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blectromgnatic BDT.

As introduction and 1te capability to datect and size defects.
Eadiography.

The besic radiography equatioss; jts capability to detect
and size defects.

tber BDT techaologies.
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Iatroduction to NQI.

Bon-destructive testing  (RD1) has been defienad by the
Iaternational Committes for HDT, jo 1967, ac; “A procedure which covers
the inspection and/or testing of sy material, compossat or sssembly by
meaas which do not affect its ultimete serviceability®

In additios to conventiional #DT, which wss sstablished in its
presant fors, by the 1960's, thera is & developmest of & field of study
hzows as “Quantitative Non-Desiructive Pvaluabion” (QRDE}. GFDE is a
combination of science and tacbralcgy that is maviag WOT from being am
‘art’ to a sciesce based sector of ssgineering which is iategrated with
desige, materisle sclesce, composest and systes life evaluatios and
coat-riek snalysis.

DT can have saversl objectives which include material sorting,
materials characterisation, property soaitorisg (for process costrol)
and thickness msasuremeat; bowaver the major iaservica task 1is;

1, Defect detection/location and 11, Deafact characterisatioa.

A wide range of defscts cas ba encountered and thase depand on the
particular typa of component snd ssterial involved. Defects can isclude
production flawe such ae baat treatment cracks, grinding cracks,
insclusioas (of maay types), amd volds (pores) and wervice defects which
tend to be In the form of corromion or fatigue cracis. [s mmay service
situstions it is the relisbie detection aasd sizing of fatigue crachks
which is the mmjor task for BDI.

4 mjor step forward has been the ackpowladgemsat that avery ites
coatalne flaws;, these may be cracke seversl ww long or just micro-flaws
in & cryatal of at & gralna boundary. The range of possible {laws and
thair wifect on cosponents shouid be cossidered from the desigs stage of
a product.

DT 1e sow moving from being simply the detaction of aay defscts,
80 that thay can be removed or tha part rejected (a zsro-defects desige
philosaphy); to BDE which 1ncludes consideration and evalustion of a
design given that defects will be pressnt (a Damsge Toleraat Dasiga?.

Full advantage cat only be mde of results from stress analysis
and fracturs mechanics in & cospossat )ife/failure model, i the
prasesce of defacts, the populatios of defects that im present, thelr
location, type snd dimpslons are all accuratly determiped. It s
increamingly recognised that thare muat be *Design for Testability' and
'Damsge Tolsrant Design' ; 1f the bast posiible Oor in SOm cases sveR
sdaquats NDT 4s to be provided.

At the design stage informtios sust be provided om;

1. Critical defect size must ba calculated. (based On stress spalysis
and fracture mechanice)
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2. An inspection limit wist be selected for (a) fabrication quality
control and (b) inservice inspection, giving defact types, size and
inspection interval.

3. The capability of ADT must be known for the particular material,
geometry and situation of interest, :

¢. The cost (sand time required for) NDT, the valus of the component amd
the added valus that EDT/NDE give should all be quantified

Nany of the NDT technologies are based cn the interaction of some
form of radiation with mtter. (Ses Tabie 1) The resglution of RDT
systems then depends largely upom the wavelangth of the radistion and
data can be used to give either an image of some form or an analysis
based on the scattered radtation,

The orders of magnitude of critical defects ia scme materisle are
shown in Table 2. A comparison of melected ADT methods is given as
Table 3.

In the U.X. a receat survey into NDT practice {n industry ham
reported;

1. Vaid inspection and wald testing were shown to represast major uses
of WOT. Vhen EDT im used 303 of firms had their own facilities but 86%
made cosplete or pertial use of NDT service cowpanies.

if. Vhen the technologies used wers considered 1t was found that for
firse using ¥DT;

80% used rediography.

71 % used penstrant inspection

49% used NPl. (magnetic particle inspection)
and  49% vyeed vitrasonics.

Of the EDT performed 1in industry probably more than 90% sre manual
operations. The remaining are a mixture of semi-manual and automsted
aystems. The capability and coats, In terms of capital expenditure, of
these varicus groups of inspections vary over several orders of
magnitude. In addition to *Industrial® NDT which can be performed on
either production parts or as inservice iaspections theare 1a the
‘Research’ NDT/EDE which sitber eseks to provide methods to improve
industriel performance or ia part of a special research programme.

In the mid-1970'w it wanm recoghised that there was a lack of an
adequate science bess for #DT to becoms a quantitative sciance, in
particular 1t was necesasry to improve the reliability of inspections.

As & result of this realisation thera has besn 5 massive growth
In ¥DT RAD in the USA and Europe since about 1974. Major progress has
sioce been made to correct this through eeveral research Programmes
including one sponsored through the USAF-DARPA which has looked at
quantitative NDE required to mest aera-space needs and EPRI which haw
locked at the needs of the power generation industry . Thers have alan
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been major projects in Burope. The UK funding for ¥DT RAD is reported to
have growh from about £ 0.5 M in 1974 to £15 N on research in 1981 with
probably another £15 K for sysatems development. This growth bas
continued over the last slx years. The factors which have coatributed to
the growth in NDT reecearch are shown in Table 4.

In almost all the expanding ¥DT R&D projects work initially
concentated on ultrasonics. It 1s now expanding to consider eddy-
currenta and more recently it has been widened further to consider most
of the other ¥DT technologies and also a range of new materials. MNore
thap 60 % of QNDE Resesrch over the last 10 years has conceatrated on
ultrasonics and 1t im in this field that the best science base has now
been developed. Major progrese is now alec being mnde with other
technologies.

If the current capability of various ADT technologies is
comsidered 1t 1m found that no single tigure should be used as the
detection limit to characterise the capabllity. Buch limtts can however
be established for epecific EDT aystems, applied to particular parts
fabricated using a particular moterial. The beat available data for
Eteel was collected by 1974 and 1t i found that at least for laboratory
inepaction the capability has not cbanged mignificantly. (see Table 5}
Of particular interest ars the thres bheadings under which the WDT
techniques are givan; (1) Test apecimens, laboratory inspection, (11)
Production parts, production inspection and (111) Cleaned structures,
service inspection.

In soms sense the data in Table 5 is presented in a simpiistic
fashion; the data is that for 25 wm ferritic steel samples with a
surface 63 RMS, there are no detatls for the varlous forms of the
technoiogy that were employed, and the geonmetry {nvolved is not
specified. Also thers is no considaration given to the ability to detect
& range of possible inclusions which is of considerable importance for
the inspection of components fabricated from materials auch as a powder
metal or ceramics.

A specific FDT technology or system 18 better charscterised uyaing
a probability of detection (POD) curve. One set of exampleas of POD
curves are given as Fig 1. This data provides a comperison of eddy
current and other surface sensitive technologies. Howaver no single POD
curve is adequata to characterise a technology: se periormance depends
on mnterial properties, part geometry and defect characteristics aa
well as the complete specification of the BDT systes and the exact
inspection technique employed.

Any evaluation of an WDT technology must include comsideration of
the humen factors mssoctated with its operation. For systems which
employ human operators these human factor have been ehown, {n some
caces, to ba the cause of the largest single element in the uncertainty
sttached to detection capabiiity and probabiiity of detection
determination. For example In one study by the USAF on aero-apace
components the data shown as Table 6 was obtained. From this USAF
evaluation ot NDT capability the data 15 In the form of the preliminary



conclucions of tha USAF *BNSIF BDT* study and it ie quoted as the
detection capability achieved by the average of the majority and by the
best 10T of tachanicians. Humen factors are Claarly sn important
consideration.

Vhen the dats sbown in Tables % and 6 1s compared the etated
capability for the best {nsarvice NPl and ultrasonic DT are in close
agressent. The Table 6 study found penatrant to perform significantly
xarsg than would be expected from the Tabig 5 data; bawsver the Table @
sddy current performasce was such laprovad and was closer to the
laboratory iaspectios lisit gives in the Table S data.

In the last decade a much iwproved science base has been provided
for the phenomsna upon which the various NDT technologies are based.
¥DT has sought to move from belng a qualitative to a qQuantitative
technology and some stetistice for probabilities of detection bave been
estabiishad.

To seek to improve the parformsnce of EBT there is aa incrensed
use of sutomation snd computer based tachnologies and 1 due courss
this will result ia Improvesants ia the Capabllity of in-service
inspactions for use as part of 11fe-sxtension or retiremsnt for cause

programmes. The basic flow disgraa for a psriodic inspection schems i
shown as Fig 2.

The NDT technologiss selected for consideration in thim short
course are;
1. dye penetrants, and WPI, including automated systems.
11. eddy-currest and soms otberelectromgoatic BDT tachoologies,
i11.ultrasonic NDT in various foras.
iv. radicgraphy.

Four fundamentsl aress can be idantified as the causes for the
limitations on BDT capability:
1. The physice of the fundamental interactions,
il. The instrumentstion wbich is used.
111, The inspection techniques, including human factors,
lv. The defect population; 1ts range of types and sizes, bass
material properties and the CONpOBARL geomatry,

Pros an enginesriag viawpaiat the problems associated with the
current NOT techaologism have bees SumBArisad aw;
L. Lack of BDT considerations at the design stage.
<. Inadequate ‘snglseering' of the BDY tecbniques.
3. Defect datection requiremente which ars often too closs tg the
detection threshold.
4. Human factors 1a the inspaction cycle.

are sxpressing the saws problams froa diffarent viewpoists. It i1s alao
clear that effective BDT can only be provided 1f its requirements are an
integral part of the design process. The ides] is that there ahould e
design-for-teatability; s Practics the capability of WDT and ite
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limitattons resulting froa design decieions and their implications for
the reliability of inspection nesd to ba quantifiaed. Increasingly
Computer based forward models are avallable to ssable EDT to be
@valuated on particular designs.

It would appear that the the major factors whichk limit the
datection capability for laboratory EDT to tha ievels given in Table 5
sre thoss of the Interaction of fundamsntal physice with particular
defect populations and material proparties. Ia laboratory msasuresenta
the geomstry tends to be sinple, the surface [inish ig good asd the
quality of steff iam high.

