skilled jud ment and test or service experience are 
usually requlre l  to interpret nondestructive test indica- 
tions, and (where the essential correlation has not been 
proved or where experience is limited) observers may dis- 
agree in tvaluating the significance of test indications. 

1, Tests are not made on the objects actually used in 
service; consequently, the correlation between the obiects 
tested and those used in service must be proved by other 
means. 

3. Tests often cannot be made on ,reduction parts as 
such and must often be limited to testkar* cut from parts, 
or from s ~ ~ c i a l  materials processed similarly to simulate 
the rov r t i e s  of the parts t o  be used in service. Preparation 
of tge s p c i a l  test specimens may be ver costly In some 
cases. Possible doubt ma exist as t o  whetKer the test spec- 
imen is representative o r t h e  part as a whole. 

1. Tests are made directly u1,on the objects to be used in 
service; consequently, there IS no  doubt that tests were 
made on rtrrresentative test objects. 

2. Tests can be made on only a fraction of the roductinn 
lot to be used in service; consequently, they gave little 
value whcn the properties vary greatly, in unpredictable 
order, from unit t o  unit. 

4, A s i n ~ l e  destructive test measures only one or a few of 
the properties which may be critical under service condi- 
tiofis, on a Rlven specimen. 

2. Tests can be made on every unit to be used in service 
(if economicall justified!; consequently, they may be used 
validly even wten great differences frc~m unit to unit occur 
in production lots. 

5 .  Dentry~tive tests are not usually a jplicable to parts 
in service, unless servlce is interruptA and the part re- 
moved from service, t o  be dmtroycu during ttsting. 

3. Tests are made, if desired, on the entire production 
part;  consequently, the evaluation applies to the part as a 
whole. Many critical sections of the part may be examined 
simultaneously or srquentidly. 

4. Many nondestructive tests, each sensitive to different 
properties of the material or p l r t ,  may be applied simul- 
taneously or in sequence, to measure as many roperties 
correlated with service performance as may be &sired. 

5. Sondestructive tests may be applied to parts in  service 
often without interruption of ncrvlce, and with no loss rrf 
serviceable parts. 

I 

6. Cumulative c h a n ~ e  over a pericd of time cannot be I h. Sondestructive tests may permit repeated checks of a 
measured on a single unit. If severhl units of thp same lot given unit o v v  a period of timg, so that the gate ot service 
are tested in succession over a p r i c d  of time, to establish damage. and ~ t s  correlation w ~ t h  servlce fa~lure ,  may be 
temporal chanqes in properties, the prmf that the units I established clcarly. 
were initially similar must be established. If the units are ~ 
used in servlce and removed from service after various peri- : 
ods of time, i t  must be proved that each was suiliect to simi- : 
lar conditions of service, before valid data can be obtained. 

7. With parts of very high fabrication costs, the costs of 1 7. Acceptable parts of vew high fabrication costs are not 
replacing parts destroyed ill testing may be rohibitive. lost in test in^; consc;lucntly, extensive test in^, or re1)eatetl 
Under these conditions, particularly with smalfprduction ' testing during service, is feasible. 
lots, i t  may not be feasible to make adequate tests. 

8. Many destructive tests require extensive machininn 8 .  Little or nu slwt.cimcn 1.w )~r.rt ion is requireti in  many 
or preparation of test rpcimens, and ulually rerluire mas- non(lestrvrtive t e r t s  Several [ o r i s  of nondcstructire test- 
3lve, precision testing machines, so that thecost of destruc- ing equipment are 1)ortable anrl are cal>able oi ra~id,sortiny: 
tive testingmay be very high and the number of?amples ' and testing. Thr  rost of nondestruct~ve tests 1s In most 
which can be prepared and t a t e d  in any sln~lrr  f a r ~ l ~ t y  may cases far less than the c l w ~  of atlecluate destructive trsts. 
be rcvrrely limited. 'Exr.eptions cxist, as, for rxarnlrle, in S - r :~y  in.;l)ection of 

low-fabrication-cost production items, where 61m and in- 
spection costs may exceed fabrication costs.) 

9. The timcandman-hourrequirementsol manydestruc- 9. .\lost nondestructive test rpcthorls are mutrh more 
tive trsts arc very high, contr~buting to high prwluctinn rapid ant1 recluirr f a r  fewer man-hours or actual houri thrin 
costs. Excmsive I>roduction costs may be incurred if ade- (lo tyr,ic:iI destructive tests. Consequently, t h m ~  are suit- 
quntc anti exten.rivc destructive t w t s  are used in l~roduc- able for testing I:~rue nurnl~rrs, or all, of the production 
Lion qua:ity control. units, a t  a tost oitcn less than or rornl-r:rral)le to the coits  i r f  

inspcct in~ dcstrut~tivelv onlj, a minor pcrcentagc of prn- 
duction lots. 



quently, production and servicing delays 
are minimized. The possibilities of pro- 
ducing large numbers of defective parts 
successively in production are decreased. 

Nondestructive tests differ also from 
the ordinary measures of induslrial poc -  
ess conirol. Industrial process control 
often provides limits on raw material 
composition, machine settings, or dimen- 
sional tolerances. Statistical methods are 
often used to increase the value of a 
limited number of measurements. The 
purpose of such process controls is to 
insure consistent high quality in the prod- 
ucts of the process. However, some de- 
fective units may be produced, even with 
good process control. Such defects must 
be detected by other means---for exam- 
ple, by nondestructive testing. 

,- An exception occurs in the case of 

j proof tesling. Proof testing is an essential 
nondestructive test. In  proof tests, the 

objects are loaded to a proof stress 
service stresses) a t  which un- 

satisfactory specimens should be revealed 
< by their failure. Such proof tests are 
2 destructive of defeclire specimens. If 

properly designed, however, they should 
be completely nondestructive for all sound 

,fb test objects. Consequently, they could 
? 9 be applied, if desired, to all production pe specimens, like any other nondestructive 

test. 
7. " -  It has been true that the testing of 

structural materials has been primarily 
destruclire (of the test samples). This is 
natural, since many materials tests have 
been sirnulaled serzice lests. Since the test 
objects are destroyed, the reliability or 
value of these destructive tests is criti- 
cally dependent upon the similarity of 
the objects aclually lesled lo llzose which are 
placed i n  serrice. The value of destructive 
tests is also dependent upon the similar- 
ity of llze tesl co~tdiliorts lo the actual serzlice 
condilions. The safe use of destructive 
tests depends upon this degree of correla- 

tion between the properties of the units 
tested and those of the units to be placed 
in service. If this correlation is excellent, 
the destructive tests may be reliable. 

However, the properties of the indi- 
vidual units in a lot or group sometimes 
vary greatly, often a t  random. In this 
case, the correlation between the values 
obtained in destructive tests and the 
service performance may be dangerously 
low. Such variability between units of a 
group has frequently been used as a 
basis for rejection of entire production 
lots, The destructive tests provide no 
direct means for separating the useful 
pieces from the dangerous or useless oh- 
jects in the same group. Thus the good 
units within such rejected lots are lost 
also. The cost of these losses may become 
excessive in some critical fabrication 
processes. 

True nondestruciizle tests, on the other 
hand, may be applied to those objects 
which will be later used in service. If 
desired, all of the units produced may 
be subjected to nondestructive tests. 
Consequently, there is no doubt that the 
unit tested has properties identical to 
those of the unit to be used in service. 
It is actually the same unit. For this rea- 
son, appropriate nondestructive tests 
may be used with confidence even when 
the objects within a single lot or group 
differ greatly in properties among them- 
selves. The useful units may be salvaged 
for service, even when many defective 
units may be present in the lot. 

Clr i It is important to remember, however, 
that nearly all tzondeslructive test methods 
measure material properties differing 
from those which control serviceability. 
The value' and reliability of these non- 
destructive tests are therefore critically 
dependent upon the rorrelaliorz beta leeir 
the properly a~ltrully meusz~rcd in the non- 
destructive tests ar~d llte serz~iceabili~y- 
co~jlmllir~g properlies to be evnlu~~ted. 



The validity of this correlation can 
never he safely assumed. I t  is open to the 
same doubt as the corres~mnding assump- 
tion, in destructive testing, that the prop- 
erties of the few units tested are identical 
to or representative of those of all other 
units of the lot. I n  both cases, the degree 
of correlation must be established by 
means other than the tests themselves. 

The two dangerous assumptions in 

1. I n  deslruclive testing: 
That the individual specimens tested 
truly represent the properties of the en- 

2. In nondestrwctive testing: 
That the specimen properties actually 
measured do correlate reliably with those 
properties controlling the serviceability 

!\ of the test objects. 
Neither assumption is necessarily true, 

: for any given case. Therefore, for every 
i, specific case, one must prove the under- 
,. lying assumption to establish the signifi- 

cance of the tests. The assumptions must 

i 
be proved: 

(a) for each specific material, 
(b) in each specific fabricated form, 

I I: (c) for each specifrc rnerhod of testing,, 
and 

( d )  for each specific service applica- - tion. 
In  some situations, the materials in two 
applications are so similar, or the service 
conditions arc so nearly equivalent, that 
experience with one may be safely extra- 
polated to the other case. This, in general, 
should be done with due caution. 

There are two practical ways of prov- 
ing these basic assumptions. The first 
way is to accumulate sufficient service 
experience with the specific material and 
part under the given service conditions 
to be sure the assumption is true. The 
second way is to use destructive and 
nondestructive tests, each to verify the 
correlations assumed for the other, 

method. For example, nondestructive 
tests such as X-rays and magnetic-par- 
ticle inspection may he used to compare 
all the units in a lot. In this way, one 
can establish the similarity within the lot 
of samples to be tested d e s l r ~ t i r e l y  and 
of the remaining units to be placed in 
service. Alternatively, destructive physi- 
cal tests may be used to establish the 
correlations between the properties actu- 
ally measured in nondestructive tests and 
the serviceability of the parts. v 

For these reasons, it is obvious that 
nondestructive tests will not entirely sup- 
plant destructive tests, nor will the re- 
verse occur. Both types of tests are 
essential in materials testing, They com- 
plement and support each other. Each 
increases the reliability of the other. Each 
may provide the essential proof of the 
basic correlation upon which the success 
of the other method is critically depend- 
ent, for reliable inspec tion of materials, 
parts, and structures for service applica- 
tions. 

Most nondestructive tests depend, for 
transmission of information concerning 
the object under test, upon a probing 
medium. The medium must usually be 
supplied from an external source. For 
example, this may be an X-ray tube, a 
magnetizing coil, an ultrasonic generator, 
or a spray gun. The medium may be 
distributed rather generally through the 
object being inspected, as with a broad 
X-ray beam. Alternatively, it may be 
concentrated in a narrow beam, as in 
ultrasonic testing. The source and type 
of probing medium must be selected so 
that its distribution upon the surface or 
within the test object is modified by !he 
presence of defects or by variations in  the 
properties being tested. Often, only a small 
portion of the incident medium is so 



akted .  For this reason, very sensitive 
detectors of variations in the medium 
distribution are required, in order to oh- 
tain indications of the presence and na- 
ture of defects or variations in properties 
in the test object. The small variation of 
the medium in the pickup or detector 
unit must then be indicated or recorded 
by sensitive instruments or processes, 
such as the exposure and development 
of X-ray iilm. Finally, the indication or 
record must be interpreted, usually by a 
skilled inspector, in terms of the corre- 
1s ted serviceability property. 

The five essential elements of most 
nondestructive tests are : 

1. Supplying of a suitable form and 
distribution of probing medium from an 
external source to the test object. 

2. Modification of the medium dis- 
tribution within the test object as a result 
of its discontinuities or other variations 
in the material properties which correlate 
with serviceability. 

3. Detection of the change in medium 
distribution or properties by a sensitive 
detector. 

4. Indication or recording of the signal 
from the detector in a form useful for 
interpretation. 

5. Interpretation of the indication and 
judgment of the corresponding service- 
ability of the test object. 

The practicality and effectiveness of 
each proposed test method must be eval- 
uated by a full consideration of each of 
these essential elements. Some theoreti- 
cally sound test methods are not practical 
because no suitable source is available 
to supply the desired form and distribu- 
tion of medium required for testing. In  
other cases, the source is available, but 
there is no practical means of coupling 
the source with the specimen so that the 
probing medium can be transferred to the 
test object in the desired form. Often, the 
significant defects or variations in p r o p  

erties in the test object clo not influcncc 
sufliciently the distril~ution of the 1)rol)- 
ing medium. I n  other caws, defects fail 
to influence thc distribution of the me- 
dium sufficiently ut tlte point id delccliort. 
In still other cases, the losses tluc to 
scattering or absorption of the medium 
within the test object are excessive. When 
this happens, the energy level at the 
pickup is too low for detection. Or, all too 
often, the indication of internal f aws or  
properties may be masked by the larger 
disturbing indications of surface gcom- 
etry or of other regions closer to the 
detector. 

