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latroduction tg NDT.

- bas been defined by the
Internstional Committee for NDT, in 1967, as; “A procedure which covers
the inspection and/or testing of any material, component ar assembly by
means which do not affect its ultimate sarviceability”

In addition to conventional EDT, which was established in ite
presant form, by the 1060's, there is a development of a field of study
known as “Quantitative Non-Destructive Evaluation® (QUDE}. GQNDE i a
combination of science and technology that is moving NDT from being an
‘art' to a sclence based sector of enginearing which is inteagrated with
design, materials science, component and system life evaluation and
cost-riak analysis.

NDT can bave several objectives which Include material sorting,
materials characterisation, property monitoring (for process contral)
and thickness measurement; hawever the major inservice task is;

1. Defect detection/location and 11, Daefect characterigation.

A wide range of defects can be encountered and these depend on the
particular typs of component and material involved. Defects can include
production flaws such as heat treatment cracks, grinding cracks,
isclusiona (of many types), and volde (pores) and service defects which
tend to be in the form of corrosion or fatigus cracks. In many service
eltuations it 1s the reliable detection and sizing of fatigue cracks
which is the major task for NDT.

A mjor step forward has been the acknowledgemant that avary item
contains flaws; these may be cracks eeveral mm long or just micro-flews
in & crystal or at a grain boundary, The range of passible flaws and
their effect on components ebould be considered from the design stage of
a product.

¥DT 1e nov moving from being simply the detection of any defects,
80 that they can be removed or the part rejected (a zero-dafects design
pbilosophy); to NDE which includes consideration and evslustion of a
design given that defects will be present (a Damege Tolerant Design).

Full advantagas can only be made of results from etress analysie
and fracture sechanics in a component life/fatilure mndel, if the
presance of defects, the population of defects that is present, thelr
location, type and dimensions are all accuratly determined. It ie
increasingly recognised that there must be ‘Design for Testability' and
‘Damage Tolerant Design' ; if the best pocsible or in some cases even
adequate NDT is to be provided.

At the design stage information must be provided on;

1. Critical defect gize wust be calculated. (based on stress analysis
and fracture mechbanics)
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2. An inspection limit must be celected for (a) fabrication quality
control and (b) inservice inspection, giving defect types, size amd
inspection interval.

3. The capability of KDT must be known for the particular material,
geometry and situation of tnterest. .

4. The cost (and time required for) WDT, the value of the component and
the added value that NDT/NDE give should all be quantified

Nany of the WNDT techoologies are based on the intaraction of mome
form of radiation with matter. (See Table 1) The resolution of ¥DT
eystess then depends largely upon the wavelength of the radiation and
data can be used to give elther an image of some forw or an analysis
based on the scattered radiation.

The orders of magnitude of critical defects in some materials are
shown in Table 2. A comparison of eelected FDT methods 1s given as
Table 3, :

In the U.X. a recent survey inte NDT practice in industry has
reported;

1. Veld inspection and weld testing were shown to represent major uses
of ADT. ¥hen NDT is used 36% of firme had thelr own facilities but 86%
made complete or partial use of NDT service companies.

i1. When the technologies used wera considered it was found that for
firss using NDT;

80% used radiography.

71 % used penstrant inspection

40% used MPI. (magnetic particle inspection)
and  49% ugsed ultrasonics.

0f the WDT performed in industry probably more than 90% are manual
operations. The remaining are a mixture of semi-manusl and automated
systems. The capability and costs, in terms of capital expenditure, of
these various groups of inspections vary over saveral orders of
magnitude. In addition to *Industrial® ¥DT which can be performed on
elther production parte or as inservica inspections there ia the
'Research’ WDT/NDE which eitber seeks to provide methods to iwprove
industrial performance or is part of a special research programme.

In the mid-1970's {t was recognised that there was a lack of aa
adequate science base for NDT to become a quantitative science, in
particular 1t was necessary to improve the reliability of inspections.

As = result of this realisation there has been a mssive growth
fn NDT R&D in the USA and Europe since about 1974, Major progress has
sioce been made to correct this through several research Programmes
including one sponsared through the USAF-DARFA which has looked at
quantitative NDE required to meet aero-space needs and EPRI which has
looked at the needs of the power generation industry . There have alwo
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been major projects in Burope. The UX funding for NDT R&D is reported to
have grown from about £ 0.5 K 1n 1974 to £15 M on research in 1981 with
probably another £15 X for systema development. This growth has
continued over the last six years. The factors which have contributed to
the growth in NDT research are shown in Table 4.

In almost all the expanding ¥DT RAD projects work initially
concentated on ultrasonice. It is now expanding to consider eddy-
currents and more recently it bas been widened further to consider most
of the other NDT technologies and also a range of new materials. More
than 60 % of QFDE Research over the last 10 years has conceatrated on
ultrasonics and it is in this field that the best ecience base has now
bean developed. Major progress is now also being wade with other
technologies.

1f the current capability of varlous NDT technologies is
considered 1t is found that no single figure should be used as the
detection limit to characterise the capability. Such limits can however
be eatablished for cpecific NDT systems, applied to particular parts
fabricated using a particular material. The best available data for
6teel was collected by 1974 and it is found that at least for iaboratory
inepaction the capability has not changed significantly. (see Table 5)
Of particular ipterest are the thres headings under which the NDT
techniques are given; (1) Test specimens, laboratory imspection, 1)
Production parts, production inmspection and (114> Cleaned structures,
sarvice inspectibn.

In some sense the data in Table 5 ie presentad in a simplistic
fashion; the data ie that for 25 ma ferritic steel sanples with a
surface 63 RRS, there are no details for the various foras of the
tachnology that were employed, and the geometry involved is not
specified. Also there i{s no consideration given to the ability to detect
& range of possible inclusions which 1s of considerable importance for
the inspection of components fabricated from materials such &s a powder
metal or ceramics.

A specific ¥DT technology or systew is batter characterised using
a prubability of detection (POD? curve. One set of examples of POD
curves are given as Fig 1. This data provides a comparison of eddy
current and other surface sensitive technologies. However no single POD
curve is adequate to characterise a technology; as performance depends
on material properties, part geometry and defect characteristics as
well as the complets specification of the NDT system and the exact
inspection technique employed.

Any evaluation of an NDT technology must include consideration of
the human factors asscciated with its operation. For systems which
employ human operators these human factor have been shown, in some
coses, to be the cause of the largest single element in the uncertainty
attached to detection capability and prababtlity of detection
determination, For example in one atudy by the USAF on aero-spaca
conponents the data ghown as Tabie € was obtained. From this USAF
evaluntion of NDT capabjlity the data is in the form of the preliminary
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conclusions of the USAF "BESIP BDT* study and it is quoted as the
detecticn capability achievad by the average of the majority and by the
best 10% of technicians. Human factors are clearly an important
conslderation.