In the case of practical work perforsed 1a production or ivservice
conditions it would appear o be the fnatrumeatation and the inspection
techniques, including the bumen factors which sre the more signiticaat,
Aleo in such situations the part geowstry is more complex snd small
changes in geometry or matarial can have very significant inspsction
implications. The impartance of bumsn factors 1a field NDT is clearly
indicated by the data given in Tabls 6.

The important srea from tha point of view of inspection in
production and ip-service is the DT capability in these envirocamsnts,
which ié seen to be significantly poorer thas in ths laboratory.

{5es Table 5) Threa sspucts of NDT perfarsance are importact and can be
usad to measure cystem performance and these Are tha probability of
detection, minimun detectabls defect and the sizing capabllity. The
autosation of conventional inspection hae in geosral bass found to
isprove rapeatability of data collaction and heace the POD tbrough the
reduction of the uncertainty introduced by inspectors. However
automation todate bas sppearsd io general to raduce the sancitivity of
the detection capabllity ssasured in terss of the smallest deteciabla
defect.

In mmt etudies performance is Gpacified in terms of a 'detection
capabllity*. Tha probles of the false call, 1.e. giving an indication
when there is bo real defect present needs further consideratiom. Alsa
further work is required to consider the effects of the probability of
B0N-detection as 1t is this which glves the probability for the preseace
for tha largest defect with particular charactaristice which may be
missed. This parasstar ie centrsl to any fracture mechanics baced
componeat life evaluation; the HDT data for defect type, sbaps and size
Seedsd t0O be in & form n which It cas be veed 1a fraciure mchaaics
calculations,

Toe motivation to perform WDT comss from the need for satety in
industries such as pucleer pawer gansration and alrcraft ssd 'Quality’
in genarsl lodustry. The factors which have cauced the growth are shown
as Table 4 and 1t can be seen that the case far NOT is basically a casa
based o3 ecosomice; eitbar through the direct implications of quality or
the nesd to ensure safety. By way of exampies the figures for the costof
shutting dowa & typical US nuclear plant for rapair/laspection is
$300,000 per day in terms of replacement power alone. The USAF
retiremaat for cavee waich seeks to provide lite extession for critical
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 Table I. Comparisen of mechanical wave and elhectromagnetic ware sources

' Frequency range Wavelength Photon ener

-8- Nipe of mergy* (Hz) {m) (eVv) oy
te¢ro-engine components has been projected to be capable of saving the US ,
3250,003. 000 iu.p:ern ot raplacezernt part costs for the F100 engine. An ;IA“'L‘.’”“""' <20 >I.5x}0’ -
Increasingly {wportant aspect of the economic casa for EDT is Product . 3 Ulll o 20-20“.0' 1.5x10 -lf -
Liability; the produce will have to pay 1f things go wrong and Irasonic 20'00040“ 1.5-3x 10 -
inspection technology was available and he simply did not use it. Por : 4 Hypersonic 10%-2% 10 In10-%-15x|0-? -
wmuch FDT & good economic case iw available; a good case for the .
introduction or iwprovement of EDT cam also be prepared for many 5 Radio frequency 1034 % |0 Ix10%-53
products where current NDT ia minima]. Probably the most convincing 6 U!lrl-high
eoconomic case has been presented for the USAF retirement for cayse : frequency (UMF)  $4x 105-4.7 ¢ 10° $5-064 333x10-11-3 33 x 103

programme the projected cost savings for which are shown as Fig 3.
T Very high

Referances . . ftequency (VHF} 47 x 10%-1.3x 10! 064-0.0)
Microwaves 19'°-1o! 003-3Ix10"4 33Ix107%-333x10-?
Conventfonal FDT; '3 Infnr':d 10" 4 x 0 Ix10-*-75x10-? 3x10°2-13)
Visible light dx10'4-8x Jor¢ TSxI0--378x 10?7 1.33-267
HE Bo (Editor}{1976) Metals Randbook, Yolume 11 Non-Destructive f p ’ -
y?:specug: and Quality Controb . (htn Batcton) It Ultraviolet Bx 10'4-5 x |('® 15% 107" 6x10-* 267 to 1.67x 10?
American Soctaty for Netale. 12 Soft X-rays Sxrple-3x g0 6x10-*_1p-to 167 x [97-10*
13 Industrial X-rays
Gbarpe R 5 (Editor) (198 ) Quality Techology Mandbook, #th Haitios. and gamma-rays  3x 10'%-3 x 101 107'%-10-12 10%-10”
Buttarworth.
* Types 1-4: mechanicsl wave spectrs (wavelength assumes velocity of 300ms="); types 3-13: electromagnetic wave

Journale; tpecira (wavelenglh sssumes velocity of light)

NOT International. (Butterworth) Yol 20, 1987,
The various national EDT Society Jjournala,

References which provide additional information on this section;

Toble g treyuency lor
" -
AGARD (1985} Damage Tolerance Concepte for Critical Engine Cowponents. mteciate Flow Stee ta) I = 2 (hin)
AGARD, Conference Proceedings, CP-393,
Steels 4340 1.3 .0
Bond L J (1987) “"Review of the capabllity of NDT techniques to inspect . DEAC 1. 1.3
. Marage 250 5.0 0.5%
critical aero-engine components Paper for presentation at AGARD SHl4Co 20C .3 0.10
Damage Tolerance Concept Review, Varkshop 1, MonDestructive . * *
Evaluation , Spring 1988. (Preprint Report from the; NDE Cantre,
University College London) Aluminua  2014-1651 8.0 U4
. Alloyw 2024-13511 5.0 0.26
Pattit D B and Krupp ¥ B (1974) The role of ¥01 in fracture mschanics
application. lu ASN 3. Fracture Prevention and Control.
Amrical Soclety of Netals. Titaniu 6AL-4v 8.0 0.3i5
Alloys BAl-1Ho-1¥(g} 14.9 0.2
Currant research; .
Froceedings of "Review of Progress in QEDR®, Plenum. ' Hilicom  Hot Pressed 0.03 160
Edited by D O Thompson and D Chamenti. (Annual; Vol 6 1086 meeting) Hitrides  Resction Sintered  0.02 30
Research Techniques in ¥DT. Bdjted by R & Sbarpe. ‘
Yol 1 (19707 to Vol. 8 (1988.) Acadesic Press. Glasse  Sods Line o 2,000

International Advances {p T, Edited by ¥ NeGonnagle. Gordon and
Breach. Vol. 12 (19877),



Tasie 3 —Comparison of Selecied NDE Methods

Method

Propertias seased or measured Trpical faws delacted Rapremntative sppliestion

Advantages

Limitstions

X-tay radiography. .

Nautron eadiog-
mnphy,

Liquid pesetrants. ..

Eddy-cumant
testing.

Microwsvs Lstng...

Magnetic pariicles. ..

Magnetic Sald

Brfille conting. .. ..,
Opcical holography ..

Custng, brgings, woldmants,
snd spsamblies.

Inhomogenaities in thicknass,
density, or composition.

Volds, porosity, inclusions,
sl crache.

Conipoutional inhomogeneities; Presence, abwence, or misiocs.
seleclively sensitive o par- tion of internal componsals

lospection of propellant or az-
plosive charge lanids clossd

Ueuler stamic nucial. of suiiable compesition. ammunition or pyretechnla
devices,
Material separations e los  Cracks, gouges, boresity, laps, Custings, forgings, weldmeats,
Satlace. and seams. sud companents subject i
fatigus of sireas-corrosion
erscking.
An liea Io electrs d Cracky, seams, and varistions  Wirs, tuting, local reglona of
tivicy and, in cases, maguatie 10 slioy compostilen of beat shest metal, slioy wrting,
Dermanbllity. Lresiment, and thicknam gaging.

Anomaliss In complex dlsige-
ric cosficient; suriace

In disiectsics: disbonds voldg,
and large cracks; in matal

Olase-fbarredn strictures;
Pplasiics; csrnmics; molsture

snomelies in conduetive Surisces: surisos cracks, eonlsal; Lhickness tneamire-
maierials, ment.

Anomalies in magnatic ek} Cracks, seams, laps, voids, Cutings, fergings, and os-
Aut at surfece of part. Porasity, snd (nebusions. rustens.

Anomglies in magnetic Bald Cracks, seamy, lape, voids, Cuatings, forgings, and e3-
Ruz ot sarface of part. porasity, and Inclusiens. Wusions.

Cracks, voidy, porcaiiy, snd Custings, lergings, extrusiens;

Anomalies jn atoustie im-
pedance. sad delaminstions, thickness gaging.

Anomalise In low-fragoney Disbonds, delaminstions, Laminated structones; ooy
acoustic |mpedancs of natursl larger cracks or veids in somb; small parts wilh
‘modes of vibration. slmpls party. charactaristia “ring”.

Same a2 ulirasonic testing... ... Beme 8¢ witrasonic lasting.... ... Inspaciion of small, geometrt-

aally raguler parta,

Surfacs tempersiure; encmaliss  Voids or disbonds In non- Laminatsd strocture; honey-
In therwal conductvity sad/  metallics; location of het or comb; aleeuris and slectronlc
oF surivee smmisvily. cold spous in thermally clreuiis,

sctive amsmbiles.

Machanicul sirning................ Not used ter fiaw dataciion.. ... Stress-sirain analysis of mont

matetiale.

Mechanica) straéna. .. ... ... Not commonly used jer flaw Sireas-atrain sanlysis of most

‘ detaction. materinle.
Mechanicai stralna._,........... Disbonds; delaminsuens; Honeycomb; composite
plastis dadsrmation, sructures; Lires; precisien
PArs such ad braring
slementa.
Flowolatiuig...... ... ...... + Laaksin closed systems. .. ... .. Veacuum systems: gas and
Nquld starags vemsels; pipage.

Datects internal Aaws; usiul

n & wide varisty of matarials;

portable; permanest record.

- Uood penwtzation of most

Struciurel metals; high sens-
Urity 1o favorsble matarialy;
Permanent record.

Ivaspeasive; sasy e apply;
poriable.

Modersts cost; readily sulo-
ated; portable; permansat
reterd i poeded,

Neacontscting: readily sate-
matsd; rapid (napartics.

Bimuple; inexpensive; senses
shallow subsurface Saws as
wall ag susfare flsws.

Qood seanitivity to and dis-
erimination of latigue eracks;
madily salomated; moderate
depth penetration; perma-
naent reeord I needed.