The critical feature of most test 
methods is the detector or pickup. Often 
the required sensitivity to flaw indica- 
tions cannot be obtained, particularly 
in the presence of large disturbing effects 
emanating directly from the source or 
from other sources of similar nature. In  
other cases, coupling the pickup to the 
test object is difficult. Inefficient infor- 
mation transfer results. Further limita- 
tions occur in the selecting of sensitivity 
and range. High-sensitivity detectors of- 
ten operate properly over only a narrow 
range. The ultimate sensitivity of the 
detector is limited by background dis- 
turbances, many of which are unavoid- 
able. 

In  a few cases, the feasibility of a 
proposed test may be limited by diffi- 
culties in amplifying and indicating or 
recording the low energy output of the 
pickup devices. High-gain amplifiers or 
high-contrast processes often have a cer- 
tain amount of inherent instability or 
drift which makes permanent calibration 
difficult. They may require constant re- 
calibration, or monitoring. Some pickup 
signals are of such nature that they can- 
not be economically recorded in perma- 
nent and useful form. These conditions 
limit the application of many nondestruc- 
tive tests. 

The final requirement, obviously, is 



that the test provide an indication or 
record that can be interpreted usefully, 
either in terms of the conditions within 
the test object or in terms of its service- 
ability. In some simple cases, the discrim- 
ination between acceptable and rejectable 
objects may be made an automatic func- 
tion of the pickup signal level. In most 
cases, where many specimen conditions 
may contribute to test indications, a 
skilled inspector is needed. The test indi- 
cations and the inspector's training must 
be such as to limit his errors in interpreta- 
tion to reasonable frequencies of occur- 
rence. The more indefinite and ambiguous 
the test indication, the less reliable its 
probable interpretation. 

In general, a detectable change in the 
probing medium must-be produced exter- 
nal to the  test object, if its defects or 
properties are to be revealed. I t  is usually 
not feasible to introduce sensing units or 
detectors into identically the same space 
occupied by the material of the test ob- 
ject, nondes tructively . Furthermore, if 
the purpose of the nondestructive test is 
to find defects or inhomogeneities within 
the test object, it is essential that these 
defects or discontinuities influence the 
probing medium in some manner differ- 
ent from that of the sound material of 
the test object. Otherwise, the defective 
material would be indistinguishable from 
the sound material. 

There exists in nature a variety of 
forms of force, energy, and matter which 
can be used as probing media in the space 
adjacent to or occupied by the test ob- 
ject. Any medium which is significantly 
influenced by the properties of the test 
object it is desired to measure may pos- 
sibly serve as a basis for a nondestructive 
test. A few common examples of such 
prol;ing media are: 

1. Solid matter, serving as (mechanical 
contact-making) probes. 

2. Fluid (liquid or gaseous) matter, in 
contact with the test abject. 

3. Magnetic field energy, in static forms. 
4. Electric field energy, in static forms. 
5. Electromagnetic ficld energy, in dy- 

namic, usually oscillatory, forms, including: 
(a) Visible light. 
(b) Infrared light and heat radiation. 
(c) Ultraviolet light and radiation. 
(d) Radio frequency electromagnetic 

waves. 
(e) High-frequency electromagnetic 

waves. 
) Ultra-high-frequency ulcctromag- 

netic waves (microwaves). 
(g) Gamma rays. 
(h) X-rays. 
(i) Grenz rays. 
(j) Waves from the motion of particles 

of matter. 
6. Mechanical motions of solids, liquid, or 

gaseous matter (energy of mass motion). 
'These usually correspond to oscillatory or 
acoustic wave vibrations, including: 

(a) Single, steep-fronted wavcs or 
blows. 

(b) Low-frequency (audible) sound 
waves. 

(c) Ultrasonic (inaudible high-fre- 
quency) acoustic waves, 

(d) Transport of matiel iiiidcr presailre 
differences. 

(e) Jets or streams of matter flow, such 
as liquid or gas jets, electron beams in vac- 
uum, ion beams in th> mass spectroscope. 

('j) Large mass movements (as of solid 
bodies). 

(R) Movements of high-energy particles. 
7. Forms of chcmical, atomic, and molecu- 

lar energy, and other liitent forms of energy 
(usually associated with the state of matter), 
inclucling : 

la) Energy from cherr~ical combina- 
tions and dissociations. 

(b) Energy from molecular to atomic 
combinations and dissociations. 

(c) Energy from ionization and recom- 
bination of electrons with atoms and mole- 
cules. 

(d) Energy from nuclear fission and re- 
combination reactions. 

(e) Latent energy of transformation 
from solid to liquid and from liquid to gase- 
ous states (latent heat of fusion or of evap- 
oration). 

V) Energy from biological processes. 



NONDESTRUCTIVE TEST  MET^^ BASED 
PRIMARILY UPON TRANSMISSION OF 

ENERGY AS THE PROBING MEDIUM 
All methods of nondestructive testing 

involve some use of energy transmission. 
This is necessary because, a t  some point 
in the process, the information must be 
transmitted to an observer or actuate an 
automatic selection device. However, 
some extremely useful nondestructive 
test methods depend primarily upon 
transmission of energy for probi~tg the 

Static electric and magnetic fields form 
the basis of many useful tests. Dynamic 
electromagnetic fields, throughout the 
wide frequency range now producible, 
provide a far more extensive base for 
nondestructive test methods. As a gen- 
eral principle, it may he recognized that 
the wavelength of oscillatory probing 
media should be comparable to (within 
a few orders of magnitude) or smaller 
than the critical dimensions of discon- 
tinuities which they are expected to de- 

TABLE 11.-TYPICAL NONDESTRUCTIVE TEST METHODS RASE11 UPON TRANSMISSION 
OF ENERGY. 

Form of Eneray Mechanism of Detection of 
Test Method Used as Medium , Material Properties and Forms of External Test 1ntiic:ltions 

I 1)iscontinuities 

I Radiography, flunroscopy, S- ' X-rays, gamma Absorption, scatter in^, trans-; X-ray film irnaaei, xcrogr;tphi<: 
my gauing, rerurntiiu~ra hy a s ,  Glen. i mission of rays, etc. imanes, Ruoro*coj)ic screen images, 
and other llrnctntiny r.4.- ' 1  rays I / ionization Rage ~ndications, crys- 
tion tests 1 tal or Geiger counting, etc. 

Optical or visual inspection 
and other luminous energy 
tests 

Magnetic Isarticle and other hlagnetic-field 
magnetic field tests I energy 

I ~ 
! 

Visible light ' Reflection, absorption, re- \'isiblc image, often produced with 
fraction, or scattering of ' lenses or other ol)tic;ll aids, ctc. 
light, etc. 

1)i~tortion of magnetic. field ( Finely-rlivided magnetic particlc in- 
flux, attenultion of field. 1 dications on  exlroserl surfaces of 
fringing of flux lines, caused test obiect, induced emf's in mov- 
by discontinuities in map- i ing coil probes, variltions in re- 
netic permeability. etc. luctance of Gaus< metera, Hall ef- 

fects in current-c:irrying ~)rol)cs, 
I etc. 

I 

Ekctrihed particle and other Electric-field / Distortion of elrctric field Spxrk nver or ilielectric breakdown, 
electric held tests energy flux, breaktlown of dielec- radiu nnise, ca1)acitance valucs, 

tric, corona or radio noise lrakaae currents, ohmic resistsncc 
I a t  defects, dielectric con- measurement, collection of elvc- , stant,  dielectric losses, etr. trified particles, ctc. 

. .  .. -. . -- .. -. , 

material coirdiliorzs, as well as for trans- 
ferring this information to a suitable 
point of detection. outside the volume 
occupied by the material under inspec- 
tion (Table 11). 

As a criterion for selection of test 
methods in this category, it may be su f i -  
cient to note that such transmission of 
energy (in the form used in the test) 
could take place in perfect vacuum, with- 
out the motion of particles or presence 
of any form of matter. Electromagt~etic 
fields, either static or dynamic, fall into 
this class (in those spatial regions where 
movements of electric charge or mag- 
netic poles are absent). 

tect. I t  is usually difficult to reveal dis- 
continuities with waves whose lcngth is 
several orders of magnitude larger than 
the discontinuity itself, 

Visual Iilspeclioit .cznd Otlz,er Lz~mitir~zcs 
Energy Tests: 

Luminous energy tests are character- 
ized by the use of visible light to illumi- 
nate test ohjects. 'l'hese may be scanned 
by eye or by light-sensitive ~lcvices such 
as photoelectric cells. ( Irtlinary visual 
inspection and ins1)ection with optical 
aids, such as telescopes, microscol)es, mir- 
rors, and lcnses, fall in this class. 'l'ests 
employing media other than visible light 







widely used forms of nondestructive tests 
in industry. However, their forms, appli- 
cations, and limitations are so well known 
that there is little need to describe them 
further here. 

X-ray and Other Penelruling Radiatim 
Tests: 

Test methods in which the test ob- 
jects are subjected to penetrating radia- 
tion, such as X-rays or gamma rays, are 
included under this subject heading. Pen- 
etrating radiation tests are characterized 
by exposure of test objects to beams or 
fields of penetrating radiations. The in- 
tensities of these beams are mdified by 
passage through or reflection from the 
material and defects in the test objects. 
The differential absorption of the radia- 
tion is a function of the material struc- 
ture and properties. These include den- 
sity, mass, thickness, and other proper- 
ties of the test object. Scatter, internal 
reflection, diffraction, and production of 
secondary radiation within the test ob- 
ject introduce additional variables. Sensi- 
tive radiation detectors are employed. 
These include X-ray film, xeroradio- 
graphic plates, fluorescent screens, Geiger 
tubes, and ionization gages. These de- 
tectors transform dserences in intensity 
of the visible radiations into visual im- 
ages or electrical signals. 

Long wavelength radiations such a s  
radio waves, microwaves, heat radiation, 
and light generally fail to penetrate me- 
tallic materials sufficiently to serve as 
useful media for internai inspection. On 
the other hand the short wavelength 
electromagnetic radiations, particularly 
the Gi-enz rays, X-rays, and gamma rays, 
penetrate atomic lattices with relative 
freedom. Such penetrating short wave- 
length electromagnetic radiations provide 
a potent tool for internal inspection of 
materials. Their wavelengths are short 
with respect to the interatomic spacings 
in solid materials. Despite their relative 

ease of transmission through materials, 
waves in this frequency region are sensi- 
tive to material properties and discon- 
tinuities. The longer wavelength, low- 
energy penetrating radiations, such as 
Grenz rays, are most useful in examining 
thin layers of dense materials such as 
metals and alloys. They serve also in the 
examination of low-density materials 
such as organic materials, liquids, and 
gases. The shorter wavelength, high-en- 
ergy penetrating radiations (such as high- 
voltage X-rays and gamma rays) are 
best used for examining the denser mate- 
rials, such as ferrous and heavy metal 
alloys, and thick sections. 

When electronic X-ray tubes operate 
with continuously applied and constant 
values of pokntial between target and 
cathode, the frequency (and wavelength) 
of the resultant X-radiation are related 
to the accelerating voltage a~pl ied  to . . 
the electron beam. The lnliiimum wave- 
length (A, in Angstrom units) (maxi- 
mum frequency, f,) limit is given by: 

where the electron beam accelerating 
voltage in the X-ray tube is given in 
"kilovolts peak" (kvp). The major part 
of the X-ray emission is a t  greater wave- 
lengths than this minimum or cutoff 
limit and consists of "white radiation" 
of many wavelengths. 

When X-ray tubes operate self-recti- 
fied on alternating current power sup- 
plies, each conducting half cycle of cur- 
rent applies a wave of voltage varying 
from zero to the peak value and back to 
zero amplitude. The quantity of- X-rays 
produced, and their equivalent wave- 
length or penetrating power, also change 
continuously, as a function of the ap- 
plied voltage, during each conducting 
half cycle. The result is the production 
of radiation with a typical penetration 



iil)prosimatcly equivalent to that of mon- and the secontlary particles may have 
achromatic radiation ~~rocluccd at n con- sul'ficicnt energies to pass through (.on- 
stant voltage of about ,59 per cent of siderable tllic.knesscs of material. 'l'l~cse, 
the peiik voltage applied in the a-c cir- in turn, may rcact with the material to 
wi t .  ~)roducc tertiary radiations and particles. 