Vhen the data shown in Tables 5 and 0 is compared the stated
copability for the best inservice WPI and ultrasonic NDT are in close
agreement. Tha Table 6 study found penstrant to perforwm significamtly
wurse than would be expected from the Table 5 data; bowever the Table 6
8ddy current performance was much improved and was closer to the
laboratory iaspection limit given in the Table 5 data.

In the iast decade a much improved science base has been provided
for the phenomena upon which the vartous EDT technologies are basad.
RDT has scught to move from being a qualitative to a quantitative
technology and some statistics for probabilities of detection have bean
established.

To seek to improve tbe perforsance of RUT thers is an fncreased
use of automation and computer based technologies and in due cou-se
this wiil result in improvemenrts in the capability of in-service
inspecticns for use as part of life-extenajon or retirement for cayoe
programmes. Tha basic flow diagram for a pariodic inspection schema is
shown as Fig 2.

The NDT technologies ealected for consideration in this short
course are;
1. dye penetrants, and KPI, including automated systems.
i1. eddy-current and somes otherelectromagnetic NDT tachnologlies.
11i.vltrasonic FDT in various forms.
iv. radiography.

Four fundamental areas can be identified as the causas for the
limitations on NDT capability:
1. The physics of the fundamental interactions,
11. The instrumentation which is used.
111, The inspection techniques, including human factora.
1v. The defect population; its range of types and sizes, base
material properties and the component geometry.

From an engineering viewpoint the problems associated with the
current NDT technologles have been summarised as;
1. Lack of NDT coneiderations at the design stage.
2. Inadequate 'engineering’' of the NDT techniques.
3. Defect detection requirements which are often too ciose to the
detection threshold.
4. Human factors in the inspection cycle.

The two lists of probleme/limiting factors are complementary and
are axpreseing the same probless from different viewpoints. It ie alsg
clear that effective NDT can only be provided if its requirements are an
integral part of the design process. The ideal is that there should be
design-for-testability; in practice the capability of NDT and its

5=
limitations resulting from design decisions and their implications for
the reliability of inepection need to ba quantified. Increasingly
computer based forward models are available to enable NDT to be
evaluated un particular designs.

It would appear that the the major factors which 1imit the
detection capabllity for laboratory ¥DT to the lavels given in Table 5
are those of the interaction of fundamental physics with particular
defect populations and material properties. In laboratory measuresents
the geomeiry tends to be simple, the surface finish is good and the
quality of staff is high.

In the case of practical work performesd in production or inservice
conditions {t would appear to be the instrumentation and the inspection
techniques, inciuding the human factors which are the more significant,
Aleo in such situations the part geometry is more complex and small
changes in geometry or material can have very significant inspection
implications. The isportance of humen factors in tield NPT ie clearly
indicated by the data given in Tabie 6.

The important area from the point of view of inspection in
production and in-service ie the BDT capability in these environments,
which is seen to be significantly poorar than in the laboratory.

(5ee Table 5) Threa aspects of NDT performance are important and can be
used to measure system performance and thuse are the probability of
detection, minimun detectable defect and the eizing capability. The
eutomaticn of conventional imspection has in general been found to
improve repeatability of data collection and hence tha POD through the
reduction of the uncertainty introduced by inspectors. However
automation todate has appeared in genaral to reduce the sansitivity of
ths detection capability measured in terms of the smallest datectable
defect.

In most studies parformmnce is specified in teras of a ‘detection
capability'. The problem of the falase call, i.e. -giving an indication
when there is no real defect present needs further consideration. Also
further work is required to consider the affects of the probabllity of
BON-detection as it is this which gives the probability for the precence
for the largest dafect with particular characteristics which may be
miesed. This paramster ie central to any fracture mechanics based
companent life evaluation; the NDT data for defect type, shape and size
needs to be 1n a form in which it can be used in fracturs mechsnice
calculations,

The motivation to perform NDT comes frow the need for eafety in
industries such as nuclear power generation and aircraft and ‘Quality’
in general industry. The factors which have caused the growth are shown
as Table 4 and it can be seen that the case for NDT is basically a case
based on economics; eithar through the diract implications of quality or
the need to ensure safaty, By way of examples the figures for the ceostof
shutting down a typical US nuclear plant for repair/inspaection ie
$500,000 per day in terms of replacement power aione. The USAR
retiresant for cause which seeks to provide life extension for critical



_o_

aero-engine components has besn projected to be capable of saving the US

$250,000,000 in terms of replacement part costs for the F100 engine. An
increasingly important aspect of the economic case for NDT is Product
Liability; the produce will bhave top pay if things go wrong and
inspection technology was available and he simply did not use it, PFor
mch XDT a good economic case is available; a good case for the
introduction or improvement of BDT can also be prepared for many
products where current EDT is minimal. Probably the most convincing
enconosic case has been presented for the USAF retirement for cause
progromme the projected cost savings for which are shown as Fig 3.
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" Table ). Comparison of meckanical wave and electromagnetic wave sources

Frequency range Wavelength Photon en
Tipe of energy* Ha) (m) {eV) e
1 Infrasonic <20 >15x 10 -
2 Audio 20-20 000 1.5x102-1.5 -
3 Ultrasonic 20 000-10* [5-3x)0-¢ -
4 Hypersonic 10°-2x 102 Ix107¢-1.5x10"* -
5 Radio frequency  [0*-54x 10* Ix10%-53
6 Ultra-high
frequency (UHF) S4x 10%4.7 % 10° 5.5-0.64 333 x 07! 1-333x10-?
7 Very high
frequency (VHF) 4.7 % 10°-1.3x 10'° 0.64-0.03
8 Microwaves 1010~ 112 0.03-31x 10~4 1 x107%-333x10"?
9 Inftared 10'24 x 1014 Ix10-%-75x 107 I1Vx1077-1.33
10 Visible light 4% 10'4-8 x |04 15x10-7-375x 107 133-267
1 Ultraviolet Bx 10'4-5 % 1% 37516 "-6x10"* 267 o 167 x 10?
12 Soft X-rays Sx 10183 5 10 6x10~*-10-10 167 x 10%-10*
13 Industrial X-rays
and gamma-rays 3 x 1083 x 102! [0~ 19_1p~13% 10*-10"

* Types 1-4: mechanical wave specirs

$peciea (wavelength sasumes velocity of light}

(wavelengih assumes velocity of 300 m s

) types 5-13: eheciromagnetic wave

Table g

rrayuency lor

Materiala Flav Sixe (am) Ay = 2a, (hiz)
Stesls 4340 1% 2.0
D6AC 2.3 1.3
Harage 250 5.0 0.59
IMl4Co 20¢ H ) 0.10
Alusinoum 2014-~To51L 8.0 U4
Alloys 2024-TI511 25.0 D.26
Tiranivm 6Al-4Y 8.0 V.35
Alloys BAl-lHo~1V(B) 14.5 0.21
Bilicon Hot Preswed 0.08 [{117]
Nitrides Reaction Sinteced 0.02 250
Glasses Sods Lime 0.001 2,500
Silice 0.003 630