Bicelient penetration; readily
salomstad; good sensitivity

and resciution reqaire access

Comparstively siraple te I+
plarosnt; resdily sutemated;
portable

Predoces I.W Image of
Raws.

Frodocss s viewable thermal
IRAD.

Low coat; reliable............

Lew cost; produces large ates
map of straln field.
Extremely senaluve; produces

wsp of strain Geld; permanent

recsrd i nesded.

Gecd sensiUvity; wide mnge of
Instrumentation availebls.

Cost; selative insenniltivity
\bin laminer flaws such as
latigue cracks and delaming-
Uons. bealih batard.

Cast; relatively unporiabis;
poor “HUHS bealth hazard.

Flaw must be opes 1o an so-
comible surtace; memsy; is-
relavanl Indicalions often
SCCUr; opatuior dapeadant,

Conducuve materialy anly;
shallow penetrsien; omatry
Ssaslve; tefareaos sanderds
oltan cocenpary.

No pecatration of metals; goe-
Parsuively powr dafialtien of
faws

Ferromagnetic materialy oaly;
Diadty; careful nuriacs prapars-
ton required; irrelevant ia-
dications oftea [ -"'H
Speraior dependent.

Ferromagnetic materials only;
Propar magnelzation of part
somelimes difeult.

Requires mechanica) ooupling
o surfece; manaal inspectien

Geomatry sensliive; peor
definiten.

Cant; limitad te srasll parts:
Poor delinitien campared is
tadiography.

Cont; diicult o control surface
omissivity; posr dedinition.

- Insensitive \s preesisting siraing;

smsll ares coverags; roquires
bonding 1o surface,
Inssnsitve to preexisting siraing;
mraay-limited accuracy.
Casi; compMrity; requires
considatable skill,

Raquire Inlarna) and estamal
ook Lo Systam; eontaminants
may inlerfare: ean be contlv
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Fuctars contributing % growth In NDT remsarch

The | d wortdwid " Wﬂ-mmﬂyﬁmmw*

An I d of the Img of plant satery ond e compquent need for benet “fagerprindag™ and In-service
wonitoring procadures.

Polirical and social kobiying sgainet poliesion from pipeiiass snd rasspert sefeuris
Tighteniag netionsd mbay sued the insed need fov higher quulivy products it competidve mavben.

Spowsorskip of “lenger-look™ n;nbn-uluﬂ o thy DARPAZAFML snd EPRI programemes bs the Siotse) and the
CoRMeQuent inteteits thal have developed m o resdt in scndemic clecies through b EMR prog

mnquwﬂmmm(-ﬁnnnmcﬂuum.mumunuumx

The general real thet enisting NDIT tech 'mhm“MMﬂbMMhm
m—mqumummﬁ;mmmummpmwmm

m-mmmu!mlmnmmnlnm.mrmdmmnlqu&mn
g-mm“..mm-aumm.m;n-duupmumn_mmmulwd
meteridl property changes

mu«m-—.uummu—muﬂ-mu-ﬁ)maﬁumwn
cwrmenl NDT practices.

nnuStninud voristlons im flav detection Linlta by type of fnupection (in wu} (in Peteic § Grupp,I925),

HOT Techaique Sucfucy crachs Internsl flavs
Processing Fatigue hldn‘ Cracks
1]

Tert specimens, lebetatary inspection
Yinua)' 1.1 0.1 . 4
Vitrssonle 0.12 [ N} .9 Le .
Hatneric particle 0,13 .73 13 L ]
Penetrant 0.1% 0.% . *
Nadiography 0.3 0.3 0.2% ern
Eddy current .23 0.2% L] *

Production parte, groduction inapection
Yiswal 1.3 [ A ] * L4
Clerasonic ).0 10 3.0 1.0
Hagnetic particle 1.3 A0 + ¢
Penetrant 1.% L3 . *
Nadiography 3.0 . 1.2% .
Eddy cwrreat 1.5 3.0 L3 *

Clvaned atructures, service inppection
Visual 6.0 11.0 * .
Urrssenic 3.0 5.0 4.0 $.0
Hagnetic particla 4.0 10.0 . *
Penscrant 1.18% 1.15 * *
Radlography 11.0 L] 4.9 *
Lddy curcent 3.0 .0 L] *

4 Mor spplicable. ¢ Dim with wagniter, ® Mot possible for tight erscha, (Baged on 25-mm farritle stesl,
surlace &3 RHS.)

TaAMLE b -10 -

Preliminary conclusions — Aero engine pars

Average Best
Magnetic inspeclion POD 60% — JOO crack | 65% - 250
Penetrant inspeclion W% — 220 90% — 175"
Eddy current 90% —~ .090° 90% — .030°
Ultrasonic 80% — .37% 90% -- .180°

@ Average results oblained from majorily ol technicians

© 3est resulls oblained Irom top 10% technicians
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Comparsion of Uhe Ly pical detection performance of eddy current inspections

with other surface senvitive processes

- Figure I,
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Ultrasonic WOT
————pll

The use of 'Ultrasonicad for defect detection goes back to the work of
Sokolov fn 1929 eod Miilhauser in 1931, of particular, significance vas
the work of Firsstone (in USA) and Sproule (U.X.) {n the sarly 1940%s
who introduced pulss-scho defect detaction, Sinca about 1970 the subject

has been undergoing considersble davelopment of “quantitacive” NDT tachniquas.

Ultrasouic inspection uses beams of bigh fraquescy sound waves to
detect flavs in material, The input sound waves logse snergy dus to
sttenuation and on the interaction with 'festures! Thay undergo &
nixturs of;

1, Specular reflection

1. Mode-conversion

3« Diffraction frow crack tips

4 “Diffuse scatter From roughnass

where 1 and 2 are well describad by a series ot plane waves reflected
from place surfaces and 3 and 4 are diffraction effects which in
geoeral are much weakar,

Sound is slmost completely reflacted at the matsl-gas interface

and partisl reflsction occurs at the matal/liquid and metsl/solid
Boo-metal interface, All types of features, cracks , pores, inclusions
interset with the wavas. This is sspacislly wo for festurss which bave
dimansions of the order of a wavelangth,

Most ultrasonic NDT {nstruments ot use in Mtels, sre based on monitoring
one or mors of the following;

"1, Reflection of sound snergy

2, Time of transit

3.  Attenuation

ad use frequenciss between 1 and 75 Mix,

The frequency of sound used i determined by ssveral factors including
the size of defect of incerest & the range required,
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Yor a basic ultrasonic testing system, in the most general terms thara
are thres alements; .

1, Signal generstion

1. Interaction with target

3.  Signal detection.

Wow consider this in more detail, locking at the ol-n.an in a two
NOT set}

1. Signsl/pulse geoaration
2. Traneducer
3, Coupling layer
&, Maves generated by transducer, in
" -object baing tested,
3. Interaction with target
6. Bcattered, mode-converted
and diffracted wave field.
7. WIiu layer for receiver
8. Receiver
9,  splifier -
10. Display/avalysis
11, Operator

The display of ultrasonic dats can be in many forms, but tends to be
ona of three typas; (Fl:g 4)

In viev of all the potential complications, and befors we take a closs
lock inside the elements of the ultrasonic system what are the advantages
of ultrasonic inspection as applied to metals.

1.  Superior penetrating power (may travel 7m for axial inspection)
2. Righ sensitiviey
3.  Accuracy

&, Tor pulse-echo, only one surface nesd be accessible

5. Electrical system - sultable for scanaing and fn~-line productien
control

6. Volumetric scanning
7. Not hazerdous to health
8, Can be portadble

e ——

~ A4

From .ﬂn potential sdvantages clslmed for ultrasonic techniques it eould
appasr that all testing needs could be met. Some have in the pest and
still do ses ultrusonice as the anewer. There are howevar some
disadvantages vhich must be stressed;

1, Many systems; marual operstion which requires careful attemtion
by experienced techniciane,

1., Extensive technical knowledge is required for the development of
inepaction procedures.

3. If parts rough, irregular, very smsll, thin or sot homogengous,
they sre difficult to inspect,

4, Discontinuitiss in shallov layers below surface may not be detected.
5. Couplants needed to get energy both in and out of part under test.

6. Raference standards are needed both for catibrating equipwent and
for characterising flaws. o

Ultrasonic non—destructive testing, a wore detailed look

In this presentation so far ultrsscnic RDT hss been considered in very
geveral terms. We tow take an lncreasingly close look.

Basic waven

The elastic waves which are used in WDT sre the same a8 thoss which are to
be found in tha literature of all the physical sciences, from selemotogy/
geophysice, civil and mechanicsl engioesring, and electrical enginesring,
as well &8 physics and spplied maths and 'mechanice’, The comwon naturs
of alastic waves is presented In a recent article by Zrsut (1976).

(ni- paper includes sn extensive list of ganeral references), -
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There are four types of waves vhich ave of Interest in ¥DT;

1. Compressionsl (longitudinsl) waves :

W

4 & By,
Two forms;

-+——'. m
g vaf
4. Lamb (plate) waves.