'I'he reactions between these penetra t- N'it h high-energy incident radiation, 
ing electromagnetic waves and the mate- the secondary radiation tends to he cli- 

FIG. 9.-X-ray Transmission C:urves for 24s Aluminum as ncpenclent on Material Thickness 
and Source Kilovolt Peak. (Courrcsy H. D. I2oop, 1,os dlngeles, ( h l i f . )  

rials through which they pass may be 
somewhat complex. For example, the in- 
cident beams are absorbed and attenu- 
ated as they pass through materials. 
Their attenuation is a function of mate- 
rial density and thickness. As the pri- 
mary beam is absorbed in a material, 
there are produced secondary radiations 
(of lower energy and longer wavelength) 
as well as secondary particles, such as 
electrons. Both the secondary radiations 

rected in the general orientatidrl of the 
primary beam. With lower energy inci- 
dent radiation, and with secondary and 
subsequent generation radiations, the 
scatter tends to become more general 
in a11 directions. In consequence, the di- 
rectional properties of beams tend to 
degenerate as a t tcnua t io~~ increases a i d  
as low-energy secondaries are proclucecl. 
I n  extreme cases, the randomly scattered 
degenerate radiation may approach or 



exceed the intensity of the attenuated 
primary beam. In this case, it becomes 
more difficult, if not impossible, to pro- 
duce useful shadow images or radio- 
graphs. Special grids or filters are then 
used to screen out secondary scatter. 

With monochromatic radiation (of a 
single frequency), the attenuation of the 
primary beam may be expressed as an 
exponential function of the mass (or of 
the thickness and the density) of the 
material through which it passes. Thus, 

tion of material thickness, t ,  drawn on 
semi-log coorclinates tend to be straight 
lines. IA practice, however, it is difficult 
to obtain high-intensity beams of mono- 
chromatic radiation. Tt is also hard to 
measure the primary beam without errors 
introduced by secondary radiation. I n  
practical radiography, consequently, the 
effects of " white" (multiple frequency) 
primary beams and of secondary radia- 
tion produced within the test objects 
cause deviations from the simple law ex- 

(a) Numinum step-wedge penctrametcr. ( b )  One to two per cent penetrameters. 

FIG. 10.--Step-Wedge and Penetrameters. 

the primary beam intensity I ,  within 
the material may be written in terms of 
the incident intensity, I o ,  the material 
density, p, and the distance, I ,  of pene- 
tration, as: 

Here p is a factor relating X-ray absorp- 
tion power to the material density, p. 
The logarithm of the transmission ratio, 
I x / l o ,  is a linear function, for a homo- 
geneous material, of the thickness of ma- 
terial through which the beam has 
passed : 

- 

* 

pressed above. These cannot he ignored. 
Typical transmission curves for " u-h i te" 
radiation of several different energy dis- 
tributions, for a typical industrial ma- 
terial, are given in Fig. 9. These curves 
deviate from linear because of the non- 
monochromatic characteristics of the pri- 
mary h a m s  and because of the very 
significant contributions of secondary 
scatter. 

The quality (sensitivity) of the radio- 
graphic ivage of a test object is a func- 
tion of the definition and the contrast in 
the transmitted beam of radiation. I t  
depends also upon the process by which 
the invisible beam is made to prwluce a 
visible image. 'l'he definition is related to  - 

Curves for log. (I, , /Io) plotted as a func- the sharpness wit.h which the boundaries 











TABLE N . - W  GAMMA SOURCES. 

Sodium 24.. ....... 
Gallium 72..  ...... 
Radium 226.. . . . .  . I  
Lanthanum 140.. . .  
Antimony 124.. ... 

Arsenic 76 ......... 
Barium 131.. ...... 
Europium 154. .... 

Potassium 42.. .... 
Silver 110.. ....... 
Bromine 82.. ...... 
Cesium 134.. ...... 
Co per 64. 
coEalt , , : : : : : 1 1 : 
Iron 59.. . . . . . . . . . .  
Europium 152. . . . .  
Tahtalum 182. .... 
Rhodium 106.. . . . .  
Osmium 193.. . . . . .  
Zinc 6 5 . .  . . . . . . . . . .  
Scandium 46. . . . . .  
Rubidium 86. ..... 
Zirconium 95. . . . . .  
Holmium 166.. . . . .  
Indium 114.. . . . . . .  
Molybdenum 99. . .  

Half -Lif c 
--- 

14.8 hr 
14.3 hr 

1620 yr  

40.4 hr 
60 drys 

19.3 hr 

26.8 hr 
11.7 hr 
5.4 yr 

12.4 hr 
270 days 
35 hr 
2.3 yr 
12.8 hr 
5.3 yr 
46.3 days 
5.3 yr 
113 days 
30 sec 
32 hr 
250 days 
85 days 
19.5 days 
65 days 
27 hr 
50 days 
67 hr 

Gamma-Ray 
Energies, mev 

2.758; 1.38 
2.51; 2.21; 1.87; 1.59; 

and othcn 
2.42; 2.20; 2.09; 1.82; 

and others 
2.3; 1.65; and others 
2.04; 1.708; 0.732; and 

others 
1.74; 0.49; 0.424: an 

and others 
1.51 

eration a t  100 million volts and higher. 
Their output is a narrow beam of highly 
penetrating radiation suitable for the 
thickest objects feasible for X-ray inspec- 
tion in industry. 

The naturally occurring radioactive 
materials such as the radium-radon series 
(Table 111) have recently been supple- 
mented by many new pile-produced ra- 
dioisotopes which produce X-rays or 
gamma rays suitable for radiography. 
.Radium, radon, cobalt 60, and europium 
154, for example, produce hard gamma 
rays (Table IV), equivalent in penetrat- 
ing power to those produced by electronic 
X-ray sources in the million and multi- 
million volt'range. Iridium 192, selenium 
75, cesium 134, and hafnium 181, on the 
other hand, produce softer X-rays (Table 
V) comparable to those produced in 
X-ray tubes operating in the range from 

TABLE V.-CLASSIFICATION OF ISOTOPES BY ENERGY OF GAMMA RADIATION. 

Greater than 2.0 mev 
............ 

Radium 226 . . . . . . . . . . . . . . . . . . . . . . . . . .  
Antimony 124.. . . . . . . . . . . . . . . . . . . . . . .  
Lanthanum 140. . . . . . . . . - - - - - - - . . . .  
Sodium 24.. . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . .  Gallium 72.. 
....................... Manganese 56. 

1.5 to 2.0 mev 
- 

.... . . . . . . . . . . . . . . . . . .  Europium 154.. 
Silver 110. . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Barium 13 1. . . . . . . . . . . . . . . . . . . . . . . . . . .  

.......................... Arsenic 76. 
Praseodymium 142. .................. 
Potassium 42. + , ......... ..... ........ 

,,. ,, . ... 
1 .O to 1.5 rnev 

., .. 

Cobalt60 ............................ 
Europium 152 . . . . . . . . . . . . . . . . . . . . . . . .  
Cesium 134. . . . . . . . . . . . . . . . .  * . . . . . . . . .  
Zinc 65.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Tanta!um 182. . . . . . . . . . . . . . .  , . , . . . . . .  
Scandium 46. . . . . . . . . . . . . . . . . . . . . . . . .  
Iron 59.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Rubidium 8 6 . .  . . . . . . . . . . . . . . . . . . . . . . .  
Bromine 82.. . . . . . . . . . . . . . . . . . . . . . . . . .  
Osmium 193.. . . . . . . . . . . . . . . . . . . . . . . . .  
Copper64 . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

-- , - 

Half Life 
-. 

35 days 
11 days 
8 days 
2.8 days 
67 hr  
2.3 days 
47 hr 
27 hr 
24.1 hr 
9.2 hr 
4 hr 

.- . -- . . 

Half-Life 
.... - 

127 days 
46 days 
44 days 
26.5 days 
11.4 days 
2.7 days 
47 h t  
36.5 hr 

. . . . . . . . . . . .  -. 

Half-Life 
...... 

22 yr 
21 yr  

Half-Life 1 1  0.5 to 1.0 mev (cont'd) 

1.7 y t  
105 days 
92 days 
90 days 

-, 

1620yr 

:.?if 
14 .8 hr 
14.3 hr  
2.6 hr 
- 

Ha'f Life 

5.4 yr 
270 days 
1 1.7 days 
26.8 hr 
19.3 hr 
12.4 hr 

. .  
Half-Life 

5 . 3 y r  
5.3 yr 
2.3 yr 
250 days 
113 days 
85 days 
46.3 days 
195 days 
35 hr 
32 hr 
1 2 . 8 h r  

' ~ h ~ & u m  106 . . . . . . . . . . . . . . . . . . . . . . . . .  30 sec 
, , .. ... ....... . . . . . . . . .  / 

....... .-..-... 

'Niobium 95. . . . . . . . . . . . . . . . . . . . . . . . . .  
Neodymium 147.. . . . . . . . . . . . . . . . . . . . .  
Iodine 131. . . . . . . . . . . . . . . . . . . . . . . . . . .  
Antimony 122.. . . . . . . . . . . . . . . . . . . . . . .  
Molybdenum 9 9 . .  . . . . . . . . . . . . . . . . . . . .  
Cadmium 115.. . . . . . . . . . . . . . . . . . . . . . . .  
Samarium 153.. ...................... 

....................... Holmium 192.. 
. . . . . . . . . . . . . . . . . . . . . . . .  'Wolfram 187. 

Europium 152.. ...................... 
. . . . . . . . . . . . . . . . . . . .  Ruthenium 105.. 

- -  . ...... 

0.25 to 0.50 mev 
.. . .......... -- -- , 

Selenium 75.. . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . .  Hafnium 181. 
. . . . . . . . . . . . . . . . . . . . . . . .  Mercury 204.. 

Chromium 51.. . . . . . . . . . . . . . . . . . . . . . . .  
Germanium 71.. ...................... 
Gold 198. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Promethium 149.. . . . .  , ............... 
Rhodium 105.. ....................... 
-- .-" -. 

Less than 0.25 mev 
. . . .  - .... ...... ....... , . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . .  Lead 210 (RaD). 
. . . . .  . . . . . . . .  Actinium 227.. _ . _ .  
. . . . . . . . . . . . . . . . . . . . . .  Europium 155..  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Tin 113. 
Technetium 97. . . . . . . . . . . . . . . . . . . . . . .  

. .  _-- . . . . . . .  I - Cer~um 141.. . . . . . . . . . . . . .  , . . . . . . . . . . .  i 28 days 
0.5 to 1.0 mev 1 Half-Life 

Antimony 125.. . . . . . . . . . . . . . . . . . . . . . .  2.7 yr Osmium 191.. . . . . . . . . . . . . . . . . . . . . . . .  15 days 
. . . . . . . . . . . . . . . . .  PoIonim 210 (PaF) 138 days 1 ;  Cesium 131.. . . . . . . . . . . . . . . . . . . . . . . .  . :  9.6 days 

. . . . . . . . . . . . . . . . . . . . . . . . .  Iridium 192. , 70 days I Rhenium 186.. . . . . . . . . . . . . . . . . . . . . . . .  91 hr 
. . . . . . . . . . . . . . . .  . . . . . .  Zirconium 95.. , 65 days I Cold199 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ! 3.3days  

. . . . . . . . . . . . . . . . . . . . . . .  Indium 114.. . . . . . . . . . . . . . . . . . . . . . . . . .  50 days I Ruthenium 97..  2.8 days 
Cadmium 115.. . . . . . . . . . . . . . . . . . . . . . . .  43 days I Mercury 197 . . . . . . . . . . . . . . . . . . . . . . . . .  64 hr 
R u t h i m  103. . . . . . . . . . . . . . . . . ~  41 days / Mercuw 197.. . . . . . . . . . . . . . . . . . . . . .  24 hr 

.--- . , - . . .  

Fomerlv columbium and tungsten. respectively. 

Tel!urium 1 2 7 . .  . . . . . . . . . .  , 

















I The most widely useful and sensitive 
method of detection of discontinuities in 
magnetic field inspection is by means 
of the magnetic particle (Magnaflux) 
method. These finely divided, lubricated, 
ferromagnetic particles tend to align 
themselves on the surface of the test 
object over discontinuities which produce 
surface leakage magnetic fields (Fig. 20). 
Their distinctive colors, or fluorescent 
coatings reveal their indications clearly 
and show the location, shape, and extent 
of the discontinuities with remarkable 
sensitivity. For rough castings, welds, 
and some field-inspection applications, 
dry magnetic powders may be applied 
with an air gun or other applicator, for 
optimum resolution of surface and sub- 
surface defects (Fig. 21). For production 
inspection of finished machined parts, 
suspensions of the indicator particles in 
suitable liquid media provide an opti- 
mum means of application and greatest 
sensitivity of indications. Automatic ma- 
chines for handling and magnetizing the 
parts, applying the magnetic particle in- 
dicators, and displaying the parts for 
inspection have been developed for large 
production applications (Fig. 22). Today 
the magnetic-particle inspection method 
exceeds by far, in number of installations, 
the number of X-ray units in service. I t  
finds application in production inspection 
of machined parts for automotive, air- 
craft, railroad, and many other indus- 
tries; for field inspection of welds and 
castings, pipe lines, oil well drill pipe and 
sucker rods; for service inspections for 
fatigue and other fractures in the rail- 
road, petroleum, air transportation, and 
many other fields. 