Tasre 3 ~Cov-parison of Selected NDE Methods

Method Properties sensed or measured ‘Typical flaws detacied Raeprasentative application Advaniages Limitations
X-ray radiography.. Inhomogenaities In thickniess, Volida, porosity, inelusans, Castings, fergings, waldments, Datects internal flaws; useiul  Coat; relative Insensitivity to
density, or composition. sadd cracks, el apsaribling. on & wide variety of materials; thin lamicar Aaws such s
poriable; permanant record. fatigue cracks and delaming-
Uons; health hazard,
Noutron radiog- Compositionsl inhomogeneities; Presence, absencs, or risloes- Inspection of propellant orex-  Uood penstration of most Cost; telauvely unporjable;
raphy. selectively sensitive 1o par- Uen of Internsl compensnia plesive charge inside closed siructursl metals; high seny. poot definition; bealth hasard.
Ucular atomie nuzhel. ol suitable compostiten. ammunition of pyretachnle Urily to favorable materialy;
devices. " permanant record. :

Liquid penstrants. ., Material separstions cpen 1o s Crazks, gouges, porosity, laps, Cuasting, lrgings, weldments, Insapensive; easy to apply; Flaw must be open 1o an ac-

suriace. and] ssams, st components subject 1o portabls. cessible susfacs. measy; Ir-
lw::- oF sirwm-corroslon relavant indications oftan
cimcking, occur; operator dependent,

Eddy-currant Anomalies in eleciric condue- Cracks, pams, and varations Wire, tubing, local regions of Modersts cosl; readily suto- Conductive matarialy only;

teating, tvity and, in cases, magnetio in slioy composition of beat sheet metal, alloy sorting, mated; portsble; parmensnt stallow penetralion; peometry
permeability. Lrastinsnt. and thicknem paging. record if nesded. ssasitive; relerency standards
oftsa necessary,

Microwsve tasting... Anomalies In complex diglec- In duedactrics: disbonds woids, Olass-iber-seain structurm; Noncontacting; resdily sute- No penstration of matals; con-
tric coafficient; surface and large ernchs; in nestal plastics; cernmics; moisture matad; rapld inspection. parstively poor definition of
anomailss in conductive su-faces: surface erachy. oortent; Lalcknase mentyre- faws
matenals, ment.

Magneuc paricles.. . Anomalies in magnatic flald Craces, .ama, lape, voide, Custings, largings, and e:- Simple; Inespensive; senss Ferromagnetic matarials oaly;
Bux ot surisce of part. pososity, and inclusions. trusiony. shallow subsurface flaws as madsy; careful surfsce prepars-

well as surface finws. tian required; irrelavant in-
dications often occur;
operator dependens.
Magnatie Seld Ancmalies fn magreiie feld Cracks, seams, laps, volcs, Cuatings, forgiugs, and ex- Qood sensitivity to and dis- Ferromagnetic materisle only;
teating, fus st surisos of part. porceity, snd inclusions. rusisns. erimination of fatigus eracks; proper magnoetization of part
readily anlomated; moderste sometimes difheult.
depth penetration; perma-
nent record il needed.
Ultrasenle tenting. .. Anamalies in sooustle Im- Crachs, voids, porosity, and Custings, fwrgings, exirusions;  Excellent penstration; resdlly  Requires mechanical conpling
pedance. snd delaminatiens. thicknes gaging. sutomaisd; good seraitivity L0 surface; manoal Inspection
and resolution requires accems s skow; relerencs standards
to only one sida; permansat usually required; oparator
record §f nesded, dependent.

Sonlc tasting. ....... Ancmalies in Jow-frsquancy Disbonds, delaminations, Lamninated struetures; honay- Comparsitvsly imple to im- Geometry sensltive; poor

Scoustic impedance o natural  Targer cracks of vaida i comb; small parts with plervsnt; readily sutomasted; definition.
‘modes of vibration. slm>le parts. charscteristie "riag™, porisble.
Ultrasonie Bame as ultrasonic testing... ... Bame ss ulirasonie tsting....... Inspecion of small, geomatrf-  Produces sviewsble imageof  Cost; imited te small parts;
holegraphy, oally reguler parts. faws, poor definition compured 1o
radiogrsphy.

Infrared tesung..... Surface temperatar; ancmslies  Voids er disbonds in noa- Laminsisd simciarss: honsy-  Produoss s viewabls thermsl Coat; difficult 1o control mrface
in thermal conduttivity and/ metallics; location of hat or comb; elciric and slectronle map. amisivity; poor definition.
or surfsce smmisvily., cold spots in thermally cltcutls,

sctive assemblies.
Strain gages........ . Mechanica! stratng...... PR Not used for flaw detection..... Stress-struin analyals of most Low cost; relisble............... Inseasitivs to preexisting siralne;
materialy, amall ares coverage; requires
bonding to surface.
Brittle coatings...... Mechanical straina. ........_.... Not conmonly used for Asw Siress-wrain saslysis of most Low cost; produees inrge ares Insensitive w preexisting straing:
v detaction, materials, thap of sirain Neld, measy-limited aceyracy.,
Optical holography.. Mechanieal straing. . ............ Disboods; delaminations; Honeycomb; corposiia Estremely senaitive; p Cont; 1y; requires
plastic deformstion. surnctures; Leew; pracisien map of strsin Neld; permanent  eonsidecably sl
parts such a4 bearing reeord If nesded.,
slemenis.
Leak detection. ..., Flowolatiud......_....... aves Loaks in closed systema......., Vecuum systems; gas and Good senallivity; wida range of Requires internal and external
Mquid sorumm vamels; pipeges. Smatrumantation arailable, accend Lo sysiern; contaminanty

may Interfare; can be costly,
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Factors contributing to growth in NDT research

Tha incressed worldwid
Ani 4
monitoning procedures.
Political and social lobbying sgaiasi poilution trom pipclines and P i

Tightening nath iea and the f weed for higher quality products in competitive markets.

Spomorwp lounIuok"memhpm.nmu(uclalhDAlPNAMLnﬂEMmhlhs-m)dlh
q loped a3 = result in circies th EMR progr

The setting wp of national NDTmem-ﬁu(uﬂuuND‘rCummHlﬂdl.Izrum:aldnllhl«ih].

Huﬂu-ﬂmmﬁqﬂmwu!euuﬂm
of plant safety and the commequent need for bevir “flagerpriniing™ end in-service

of t imp

¥

The generst realisation that existing NDT tech "mmmm;mmmmmhmun
lields — m-wum ing, - gicel surveying, p recoguition sad
computer utlisation.

The wnd g, from B hand idecath lhtumrmmdnwmhhnmhtpunuu
qnnmaﬁuduanhuldd«ulnlldrhcl populstions; 1 wall as ou parall d stress bevels and locsd
malerial property changes.

mmmnmdhmmdmmuumﬂunﬂn}“”nhﬂw-
curent NDT practices.

‘h\ll.ts-lnluni varistions In flav detection limits by typt of Lnspaccion (in ww) (im Petcle & Erepp,l9°44.