T e S . W
,‘V-%-—-

For all chase vaves velocity, frequancy and vavelength are related by}
V= f A

Acoustic impedance T

s AniartanT

l—u

2, Bhear vaves,

Y. BRayleigh (muu-) vaves,

on

An important parameter which describes the rasponse of a medium to en
slastic vave i3 acoustic impedance,

ZLe N

vhers e density and v s valocity

Major verisbles in ultrssonic inspection

The ma jor variables that must be considarad {n ultrasonic icspaction
include; :

l. Characteristics of the ultrasonic vaves.
’ LY

2.  Characteristics of the material under tast,

Thase are taken togethsr with the squipment used to accomplish differsnc
objectives, ’

16

Parameters determined by transducer, {or to lsrge extent by transducer)
shaps (geometry) dismeter ete,

1. Frequancy, Set by disc, and the backing used.

1.  Bensitivity, in detection. For bigh resolution uss bigh fraguancy

short wavelsngth, to kesp vavalength feature sizs ratio about at
least unity,

3. 2ssolution, to ssparste two defects. of frequancy bandwidth
ol 1/pulse lengch,
4. Range reduced by high fraquency (ses oots on attenustion),

5. Deam spresd (or divergence), As frequancy decrasses the bean
bacomss more complex.

Bemm Intensity

Intensity is relsted to che smplitude of partiticle vibrations.
Acoustic pressure (Ap) is used to denots anplicude of alternating strase;

Rp £ 2, {Am ‘6}
ht.ﬂllt, is the snargy transaitted;

I L (Af),.v

Plezosleceric transducer olements Acoustic
ultrasonic sets are dasigned to give;

oy £ (g )

Tharefors in most lyoﬁm;

: Vrtba‘ ek L [I‘Ewu:d)
It ie acoustic snargy and mot scoustic pressura which is partitioned
at an interaction,

[ ] L 1
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Attenuation of ultrasonic beams

There are many factors which reduce the energy in en ultresonic beam;

1. Transmission loses
2, Intarference effects
3. Besm spreading

Also in real transducers there are losses due to seneration of unwanted modes,
coupling loses which greatly influence system response. The use of

Schlieren and photoelastic techniques has dewonstzated sany of these
problems. e.g, Hall (1976),

Waves at interfaces

A major factor which influences the smount of energy which wiil panss
through a structure is the reflectfon at interfaces. For normal
incidence of flat wave fronts simple relationships exist for

transmission and reflection;

R= —r = &'——)—.z' h
I

= S ———————————
. 8
‘.‘ [ 3 (2""2,) w&&z‘ev
For non-normel incidence the situstion becomes more complex and woda-
conversions can occur,

The basic sngles sre determined using Snell's Law, but the energy in

each vave is not essily calculeted. Formulations do exist, wvhich are

given in sdvenced texts (Eving et al 1957), for wevas in complex layered
structures, but complete analysis is not available for uany teal aitustions,

Ve £ P Cnfersiom

AVD

[ Su'fl.a.-.r-wg

Evd SAeeausare

General non=90° incidence at an interface, a

-~ 8-

Examples of interface effects

1. The use of compressional waves in wedges is one wethod for the
generation of both shear snd Rayleigh waves, The angles required
are determined by Snells Law,

For immersion testing of an Aluminium plate

2, At Hater /Aluminium interface
Re = T1X Te = 29% @

/ ®
TIR. —— T

/

Therefore the return form the back wall of a plste is 6% of original

intensicy,

For the case of a Carbon Steel plate the back vall echo Intensity
1.3X of inpur,

Por case of a Tungaten plate the back wall echo {ntensity 1s 0.3%
of the imput,

3. __ Contact Testing

i Back-wall echo is incressed by 30I, and more if plate air backed.
1§  Bast coupling medium has higher acoustic {mpedance than water. Also
" must b & thin layer. [ =AA00)

A banic text which considers these relatfonships for WDT (and the

formulae for other NDT systems) is & BINDT Monograph edited by Hslmshav
(1978)
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i Energy converted into heat dus to slastic motion,

1i  In polycryscalline medis loss dus to heat flow out of moving grains
(low frequancy),

{ii Domain movements.

iv  Loes due to inelastic sotion,

In general sbsarption incresses at high Frequencies,

Sca:urinl

This occurs becsuse satarial {s not truly homageneoun; i,e, crystal
di:contlnuitiu. grain boundarias, iaclusions atc, Effect is HICHLY
dependent on the relationship between srain size (d) and wavelength;

d less chan 0,01 Wavelengths Wo scattering
d greatar than 0,1 Vavelengths . Seattering, and inspection

may be impossibla,
In gensral:-  Scattering d" Grain\ ?
Size

Diffraction

In & homogeneous medium a sound besm {s coherent, Howaver, when an
sdge is passed interference effects occur. The effects which oceur
Ip ultrasonic vave Systems are simllar to those seen in optice,

Diffraction, and the resulting losses and noiae signals, must be
considered, but only qualitacive guidelines can be provided, e.g.

All roughness results fn diffraction. This 1a of particular imporctance
at ioterfaeces.

Por such features as 3 small hole a Huygen Lype source ls observaed,
A transducer also has diffraction effeces,

Attenuation
——onuatlon

Inoost situations it ia the overall steeoustion which jp of intersst,
This is because it fa the oversll figure which sets the limits to
the depth of inspection at & particular frequency,

- 2.0~

For example for 2MHz compression vaves;

Inspection depth. Attenuation Hadia

(Metre) (dB/m)

- 0.001-0.01 Aluminus

e Stael

0.1-1,0 0,01-0,1 Cast lron
0.-0.1 Above 0.1 lhn, non-matsals
Overall attenuation P= P. CIJGR C -£ k)

—— 0. 2 chuatlion

whers L - path length attenuation coeff,

Iransducer wave fields {for disc transducers)

Real transducers do not act like piston sources, ss this has baen
vel] demonstrated in visualisation studeies,

Whea the pressure field ia investigated;
On the axis of a disc transducer get maxima and minims, (Nesrfield

1.  Near field length

s (2=a") o Dt 2{_9_ Al i
N 4 & ™A G" )

2. m spreading (Circular fleld)

2!""' 632/
Only valid for small As i.e. small beam angle,
Pressure oo axis of idesl transducer is well dafined.

Contour plot shows spproximats field shape, (Many transducets ars VERY
far from idesl).
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Intersction with defects

The scattered, diffracted, transmitted and mode-converted field generated
following the interaction of aven a simple incident wave field with s
target may be very complex. Even in the long wavelength limit the
scattering dats depens upon 22 propecties of the scatter, which in the
general case can be independent (Richardsen 1978),

The major components fn the scattered fleld result from;

1.  epecular reftection
2. wode-converaion
3. diffraction
4,  diffuse scattar
-
In many structures the geometry will cousiderably {nfluence the
situation, i,e. a crack end on is & poiat scetfterer, vhila the same
feature side-on it is & specular reflector.

The understanding of the interaction of a particular wave/target

interaction can be approached in several vays; ~

1. mlytlcli theory

2, Wmerical models

3. Laboratory studies on ‘{deal’ festures

4,  Measuremants on resl festures e.g. real fatigue cracke

Some etandard references are to be found in the peper by Xraut {1976%)
slthough sdvences are still being made.

Elastic wave scattering and diffraction

The theory for elastic wave scattering 1s ot present far from sdequate.
A vange of high and low frequency spproximstions, combined with numerical
modeliling can hovever provide such usefol Information,

1
Various reviews for the present state of the theory have been produced,
and useful introductory reviews have been produced by Rraut {1976b) and
Dean (1982),

-2 -
-Practical Ultrasnnic NDY.

There are now a vest range of practical ultrasontc DT techniques
for defect detection and location, some of which slso give defect
sizeing and characterisation. The standard text on practical ultrasonic
WDT is Krautkramer J & H, (1983),

Thess methods can be grouped in meveral way;

The simple testing configurations include, a single transducer in pulme-
echo wnde are showm ia Fig 4 to glve A,B, and C scans. A shear wave
transducer in pulse-echn mode is shown as Pig 5. A transaisston
fospection metbod which uses two compression wave transducers im shown
as Pig 6,

Buch techniques can thes be considered fyurther in terms of the
informntion collected and used;

1. Amplitude (the most commonly used data whan combined with time)

2, Travel time or time-cof-flight. (Shown in Fig'a 7 and 8

3. Bpectroscopy. (frequency Content)

4. Node-convarsion or scattered waves. (wave type and changee in wave
type).

The techniques can be considered as two gropus, dafined 1n terms
of bow they are applied;

a. Gontact testing (shown in the figures 5 sbove), which place a probe
directly onto the object under test using & thin layer of couplant.

b. » which uses aither a water bath or water jet to
couple the fluid into the test object. (tends to be used at higher
frequencies 10 NHZ + or when large areas are scanoed with component in a
water bath or when a squarter is employed. )

For sizing cracks ueiag ultrasonic tecbniques there are;

1. Pseuds-mizing techniques( give an acoustic size ralative to &
standard reflector).

(a) flat bottom hole. NB BOT A TRUR BiZE tar the defect,

(b) mmasure distances of a scan mnd distance which signal s
sbove a threshold. Batter but tend to under estimmte true
geometric aize. ¢d > )

11. Accurate sizing (true geometric size of target)
{a) Probe displacement: (d > »)
Reasure & plot features at extreme ends of crack; ¢ or 20 dB drop.
(b) time of flight; surface or body waves. (Best d)> 1))
(c} Scatter snalyais; Renge of measurements at saveral angles
rangs of frequencies,

(d) Inversion schemes; SPOT and Born inversion. (ds))
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All ultrasonic BDT techniques ara based on the interaction of
ultrasonic waves with the component and any defects which may be
present. The fundamental parameter for the ultrasound ie then the
wavelength (1). A& already indicsted a wide variety of practical
approaches bave been developed to detsct and size defects and these can
be ordered in terms of the ratio of the flaw #lie to wavelangth ratio ae
shown in Table 7. Whan tha parameter ka is used the various scatteriag
rogleses can be easily defined (X is the wave Busber and & ! the
characteristic dimension of the scattersr). The figure included with
Table 7 ghows the scattersd amplitude for a raage of ka for a sphere.

In genersl tarmm ultrasonic NDT is mither based on 'Imaging’
(Tittmann (1980)); sea Table 8) or direct analysis of the reflectad or
6cattered ultrascund. It is them the wavelength whick liwits the spatial
resolutinn or spot size for s focusad transducer. The pbysics of the
forward scattering problem are now quite well established. {Thompson and
Thoapson (1985)) Froblems do howsver remain for the theory for rough
&cattersrs and those which comtsin many small pores.

Scattering interactions aleo depend on the ratio of the
dimensions of the flaw (D) and tbe grain size (d) of the base materisl
which determines the attenuation and grais scattering and their ratic
with the wavelength.

D/ can be used to characteriss tha defect respouse;

asd P/d or  4/h can characterisa tbe sttenuation and scattering and ia
turn the signal-to-nolse ratio for the systen.

The otber fundamenta) parameters which have already besn discussed
are the ratic of the shear and caosprassion wave velocities (Va/¥e)
together with the acoustic impedances (Z) for the bass materia) sad
their ratios with the carrespondiog paramsters for any inclusicne. The
VE/Vc ratic for the base materis] is of impartaoce in the detersinatioa
of the response for cracks and voids.