Other methods of detection of mag- 
netic field discontinuities include indzu- 
tion pickup coils, whose relative motion 
through the leakage magnetic field in- 
duces varying flux conditions within coils 
having many turns. These electromotive 
force signals are electronically amplified 
and actuate visual or auditory indicators 

or produce graphic records. Perrnealzce 
picku$ methods include methods in 
which a permeable core material in the 
pickup coil is magnetized by the leakage 
magnetic field, changing the impedance 
of the pickup coil to alternating-current 
excitation from an external source. Such 
permeance methods have found applica- 
tions in gaging the thickness of coatings 
over magnetic base materials. S i g n F  
from electrical detection coils have been ; 
successfully applied in the facsimile re- . 
~urding of the magnetic discontinuities 
revealed on the internal surface of gun : - 
tubes and other special applications. -> 

Electrified-Particle aztd Other Electrostatic 
Field Tests: 

A static electric field is used as the 
medium with which to probe the test 
object, in electric field tests. Since it is 
generally impossible to establish signifi- 
cant electric field gradients in metallic 
conducting materials (in the absence of 
heavy electric currents), such tests are 
suited generally only to dielectric or in- 
sulating materials. They find particular 
application in the evaluation of electrical 
insulating materials, glass, ceramics, por- 
celain enamels, and other nonmetallic 
materials. The electric field patterns and 
discontinuities may be revealed by the 
use of electrified particles or electrome- 
ters, or by electric circuit measurements 
of the dielectric properties or breakdown 
of the test object. 

The dielectric materials under test may 
be subjected to electric fields by spraying 
their surfaces with electrostatically 
charged particles, by placing them be- 
tween electrodes connected to external 
sources of electrical potential, or by in- 
serting them in high-voltage, low-current 
circuits suitable for measurement of 
charging or leakage currents. The latter 
methods are widely used in conventiorlal 
tests of high-voltage electric power equip- 
ment. The former method has found wide 
application possibilities in the ceramic 





sources of electrons may be provided NONDESTRUCTIVE TEST METIIODS BASED 
from the base metallic materials in por- PRIMARILY UPON TKANSPOKT OF 
celain-coated sheets, or by use of a liquid MATTER AS THE PROBING 
penetrant in cracks in ceramic or dielec- MIDIUM 
tric materials such as glass. These elec- 
trified particles collect over the dielectric All movements of matter involve some 
discontinuities very much as the mag- energy transfer, if only to supply the 

TABLE V1.-TYPICAL NONDESTRUCTIVE TEST METHODS BASED PRIMARILY UPON TRANSPORT 
OF MATTER,. 

Test Method 

Penetration test wjth Kerosine, oils. water with ' Fluid penetrates discontin- i Filtered p~rticles on surfacc visi- 
low surface tenslon wettingapents,etc., with I uities, filtering particles ble, or Ruorescinn under ultra- 
liquids carrying solid solid particles in suspen- , of solids out on surfacc a t  violet lip;ht, radiosctivc cmana- 
particles in suspen- slon defects lions. etc. 
sions 

Mechanism of Detection of 
Material Properties and 

Discontinuities 
Form of Matter Used as 

Medium 

Movement stops upon con- Caliper setting. micrometer read- 
h c t  with surface *l test 1 ing, visual examination of r ,nc 
object, or electrical con- ing, "Go" or "No Gu" fee\ oi 
tact, valve effect, etc. probe, electrical indications, sir 

pressure indicltions, etc. 

Mechanical Calipering 1 Solid steel or alloy probes, 
andother dtmenslonrl electric contacts, energy 

Brittle lacquer tests Brittle lacquer ; Elonsation of basernaterial 1 Cracks (niten dyed) in brittle lsc- 
cracks lacquer bonded to 1 qucr coating 
surface 

Forms of External Test 
Indications 

gagrng tests of ex- 
posed surfaces of test 
objects. 

Leak test with fluid un- Water, oil, dyes. liquids 
der pressure (with low vi.rcosities and 

1 surface tensions). rad~o- 

i 
active liquids, halogens, 
air, helium, natural gas, 
hydropen, steam, halo- 

\ gen vapors, radioactive 
1 gases. etc. 

netic particles collect over cracks and frictional losses of such motion. However, 
discontinuities in ferromagnetic materi- in many nondestructive test methods 
als. The technique is so sensitive that whose probing medium is transport of 

fine cracks, invisible to the eye, may be matter, the energy requirements are ncg- 

revealed by remarkably high build-ups ligible (Table VI). No special external 
of the electrified-powder indicator (Fig. power s3urces are required in these tosts. 
23). In addition to the detection of cracks Such tests as depend primarily upon 

transport of matter for their probing 
in ceramic materials, this method finds medium have one basic limitation in cum- 
an extremely useful application in the mon. I n  the gross sense, two kir~rls of 
examination of parts such as matter, or two bntlies, cannot occupy 
bushings, where it - reveals defects not exactly the same space at  the 53 me time. 
detectable by other electrical test metll- Water will not pass through sc,lid steel 
ods (Fig. 24). walls which have no openings or passage- 

fields, etc. 

sion liquids I surface of test object spread over surfncc nesr cicfccts, 
with visible wettina, attraction 

I i ' of powder pigments, fluores- 
I cence, radioactive emanations. ~ evaporation, positivc ion dctcc- i tion of halogens, etc. 

Fluid penetrates discon- 
tinuities in walls of test 
object, under hydrostatic 
pressure. is detectable a t  
an accessible surface 

Penetration or leak test 

Visible jets or wetting, attraction 
and bind in^ of powders with 
~ o d  visibil~ty, lluorescencc un- 
dcr ultraviolet light, etc., rarlio- 
active inrlications, positive ion 
detection, bubhlcs forming in 

Kerosine, oils, water, with 
with low surface ten- wetting agents. etc. 

I irnmeraion liquid, mass spectro- 
1 scope indications, radioactive 
1 emanations detcctetl, haloRcn 

vapor detected by positive ions, . 1 .  etc. 

~ l u i d  penetrates discohtin- 
uities open to exposed 

After surface cleaning, trapped 
liquid penetrants seep out and 



ways. The rate of transport of gaxs 
through d i d ,  nonporous bodies is almost 
infinitely slower than in free space. For 
these reasons, nondestructive tests based 
primarily upon transport of matter are 
only suitable, in general, for inspction 
of accessible surfaces of test objects. 

There must exist open space, or a 
passageway, for the probing medium to 
reach the surfaces to be inspected. In 
general, the probing medium will not 
penetrate beyond these surfaces. It stops 
its advance when it contacts the solid 
material of the test object. I t  may, of 
course, advance through any cracks, 
channels, or passageways into the mate- 
rial of the test object-but only so far as 
those openings extend. This Lchavior 
is quite unlike that of penetrating 
radiations, such as X-rays. And it differs 
considerably from that of high-energy 
particles, such as neutrons, or of ultra- 
sonic mechanical vibrations, which can 
penetrate deeply into materials. 

Tests dependent primarily upon trans- 
port of matter for their probing medium 
are of three general classes. The first class 
is that in which solid probes are used to 
detect the surface of the test objects, as 
in mechanical calipering and gaging. The 
second involves the use of fluids, usually 
under externally applied static pressure, 
in pressure and leak tests. The third in- 
volves the use of liquids, usually acting 
only under surface tension and capillary 
forces, in liquid-penelrant festing. In  most 
nondestructive tests, these media apply 
negligible stress to the test objects. How- 
ever, in a special class of proof tesls, the 
solid, liquid, or gaseous medium applies 
stress to the test object. -These stresses are 
assumed to be harmless to good test ob- 
jects. They are expected, however, to 
reveal defective test objects or materials 
by causing them to distort or fail under 
the proof stress. Each of these genesal 
types of tests is discussed in more detail 

, in the balance of this section of the paper. 

Mecha~~ical Caliper or Olher Dimensional 
Gaging Tesls : 
Mechanical calipering or gaging tests 

are characterized by measurements 
through probing media of the dimensions 
or position of surfaces of test objects. 
Ordinary manual calipering or gaging 
instruments and operations are typical, 
but devices which carry out such meas- 
urements by other means or included 
also. In  most cases, the method involves 
a means of detecting dimensional differ- 
ences quickly and sensiti\ely$ often with 
automatic indication ar sofling of ac- 
ceptable and rejectable articles. 

Just as nondestructive tests baser1 on 
transmission of luminous energy are an 
extension of the human sense, and skill 
of seeing, so rnechankal Calipering or 
gaging tests are an extenqieq of the hu- 
man sense of touch or feeliwgp In fact, a 
skilled inspector can often do a remark- 
ably good job of estimating surface finish 
by touching the object with his fingers. 
A mechanic with a highly developed 
grist of " feel" can readily detect a differ- 
ence in contact by dimensional changes 
as small as 0.00025 in. Many mechanical 
gaging instruments, such as ( (  Go-KO GO" 
gages, deperid upon the operator to de- 
tect t.y feei the reaction of lilt: teat objcct 
upon the gage. More elaborate and more 
precise instruments require the use of 
the observee's eye to read vernier scales 
or indicators. Modern instruments of 
great sensitivity or precision often resort 
to all the basic principles of nondestruc- 
tive testing, and use electrical contacts, 
magnetic field detection, capacitance mi- 
crometers, penetrating radiations or par- 
ticles, flow of liquid or gaseous matter, 
or other techniques to sense and transmit 
information in mechanical gaging. Thus, 
sensitive automatic calipering or gaging 
most often becomes a true nondestructive 
teqting method, independent of the op- 
erator's sensory sensitivity or skills. And 
like nondestructive tests for other mate- 
rial properties, many modern sensitive 





tnent, but it has proved its value in many 
other precision measurements. Con tact 
between the micrometer spindle and the 
test object surface is detected by means 
of the flow of a minute electric current 
across the closed contact. With this de- 
vice, measurements may be reproduced 
to a few microinches-an improvement 
of the order of ten times or so over con- 
ventional micrometers depending upon 
force as a response to contact. 

An intermediate approach to this prin- 
ciple is applied in several other mechan- 
ical gages. For example, the use of micro- 
switches, which may be actuated with 
very light mechanical forces, as limit 
switches in many industrial electrome- 
chanical devices is typical. In these ap- 
plications, an intermediate mechanical 
lever or ampliiier detects contact with 
the test object by pressure and is bent 
or displaced to open a sensitive electrical 
contact operating in a similar low-vol- 
tage, low-current electronic detector cir- 
cuit. 

Several modern gages and comparators 
use a highly accurate " reed" mechanism 
as the contact-sensing member. When 
the floating spindle of the gage is moved 
by contact with the test object, the reed 
is caused to bend. The bending move- 
ment is amplified through extension arms 
to break an electrir circuit which controls 
signal lights or other indicators. 

The capacitance micromeler method per- 
mits gaging without physical contact 
with the test object. This is basically an 
electric field nondestructive test method. 
It takes advantage of the fact that the 
electrical capacitance between separated 
conductors is an inverse function of the 
distance between them. Indications of 
microinch sensitivity have been obtained 
on laboratory instruments based on this 
principle. 

An analogous principle, using a form 
of magnetic iield nondestructive testing, 
has been applied in various forms of the 
inductance micrometer. With ferromag- 

netic test objects, the surface of the test 
object may be used as the movable arma- 
ture of a magnetic circuit with vi~riable 
air gaps. Since the inductance of coils 
wound upon such a variable reluctance 
magnetic core varies rapidly with air gap 
spacing, this method also provides a very 
sensitive test. It has been applied, for 
example, in commercial instruments de- 
signed to measure the thickness of non- 
magnetic coatings on ferromagnetic base 
materials, or the thickness of magnetic 
coatings on nonmagnetic bases. 