KDT Technique

Surface cracks Intornal flave

Processing Tatigue Yolds Crachs
3 3
Test specimens, laboratory Lnapeccion
Vigualt 1.2 0.5 + .
Dicrasonic 0.2 0.12 0.13 2.0,
Mapnetic particte 0.75 0.3 1.5 1.3
Panetrant 0.25% a.5 ¢ *
Radiography 0.5 0.5 0.25 .75
Eddy current 0.2% 0.25 * *
Froduction parca, production inspaction
¥isual 1.5 6.0 . *
Ultrasonie J.0 1.0 5.0 1.0
Magnecic particle L1.5 4.0 * +
Penetrant [ 8 ] 1.3 + M
Radiography 3.0 . 1.15 .
Eddy current 2.5 5.0 L +
Cleaned grructures, service lospection
Yisual .0 1t.0 * +
Ultrssonie 5.0 S0 A.0 5.0
Magnecic particle .0 10,0 + +
Penstrant 1.2% 1.15 * *
Radiagraphy 1.0 - 4.0 L
£ddy curcent 5.0 .0 * +

+ Kot applicable.
surface &1 RMS,)

T Use with magnifer. * Not' possible for tight eracks, (Rased sn 25%-sm farritie stasl,

18LE b
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Preliminary conclusions — Aero engine parts

Average Best

Magnetic inspeclion POD 60% — .300° crack | 65% — .250"
Penetrant inspeclion

Eddy current
Ultrasonic

90% — 220
90% — .090°
80% — .75

90% — .175
90% — .03¢"
20% — .180°

© Average results obtained from majorily of technicians

© 3est results obtained from top 10% lechnicians

. DETECTION EFFICIENCY - X

100
N
80 -
70 1
60 -

slu..

W

3 4

20 4

TITAN N El.h. b¥ ALLOY - AS MACHINED

EDDY CURRENT SYSTEMS

BEST PEHETRANT
COMBINAT10NS

MOST CORPONLY USED
/ PENETRANT SYSTENS

SURFACE NAYE ULTRASOMICS

10

CRACK LENGTH

mm
6.55
b 45
.76
h-.57

Comparsion of the typical detection performance of eddy current lnspeclions

with other surface scnslhvu processes

- Figure {.
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NOW DESTRUCTIVE TESTING
ULTAA SONIC WAVES ! )
WADIOGRAPHY = Ultrasonic NDT
VISUAL EXAMINATION '
DYE_PENETRANT ~ MAGNETOSCOPY
ED0Y conents ) The use of 'Ultrasoniad for defect datection goes back to the work of
OTHER TESTS ‘ Sokolov in 1929 and Midlhauser in 1931, Of particular, significance was
U C the work of Firestons (in USA) and Sprouls (U.K.) in the sarly 1940's
DISTONTITIES vho introduced pulse-echo defact detsction, Sincs sbout 1970 the subject
- . CocATon has besn undergoing considerable development of “quantitative™ KDT techniques.
- ﬂ::::' _ Ultrasonic inspection uses basms of high frequancy sound waves to
b‘:::::::::ﬂ ’ datact flave in matarisl, The input sound waves lose enatgy due to
"“"—;‘i,—m'f.‘!"— . - attenuation and on the interaction with *features! They undergo a
o u : mixturs of}
ntulm' PECRANICS 1.  3pecular reflection
STATE RACTURE. MECHAN
FATIGUE F Ks — 2. Mode-conversion
TEMPERATURE or ¢: 3.  Diffraction from crack tips
AADIAT I D0 "m! *
DURAT10W SlﬂlmvT FiELy 4., “Diffuss scatter from roughnass
TETRINENTAL EFFECTS vhare 1 and 2 are well described by a series of plane vaves raflected
SHUT-Down [ —— YES I L) C from plane surfaces and 3 and 4 are diffraction effacts which {n

genaral are auch weaker.

REPAIRS DPERAT 10w )

Sound is almost complatsly reflected at the matal-gea interface

and partial reflection oceurs at the metal/liquid and metal/solid
monr-matal interfsce, All types of features, cracks , pores, inclusions
intaract vith the waves, This is espacislly so for festures which have
dimensions of the order of a wavalength,

Pin. X savic tlow disgram for 2 perlodic inapection,

Most ultrasonic NDT instruments yfor use ig mtals,are based on monitoring
one or mors of tha following;

(| ]
-
"l Raflection of sound enargy
2. Time of transit
rrr— .
Sumimn 00 1 3. Attemuation _
and use frequencies betwaen 1 and 25 Mup,
 raart : . o
LT H .
. . The fraquancy of scund used is determined by saversl factors including
L d L e the size of defect of interast & the range requirad,
A — ———

Figure 3 - Retirement For Causge
Cost Savings '
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Yor a basic ultrasonic testing system, in the most general terms there
are three elements;

1, Signal generation

2, 1Interaction with target

3. Signal detection,

Now econsider this in more detail,. looking at the slements in a two
NUT set; '

1. Signal/pulsa generation
2. Transducer
3, Coupling layer
4, Waves gensrated by transducer, in
" -object being tested.
5. Interaction with target
6, Scattered, mode~converted .
and diffracted wave fleld,
1. Coul;ling layer for receiver
8, Receiver
9. Amplifier -
10. Display/analysis
11, Operator

The display of ultrasonic data can bs in many forms, but tends to be

one of three types; [ Fa‘.q V] e

In view of all the potentiasl complications, and before we take a closa
look inside the elements of the ultrascnic system what are the advantages
of ultrasonic inspection as applied to metals.

L. Superior penetrating power (may travel 7m for axial inspection)
2, High sensitivity
3.  Accuracy

&, Por pulse-echo, only one surface need be accassibla

3. Electrical system = suitable for scanning and in-line producticn
control

6, Volumetric scanning
7+ MNot hazardous to health
8. Can be portable

A4

Trom the potential advantages claimed for ultrasonic techniques it could .

appear that all testing needs could ba met, Some have in the past and
still do see ultrasonics as the answer, There are however some
dissdvantages vhich must be stressed;

1. Many systems; manual opsration which requires careful attemtion
by experianced tectmiciane.

2, Extensive technical knowledge is required for the development of
inspaction procedures.

3, If parts rough, irregular, very small, thin or not homogeneous,
© they are difficult to inspect,

4. Dlscontinuities in shallow laysrs below surface may not be detected.
3. Couplante needed to get energy both in and ocut of part under test,

6, Reference standards are needed both for calibrating equipwent and
for characterising Flaws, T

Ultrasonic mon-destructive teating, & wore detailed look

In this presentation so far ultrasonic NPT has been considered in very
general terms. We now take an increasingly close look.

Basic waven X
The slastic waves which are used in NDT are the same as thoss which are to
be found in the Literature of all the physical sciances, from seismology/
geophysics, civil and mechanical engineering, and electrical mﬁimerins,
a8 well as physics and applied waths and *mechanics’'., The common nature
of nl..‘ut:lc waves i3 presented in & recent articla by Krsut (1976),

(This paper includes an extensive list of general references),
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Thare ara four types of waves which are of interest in NDT3
B3 AMErEST

.