4 wide range of theoretical developmantw bave been mads and
mdels of a range of types can now be used in the design and validation
0! new NDE techniques. Curremt intsrest 18 iu the extension of theory to
cover more complax and rough scattersrs and the solution of imverse
&cattering problems. A Tange of computer based forward scattering models
bave 10w been developed which can predict ultrasanic performance. The
best modelsappear to be those producad at Amss Laboratory lowa Btate
University. (Thompson snd Gray (1988)),

In many practical cases when conventional ultrasonic shear or
compresslon wave techhigues are empioyed for finished cospopents it s
the part geowstry which limits the EDT capabiiity. Another practicsl
problem ta the cobsiderable differance In response achisved for real and
artificial cracks as shown in terms of POD deta given in Fig %.

Contral to almost all sdvanced ultrasonic EDT im the move to
computet based systess which are sither mized analog/digital or
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complately digital. This naw tacbnology has openad the door io a wide
range of improved imaging, image processing. slgaal processing snd
inveraios schemss. A key area in this cbange has beaa the increased
capability of high speed snalogus to digital conversion. For transiapt
20 MHz signal capture 100 or 125 MHz sampling capability is now
avallable ip several instrumeats. The avallability of standard
ultrasonic transducers which can Gperate at {requencies above 50 Miz
has significantly improvad the potential detection capability in high
traquency G-acan or scoustic Bicroscopes. Standard analogue ultrasoaic
lastruments are now available which work up to 150 Miz.

Given computar baced systems and digitised data, improvements can
be made to the mystem signal-to-nolse performmnce. Most techaiques which
improve the E: N have implications for either scan times or computer
power nssded or both. Increasing the Power to the transducer has been
shown to ba abie to increass signal levels by up to 12 dB. The uce of
focused transducers can also provide isprovewssts in powar levals by up
to 0dB.

Averaging is found to improve 8:3 performance by several dB, for
example, io theory if only random nolse is presant given some 10* cyclam
an improvement of 40 dB could be achieved. In practice batween 3 and 6
dB reductions in noise are achieved by 64 averages; however this does
depend on material proparties and graic size. Mors complex techoiquas
Such as cross corralatioa and autocorrelation cap be ssployed.

Signal processaing, such as deconvolution, ie also an integral
part of ultrasonic epectroscopy, to remove conatant backgroued signals
and reduce signals to their ispulse response given the optimum filter.
Dynamic averaging can be used on coarse grained wateriale whers ths
trassducer etep is aml} compared with significant defect sizes and the
signale are avaragad i groups of thres or more heareut neigabours.

Kany paperas have besn written on signal proceseing for ¥DT;
howaver most eystems in use far Precislon component inspection at
presant appear to use simple pulse-echo measuremants and A-scana. The
‘A’ scan responses for a series of flat bottom holes FBH) wbich are used
8w standard calibration responses are shown as Fig. 10.

Given a basic ultrasonic system an improvement of the order of
30dB in E:§ can bs expected to be able to be schiaved through improved
systen design and signal procecsing. Over tha next few years thera cas
be expected to be increased use of digital ultrasanic instrumentation.
New transducer configurations and direct computer based iaversion such
as Boro inversion or SPOT smployed. Both imssrsion and weter Jot
couplant systems are beiag employed.

¢. Ear bulk inspection with iaproved transducers :
Using broad band or focused bigh frequency ultasonics. (10 to 50
MHz) Buch bulk inspections can be vsad to produce an imnge (C-scaa) ar

individusl reflected pulses can ba studies and inversion schemes such as
BFOT or Bora tnversion can be esployed. Tha digital syctesm now being
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developed with colour graphics systems can give improved detection
capability. The various inversion schemes which are being used to
characterise small scatterers remains the subject of debate and further
evaluation work is clearly required.

:nnsmgmm._

These involve ; 1. the use of leaky Rayleigh waves. and
i1. the acoustic microscope at about 50 Mhz. (4 msjor part of the
contrast in the acoustic microscops is due to the presence of leaky
Rayleigh waves, 60 these technologies are related.)

Leaky Rayleigh waves genersted with a compresaion wave transducer
set at the lenky Rayleigh wave angle. The transducer is then used in a
pulse-echo mode.

The acoustic microscope has been developed mignificantly as an
industrial tool by GE in the USA (Gilsore et al (1988}) to give an
Instrunent working mostly at 50 WMz, but can be used at almost any
frequency between 10 and 100 NHZ, This system has the capability to
look at complete aero-engine turbine dimcs.

The difference between an acoustic microscope and a normal C-scan
system used near a surface can be considered to be that the C-scan looks
at the coapresszion wave signala reflected from a particular plana,
whereas an acoustic microscope looks at & combination of compression and
leaky Rayleigh waves generated at a surface. The compresaion/leaky
Rayleigh wave interaction is characterised by the ¥(Z) curve.

Arese for possible developwent tn ultrasonic WDT are BRATS,
(Blectromagnetic Acovstic Transducers) and in laser generated ultrascund
which can be used to give to give non-contact inspection. Phased arrays
can be uped for improved scanning.

ENAT's have now besn devaloped which can operate up to a frequancy
of about 5 NHz. The major problem is the gensration of a very high
mngnetic field in a smll volume and the beating due to high currente
required to flow ia fine wires. They are also attractive as they can
Benerate 5i, SY sand Compression wavas depanding on the design used. They
are one of the few practical ways to provide SH waves which hava
considarable attraction for vse as an inspection wave f1lald, not least
because the mathematice used to snaiyse the acattering problems ias much
tagier than for EY-C wave problems,

Laner generation of ultrasound is an orea of current work. It has
considerable potentisl for non-contact lospection. Given optical fibre
technology using this form of ultrasound generation and for crack
detection., VWork s in progress to understand and use both the surfsce

wavet and the bulk waves generated using frow laser generation of
ultrasound.

ST

There ham been significent interest in the developsent of phaced
array ultrasonic systems. Kost of this wark has been Iinited to the
fnspection of thick eteel sections in the nuclear Industry. Todate many
Eystems have operated at low frequencies and the numbers of elements (n
the arrays bave been 1im!ted, not least because of the complexity of the
electronics involved. Complex arrays are used extensively {n medical
ultrasonics and {n the fields of Sonar and Radar and there is the
potential for its application {n FDT. Linesr arrays and simple
cylindrical arrays are betng employed in medical systems, but as with
nuclear inspection this tends to be at a lower frequency («5KHz) than
that used 1 aero-space FDT.

Current. Capability of uitrasonic EDT.

In the 1974 data given Ln Table 1 it was stated that a laboratory
detection limit for surface cracks in steel using ultrasonicas of 0.12 am
(120 pm) and a production Limit of 3mm could be achieved. Using leaky
Bayleigh waves at 10 WHz, cracks of .05 ma ( 50pm? can easily be
detected on a good surface.

Various defect characterisation achemes such as Born and sSpPOT
{which give type, size and orientotion data) are now avallable for
evaluation on real components. Given improvements {n transducers and
automated digital instrumentation production vltrasonic WDT should be
capable of developsent, within 5 years, to give a detection capability
close to a 50 um limit for the Inspection of metals with a 10 pm or
lesa grain mize.
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Beferences for yltrasonlc MDT,

General referances ars to be found in the Quality Technology and Matals
Handbook. (sae refereaces for istroduction)

<

Elastic wave theory;
Bwing ¥, Jardetzky and Prass F <1957) Elastic waves in layered madia.
RcGraw Hill.

Graft K. (1975) Vave motion in elastic solids.
Oxfard.

Krautkramer J & W (1983} Ultrasonic Testing of Nateriasls.
Epringer-Verlag. (3rd English Bdition)

ddditional refereaces. {ros test;
Gilmore R &, Tam K C, Young J D and Howard D k {1986) Acoustic
sicroscopy from 10 to 100 MHz for industrial applications.

In “Bovel Tectniques of EDE®, Edited by K A Ash and C B Scruby
The Royal Society, London. PP 35-75.

Halmehaw R (1978} datbematice and formulae 1a T, EDT Nomograph Fl.
Britieh Iastitute of BDT.

Eraut B & (1976) Applications of slastic waves in alectronic devicss,
DT, and Gelemology. IEEE Ultrasonics Eymposiun, Procesdings.

Kraut E A (1976b) 1EEE Trans. Sonice and Ultrascoice,
Vol BU-23 (3) ppisz-167.

Tittmapo B R (1980) lmoging 1o NDE. In “dcoustical Imeging, Vol 9*
Edited by X Y vang, Plezus Publisbing Corp. pp 315-340

Thompaon R B and Thompson D 0. (1985) Ultrasonice 1n nondeatructive
evaluation. Proceedings of IEER, Vol 73. PP 1718~1755.

Thompean R B and Gray T A (1086) Use of ultrasonic tocls in the design
and validation of naw NDE Lachaiques. pp 169-180
In “Sgval Techniques of BUE*, Edited by B & Ash and C B Beruby
The Royal Boclsty, Loados.

Advanced research 1p;
Ruview of Progress tn QEDE, Vole 1- . Rdited by D O Thompeon
and D Chamenti. Plenym.

Proceedings; VUltrasosice lotarnational, (Biannual, *71...83,85,87)

Ultransosics, (Butterworth), and NDT publications.
Aleo LEBE, Acoustic Soc. America and 1BE journais.

iy
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Single snd Double Transducer Systems

A. Single Transducer (A,B,C, Scan; Reflection Mode)
B. Double Transducer (C Scan; Transaission Hode)

Miltiple Transducer Systams

A. Sequenced Linaar Array
8. Electronically Phased Linear Arcay

- €. Tuo-Dimensional Array (MXN) -

Systems Using Optical Diffraction or Xaflection

A.  Laser Illuminsted Liquid-Air Interface
B.  Bragg-Diffraction Imaging

C. Laser Illuminated Membrane

D.  Laser Scanned Solid Surface

Hodel Based Reconatruction

A Born Approximation
B. POFFIS

Table 8, Types of Ultrasonic Imaging Technlques
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dcoustic Emigalon..