The linear dijerentid transformer pro- 
vides an electromagnetic induction non- 
destructive test method applicable to me- 
chanical gaging. The microformer consists 
of a small, mcvabie ifuii COiC fr!idi~g 
within a cylinder upon which are wound 
three coils. The central coil is excited 
with alternating currept from an oscil- 
lator. It serves as the primary of a trans- 
former. The two identical outer coils 
serve as balanced secondary windings. 
These are connected in series opposition. 
As the iron core moves from its central 
reference position, the voltage induced in 
one secondary coil is increased, while that 
in the other decreases. The riet output 
signal, of the order of 6 microvolts per 
microinch displacement, may be readily 
amplified to provide a large output pro- 
portional to the displ2cernent of the iron 
core. Since the cores are exceedingly 
small (in microformers designed for small 
displacements), they may touch the sur- 
face of the test object while exerting 
negligible force. A large number of com- 
mercial instruments and servomech- 
anisms now employ such linear differ- 
ential transformers to detect mechanical 
displacements with great sensitivity and 
reproducibility. . 

Another gage consists of a raczizbrn fttbe 
whose output current is controlled by 
means of a movable control grid. The mov- 
able control grid, as it approaches the 
cathode, controls the flow of electrons, 
just as varying voltages applied to the 



grid circuits control the plate current in 
conventional electronic amplifiers. In this 
way, mechanical displacements are con- 
verted into electronic signals. 

The electrical wire resistance strain gage 
provides another means of converting 
mechanical displacements into electrical 
signals. The commercial strain gage has 
a gage constant of about 2.0; that is, the 
fractional change in electrical resistance 
is twice as large as the fractional change 
in length which produced it. Two such. 
gages mounted on a flexible me~nber re- 
sponding to displacement of the surface 
of the test object provide one arm of a 
Wheatstone bridge. The balance of the 
Wheatstone bridge, the source oscillator, 
and electronic amplifiers can be located 
in a separate unit. Measurements to mi- 
croinch sensitivities are feasible with this 
method. 

An alternative method uses unbonded 
wire resistattce strain gages. Here the re- 
sistance wires extend between pegs, one 
set of which is fixed and the other set of 
which moves with the surface of the test 
object. This method has been applied in 
the aircraft industry for rapid elongation 
measurements. 

The operation of a magnelic field gage 
designed to measure the thickness of 
nickel coatings on nonmagnetic base ma- 
terials, or of nonmagnetic coatings on 
iron or steel, is based upon the magnetic 
attraction of a small permanent magnet 
to the coating material being measured 
or its backing. With annealed nickel coat- 
ings, the attractive force between the 
bar magnet and the nickel coating is 
practically linearly proportional to the 
thickness of the coating. 

Nonmagnetic coatings on iron or steel 
interpose the equivalent of an air gap 
between the permanent magnet and the 
ferromagnetic base material. The greater 
the thickness of this intervening layer, 
the less the attractive force on the mag- 
net. 

The operation of e2eclromagnelic induc- 

tion micrometers for measuring the thick- 
ness of insulating coatings on conducting 
nonmagnetic base materials is based 
upon the electromagnetic inductance ef- 
fect which the covered base metal has on 
the probe coil. l'hc oscillatirig current 
flowing in the inductor probe induces 
eddy currents in the base metal. The 
intensity of these eddy currents varies 
with the distance between the probe coil 
and the base metal. The closer the probe 
to the conducting base metal, the greater 
the eddy current intensity. The test ob- 
ject serves as a short-circuited secondary 
of a transformer, of which the probe coil 
is the primary winding. The eddy cur- 
rents produce a change in the effective 
inductance of the probe coil. This causes 
a change in the frequency of the oscillator 
to which the probe is connected. 

Two other methods of detecting me- 
chanical displacements have received 
little recognition in mechanical gaging, 
since both are primarily suited to dy- 
namic, rather than to static, measure- 
ments. The first is the piezoelectric 
pickup, such as is commonly used in 
phonograph pickups. This type of pickup 
is used in surface-roughness-measuring 
instruments. Piezoelectric bimorphs of 
high sensitivity have been developed ; 
under suitable conditions, these might be 
modsed to serve in gaging. The second 
is the magnelostrictice pickup which, to 
date, has primarily been used only in 
sonar (underwater sound ranging and 
detection) reception. Nickel, which is 
negatively magnetostrictive, contracts 
when magnetized by passing an electric 
current through a magnetizing coil sur- 
rounding it. If it is stressed so as to 
change its length, it induces an emf in 
its magnetizing coil. Thus, it could he 
used to record mechanical displacements 
as well. 

One other basic principle of nonde- 
structive testing has been well develcped 
for mechanical gaging. I t  depends upon 
the flow of a fluid as its medium of detect- 



ing the loration of the surface of the test nondestructive of acceptable test objects, 
object. For example, air gages are quite even though defective units may fail un- 
simple. -4ir under a low pressure head is der their applied stresses. Leaks through 
allowed to escape through an orifice. The container walls may produce visible indi- 
orifice is actually the space between the cations, loss of pressure, or other identi- 
gaging head and the surface of the test fying indications, such as gas bubbles 
object. The rate of escape of air is a visible when the object is immersed in 
measure of this distance. The rate of air 
escape is metered with another orifice 
associated with the air supply unit. The 
pressure drop across this metering orifice 
may he measured with a water mano- 
meter. The air gage provides remarkable 
sensitivity and amplification of the dis- 
placement between the gage head and the 
work surface. It measures the actual di- 
mensional variations with precision ade- 
quate for narrow tolerance production. 
Measurements can be carried out con- 
tinuously over a surface, such as the 
inside or outside diameters or tubes or 
shafts. 

A unique vauum cup gage was used to 
measure sheet thicknesses and the 
strength of bonding of thin sheets to base 
materials. The cup was placed over tile 
sheet, and partial vacuum drawn within 
the cup. The deflection of the sheet was 
detected with a sensitive dial indicator. 

Nearly all of the preceding nondestruc- 
tive gaging methods could be applied to 
the simultaneous gaging of many differ- 
ent dimensions of test objects. The same 
methods of multiple gaging may be ap- 
plied in succession to test objects of the 
same series, to sort and classify parts by 
dimensional groups. In addition to clas- 
sifying the useful units into dimensional 
classes, the ou t-of-toierance units can be 
automatic all^ rejected - by such devices. 

water during gas pressure tests. 
Hydrostatic p b o j  tests are commonly 

applied to pressure vessels and scam- 
welded pipe for high-pressure gas lines 
a t  the time of their fabrication. More 
recently, entire sections of high-pressure 
gas lines between valves or compressor 
stations have been subjected to similar 
hydrostatic pressure tests after installa- 
tion, prior to use in service, to avoirl the 
disastrous explosions which can result 
when such pipe lines fail in service. In 
addition to proof testing, pipes have also 
been tested by filling them with com- 
pressed air under pressure and observing 
any decreases in pressure resulting from 
leaks. 

Pressure leak tests have found many 
applications and new detection methods 
have been developed. I t  is common prac- 
tice to immerse pressure containers under 
water and fill them with gas or air under 
press:lre, so that leaks can he detected 
by observing if bubbles of gas cscape. 
Viscous fluids, such as soap solutions, are 
employed where the escaping gas pro- 
duces bubbles in the surface films. Fluo- 
rescent liquids, similar to those used in 
fluorescent-penetrant tests, rnay be used 
with smaller objects as the fluid for hy- 
drostatic-pressure leak tests. The kril- 
liant fluorescence of such fluids, leaking 
through the container walls, makes in- 
spection with ultraviolet light sources 

Fluid l'ressure and I,eak Tests: rapid and reliable (Fig. 26). The use of 
helium gas and mass-spectrometer leak 

Pressure and leak tests employ fluids detectors has greatly increased the sensi- 
under pressure to apply'pronf stress to tivity of many gaseous leak tests. M'ith 
test d~ jec t s  or to reveal defects and dis- halogen compounds, as in refrigerator 
continuities by the How of fluids through systems, leaks may be detected most 

\ them. Hyrlrostatic poof" tests may be sensitively with the positive ion detector. 













porcelain insulators, and pottery. Ex- 
perience indicates that cracks shown by 
this method in green ware always result 
in cracks in the fired ware. Rejection 
prior to firing reduces the costs which 
would be involved in handling and firing 
pieces which would be rejected ulti- 
mately. The nature of both liquid and 
particles is such that they "fire off" at  
low temperatures, without damage to the 
finished ware. 

BritUe-Coating Tests: 

Brittle-coating (" Stress-Coat") tests 
also depend primarily upon mass trans- 
port as a medium for probing the test 
object. In this method, the surface of the 
test object is cleaned, and a brittle 
lacquer is applied and allowed to dry 
and harden under controlled environ- 
mental conditions. When hard, these 
coatings are so brittle that they elongate 
very little before cracking, the cracks 
generally being transverse to the direc- 
tion of strain. I£ the brittle-lacquei- 
coated test object is now subjected to me- 
chanical stress (such as in proof loading) 
which strains it, the coatings cannot 
elongate as much as the base material of 
the test object. Where stress concentra- 
tions exist, the brittle coating cracks in a 
distinctive pattern as the base material 
is strained. The range of strains at  which 
the brittle coatings can be made to just 
start cracking is 0 . 0 5  to 0.003 in. per 
in. under normal operating conditions. 
The coatings can be further sensitized 
down to O.OCW1 in. per in. strain by cool- 
ing them while the static load is applied. 
They respond equally well to dynamic 
loads and show by increasing patterns of 
cracking the increase of strain as loads 
are gradually applied. 

A variety of brittle-coating materials 
is available, for use in different tempera- 
ture or humidity environmental condi- 
tions, as well as for different stress levels 
required to fracture the coating. In prac- 

tice, the test objects are cleaned and an 
aluminum-pigmented undercoating is 
sprayed on the surface, to provide a 
uniform bright working background for 
the brittle coatings. The brittle-coating 
material is then sprayed on and allowed 
to dry overnight at  room temperature or 
slightly above. More rapid drying can be 
attained at  130 F. Calibration strips are 
coated simultaneously and dried under 
the same conditions as the part under 
test.  he& may be evaluated by applying 
known strains. Quantitative arcurac;r is 
possible only at those strain levels at 
which cracks start to form. 

The test object is subjected to the 
desired stress loading, and the incidence 
and patterns of cracks in the brittle coat- 
ings observed carefully. This establishes 
stress magnitudes (at start of cracking) 
and stress distribution or concentrations 
(by the pattern of cracks). Suitable dyes 
are available to stain the cracks for easier 
observation and recording. The brittle- 
lacquer technique has found wide appli- 
cation in experimental design and stress 
analysis, in measuring assembly stresses 
and residual stresses resulting from fabri- 
cation, in measuring strall due ?a impact 
and other dynamic loads, as an adjunct 
to proof tests, and in measuring stresses 
applied in service. In these applications, 
it can predict the locations of stress con- 
centration and the probable locations of 
failures due to such stresses, It has also 
found use in establishing the nature of 
service conditions which produced unex- 
pected service failures, to guide redesign 
or reinforcement of the test objects. 

In some phenomena, the transport of 
matter is dependent upon a correspond- 
ing transfer of significant quantities of 



energy intimately linked with and es- upon these more complex media for prob- 
sential to the transport of matter. For ing the test object (Table VII). 
example, the motion of high-enerby The range of application of these phe- 
charged particles, such as electrons, nomena depellds greatly upon limitations 
transfers energy which may be released hoth of transport of matter and of trans- 

TABLE V1I.-TYPICAL NONDESTRUCTIVE TEST METHOUS BASED UPON RELATED PHENOMENA 
OF TRANSPORT OF MATTER ANU CORRESP0NI)ING TRANSFER OF ENERGY. 

Mechanism of 
Test Method I Form of Matter ' Form of F.nergy Detection of Material Forms of External Test 

Transported Transferred , Properties and Indications 

Neutral particle 1 
beam tests 

I 
Charged particle 

beam tests 

Electric current 
conduction tests 

Electromagnetic 
induction tests 

Sonic and ultrasonic- 
mechanical vibra- 
tion tests 

Thermal conduction 
tests 

-- - . . . . . .  
Neutrons, atoms, 

molecules, ctc. 

Electrons, alpha par- 
ticles, ions, etc. 

Electrons (in metal- 
lic conductorsl, 
electrons and 
"holeii" in semi- 
conductors, elec- 
t:ons and ions in 
liquids and gases, 
etc. 

Electrons, ions, man- 
netic domains, di- 
electric polariza- 
tion, etc. 

Solid, liquid, or case- 
011s matter. Com- 
pressional, shear, or 
surface waves in 
solids, etc. 

I 

Solid, liquid or gase- 
ous matter in ran- 
dom oscillations of 
impacts 

Triboelectric and Electrons 
thermoelectric 
tests 

if the particle is stopped suddenly (as 
electrons are stopped when they strike 
the target of an X-ray tube). In  the same 
sense, the transfer of energy. often rc- 
quires motion of matter, as in heat trans- 
fer, ultrasonic mechanical vibrations, or 
triboelectric phenomena. Many powerful 
nondestructive test methods depend 

- 

Gamma rays, kinetic 
energy, chemical, 
atomic, molecular 
energy, etc. 