1. Cowpressional (longitudinal) waves .

Wi

2. Shear waves. Two forms; SH & 5Y,

mmwu | -
veld

3. Raylaeigh (surface) waves,

4.  Lasd (plate) wavas, :
s aa i
‘V T gty

Yor all these waves velocity, fraquency and wavelength sre relatsd by;

V=fA

Acoustic iwmpedance _ IR —

An important parameter which describes the responsa of & medium to an
¢lastic wave {s acoustic impedance,

ZLeeN

where e dansity and V is velocity

Major variables in ultrasonic inspection

The major variables that must be considersd in ultrasonic inspection
include; .

1.  Characterietics of the ultrasonic waves,
"
2, Characteristics of the material under test.

Thase are taken together with the equipment used to accomplish different
objectives, ’

6~

Parameters determined by transducer, {or to large extent by transducer)

shape {geometry) diamecer etc,

1.  Frequency, Sat by disc, and the backing used,

2, Sensitivity, in detection. Por high resolution use kigh fraquency
short vavelangth, to keep vavelength feature size ratio about at
least unity.

3. Resolution, to separate two defects, ol frequency bandwidth
OC 1/pulse length,
4. Range reduced by high frequency (sas note on attenuation),

S. Beam spress (or divergence). As frequency decreases the besa
bocomes more complex.

Besa Intensity

Intensity is related to the amplitude of partiticle vibrations,
dcoustic pressure (Ap) is used to denote smplitude of slternating stress;

Ap L Zx {A#@M ‘6}
lntensity is the enargy transmitted;

I (A

Pisxcslectric transducer slements sanse .unulti.c pressurs, MOST
ultrasonic sats are designad to give; '

o O & (T Y

Thersfore in moat systems;

: Vetlaw, sut £ (rncwﬁ )

N.B. It is scoustic enargy and not acoustic pressure which is particionsd
at so interaction,



5

Attenuation of ultressonic beams

There are many factors which reduce the energy in an ultrasonic beam;

1, Transmiasion loses
2. Interference effects
3. Beam spreading

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

Schlieren and photoelastic techniques has demonstrated nany of these

problems. e.g. Hall (1976),

Waves at interfaces

A major Factor which influences the smount of energy which will pass
through a structure is the reflection st interfaces. For normal
incidence of flat wave fronts sieple relationships exist for

- transmission and reflection;

R = I|-= Cglh__l_‘z' t

-i_: (z.l. -+ 3 |)

I‘l" = "'Z‘_z.
¢ (2. +2)* whie Z oY

For nom~normal incidence the situation becomes more complex and mode~
conversions can cccur.

The basic angles are determined using Snell’s Law, but the enargy in

each vave is not easily calculated, Formulations do exiat, which sre

given in advanced texts (Eving et al 1957}, for waves in complex layered
structures, but complete analysis is not available for many real situations,

Ve R y J G-.'-uum

A*D —y—

c S-rfl.u_u-.rg

Evs Sliarsae

General non-9g° incidence at an interface, A

~18-~

Examples of interface effects

1. The use of compreniohnl vaves in wedges is one method for the
generation of both shear and Rayleigh waves, The angles required
are determined by Snella Law,

For immersion testing of an Aluminium plate

2, At Water /Aluminium interface

Re = 71X Tc = 29% 0 / e
—L -
Tfe ...E_ T
/

Therefora the return form the back wall of a plate is 6% of original
iutensity.,

Yor the case of a Carbon Steel plate the back wall echo inteneiry
1.31 of input,

Yor case of a Tungsten plate the back wall echo intensity is 0.3%
of the input.

3. Contact Testing

i Back-wall echo is increased by 30%, and wore if plate air backed.
ii  Best coupling medium has higher acoustic impedance than water, Also
" must be a thin layer. { = A/100)

A basic text which considers these retationships for NDT (and the

formilae for other NDT systems) is a BINDT Monograph edited by Halmshaw
(1978)



Absorption

i Energy converted into heat due to alastic motion,

ii polycrystalline media loss dus to heat flow out of moving grains
(low frequency),

1ii  Domain movesents,

iv  Loss due to inelastic motion.

In general absorption incresses at high frequencies,

Scattering

This occurs because material is not truly homogenecus; 1,e. crystal
discontinuities, grain boundaries, inclusions ate, Effect is HIGHLY
dependant on the velationship between grain size (d) and wavelength;

d less than 0.01 Wavelengths No scattering
d greater than 0,1 Wavelengths .  Scattering, and inspeetion

may be impossible,
In general;~ Scattering d" Grain\ 3
8ize

Diffraction

In a homogeneous medium a sound beam is coherent, However, when sn
sdge is passed interference effects occur. The effeces vhich occur
in ultrasonic vave systems are similar to those seen in optics.

Diffraction, and the tasulting losses and noise signals, must be
considered, but only qualitative guidalines can be provided. a.g.

All roughness results in diffraction, This is of particular importance
st interfaces,

For such features as a small hole s Huygen type source is ohserved,
A transducer also has diffraction effects,

Attenuation
wmost situations it is the overall attenuation which is of interast,

This is because it ia the overall figurs which sets the limits to
the depth of inspection ar a particular frequency,

-20-

For example for ZMHz compression waves;

Imspection depth, Attenuation Media

{Betre) (dB/mm)

- 0.001+0,01 Aluminium

1o Steel

0.1-1.0 0.01-0,1 Cast Iron
0,~0.1 Above 0.1 Hlna non-metals

Overail attenuation P= P. 04 ( -L L)

wtere L - path langth attenuation coeff,

Transducer wave fields (for disc transducers)

Resl transducers do oot act like piston sources, ss this has been
well demonstrated in visuslisation studeise.

When the pressure field is investigated;
On the axis of s disc transducer get maxima and minima. (Nearfield

1.  Near field length

= 4(3‘— A‘.) A D' ~ __n__ amall Al
N "5 S Y ™A @~ )

2. Bem spreading {Citcullt tiald)

8 = 6882 /_])
Onlty valid for small 435 i.e. small beam angle,
Pressurs on axis of ideal transducer is well defined.

Contour plot shows approximate field shaps. (Many transducers are VERY
far from ideal).
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Interaction with defects

The scattered, diffracted, transmitted and mode-converted f{eld generated
following the Interaction of even a simple fncident wave field with s
target may be very complex, Even {n the long wavelength limi: the
scattering dats depens upon 22 properties of the scatter, which in the
geuneral case can be independent (Richardson 1978).