This technique ts in many caces called a non-destructive testi ng
or condition monitoring tool, However it is not a trus BDY tachaique as
it is based Ox the detaction of the stress waves gemarated when & crack
growal |

It was reported by Brunel over 150 years ago that acoustic
emission in woodes roof boards was used by tubnel worksre to give the
test indication of increasing load. Acoustic emission in mstals
developed from studles im the 1930's and '40's. The initial work
considared frequencies ip the rangs 150 to 10,000 Hz. Vork by Kalser §n
1950 1s concidered to be the firat ssrious work inthe field of AE
applied 10 matals. recent work has in many cases concestrated on
developiag techoiques to monitor pressure vessels. The fraquencies of
interest tend to be sbove the audic band and below the conventional
ultrasonic NDT frequencies.

The phyeics of the waves ancouatarsd in AE are the same as for
ultrasonice. An acoustic emission is like a Bini-earthquake and it i a
smll line or pssudo-poist source.

A set of trapsducers with a wide-band frequency responee ars used
(usually tbree or four) and the arrival tiwes of strass waves from the
esission are recorded, the source can then be located by triangulation.
The concept was very popular about 10 years ago and it was & technology
that was oversold. It is now being recoosiderod as the ecience base has
developed. It has 1ts uses but must be considered with care. Sowe
material is quiet and gives few or weak AE events whaen a crack is
growing! 1t i1s difficult to interpret and quantify eithar tbe source or
the effect of a complex geometry on the waves. In soms cases the eignal
to noise for AE evente ls poor and background mechanical Bolse can mnke
poaitive datection difficult. For good detection and location A events
abould be inside the receiver patiersn.

Various forms of Acoustic Pulsipg which are an active ultrasonic
System are being used to fingerprint structures. This remsios an area of
current research.

Refarences.

Matthews J R, (Bditor} (1983) Acoustic Emiseion. MDT Nonograph, Vol 2.
Gordon and Breach Science Publishers.

The davelopment end current practice of AE le considersd in;
Dukes, R and Culpas E A. (1984) Acoustic Emission: its techniques and

applicatione. 1EE Procesdinge Vol 131 Pt A ¥o 4 June. PP 241-251.
(63 relareaces)
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Bddy current inspection is based on slactromagnetic induction. 1t
Cah be uzed to measure electrical properties, detect seams, laps cracks
etc, to sort dissimtler metals snd to weasure coating thickness. [t 1a g

non-contact technology which monitors surface and near surface
partam:ters.

Bddy curreat BUT combines electromgnetic induction, the theory
ard application of {nduction colis, the solution of boundary value
problems to describe the flelds, sensitive instrumentation for
detection, display, data recording and metallurgy.

Electromagnetic {nduction wap discovered by Faraday in 1831,
Maxwell in 1864 presanted hie classical dlesertation on the
electromagnetic fleld, Ip 1879 Hughes uysed eddy currents to detect
differences fn electrical conductivity, magnetic permenbility and
temperature in wetal.

An eddy current lostryment for measuring wall thickoess was
developed by Kranz in the Bld-1920"w. By 1935 Farrow had developed an
Inspection systes for welided steel tubing. The luspection frequencies
were 500, 1000 and 4000 Hz. By 1935 the amll drilled bole was
introduced as a calibration standard, In the early 1940's Forster and
Zuschlag developed eddy current inspection instruments.

A block diagraw showing eddy curreat generation in a tube or rod
is shown as Fig 11. It 1s changes (n the cotl-sample impedance which
are sensed. Four types of eddy current instryment are shown in Fig. 12,
It im the interaction of the induced eddy currents with the sample under
examination which 1s the basie of thia type of BDT. A search coell over

{@pedance seen between points A and B can be caused by several factora

The equivalent clrcuit for the eddy current/sample system and
Phasor repressntatiom 18 considered further in Figsds 15 and 18.

Two types ot oddy current coil arrangement are shown as Fig 17,
Vhen a search coi) of the type shown ig Fig 13 {e umed near various
types of defecty the effects of varlous types of features are shown as
Fig 18. a rangs of eddy current coi] configurations for use {p specific

gfeometries bhave been devaloped and the probabllity of detection
Achieved is shown am Fig 19,

The acience base fof the quantitative understanding of eddy
current defect interaction is weak. Theory based on analytical solutions
Is limited tg Symmetric geometries and han-maghetic (1inear? teotropic

fth

3y
Vier real cowplex colls and real 3-D component and defect
geometries are considered analytical solutions are not yet available
fthe mths 18 hard or very hard) and numerical mndels bosed on finfte
elemant sethods are now being sxployed.

For simple configurations which are moatly 18 2-D and involve
cylindrical systems it e posaible to predict the impedance for the
systew. Data fros eddy current ioepectione is usually shown as an
impedance plans diagram. :

The basic electrical properties ara the electrical cnnductiv.lty
and the magnetic permeability. In fnspection systems the '1ift-off' or
coll sawsple separation is a keay variable; thia parameter slso changes
the coil-sample impedance. The effect of changes Ln various parameters
on the impedance piane display is shown as Fig 18.

It is however found that at a particular frequency 1t is the eddy
curreat skin depth and the probe characteristics, in particular those
of the farite core msterial and the ratios of these paramsters with
defect dimensions that in genersl determines detection capability.

The basic skin depth for an eddy current in a mmterial is
calculated using the equation;

Sm ity

where p permeability = (B/H)
v conductivity,

B flux density,

H magnetic field strengtd.

I frequency of exciting field,

The two parameters which characterise regponmse are then;

D/8, where D 1w the defect wiza, usually its depth ,
and 17d, where 1 is the surface breaking length and d is the probe
diameter.

The two major variables in an FDT system then becows tha type of
coil (ebsolute or differantial) and the opersting frequency. To ensurs
good detection defects are required tc be of the same order or greater
than the skin depth. features deeper than 1.5 akin depths will not be
detected,

To extract more data fros eddy current fespection wultifrequency
systems are now being used. Also sowe work is in progress to use data
tollected ns a part is scanned. However much work remains to be done 1f
an adequate science base for eddy current defect interactions io to be
developed and more quantitative analysie provided.

Practical eddy current BDT at present tends to rest on the use of
test blocks with calibration features. Todate little has been done to
extract more quant{tative 8izing data frow the conventional eddy current
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impedance plane displays. Rultlfrequency instruments have bean

introduced and eddy current arraye are being investigated. However et
Systems still usa & relative rather than quantitative eizing tachniques.

Furthar significant improvemsnts in the fundamental science base
far addy curreat defect iateraction can ba expacted within 5 to 10
years. Progress !s bsing made by saveral groups. The complete analytical
colutions for many probe-field-defect fateractions cannot be expacted,
but numerical modsie and Approximate thecries are being developed,
although progress doss remsin slow. It is an srea where the problems
ars bard, as systems iavalve 3-D fleld prabless.

Kajor progress bas been made 1a terms of detection capability
using ssall ferrite cored probes. In the USA the YIG ephare has basn
developed as a sessor at Stanford University and this is under
evaluation by GB, with USAF Suppart.

As with ultrasanics, advanced analog and digital addy current ¥DT
systoms are under developmsent. Alsp sutomated scanning has already
Glgnificantly {mproved the detaction Gapability that bhas been achieved
on real components. Nultif{requency instruments can be expected to be
developed furtiber. New forms of data traatment, eddy current invarsion
and dats display are all under considaeration. At present the major
probiem is the lack of adequate forward models for the fiald-defect
iateractiona.

Eddy current systess which employ the Nortec 33 are part of the
Kelly USAF base RFC inspection system. dlsg as part of this progras a
range of small probes are being devaloped and evaluated. For eddy
curreat incpection the probe design ie & crucial slemsnt.

“wxdﬂ_mum_m,_

Eddy currents bhave been damonatrated to have s good capability for
defect detection using automated ljnear probe ecanners for disc and
blade fir tree feglons and rotating probes for uvse in bore holes. Thim
capabllity has been quantified as was shown 1n Fig 17.

Eddy current BDT can 1 may geomsiries be expectsd to detect
defects with & bigh reliability down to €rack depths amsller thap 0. 010
inch (=« 0.24 mm) and in same cases to half thiam {igure.

Two new slectromgnetic EDT Systems are now available. The first
bystem 16 made by FB Industries and 1t1e desighed for turbine disc
inspection. The systan usas Nortec eddy curreat equipment, and
lntelledex Bobot and DBC computers. Few details bave been released but
ite specification states that it inspect discs with & maxisun diamster
of 1200 mm and with a thickness of 500 mm. The clatimed tnspaction
capabllity is detection down %0 0.0 mm (800 um) surface length .

-3G-
The second eystem uses Electric Current Parturbation methods and
it hags been devaloped by Southwest Ressarch lostitute for uce on non-
magnetic supar alloys and evaluated on the F-100 angine disce. The RGP
fystem can ba used to scan a wide range of diec regions. Traces have
bean akows with indications from notchas dowa to 0.22 x 0.05 mm. Good
signal to noise is beiag givea for defacts of 0,47 x 0.17 mm.

In the data given tn Table i the eddy currant labaratory limit was
Elven as 0.25 mm (250 yn) and the production lislt was given as 2.5 ma.
A crucial slemsnt iy determipation of the detection 1init s cosbination
of surface otate, probe desiga snd its frequancy, sad both the matarial
properties and thesr geometry.

Referonces,
Quality Technology and Metals Handbooks, {see lotroduction)

The available snalytical theary for soms eddy current problems 1s
given by;

Tegopoulos J & and Kriezis B B (1985) Eddy currents in linear cosducting
mdis, Studies 1a Blectrical and Electronic Engineering, Vol 18
Eleeviar.

The theory for eddy curreats bas been reviswed by;

Auld B A, Muennemanu F G and Riaziat X <1984) Quantiative modelling of
flaw reaponces in eddy current testing.
Research Techniques in EDT, Vol 7, B4, B 8§ Sbarpe.
Academic Press.
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toteptial Drop Technlues.

In addition to conventiunal eddy current BDT there arc various
potential drop techniques; DC FD and AC PD. Significant progress has
been made in the application of ACPD or ACFN to of{shore structures,
(hover et al (1486)). The theory involved in field-defuct interaction is
Glmpler than for conventional eddy currents.

¥hen an electric current passes through a metal sample there is a
drop in potential with distance which depends on the sasple resistence.