Electric field energy, 
kinetic energy, etc. 

Electric field enerw, 
magnetic field en- 
ergy. heat, etc. 

Electromugnetic 
field 

Mechanical vihra- 
tions 

Heat 

Chemical and elec- / Atoms, ions, etc. I Chemical binding en- ' Products of chemical 
trochemica1 tests ergy, heat, etc. , reactions 

I 

fer of energy. For example, beams of 
charged high-energy particles, such as 
electrons and alpha particles, are rapidly 
attenuated when they pass through 
dense, solid materials. Consequently, 
tests using these particles as probing 
media are usually suitable only for exam- 
ination of thin sheets or surface layers of 

Electric field energy 

Visible markin sor deposit?, 
images on efectrographlc 
paper, etc. 

j Discontinuities 
. I . . .  

Absorption, scatter- Gamma ray image on films. 
inn. deflection, at- ionization gage indica- 
tenuation of parti- , tions, crystal or Geiger 
cles. etc. counter indications. etc. 

Abuorption, deflec- Geiger or crystal counter in- 
tion, scattering, dications, ionization gage 
ctc. indications, images on 

films, etc. 

Distortion of cur- Resistance indications, po- 
rent distributions, tential drops, m~gnet ic  
heat, magnetic fields, heating, ohmic 
fields of currents losses. etc. 
etc. 

Interruption or dis- Amplitude of primary 
tortion of eddy [source) or secondary 
current paths 1 probe) qxillations. total 
magnetic field losses, crrcuit resonance 

i I 

distortion. hyster- 
esis loss, resistance 
loss. etc. 

Reflection, refraction. 
scatrering, trans- 
mrsslon, transit 
time, phase shifts 
of sound waves, 
etc. 

Distortion of tern- 
perature distribu- 
tions 

Potentials arising a t  
contact* or upon 

frequency, Q mxtsurr- 
ments, induced magnetic 
field strength, etc. 

Waves or vibration3 (dis- 
placements of matter) a t  
exposed surfaces of test 
objects, piezoelectric or 
magnetostrictive probe 
signals. powder patterns, 
Pohlman pitterns, cavi- 
tation, etc. 

Temperature. distribution 
at  exposed surfaces, elec- 
trical resrstivity. Curie 
point, chemical .than es 
solvent cvaporatlon, tier: 

Electric potentials or cur- 
rents in electric circuits 

separation of con- 
tacts, etc. 

\ rnocouple signals, etc. 

or electrometers, etc. 



thick materials, as in electron diffraction 
or in the electron microscope. Neutrons, 
on the other hand, have significantly 
greater ranges in some solid materials, 
but react with h ydrogcn-bearing materi- 
als so as to produce gamma rays and are 
attentuated accordingly. Ultrasonic vi- 
brations of metallic materials with low 
damping lows may penetrate great dis- 
tances; such waves have been reported 
to have penetrated up to 50 ft of steel 
or concrete with adequate strength of 
transmitted or reflected signal to be useful 
in nondestructive testing. 

Neutron and 0th  Uncharged-Particle 
Beam Tests: 

Test methods in which neutrons, 
atoms, and other uncharged particles 
moving a t  high velocities in beams are 
used to probe the test objects fall into 
this class. To  date, such test methods 
have found few applications because of 
the relative difficulties of producing and 
controlling beams of such neutral par- 
ticles and of detecting their intensities 
after modification by test objects. 

Neutron beams have been produced 
by means of radioactive sources whose 
gamma emanations pass through beryl- 
lium to create the neutron flux. Such 
sources have found applications in atomic 
energy research and in ncutron logging 
of oil wells. In the latter application, the 
neutrons react with hydrogen-bearing 
fluids in earth formations, producing sec- 
ondary gamma rays which give the log- 
ging signal. 

- 

A neutron image converter has been 
proposed, in which a neutron beam trans- 
mitted through the material of a test 
object would be recorded by means of an 
image tube, somewhat similar to those 
used to reproduce X-ray images. LVith 
harrow neutron beams, the detector 
might corlsist of a suitable gamma-radia- 
tion detector in a hydrocarbon enclosure. 

In addition to direct neutron gaging of 
material thicknesses, it has also been pro- 
posed that a neutron beam might be 
employed to detect the presence of a 
hydrocarbon within a metallic enclosure, 
as with petroleum products in steel pipes 
or tanks, or rosin cores in solder. To date, 
however, no practical nonclestructive 
tests based upln neutral particle hcam 
inspection have been commercially de- 
veloped for wide use in industry. 

Electron and Other Charged-Ywlicle Beam 
Tests: 

Several valuable test methods based 
upon the use of beams of electrons or 
other charged particles have found im- 
portant industrial applications in non- 
destructive testing. In  these tests, the 
charged particles impinge upon the test 
objects, being .diffracted, or transmitted 
with attenuation, to produce images suit- 
able for detection and interpretation. 
Diffraction of electrons ancl other 
charged particles has proved useful for 
surface inspection and identification of 
materials Trg nsmission of electron 
beams through thin layers of test maw- 
rials provides remarkably detailed infor- 
mation concerning their structures. 

The beams of electrons may be pro- 
duced with an electron gun, such as is 
commonly used in cathode ray and X-ray 
tubes. Or they may be produced by the 
irradiation of materials with gamma rays 
or other high-energy photons or particles, 
as is well known in the use of lead screens 
to  intensify X-ray images in film radio- 
graphy. Other means of producing beams 
of high-energy charged particles have 
been developed in mass spectroscopy and 
i~lduction accelerator applications. 

The prcduction of images by passing 
electron beams through test materials 
has found many valuable applications. 
In the electron microscope, such particle 
beams transmitted through thin replicas 









cbaracte~ized by the induction of varying 
electrical currents in the. test object by 
means of repeated variations in an elec- 
tromagnetic field. This method contrasts 
with the electric current conduction tests 
in which current flows into the test object 
through direct electrical contacts from an 
external source. No input contacts are 
required with induction-type tests. The 
induced current in the test object yro- 

. duces differences in electrical potential, 
magnetic fields, and heat or temperature 

factors. The complex nature of the prob- 
ing medium in electromagnetic induction 
tests is apparent. Energy is transferred 
through the electromagnetic field. The  
flow of electrons in the test material also 
transfers energy ant1 absorbs energy, as 
do the variations in the state of mag- 
netization of the materials. 

Dynamic electromagnetic lields pro- 
vide an unusual combination of energy 
transfer through space, and related local 
movements of matter within test objects 

FIG. 34.-Correlation of Electric Current Conduction Test Indica~ions with \Val1 Thickness of 
4-in. OD Boiler Tubes. (Adapted from Thornton and Thornton, "The Measurerncnt of the Thickness 
of Metal Walls from One Surface Only," Proceedings, Inst. Mechanical Engrs., Vol. 140, pp. 349-399.) 
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gradients. When alternating or varying 
currents are induced in ferromagnetic 
materials, heat is produced not only by 
ohmic losses proportional to the square 
of the current density-, but also by hys- 
teresis losses ~n the magnetic material. 
The total " iron" losses, composed of both 
eddy current losses and hysteresis losses, 
are sometimes employed to indicate ma- 
terial properties. The pickup may detect 
var ia t io~j  in electrical potential distrihu- 
tion, in magnetic field strengths, in high- 
frequency electromagnetic wave proper- 
ties, in temperature, in mechanical force 
or torque, or in losses in the material of 
the test object, or combinations of these 

The electromagnetic field, like light or 
X-rays, may be transmitted through 
vacuum, in the complete absence of mat- 
ter. It penetrates mzterials to varying 
degrees, depending upon their properties. 
And it induces local movements of matter 
within the materials, depending upon 
their nature. In  electrically conducting 
materials, the electromagnetic field in- 
duces the movement of electrons or elec- 
tric currents (such as the eddy currents 
in magnetic analysis), I n  magnetic ma- 
terials, the ciynamic electromagnetic field 
induces local oscillations of the elemcn- 
tary magnetic domains and, in some 
cases, magnetostric tive effects. In dielec- 
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duction test method which is used daily 
in a number of major steel mills. 

The Cyclograph (Fig. 37) provides a 
w ide-f requency-range oscillator in which 
the test coil is part of the tuning circuit. 
Regenerative feed-back control allows 
adjustment of the initial energy output 
of the oscillator to any desired level. The 
test frequency is selected by choosing the 
test coil and by adjusting capacitors in 
the control unit. Core losses occurring 
in the metal specimens inserted into the 
field of the test coil decrease the output 
of the oscillator. This output of the os- 
cillator is viewed on a cathode-ray tube 
screen, whose pattern can be correlated 
with the metallurgical characteristics of 
the test pieces. At low frequencies (of 
2 to 10 kc), these core losses are mainly 
governed by the magnetic properties of 
the material of the test object, if it is of 
iron or steel (ferromagnetic). At higher 
frequencies, the core losses consist mainly 
of eddy current losses. These higher fre- 
quencies are generally used for inspection 
of uniformity or analysis of non-ferrous 
metals. At very high frequencies, the 
electromagnetic field of the test coil is 
conlined to the surface layers of the test 
object, due to skin effect. These fre- 
quencies are used for tests such as case 
depth of carburized parts, decarburiza- 
tion, plating thickness, and surface 
stresses. Cyclograph indicatior s have 
been correlated with applied and residual 
stresses, with fatigue damage, as well as 
with material analysis, structure, - hard- 
ness, brittleness (stress gradients), degree 
of cold working, and various sorting ap- 
plications. The Cyclograph, in measuring 
these magnetic losses, is not designed to 
be sensitive to defects or local discon- 
tinuities and does not detect them. 

The Ferrograph provides a magnetic- 
analysis method in which the response of 
a ferromagnetic sample to a low-fre- 
quency (23 cps) alternating magnetiza- 

tion, and to its third harmonic (69 cps) 
are compared with each other. In the 
Ferrograph, the relative amplitudes and 
phase angles between the fundamental 
and third harmonic signals are displayed 
on the fluorescent screen of a cathode-ray 
oscilloscope (similar to a television view- 
ing tube). The instrument can correlate 
carbon content in samples of similar 
chemical analysis. It can also distinguish 
between high- and low-alloy content sam- 
ples and separate high- and low-alloy 
samples with the same carbon content. - 

A particularly outstanding recent ap- 
plication is a method for recording de- 
fects on the interior surface of gun bar- 
rels, which produces facsimile records of 
the entire surface and the location of the 

i 
(Fig. 38). This method is now being 

1 defects, such as seams, laps, and cracks 

subjected to development into a pro- 
duction testing device. 

I 
--r 

Electromagnetic induction principles 
have been applied in an inspection device 
for nonmagnetic tubes. The device in- 
cludes an electremagnetic induction 
probe which is pushed or pulled 
through tubes by a cable. As the 
probe moves through the tube, a strip 
recorder charts or indicates the position 
of defects. Since the probe can be passed 
through tubes without removing them 
from the equipment in which they are 
installed, it permits quick inspection. The 
device has been particularly applied to 
inspection of tubes in heat exchangers, 
condensers, and similar tubular equip- 
ment. It is reported to detect dezincifica- 
tion, eroded and corroded pits, cracks, 
strained areas, changes in alloy or chem- 
ical composition, and abnormal changes 
in physical dimensions. 

Ultrasonic and Other Mecha~tical Vibra- 
t io~z  Tests: 

Mechanical vibration tests are char- 
acterized by the establishing of mechan- 













unit contain signal lamps which also in- SELECTING AND SPECIFYING TIIE PROPER 
dicate the character of the test and elimi- NONDESTKUC~IVE TEST METHODS .\SD 

nate the necessity of the operator having PROGRAMS IN INDUSTHIAI, APPI.IC.I- 
to view the meter after each test. TIONS 

7 Present appli~ations of the Metalsorter ~h~ preceding examples and the hasic 
include sorting, inspection, and quality principles which underlie them illustrate 
control in a wide variety of metal-pro- the nature and limitations of the 
ducing and fabricating industries. 

I 
able nondestructive test methods. Each 
method has specific lir13itations and spe- 

Spo Test and Olher C h u a l  Tesls:  cific application advantages for certain 
materials and inspection needs. 'I'here is 

in which the test objects are no such thing as a general nondestructive 
sllbjected to any of nondestmctive teat to every kind of 
chemical action are included in this class. part, or structure, nor to all their func- 
Tests which are purely chemical analysis tions or operating conditions. ~ ~ ~ t ~ ~ d ,  
(and possibly destructive of the each nondestructive-test design must be 
and metallurgical etching procedures based upon a thorough understanding of I outside the scope of nondestructive test- the nature and function of the part being I 
ing, in most cases. tested and of the conditions of its s ~ v i c e  . 