The major components in the scattered field tesult from;

1. specular reflection
2. wode-conversion
3.  diffraction
4, diffuse scatter
A .
In many structures the geometry will considersbly influence the
situstion. i.e. a crack end on is & point scatterer, while the same
festure side-on it {s & specular reflecter,

The understanding of tha {nteraction of a particular vave/target

interaction can be approached in several ways; -

1. Aoelytical theory

2.  FKumerical wmodels

3. Laboratory studies on *{deal’ features

4, Hessurements on teal features e.g. real fatigue cracks

Some standard references ars to bs found in the paper by Kraut (1976%)
slthough advances sre still being made,

Elastic wave scattering snd diffraction

The theory for alastic vave scattering e at present far from adequate,
A range of high and low frequency approximationa, combined with nuverical
wmodelling can however provide much useful information.

1
Various reviews for the present state of the theory hava been produced,
and useful introductory reviews have been produced by Kraut (1576b) and
Dean (1982).

-9 -
~Bractical Utirasonic NDT,

There are nuw a vast range of practical ultrasonic NDT techniques
for defect detection and location, soma of which also give dafect
sizeing and characterisation. The standard text on practical ultrasonic
DT ie Zrauthkramer J & H, (1983),

These methods can bs groupsd in ssveral way;

The sinple testing configurations include, a single transducer in pulse-
echo mode are shown in Fig 4 to give A,B, and C scans. A shear wave
transducer in pylse-scho mode ia shown as Fig 5. A transmission
inepection method which uses two compression wave transducers is shown
as Fig 6,

Buch techniques can then be considered further in terms of the
informtion collected and used;

1. Amplitude (the most commonly used dats when combined with time)

2. Travel time or time-of-flight. (Shown in Fig's 7 and &)

3. Spectroscopy. (frequency Contant)

4. Node-conversion or scattered waves, (wave type and changes in wave
type).

The technigues can be considered as twn gropus, defined in terms
of bhow they ars applied;

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

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

For eizing cracks using ultrasonic techniques there are;
i. Pseude-sizing techniques( give an acoustic size ralatiye to a

‘standard reflector).

{a) flat bottom hola. NB BOT A TRUE SIZE for the defect,

(b) measure distances of a scan and distance which signal is

above a threshold. Better but tend to under estimate true
geometric size. (d > A}

1f. Accurate sizing (true geometric size of target)
{a) Proba displacement: (d > ))
Nessure & plot features at extreme ends of crack; 6 or 20 dB drop.
(b) time of flight; surface or body waves. (Best d>> \)
lc) Scatter analyeis; Range of measurements at several angles
range of frequencies.
(d) Inversion echemes; SPOT and Born inversion, {(d=))
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All ultrasonic NDT techniques are based on the interacticn aof
ultrasonic waves with the component and any defects which mwy be
present. The fundamental parameter for the ultrasound is then the
wavalength (1). As already tndicated a wide variety of practical
approaches have been developed to detect and mize defects andi these can
be ordered i terms of the ratio of the flaw size to wavelength ratio as
shown in Table 7. When the parameter ka is usad the various scattaring
reglemes can be easily defined (k is the wave number and a i3 the
characteristic dimensjion of the scatterer). The figure f{ncluled with
Table 7 shows the ecattersd amplitude for a range of ka for a sphers.

In general terms ultrasonic ADT im eitber based on 'Inagicg’
(Tittmann (1980)); ses Table 6} or direct analysis 0f the re’lected or
scattered uitrasound, It is then the wavelength which limits the spatial
resalution or spot eize for a focused transducer. The physica of the
forward scattering problem are now quite well established. (Thompmon and
Thompson (1985)) Problems do however remain for the theory fer rough
ccatterera and those which contain wany small pores,

Scattering interactions also depend on the ratio of the
dimensions of the flaw (D) and the grain size (d) of the base material
which deteraines the attenuation apd grain scattering and their ratio
with the wavelength.

D/% can be used to characterise the dafect response;

and D/d or  d/A can characterise the attenuation and scattering ard in
turn the signal~to-noise ratio for the aysten.

The other fundamental parameters which hava already been discussad
are the ratio of the shear and compression wave velocities (Ws/Ve)
together with the acoustic impedances (Z) for the base material and
their ratios with the corresponding parameters for any inclumiocos. The
Vs/Vc ratio for the base materia) is of importance in the deters:nation
of the responee for crecks and voids.

4 wide range of theoretical developments have been made and
models of a range of types can now be used in the design and validation
of new NDE techniques. Current interest {s in the extenaion of theory to
cover more complex and rough scatterers and the solutfon of Invarse
scattering problems. 4 range of computer based forward scattering modals
have now been developed which can predict ultrasonic performaice. The
best modelsappear to be thoss produced at Ames Laboratory lowa State
University. (Thompeon and Gray (1986)).

In many practical cases when convantional yitrasonic shear or
conpression wave techniques are employed for finished componeats 1t is
the part geomstry which limits the XDT capability. Another practical
problem is the considerable differsnce ip response schieved feor real and
artiffcial cracks as shown in terms of POD data given in Fig ».

Contral to almost all advanced ultrasonic DT is the move to
couputer based systems which sre sither mixed analog/digital or

~04=
cumplately digital. This naw technology bas opeasd the door to a wide
range of improved imaging, image processing, eignal processing and
inveraion echemes. A key area in this changs has been the increased
capability of high speed analogue to digital conversion. For transient
20 MMz signa} capturs 100 or 125 Mz sampling capability is now
available in saveral instruments. The avallability of standard
ultrascnic transducers which can operate at frequencies above 50 MRz
has significantly i{mprovad the potential detection capability in high
frequency C-ecan or acoustic microscopes. Standard analogue ultrasonic
instruments are now available which work up to 150 MHz.

Given computer based systems and digiticed data, improvements can
be made to the system signal-to-nolse performance. Most techrigues which
impraove the 5:N have implications for either scan times or computer
power needed or both. Increasing the power to the transducer bas been
6hown to be able to increase signal levels by up to 12 dB. The use of
focused transducers can aleo provide improvements in power levels by up
to 6dB.

Averaging is found to improve S:X performance by saveral dB, for
exasple, in theory 1f only random noise is present given some 10* cycles
an improvement of 40 dB could be achisved., In practice between 3 and &
dB reductions {n noise are achieved by 64 averages; however this does
depend on material properties and grain size. Nore complex techalques
such as cross correlation and avtocorrelation can be employed.

Signal processing, such as deconvolution, is slsa an integral
part of yltrasonic spectruscopy, to ramove constant background signals
and reduce signals to their impulse response given the optimum fiiter.
Dynamic averaging can be used on coarse grained materials where the
traneducer etep is small compared with significant defect eizes and the
€lgoals are averaged in groups of three or mors nearest reignbours.

Nany papers have been written on signal processing for NDT;
however most systems in use for precision component inspection at
present appear to use simple pulse-echo measurements and A-scans. The
*A' scan responses for a series of flat bottom hales FBH) which ars used
as standard calibration responses are shown as Fig. 10.

Given a basic ultrasonic system an improvement of the grder of
30dB in S:N can be expected to be able to be achieved through improved
system design and signal processing. Over the next few ysars there can
be expected to be increased use of digital ultrasonic instrumentation.
New transducer configurations and direct computer based inversion such
as Born inversion or SPOT employed. Both immarston and water Jot
couplant systems are being employed.