Okms law; V=1/R; ¥ volts, | corrent and R resistance

The measurenent of this drop In the potential with distance forms
the basla for the potential drop inspection techniques.

in this course only one fors of potential drop is mentioned and
this 1z ACI'D or AC fleld measurcment,

The AC fietd 18 Induced 1n a sasple and the potential measured
between two contacts. Vhen the measuremsnt head 1s positioned over a
crack, which 1s deep compared wilh the skin depth, the change in
putential is proportionsl to twice the :rack depth. The ACFN technique
iz shown in schematic torm as Fig.20.

For the electromagnetic Inspaction technique known as ACFN two
tamalies approximste theory solutions are avallable for field-defect
fntrraction and thege correspond Lo thick and thin skin approximations
both defined in terms of the D/§ ratio. For ACFN the theory is simpler
tban for eddy currents as the prablems In general reduce to calculation
ol the potentlale In a =zurface skin and hence only involve two space
dimmsions. (Dover et al (1486)

It is » technique which bas been extensively developed to monitor
crack growth In tatigus studles, Foint contacts are required to measure
the potential on the part.

References,

Lolling, K, Dover ¥ D and Wichael (1985) The unn of AC field
macurements for ¥DT. In “Rasearcn Techniques in NDT, Vol 8
Edited by K S Sharpe, Acadeamic Yress,
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Fiovae 1. Messurements required for crack depth prediction in a uniform Ac field distribution.

90 that

impressed ficld

induced field

3

Vi/4 = V,/(4+24)
4, = (M) (V,/V,~1).
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-Radlography,

Radiography tn a1} i various forms g probably the most commoniy
usedt NI techuology. [t provides a record ol the Incpection and ap 1mage
ot any detuvut. Ja Particular when used agn site and when gamma courca:
Afe capioyed there are msfor health and Latety questions which require
careful attuntion to detail]. Also radiegraphy has lisitations on the
LY1s ol detects thay 1t go Mot Sulted to detect; 4. tight fatigua

CTacks can be miceed unloss AXpesures sre performad f,om Geveral
dltectione,

Ihe uze of I=rays tor ¥OT was Suggested soon atter they were
discovared (g 1899, byt the short wavelungtihe nceded did not becone
available until abaut 191y, The rundamental ASpects ot X and gomma -
radiagraphy are wely *6tabl{shed.

The Current range af  types af radlography use;
£"FayT, gamma rays and heulrons,

The fundamental aspects of the Interaction of radistion with
matter dare u.ed ip “everal types of “ystems. Two hasic clacses af x-
Fadiography arc periormed and ihece are; 4. radiagrapny where a f{ly or
SHNLOr 15 uaed and tluoroscapy where a Screen and direct gr Ty vicwing
i3 employed. The vartable factors g radiography are chown as Fig 21.

In recent years the technology used 1o Lapicannt radiography has
Deen develuped to Blve; keal time.,and Micro-tocye. Systems. A standard
I-ray tubg Systum 18 shuwn as Fig 22.

Tue most tmportant paremeter which can be uyzeq ty characterize a
rafiosraphy cyctem t- 1tc cpot size. Thi- 5 deternined by the
wavelehgth tor Lhe radlation given at a particusar Ehergy and the
Beum:try of the X“ray tube and detectar employed, Spot wize dawn to 0.5
A% and now muh lens are boing achiwved.

Various data wotey characterizes 'ray cyitems it given as Figs 23
and 24, Figure 24 “how; thy felationship between bower rating and focal
POt didmeters. Tpe felationcblp butweun WAVOIr-nEth And rolative
IAtencity 12 chown ag Fig c4. Jt 1o vaen thu detector EOmetry and the
“HALIVILY Of the f)ps detector umployed, given the humber of photoas
Tecoelved  which determines detection A6d rasolution {imits apd the
Sentitivity. To reduce eXpauIc time a)g Lapruve laging vapablity for
Wil metal sectigns Bomma radiography Iy uiud. |pe ENCrgy spectra for
thred ramms oBltting lsutopes §. chown as kg 4.
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Basic rudiogeaphic eyualions
(1) Absorption, The intensity of u collimated bewm of energetic emergens X- or gamma-rays
having passcd through a solid {ignoring sculler) i given by

’-'.f--

here [ is the intensity of the emergenl rays. [ in the inlengiiy of ihe incident rays, ﬂ‘il !hc
;nw absorplion coeflicient for the malerial {at the particular wavelenglh of adiation
uscd), 1 is the thickness of the maiteriad. and r=2718. . . _

The relationship beiween linear and mass sbeorption coeflicients of o particular
material is given by .

= pgp

where 4 is the linear sbsorption coeflicicnt, ju, it the mass sbacrpiion coellicient, and p is
the density.

2} Hulf-vaive thickness. The hardness or pencinbility of an X- or sgamma-ray beam is often
@ el:{:ed in terms of the thickness of a particular absorber which will absorb hall of the
incident radiation; this is known as the hall-value layes (HVL} for the maierial and 3
given by Lhe cupression
0.693

HVL=——
Huve,

where iy, is the lineur ubsorption cocflicicnt for a praciical continuous-cnergy X-ruy
beam specirum

{3} Inverse square law. The intensity of & beam of radiation Mnlhclqnomoflhe
Mlmwmm&pmdhumdupmu_.

Exposure required st distance d, _df
Exposure required at distance d; ;f
4) Limiting wavelength of X-rays. This is defined by the expresion

1235
‘-.'—i-,—

where I, is the minimum wavelength of the emilled radiation and ¥ i the maximum
operating voliage of Lhe X-ray tube, expressed in kilovolts.

S} Build. tor. This ia 8 {actor which describes that amouni of radistion scattered frpm
o the X-'r‘:yf;.m which falls on 10 the film, but which docs nod conlnbnlg io the formation
of the true ndiographic image. The lactor, B, is given by the expression

1,
'.|+;‘:

where 1, is the intensity of the scatierod X-rays and 1, is the intensity of the direct image-
forming X-rays.
(6) Filw densisy D. This in given by the expression

P :

D=iog,, ! N

I, :

where I, is 1he intensity of the light incident on the film being examingd and 7, is the
+



source, is given hy
th

Uulu-__'_'

F=-
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where £ is the specimen thickness. For good quality gamma radiographic work it is
generally sccepted thal U should not he more than 0.25 mm.

intensity of the light transmit

ted through the film at any particular point. For exampie,a

fitm density of 2 implies » fight transmission of | per cent.
(M I1Q1 sensitivity. This is given by the expression

Sensitivity r/"_Thu:knen of smatlest detectable 1Q] element '

100
Thickness of specimen

{8) Radiographic exposure |E). This is given by

Ew li?

where { is the intensity of X-ruy beam, 1 is the exposure {ime, and p is Schwarzschild's
constent (1.0 for direct X-mys and approzimately 0.8 when salt screeny are used). A
number of factors allects radiographic exposure, which can be expressed as

LF

AtVy

where d is the object-film distunce; F is 1 factor incluenced by the sample characietistics,

filtration of team and ge

imilliamperage); V is the generator kilovoliage; and » is the power value dependent on -

kilovoltage ange.

nemtor chamcteristics; A is the X-ray beam current

9) Thickness sensitivity, 5. This is given by

S-E"—x lm-z'JAD[l +
x uGpx

!,
Ft-;]' 100

where 5 is the precentage thickness sensitivity le.g. a code might call for 1 per cent

ensitivity). Ax is the mini
radiograph, x is the sample ¢

mum thickness-change which can be discerned on the
hickness, AD is the minimum discernible density dilference

detecteble by eye (usually between 0.006 and 0.01, depending on the film viewing
conditions), g is the narrow-beam linear absorplion coefTicient, Gp 1 the film gradient
[HD)/dtlog E1] at the fitm density used, 1, /iy it the ratio of scattered/direct radistion
intensities reaching the film st the point being considered, and [ +{,/15}] is the ‘build-

up’ factor,

(10) imensification factor for intensifying screens,

Ip=t®
" B

where iy, is the intemification fuctor at film density D, Ey, is the exposure required to

produce density D with no sc
with the screens.

reens, and Ey, is the exposure required to produce density [

~4G—

(11} Geometric image formation. The relationship between the size of the source and image

sharpness (ser Figure }is given by

Ugm -7
a _F—a

where Uy is the geometric image unsharpness, D is the dinmeter of source, F is the
distance from source to film, and a is the distance from flaw 10 film. The maximum
unsharpness, which arises when the flaw is at the surface of (he lest piece nearest to the

Cy=C, e~ "M

where Ca it the initial strength, Cy it the strength alter time f.and X is the hall-life value

for the isolope,

If the focal spot for the System ie used to detine an Image pixel
Lhen the use of projection radlography can further improve pertiormance
in terms of rewolution and also increase the radiographic contrast,
Rowever come types of defects such as tight fatigue cracks at least in
som orientations msy not be detected using conventional radlography.

¥hen production inspection is considered inspection time, limits
on radiation levels and part geometry will all limit performance. Ay
with conventional photograpby poor technique can generate pnor imges
with 'Spurious' Indications, a {ist of some sourcez of such Indicatiuns
ia given asz Table 9.

The mo3t interesting arcas for development are micro-focus
radiography and CT scanning. A CT system ls sbown In schematic form as
Fig 2.

Forward models for simulated radliographs have been developed In
come {ields and CT-computed tomography system modelling 1S now being
developed.
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Capabliity of Radicgraphy,

Thers have been very considerabla advances in radiography io receat
years. Nuch work has been performed 1s the medical field and there iLs
tecbaology which could ba applied to NDT problems.

Two areas whare theare have been particular devalopments are in
microfocus I-ray and computad Tomography (CT). Thie 16 now being
developed for limited sector scanning which has considerable potentisl.

the capability of I-radicgraphy is evaluated POD data of the form shown
as Fig 26 may ba cbtaised. Patigus cracks are bard to datect.

It 16 to be expected that within 10 years (T systems will be used
for the routine imspectiun of critical high quality components. Raal
timm radiography, aad digital radiography based on solid state
detectora can be expacted to be developed further, & mjor factor which
My limit their use in IDT i the initial capital coet of a aysten.

¥ben & CT system 18 used thers can bs solid state detactor
widths down to 4 thou which can glve 25 micron spatial resoclution. The
detection capability for density change ie 0.02% Thie figure was
obtained for CT on a hemisphers of plastic about 6° in diameter.
This data can be compared with defect detection iimite 1a stasl of 0.5

mn given in Table }.