The two most used ~ h t :  engineer requires full i n f a r m a '  
tests are ('1 'Pot tests used to the service loads ancl 
identify or measure some inherent char- tions of use to which a part is to 
acteristic of the material, and (2) chern- jeded in order to specify a useful non- 1 ical and tests used, destructive test. He also needs, from 8 

example, to detect processing or material operating experience or destructive tests 
defects such as pinholes in Protective upon the part, clearly eslab1isIlt.i i i ~ ~ l i l a  

I 
coatings. In  such tests, the chemical re- of acceptability or rejectability, or at  
actions involve transport of matter as least a statement of the accuracy to 
well as the chemical energy of reaction. - which service performance must he pre- 

Common examples of chemical types dicted in order that the tests be useful. 
of tests include the well known sulfur- Furthermore, it is necessary to prove that 
print technique which records the sulfur the property which is to be measured by 
distribqtion in steel, and similar tests for the nondestructive test is, in itself, a 

I 
? 

revealing the distribution of phosphorus, reliable n~easure of the strength or ser- 
nickel, lead, etc., in steels. These tests viceability property to be predicted,& 

are usedfor sorting or quality inspection absence of 
I 

cessa d , a t  4 
-*-6l-'- .f of steel blooms or billets. The corrosion POss1 m j t J d % . k l e  f 
=gtZtive sgi resistance of stainless-steel welds has - - .-. .r - ru.bYYlk*Plrj 

been chemically evaluated, as has the The necessary data on service loads 
and conditions and the acceptability 

distribution of Oxygen near the f a ~ i n g  limits he provided by the dt>riglzer 
plane of pressure welds in steels. of the part or material to he tested and 

Coating porosity tests several by the s/rfis Ejrgineer. They are 1)resum- 
which detect pinholes by chemical reac- ably fully illformed as to the nature of 
tions with the base material heneath the the rolrditions and the i,rubab]e 
coatings. Ferrnxyl paper prints and elec- stress distribution. They may knoir the  
t r o g r a ~ h i ~  ~rinti l lg have both bee11 used probable paints of initial failure \ritl1 the 
successfully for this purpose. given design under operational loads, 

r 



The hno~vledge of the designer may be predicted quant itntivcly from thc 
be supplemented by destructive tests X-ray examination. 'l'his woultl be difli- 
up011 critical materials and componetlts. cult to do ever1 by tlcstructively scction- 
The determination of the correlation be- i~lg the parts. 
twecn the strength or serviceability, and Similarly, magnetic-particle inspcclion a the dcfects or correlated properties to be of ferrous materials reveals cracks and f measured by the  onde destructive test, is surface defects rclia1)ly. Z-Iowcvcr, tlierc 

f i  usually a ~nat ter  for n malerials or procc~s are not very many cases in wliicl~ the ; 

ocgineer. Often an extensive series of con- fatigue strength, o r  the loiul necessary 
trolled destructive tests is required in to produce static failure, can i r  predicted 
order to prove that the correlation i s  a from these data. I t  is generally sulficicnt, . 
complete and reliable indication of ser- however, that the ins;)ector know that n 
viceability. fatigue crack or stress concentration will 

I 
Finally, the job of finding a sensitive lead to premature failure under repeatcrl 

and reliable method of measuring the stressing, in order to reject the part for 
correlated property nondestructively is such service. 
the job of the nondestruclive-test engitzeer. The engineer specifying or 
TJnfortunatel it has been the ractice nondestructive tests shoulri recogi~ize cer- 

~ ~ R * ~ , A r U :  *b. -* P all t o  . assume W* ' - a ~ a  t i r t  the trin geometric limitations ill tceir scope 
engineer eve o 1 Qye and sensitivity. Some test methods re- 3 t m Q q , p t & e  ,.ULU,bu. .- quire access to bol l~  sides of t.he part, 
desig:tr, .!lieP, ~ ~ r ; s ~ , , ~ ~ ~ i n ~ . e j ~ ~ ~ ~ . $ ,  fhe material, or specimen which is under test. 
iiiiterlats or p r o c e s ~ , ~ ~ p ~ r , ~ a _ d d ~ t ~ o n  Other methods can be modified for use as 

migpg, ad.a.dgyf;)+w$g "one-side" tests. Some test methods can 'W.'"' 2 1 t. t ts. Man fine be applied to parts of almost any shape sui a e non es ruc ive es 

~ ~ m ~ - p t ~ ~ ~ ~ h  -.,.d:ri . w mroa.r.m--uwMP 
or size. Others are lirnitecl to areas with 

evenh* proven wort eis=s?j . . *--, LFI * reasonably flat surfaces or with constant 
G&&iG YhV ittgiglihr hid'  the matenaJs thickness section. A few types of non- 
engineer failed-e-dika. #:* f b~wq* destructive tests are applicable unly to 
n i G c t l v e  Test m a  have been specimens of exactly identical geometry. 

." *. , .w, f" t -,'? . . b*'--,w w 'me'. 

TeT<fijgd,Tfi:bk , , . . *. .-*P, a .- .. rhable  . T w m . ~ ~ ~ ~ d ~ ~ ~ ~  and sensitive Other tests ;tre limited, a t  present, to 
- u m i t  '-..?aiCn--... w a s T -  certain kinds of materials or to parts 
si ned to measure. However it would with definite thickness limits. Some non- A**-. * * r r N *  2. *- - 3 -  ,l.,.1L - 
be unrel1ibl6'"il'tXat property were 'not destructive tests allow large areas or vol- .* - .  . "  ..." 
p ~ ~ ~ h s d e s t r u c t ' i v e  .KF.mI 

,'. ' a #  ...pi. 2 , T .':, tests .,-.. to urnes to be inspected in a single opera- 
be a good measure of strength or seh.lh- tion. Other test methods require scor~rair~g 

, . ,  + ,  . .! ., W"- .$ .a~?w.A :. , . . . . , . of each small area suspected of l~eing 

--Even the well-established methods of defective. 
nondestructive testing now widely used Especial care should be exercisetl In  

in industry are subject to limitations. specifying the limits of sensitivity ant1 
Radiography, for example, may reliably accuracy required or esjxctctl in a 1lo11- 
reveal porosity, shrinkage, inclusions, destructive test. The sensitivity of evcry 
dross, and misruns in castings, lack of type of nondestructive test is limited.. 
penetration in weltls, and similar defects. Sensitivity aclecluate for excellent testing 
Few indeed, however, are the cases in on one part may he totally inaclecluatu 
which the actual load for failure under for another test object. 111 generii.1, rliore 
service conditions or the service life can sensitive tests require more elaborate 



equipment and cost more. The cost of 
developing a suitable nondestructive test, 
as well as the cost of the actual inspec- 
tion with that test, must be considered 
in every application. Nondestructive 
tests which cannot be applied econom- 
ically in the specific application will usu- 
ally be abandoned. 

A simple rule to guide the specification 
of nondestructive tests might be the as- 
sumption that it is not economical to 
require the nondestructive-test sensitiv- 
ity to exceed the accuracy with which 
the magnitude and number of service 
loads are known, or the accuracy within 
which the design assumptions predict 
true stresses or performance. Alterna- 
tively, it might be reasonable to limit 
the sensitivity specitied for the nonde- 
structive test to a reasonable fraction of 
the variations in strength or serviceahil- 
ity corresponding to the tolerance limits 
acceptable in the production of the sound 

is desirable to limit the number of 
ons or properties to be measured 
e nondestructive tests to those of 

practical importance in production or 
service. For example, a particular part 
might be weakened for service by any 
one or by a combination of several pos- 
sible causes. These might include im- 
proper material, wrong heat treatment, 
internal defects such as porosity, shrink- 
age, segregation, dross, inclusions, or ex- 
ternal defects such as cracks, surface 
notches, defects in plating, and so on. 
No single nondestructive test should be 
expected to measure reliably all of these 
properties. Often a separate type of non- 
destructive test is required for each gen- 

1 type of defect or cailse of weakening. 
The same reasoning holds true for ser- 

vice damage. Corrosion, repeated stress- 
ing, wear, impact, surface destruction, 
and many other factors may contribute 
to service failures of parts which were 
originally sound. Usually a separate 

method of inspection may be required 
for each of the types or locations of 
service deiects. 

The interval between nondestructive 
tests for service damage may vary with 
the types of defects. If specific nonde- 
structive tests for each of the causes of 
failure are pyramided into large, com- 
plex nondestructive tests, the costs would 
ordinarily be unreasonably high. The de- 
signer, process engineer, ar!d operating 
engineer should determine which proper- 
ties are of practical limiting ~mportance 
in production or service. The nondestuc- 
tive test engineer should reserve for non- 
destructive testing only those properties 
which cannot be more economically or 
reliably controlled through other methods 
of process control or inspection. 

Often, many causes might produce 
weakening of the part. If only a few of 
these particular types of defects have 
been selected for nondestructive testing, 
the correlations obtained between these 

' 

nondestructive tests and the service per- 
formance u l  the p r t f  may be poor (un- 
less the other causes for weakening arc 
controlled or accounted for). Suppose 
that a choice exists between alternative 
methods of nondestructive testing, one 
of which measures only one cause of 
weakening while a second measures sev- 
eral important causes of weakening. The 
latter test may be more reliable on the 
whole, even though it is less accurate or 
sensitive in certain measurements than 
the former test. 

EVXLUATIKG THE RELIABILITY C)F 

NOSDESTRUCTIVE TESTS 

Most nondestructive tests, as illus- 
trated in the preceding examples, detect 
and evaluate flaws or defects, or detcr- 
mine strength and serviceability, by in- 
direct proced-tues. These usually involve 
the measurement of a different hut corre- 
lated property. Sondestructivc proof of 
the existence of a flaw or defect is one 



thing. Measuring the influence of that 
flaw or defect upon the strength or ser- 
viceability of the test object is quite 
another. This latter determination must 
ordinarily be made by destructive tests 
on specimens both free of flaws and con- 
taining flaws, of each basic type, in each 
critical location. In  nearly all fields of 
engineering materials, there is a serious 
lack of specific information on the influ- 
ence of material and fabrication defects 
upon strength or serviceability. The non- 
destructive test cannot supply this 
knowledge. Such information should be 
obtained from destructive tests or from 
operating experience. 

A necessary prerequisite to a reliable 
nondestructive test is a proven correlation 
between the property actually measured 
by the nondestructive test and the 
strength or serviceability property being 
predicted from the measurement. In situ- 
ations where such correlations have not 
been fully established, or where several 
factors influence the relation between the 
measured property and the firopert~ be- 
ing predicted, evaluatioi~s based upon 
the experience and judgment of skilled 
interpreters become a vitally important 
feature of a nondestructive test method. 
Such correlations are usually implied, 
but seldom proved or demonstrated, in 
patents, advertisements, and some tech- 
nical articles which provide information 
to the administrative engineer. To obtain 
the necessary data to establish these cor- 
relations, and then to design and develop 
a reliable nondestructive test method 
based upon such correlation, is usually 
,difficult and frequently costly. 

Failure to demonstrate the reliability 
of such correlations before applying and 
believing nondestructive tests can be far 

cases, parts rejected because of defects 
revealed in the nondestructive tests have 
shown no weakening because of the de- 
fects when subjected to proof tests. M A  
lions of dollars worth of aircraft  arts 

In  evaluating i~ondestructive test 
methods, it is important to discriminate 
between the reliabilily of the iesl melhod 
(in revealing flaws or defects and in meas- 
uring the physical properties of test ob- 
jects) and the reliabilify of the judgmevtts 
of the inspeclors (based upon the evidence 
revealed by the nondestructive method). 

Lack of specific data, operating expcri- 
ence, or good judgment, may seriously 
influence the inspector's conclusions. This 
may occur even when the nondestructive 
test method is providing excellent data 
concerning the condition of the test oh- 
iect. Conseauentlv. it is seldom mod 

- 
concerning the test object, p;bvided by 
the nondestructive test, and good judg- 
ment on the part of the inspector is 
essential. 