2. For bulk ingpection with improved fransducers :
Using broad band or focused high frequency ultssonics. (10 to 50
NHz) Such bulk inspactione can ba usad to produce an image {(C-scan) or

individual reflected pulses can be studies and inversion schemes such as
8POT or Born inversion can be enployed. The digital systems now being
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developed with colour graphics systems can give improved detection
capability. The various Lnversiun schemes which are being used to
characterise small scatterers remains the subject of debate and further
evaluation work is clearly required.

For surface inspection two specific techmologies are under
:nnsmzunnn._

These involve ; 1. the use of leaky Rayleigh waves. and
11, the acoustic microscope at about 50 Mbz. (A mejor part of the
contrast {n the acoustic microscope is due to the presence of leaky
Rayleigh waves, o these technologies are related.}

Leaky Rayleigh waves generated with a comprescsion wave transducer
set at the leaky Rayleigh wave angle. The transducer is thenm used in &
pulse-echo mode,

The acoustic mictoscope has been develnped significantly as an
industrial tool by GE f{n the USA (Gilmore et al (1986)) to give an
instrument working mostly at 50 NHz, but can be used at almost any
frequency between 10 and 100 MHZ. This system has the capability to
look at complete aero-engine turbine discs.

The difference between an acoustic aicroscope and a normal C-scan
systen used near a surface can be considered to be that the C-ecan looks
at the compression wave signals reflected from a particular plane,
wherenas an acoustic microscope locks at a combination of compression and
leaky Rayleigh waves gemerated at a surface. The compresalon/leaky
Rayleigh wave interaction is characterised by the V(Z) curve.

Areas for possible development in ultrasonic NOT are ENATS,
(Electromegretic Acoustic Transducers) and in laser generated ultrasound
which can ba used to give to give non-contact inspection. Phased arrays
can be used for improved scanning.

EMAT's have now been daveloped which can operate up to a frequency
of about 5 MHz. The major problem is the generation of a very high
mgnetic field in a sm)l volume and the heating due to high currents
required to flow in fine wires. They are also attractive as they can
generate SH, SV and Compression waves depending on the design uaed. They
are one of the few practical ways to provide SH waves which have
considerable attraction for use as an inspection wave field, not least
because ths mathematics used to analyse the scattering problems is much
easter than far 5V-C wave problems,

Laser generation of ultracound is an area of current work. It bas
considerable potentlal for non-contact inspection. Given optical fibre
technology using this form of ultrasound generation and for crack
detection. Work is In progress to understand and use both the surface

waves and the bulk waves generated vsing from laser generation of
ultrasound,
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There has been significant interest in the development of phased
array ultrasonic systems. Moust of this work has been limited to the
inspection of thick eteel cections in the nuclear industry. Todate many
systems have operated at low frequencies and the nusbers of elements in
the arrays have been linited, not least because of the complexity of the
electronics involved. Complex arrays are used extensively in medical
ultrasonice and in the fields of Sonar and Radar and theare is the
potential for its application in NDT. Linear arrays and sinple
cylindrical arrays are being employed in medical systems, but as with
nuclear inspection thie tends to be at a lower frequency («5KHz)} than
that used in aero-space NDT.

Current Capability of ultrasonic NDT,

In the 1974 data given in Table 1 {t wes stated that a laboratory
detection limit for surface cracks in steel using ultrasonics of 0.12 ma
(120 pm)> and a production limit of 3mm could be achieved. Using leaky
Rayleigh waves at 10 MHz, cracks of 0.05 mm ( S0um) can easily be
detected on a good surface.

Yarioue defect characterisation scheses such as Born and SPOT
(which give type, size and orientation data) are now avallable for
evaluation on real components. Given improvements in transducers and
automated digital instrusentation production ultrasonmic NDT should ba
capable of development, within 5 years, to give a detection capablility
close ta a 50 pm linmit for the inspection of metals with a 10 Ja or
less grain size.
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Beferences for ulirasonic EDT..

General references sre to ba found in the Quality Technulogy and Metals
Handbook, (see references for Introduction)

Elastic wave theory:
Ewing ¥, Jardetzly and Press F (1957) Elastic wavea in laysred msdia.
fcGraw Hill.

Graff K. (1975 ¥Wave motion in elastic splids,
Oxford.

Standard text on ultrasonic DT,
Kravtkramer J & B (1983) Ultrasonic Testing of Naterials.
Bpringer-Verlag. (3rd Baglish Edition)

Additional references from text;

Gilmre R 5, Tem E C, Young J D and Howard D R (1986) Acoustic
microscopy from 10 to 100 Miz for tndustrial applications.
In *Novel Techoiques of NDE*, Edited by B A Ash and C B Scruby
The Royal Society, London. pp 55-75.

Halmshaw R (1978) Mathematice and formulae in FNDT. NDT Nonograph F1.
British Institute of NDT.

Kraut E A (1978) Applications of elastic waves in electronic devices,
KDT, and seismology. IEEE Ulirssonics Symposium, FProcsedings.

Kraut E & (1976b) 1EER Trans. Sonics and Ultrasonics,
Vol BU-23 (3) pple2-167.

Tittmann B R (1980) Imeging in NDB. In “Acoustical Imaging, Vol o*
Bdited by K Y Vang, Pienum Publiehing Corp. pp 315-349

Thompeon R B and Thompson D 0. ¢1985) Ultrasonice in nondestructive
evaluation. Proceedings ot I1EEE, Vol 73. pp 1716-1755.

Thompson R B and Gray T A (1986) Use of ultrasonic tools in the design
and validation of new NDE technlques. pp 169-180
In “Novel Techuiques of ¥DE", Edited by B A Ash and C B Bcruby
The Royal Socjety, London.

Advanced research in;
Review of Progress in QEDE, Vols 1- 6. Edited by D O Thompson
and D Chamenti. Plenunm.

Procesdings; Ultrasonics International. {Biannual, '71...83,85,87

lournals:
Ultransonica, (Butterworth), and NDT publications,
Also 1EBE, Acoustic Soc. America and IEE Journals,
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Single and Double Transducer Systems

Al
B,

Single Transducer (A,B,C, Scan; Reflection Mode)

Double Transducer (C Scan; Transalssion Mode)

Miltiple Transducer Systems

A
!.

" C.

Sequenced Linear Array
Electtonically Phased Linear Acrray
Two~Dimensional Array (NXN) .

Systems Using Optical Diffraction or Reflecticn

A.
n.
C.
D.

Laser Illuminated Liquid=-Air Interface
Bragg=Diffraction Imaging

Laser Illuminated Mewbrane

Lasar Scanned Solid Surface

Model Based Reconstruction

A.
n.

Born Apptoximation
POFFIS

Table 8 Types of Ultrasonic Imaging Techniques
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Ultrasonic Inspection
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dcoustic Emizaiop,

Thie technique is in many cases cslled a non-destructive testing
or comdition monitoring tool. However it is not a true NDT technique as
it is based on the detection of the stress waves generatsd when a crack
grovet!