Referances.

Quality Technology and Netals Haodbooks. (S5ea Introduction)
There are various texte on industrial radiography;

Halmshaw R (1971) Industrial Radiograpby Techaiques,
Vykebam Publicatioas, Londos.

In radiography the images are in many cases cospared with standard
radiographs;
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'I'lﬂlq &uh-‘hps'unﬂqrqhhbhﬂ;luﬂ-
Apprarance on radiograph Proboble cause Remarks
CUeneral iving an appaseal Dnr-dcvelom.Undhdi[ Dtvelnp-enlslwuldhlmtly
henq‘:l'm stoced film. Defective salfckight. Lo film manulaciurer's
Old (i rcommendalions for lime and
Wemperatues. Salelight may have
h.pdulwtllll‘e
Fintly mottled fog Old lim Chack dete on film issue
Dark spots or areas, sosostimes Insullicien| fixation Fin for not lew than (wice time
with marble-like effect lquuullndur.Chd:‘
ahaustion of Rring solution
Random streaks o apiashes Water deposited o fim afier Waler shaken (rom film clip on
processing t0 partly dey fim i & froguead
caus .
Light ciecular or Spilashes of waler or finer on It is possible 10 conduse sither
puichen rop thaped file prior o development wilh weld defects
Durk cixular or drop shaped Developer aplashes on film This blewmish saay bs confused
puiche before 1oin] immension i with porosity
developer
Dark arces, wsually crescens- Pressure marks due 40 fauky Holﬁhmuhiounﬂ:-:q
shaped handling of film sher exposurs pressure-sensitive and
should be handied by edges
ooly
Light nrens, ueually cresoems- Pressure marks due 10 auky Moet fim eamulsions are very
shaped Sandiing of im before exposure pressur-scnsitive and they
should ba handied by edges
oaly
Sharply outlined kigit or dark Non-uailorm flow of developer lmml’hmﬁlth
uu?lr om over film developer and agitalc film
during
Dark lines or cracks Scratches on film emuloion or F.nmuulcmnndu;.nvil
] ifying scrosay mocessary. Defect may
- e confused with cracks in objegt
being 1adiographed
Durk brnached ko or dark Static clectricat discharges on Rubbiag or sliding one film
ot surfacs of undeveloped film oves another, of drawing film
quickly from wrapping paper
may cause this laulk. i
possibic 10 confuse this defoct
with cracks in objeci being
radiographed
Dark i ki Film touched before Handk [ilm by edges only with
fiags pint markings development with chemically dun.dqlumhudln?ﬁh
contamianied fingers protecied aa long &1 possible. A
pential, indistinct finger prist
can be very misleading
int mearki Film 1ouched before
Light finger print markings ot wresey
resulting in festricied
deveiopment
Dusl. iobscco ash, dandnall, These biemishes may lead to
Rasdoms Suckings . ioose hairy, eic on film or considernble confusion when
Crocns Inicrpreting rndiographs

- —— -
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Reference radiographs -

of reference radiographs which show the appearance of weld tndgﬂhgde_l’ecuol’dnﬂc_mm
ds:':rul of severity t':srou::: different metal thicknesses are commercially available and listed
below, These are particularly valuable for instruction purposes and are used by some
organizations as scceptance standards.

ASTM E99 Reference mdiographe for steel welds, LSA {196))

ASTM E.133 Reference radiographs for inspection of alominiem and megnesiom castings, USA
(1979)

ASTM E.186 Tenlative reference radiogmphe for hoavy wallod (24} in) meel castings, USA
(1974)

ASTM E.192 Standand reference radiographe of investment steel castings for serospace
spplications, USA (1975)

ASTM E X2 Tenlative reference mdiography for appesrance of radiographic mages sa certain
perameters are changod, USA {1974)

ASTM E272 Tentative reference radiographs for high strengih Ov-base and Ni-Cu alloy
castings, USA (197%) :

ASTM E.280 Tertative reference mdiographs for heavy walled (4412 in) steef castings, USA
11973)

ASTM E3I0 Temstive reference radiographe for tin-bronze castings, L'SA (1969)
MIL-STD-T™ Reference radiographe for steel fusion welds 0.03-5.0 in, USA (1968)
Coflection of reference radiographs of welds in stoel (with three supplessents), 11W
{1962)

Collection of reference radiographs of weids in aluminivr and sluminism stlops,
1IW (1963)

~She
Basic EDT techaiques,
Liguid Penatrant Inspection,

Liquid penetrant inspection is one of the moet common forms of MDT.
It can also be simple and cheap to use. Thim fasily of inspection
techniques can be considered in two gEroups;
f. dye penetrants and 11, fluorescent penetrante.

This group of $nepection tachniques can only detect surtace
breaking cracks or other voids. Any feature that will not let the liquid
penetrate will not be detected.

The pbysical principles are based on the wetting characteristics
of particular liquids. A fluid s required which has the abllity to wet
the material to be inspected and it aleo has a low surface tension sp
that it will flow. The basic characterists for wetting charactristics
ares shown in Fig 27. The key properties of the penetrants are therefore
low viscosities and their abllity to penetrate into open fine cracks.
The second aepect of the techoology 16 that sufficient penetrant must
remsin in a fine smnll crack, after Cleaning and developtng to give
elther a dye or a fluorescent {ndication which can be sasily ¢?)
detected by either an inspactor or an avtomated laspection system,

1t Is interesting to note that the data given in Table 1 gives
penetrant as the technology which provides the lowest ' detecticn
limit', at 1.25 mm, when ysed for inservice inepection.

The five essential operations for penetrant inspection using
water-washable material are shown in Fig 28.  There are corresponding
Sequence of operations for other typea of penetrants such as the post-
esulsifiable penetrant,and the process flow diagram for water washable
liquid penetrant is sbown am Fig 2v. .

The final stage in each inspection is the actual inspecttion;
depending on the agents ueed either a dye will be seen in daylight or
viewing under UY light in a dark room may be required.

For these groupa of eubstances and their related cleaners,
remvers, developers and contrast agents the fundamental properties as
well as  their analysis Is based in the fisld of physical chemistry.

There i1s no simple parameter which cas be used to measure
performance which corresponds to the vitrasonic D7)\ ratip or the eddy

current skin depth 6 which can ba used as a measure of expected
detection capability.

The performance of penetrant DT bas been evaluated in several
studies. However 1t has been found that 1t can be unrelisble. Examples
of the POD data coileced for penetrant inspection are shown as Fig 30. A
mjor study be the USAF achieved PUL data with fluorescent penetrant
inepection is shown 1n Fig.31  To iwprove peretrant performance repeat
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Independent incpections can be used, but this does increase inepection
tim. The degree to which the reliability of inspection can be 1mproved
is shown in Fig.32.

The major problema which limit performance have been associated
with the human factors involved in viewing each individual component in
2 dark room and the variability with which the technology is

Implemented; which 18 in part due to variable component and defect
parameters and in part dus to human factors. The large uncertainty ia
the ULAF POD (Fig 31) is falt to be dus to this bumen factor. 1t has
been shown that the best improvemsnts in POD ars achioved through the
use of saveral ipdependent inspections.

la  aerg-space BDT avtomated turbine blade viewing penetrant
Eystess are being daveinped. Vork has besn perfarsed by Jolls Royce
to flve a eyctum which uses laser 6canhlng to detect remaining
penatrant. Sisilar work is In pProgress for the USAF. Omly limited data
has bewn found which quantifies tha performance of the current automated
and seai-autosated penetrant lnspaction. This tecbnology can be expectsad
to remain in common use for large ares inspsction; the current bast
practice must becoms the norw. [n the course of the next few years the
varioue completely autometed panetrant Eystoms cas be sxpucted to be in
Operation and avaluated,

It has been pradicted that the detaction of surface cracks,
inclusione and iarge grains tn forgad and cast materials will within the
Beit 5 to 10 yeare be performed by automatic systems that will replace
bumans used for surface iuspaction in dye panetrant iospection.

Refearancas.

Quality Techuology and Matais Kandbookg {(5es Introduction)

thn Dry m o  Dwsil :‘:‘:' l_km
Rework Reject d"?‘:“, _ Dy =
Scrop ".“."ﬂ at—{  Deveiop m‘ Dy -
Cleca |-= Accept Ory —

Fig.  Processing flow diagram for the water-washable liguid-penetrant system
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NPl is the prefered mathod for surface crack detection {n
ferromagnetic materialm. It is a commonly used technology which can be
cheap and quite sinple to use. It can be used to detect surface breaking
and major near-surface defects. It can be performed using aither a dry
powder of a liquid which holde magnetic particles in BUSpension,

In addition to the magnetic particles this techbnique requires the
presance of a magnetic field, Vhers this field leaks out of the material
under test due to the Presence of a defect the mgnetic particles are
attracted. On large components a bigh magnetic field im required and the
fisld needs to be perpendicular to the edge of the discontinuity,

The leakage fields in a broken bar mgnet are shown as Fig 33. The
magnetic particlea collect in the leakage field generated by defects, A
Wnjor requirement ig the application of a magnitisation field. This 1s
shown as Fig 34. The effect of direction (defect orientation) on
detectability Le shown as Fig 35.

perpendicular to the magnetic field lines. From data Elven iy Table 5
NPl in the laboratory 1s capable of detaction 0.75 mm surface cracks. 1n
production thie jimit goes to 2.5 mm and inservice inepections have a
Iimit of 6.0 wv. Little data 16 currently available in the public domain
to give give PUD data. Vork is in Progresa to seek to make this
technology more effective and to quantify its performance. Given a good
field geometry and well orientsted defects {t can be quite an effect
technology.

There are major potential problems with the neeq to need to
demmgnatine & sample and ensurs the removal of the magnetic materia]
which has been applied.

Various groupe have been engaged in magnetic fielq caleylation to
Beek to understand NPI better. Also various fores of detectors, such as
the hail probe, have been scanned across defects to get a quantitative
mensure of field strength,

References,

Quality technology and Netals Handbooks (See iatroduction).

Nore detailed treatment is given in;

Nognetic Particle Testing,

(1975) #DT Monograph N1,
British Institute of w1,

Northampton UK,

43 pp
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