The inspector must evaluate the data 
concerning the test object in the light of 
the service to which it will he subjected. 
He must have full regard for experience 
obtained during operation of similar test 
objects under this same service condition. 
I t  is particularly dangerous .to eptrapo- 
late concIusions from one service condi- 
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Concentrated sffort in the f i e l d  o f  nondse%mct i~e  testlag ha6 

been expended by Watertown ksenaB bboratsriee  fa^ O V ~ P  thirty (38) 

yeare, during which time virtually all nokeetmetiva mefhodc ha@ 

been studied with regard $0 t h e i , ~  Ordnanas Corpe ~ppliea"$BY%ty, 

Muoh of th%s sf'fart hao been of a pioneer nature amti  ha^ earned 

corssfderable indusstrial recogmition on a maa%%onerl and .inbarnational 

oetrle. Over the palst deads  the Rtman-Dun k b a r e l t o ~ ~ i e a  a% Frankford 

Arerenal have been markedly ~uaaessfb% i n  ~gply%mg &vmca61 Q ~ ~ O $ E " O R I ~ E  

deerign eoneeptr t o  B h e  devslopem$ cf %nle$msn$a$%oa for %he per- 

formnee of magnetic ILL& elsatriaal $ee$a of aaureroas 1.!;ems of 

Qdnanee. The principle direction of e f fo r t  8% both sf 8tjXzass cospe:rat- 

ing labora%rpriea at the prerent time i s  toward %he 64w~~opmen% of 

tserting principle8 and equ%gment esrpable of pr~vMdBrig p~P iabPe  non- 

dsstmties everfmtlbon of Orhams ma$sxan.%a%r and m%erB.%al at sum 

t s e t b n g  speed8 that bottleneakoa %n maes pr~dluetion will no.&, occur, 

The abstrmtsr whi~h fol low present a very brief pbetum of %ha 

aecompPiobemts andl w o ~ k  fn progrelr at these labparstoriee ae a 

r e ~ u l t  of prse%ous affort .  

W%ogramm: Pioneer work beg= at Vatartown Ar~enerl k b o r ~ t c r i s s  - 
in 1922, dfrected at the mg%ua$ion of AntemaP f 1 e r . w ~  in e i a ~ $ % t g ~ ~  

Radiography har been ~eaograized, a8 a rewult of %hi8 worko BB a 

valuable tool f o r  the development and ~ o r a t r o l  of cat%sP"actory foundry 

and welding proasdumr, As ~ueh, f.t ha8 been widsfy ampfoya81 by 

Ordmmes installatione am8 Bnduetry and hhe raeultrd i n  w t o f d  savings 



in dollarr and mmi-hourr in the produetion of a11 typer of OrdYlervloe 

nmter%eP. During World War fBt hundreds of Brdnernee Q o ~ p e  inepeetorrs 

were trained at Watertown PPaenal i n  the uee o f  ~ ~ i o g r a p h i ~  andl athen" 

nondestructive terto. In addition, speeifieabiona and etandaf.de were 

written t o  pernit the a t d a r d f a e d  app%kcrt$on of ~di.ogfp(~pPby P ~ o  

g~oduetion inspection, During the eourae o f  eoncentrated sffor$ 

in the rtandardi~ation md rpecifieatiorn o f  radiogmphio p'paoceduree~~ 

inadsquaeiea in these graeedurea were reeognimed, Cr%tiesl analysf~ 

of them inadaquaeieao bar led to er p ~ o g m m  of dsvelopment which pramirsm 

marked imp~~s~9aePib in the inepeetion of may Btsmr of Orbaaer materfel, 

ixaportaat among whieh sra we%dmenQ~ sf m a y  typsr, melt loadled ammuni- 

tion, rocskstr and propellants, sto. Thir work 8~ aireretell at the 

development of an eleetmnie 1E-* irnagr pick-up ~yrtern ~apable o f  

ppotidigg in~tanbaneous i b q ~  of flaws in Bflnance materiel. ( ~ s s  

Fig, 1) If  swaesefhl, it w i l l  eliminate the mati for pho$egraphic 

f i l m  ere an image debeetion mate~ id ,  along with the attendant aorta 

and time aonsepmed in i t e  exposure and proesr~ing. PeaaibiPfty has 

sfready been dsmnrtrated. 

-: I)ensral ertudf sr of w e t f b a  p r t i e l e  t s r t i n g  

teabnfquem in lgb-194.2 at Wa$e&own Breenol Laboratories led t o  the 

preparation of tha fire% Ordnmer Gorp8 egeeffiastfen   we iring $he@@ 

groedursr. They were ~~ubsequently employed widely throughout the 

indurtw POP Ordmn~e promremnt inlpe~%%on of sretfng~, welbenter, 

forgings and m q y  item1 of ua%er%eqlo The derire %Q provide mom rapid 



and ~ e l i a b l e  examination and wider applicability far theme %npor$ant 

t e e t r  lead to a progrim a$ Wa$ap$own Arsenaf L~boratorPe81 for the 

development o f  sensitive ssaeh-as%l f low dstsotars,  In addition, 

the atman-Dunn hboratoriesr began a study of eomera%ally dsveloped 

tsehniques for the magnetic and alsetriaal smluation of meebmieal 

properties and aoundasre o f   metal^, Most of  t h e e  eomersfally wag%- 

able equipment8 were beliewid t o  be appliaabls t o  many O d n m o s  

problems but had been unnsueaeaaf"u1 in the perst, The P k t m m - h  

studtee maultsd in n significantly clearer mderrtandfng of the 

magnetfa prinafpls~ involve8 and h a g  remulted in the design and eon- 

stmction of  eucees~fu% inspection equfgmen%o f o r  a variety of Ordnance 

proauetion inepeetion problems. Togbth61~ with the work 0% Watertown 

krona1 Xlaboratorier, %he following aeeomplirhmsnte i n  the f i e ld  

o f  magnetic and ~PeotrierP testing may be Bfertsds 

1, The drvslcppment and eonrutpuetion of a nondeetructive k d n a a s  

t e a t  equipment for aal iber  .p and caliber .50 dbg core$; f i l l y  auto- 

matis, inrpection rate 100 Gore8 per minute, (See Pige 2 )  

2 !The drrign and oonekruetion of  an equipent f o r  the 104 

n o d e a t m e t i v e  sLeesptanaer toot ing of electric primers, (See Fig, 

3. The dedgzn and eonstmotion o f  equipment for nodsotmctivs  

ersPuat%~n of stream rmPiaf in caliber .50 brass eartrfdge ssseo; 

inrpeetioa rate 9000 eases per light hour day, M r i o u r  in~peat f sn  

rate - BOO0 cam8 par day by a Peas reliable m8a%hod. Q8ee $ig. 4) 

4. me  d s v s l o p e n t  and c.orrrtmctfon sf s n o n d e ~ ~ l t m ~ t i t ~ ~  h r h e s s  

t e s t  equipment for  e a l i b e ~  .%I Mg BOP% Links fop w h i n e  gun ammunition 



br l te ;  f u l l y  automa%ia, faepsef%on rats PO0 Pfnke per minutr, 

(see Fige. 5 anc~ 6 )  

5 .  The design and mmufaetu~e of er anondmu~mefivs hrdneser teat equip- 

ment for caliber .5O etseP cartridge eaess. ($se Fig, 7) 

6. The developerit sf a high r a l i a b i l i t y ,  semiautsmert%c crack 

detector for the bore ~urfme of ar%iPPsry t u b s ~ ;  eight of theme 

Mametie Eteogr&i.rrg Bsrams~pee are being eonatmeted for use at Watertown 

and WatervPiet &renaPs, Jeffsrron, Brie, AberMeen, and Naval Prov ing  

Grounds, NamB (hm Paetcp%.g, and Dialeron Gun Plank, (See Figr. 8 and 9 )  

fn dclftion $0 the above past meoptpl%~Bamsa%~, the applied reaeaaoeh 

ant¶ efpaluation studies is31 the general f%slb of k g n s % f a  andl Slectriswl 

testing at H$man-h hbsrmtor%em and Waterborn Axssnal Laboratory 

hae be8 t o  the fol1owfa.g groJea'&a which a m  now in P P ~ ~ P B I I  and for 

which work a euaessaofil sonaPupldsa 8 1 ~  PP$IU@L~%ZO~~.  

1. me d~wslcpment of nondee%me%iv@ t e s t  sq~~%pmcDn$ for 

the da%ection of haat treating eraelrs and fop the evaPuBioti of hard- 

nsls of artillery ammu%labtion (AP shot amad Eii rhB1) ; f i l l y  automatis, 

rate of inepeation 600 projsotilar per houro [gee ~iga. 9 and 10) 

2 ,  devePcpmen$ of noaderrtmativs equipment POP 

thm f i e l d  a d  prsvBag ground eveCLuation of progm~sive r$msr damage 

in the e b b e r  o f  155 mm. ar%ilglery tubam. [gee Fig. 11) 

3. The Cf~~ve%agment sf nondse$mdt%ve equipment for measuring 

ths haPanaso of s tee l  eartpidgs aaosr for artfllary ammunition. (see Pig, 12 

4. The devslepmsnt of squipmenzf; for the ncrdestmetfva had- 

s e m  meaauremsnt o f  9 mm, high sxplaaive grsjse%iPaa, 



5* The development sf mquipmnt for the wtomatie detec- 

tion of  heat treating ~ r ~ k a  in 20 mm, shot; inspmetisn rate, 

approximately gO shot per minute, $see Figs, 13 a d  14) 

6 ,  TIM Brv~Pgpmenti of aquipmsnt for the aonads~tmctivm 

detection of areama, h p a ,  and %ncluoPow~ fn 20 mo m d  3 mm, shell. 

7. The devs%opm& sf equipment for 8eteetion of sraeke 

in caliber .5O APOT eoree, 

8, b t h s r  erpplfad rarearch in the f i e l d  sf magnetfar and 

slee%r%eal b e b ~ i o r  of mate~iaPs,  h e h  bebrao work l o  dimatsd 8% 

%nerrarsd knowPedga which w i l l  be ergpliaerbPs $0 %b eroPutioa of 

apeeifie Ordnanam Oerpr tss%%mg a d  %nepc$bon problrm~ se they ocaur. 

_U%trerronBe Methoaas Although ul%rason%a tea%%n.g t s t h i q u s e  

reelf ved s t; rnmendous increase of industrf a1 appPf aability in l9&2 

la$ a r e ~ u l t  of tcsh.niool %lanpro~emen$r, the m$hob b r  engoyeti l i e the  

appl%cabfl%%y t o  Orbanes inspection and tasting bsaaune of  ~erba in  

Befinite 1imiter%ions of the ms%hod ar prae%ioed. Howroer, at the 

p ~ s r s n t  %im@ work Ss under w a y  a% Wata~town ~ I Q B B ~ B  L E L ~ Q ~ P E L ~ O X " ~  t o  

dewlop a stdardfmed test procedure for %M detrsatisn of oradcr~ 

and other flaws in %ungs&sn carbid@ bulls% sorrc. In &i$Pon, a new 

equigmsnt, the Ultrssonfo Flaw PBot%fng Uebfne, h a  bmsa eonstmeted 

for the Qrdmnee Corpe mrPsr cantree% by l l s a%ro  Gfreu$$~, Into of 

Fasdmaer, CaPifomha, and iss now wdargoing e9palw%ioao [Sme fig, 15) 

It is hoped that this w h i n e  w i l l .  provide ~BI$IF and sfgnifisantly 

mom accsnomieerl exminat%on of thick wsldmsa%a and 8rdnan~e eastimg~ 

~ u e h  ar east armor, artillery bmmch rings, stmctuserl a d  a m p  

weldmento, stc. 



I t  i e  balieveb that ultmuonic attenuation me~eurarnant~ $3 metals 

offer conriderabPs promise as a oubetitute for oham- impae*, and other 

dsstruetive t e s t s  for determining ths m s a h i c a l  propertfs~~  phi^ 

belief i e  being foXPowed-up through a research contract with Brown 

Unioereity and addli%fonaP stucliea a% Wabsrtawn Arsena'B Laboratory, 

f t  hae been demonstrated $ha$ ambrittlemen$ of  alloy fateela can be 

detected readily by such a$traeon%c msamremsn$e. Work $8 in progreee 

($88 rig, 16) towma the devePope11t of practfeerl t e s t s  based upom 

fidamentaP knowledge sf the propagation and aoerttering of ultmercn$e 

e n e r e  in polyoryetdlinr metals. h a b  work rrgarded err having 

prime pctmntial for  fitare use sinem m o ~ t  Omlamas %tams are aubjset 

to erome form of meehioa l  l o d i n g  QtrmeiIe, i m p m t ,  fatigue). It 

i r  anticigatad that iB?Jl t~asonie  S p e s t m ~ e c ~ p y ~  may hold the key t o  

nondmetmotive evaluation of the meehanieal propertiem of mstds. 
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ilGURE I I - THE MANETIC RECORDING BORESCOPE.( F IELD MOOEL) AN IEJSTRUMENT OESIGNEO FOR THE 
DETECT ION AND MEASVRMENT O F  SERVICE INDUCED CHAMBER CRACKS IN  THE 15WM 
HOWITZER &NO GUN I N  THE FIELO. uTN*68 1-%3 
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