It was reported by Brunel over 150 years ago that acoustic
emission in wooden roof boards wae used by tunnel workers to give the
best indication of increasing load. Acoustic emiesion in metals
developed from studies in the 1930's and '40's. The initial work
considersd frequencies in the range 150 to 10,000 Bz. Vork by Kajiger in
1950 18 considered to ba the firat serious work inthe field of AE
applied to metals. recent work has im sany cases concentrated on
developing techniques to monitor pressure vessels. The frequencies of
interest tend to be above the audic band and below the conventional
ultrasonic NDT frequencies.

The physics of the waves encountered in AE are the same as for
ultrasonice. An acoustic emission is like & mini-earthquake and it is a
small line or peseudo-point source,

A set of trensducers with a wide-band frequency response are used
{usually three or four) and the arrival times of stress waves from the
eslssion are recorded, the source can then be located by triangulation.
The concept wes very popular about 10 years ago and it was & techaology
that was oversold. It is now being reconsidered as the science base has
developed. It has its usas but must be considered with care. Some
material is quiet snd gives few or weak AE events whaen a crack is
grovingt 1t is difficult to interpret and quantlfy either the source or
the effect of a complex geometry on the waves, In some cases the Elgnal
to noise for AE events 18 poor and background wechanical noise can make
positive detection difficult. For good detection and location AE events
sbould be inside the receiver pattern.

Various forms of Acoustic. Pulsing which are sn active ultrasonic

systes are being ueed to fingerprint structures. This remains an ares of
current research.

Relarences.

Matthewa J R, {(Bditor} (1083) Acoustic Emission. MDT Konograph, Vol 2.
Gordon and Breach Science Publishers,

The development and current practice of AE is considered im;
Dukes, R and Culpan E A. (19084) Acoustlc Emission: its techniques and

applications. IEE Procaedings Vol 131 Pt 4 ¥o 4 June. pp 241-251,
(83 refersnces)
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Eddy current inspection {s based on electromagnetic induction. It
can be used to seasure electrical properties, detect seams, laps cracks
etc, to sort dissimilar metals and to measure coating thickness. It ig a
non-contact technology which monitors surface and near surface
partameters.

Eddy current BDT caombines electromagnetic induction, the theory
and application of induction colise, the solution of boundary value
probless to describe the flelds, sensitive instrumentation for
detection, display, data recarding and metallurgy.

Electromagnetic induction wag discovered by Faraday in 1831,
Maxwell in 1864 presented hie classical dissertation on the
electromagnetic field. [n 1879 Hughes used eddy currents to detect
differences in electrical conductivity, magnetic permeability and
teapersture in metal.

Ao eddy current Instrument for measuring wall thickness wag
developed by Kranz in the mid-1920"s. By 1935 Farrow had developed an
inspection system for welded steel tubing. The tnspection frequencies
were 500, 1000 and 4000 Hz. By 1935 the small drilled hole vas
introduced as a calibration standard. In the early 1940's Forater and
Zuschlag developed eddy current {mspection instruments.

A bleck diagram showing eddy current goneration in a tube or rod
is shown as Fig 11, 1t 1 changes 1n the coll-sample impedance which
are sensed. Four types of ¢ddy current instrument are shown in Fig, 12,
It 1= the interaction of the induced eddy currents with the sample under
examination which is the basfe of this typs of NDT. A search coil over
8 plate is shown in schematic form as Fig 13, The inpedance plane
diagram for the system shown in Fig 13 is shown as Fig 14. The change in

impedance seen between points A and B can be caused by several factors
which are considered below.

The equivalent circuit for the eddy current/sample system and
phasor representation s considered further in Figsas 15 and 16.

The science base for the quantitative understanding of eddy
current defect interaction Ls weak. Theory based on analytical solutions
1 limited to Symmetric geometries and non-magnetic (linear) ieotropic
media with coils made from a single loap. A surmmary uf much of the
available theory has been provided by Tegopoulos and Kriezis (198%5).

34
Vhen real complex coils and real 3-D cosponent and defect
geonetries are considered analytical solutions are nat yet available
‘the maths is bard or very hard) and numerical models based on finite
elemant methods are now being employed.

- Llve
For simple configurations which are mostly in 2-D and invo
cylindrical s.gstals it is possible to predict the impedance for the
systes. Data from eddy current ipspections is usually shown as an
impedance plare diagram, :

The basic alectrical properties are the electrical cnuductiv.lty
and the magnetic peruaabtufy. In inspection systems the *11ft-off’ or
coil sample separaticn is a key variable; this paramseter also changes
the coll-sanple {mwpedance. The effect of changes in varlous parameters
tn the impedance plane display ia shown as Fig 18.

It is however found that at a particular frequency it is the eddy
current skin depth and the probe characteristics, in particular those
cf the ferite core material and the ratios of these paramaters with
defect dimensions that in general deteraines detectlion capability,

The basic ekin depth for an eddy current in a material ia
calculated using the squation;

§=(xfper)n

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

B flux density.

B magnetic fiald strength,

f frequency of exciting field.

The two parameters which characterise response are then;

D/§, where D is the defect size, usuvally its depth ,
and l/d: vhere 1 is the surface breaking length and d is the prabe
dianeter,

The two major variables in an ¥DT systes then become the type of
coil {(absolute or differential) and the operating frequency. To ensure
good detection defecta are required to be of the mame order or greater
tian the skin depth, features deeper than 1.5 skin depths will not be
detected.

To extract more data from eddy current inspection multifrequency
E¥stens are now being used. Also some work s in prograss to use data
collected as a part is scanned. However much work remains to be done if
an adequate science base for eddy current defect intaeractions ie to be
developed and sore quantitative analysis provided.

Practical eddy current NDT at present tends to rest on the use of
test blocks with daltbration features.Todate 1ittle has been done to
extract more quantitative sizing data from the conventional eddy current
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ispedance plane displays, Multifrequency instruments have baen

introduced and eddy curtent arrays ars being investigated. However most
systems still use a relative ratber than quantitative sizing techsiques.

Further eignificant improvements in the fundamental science base
for eddy current defect interaction can be expacted within 5 to 1e
years. Progrees is being made by several groups. Tha complets analytical
sclutions for many probe-field-defect intaractions cannot ba expected,
but numerical models and approximate theories are being daveloped,
although progress does remain slow, It is an area where the problems
are hard, as systems involve 3-D field problems.

Najor progress has been made in terms of detection capability
using small ferrite cored probes. In the USA the YIG ephere has bean
developed as & sensor at Stanford Univereity and this is under
evaluation by GE, with USAR support.

As with ultrasonics, advanced analog and digital eddy curremt NDT
Gystems are under development. Also automated scaaning has already
significantly improved the detectfon capability that has been achisvad
on real components.Multifrequency instruments can be expected to be
developed furthar. New forss of data treatment, eddy current inversion
and data display are all under consideration. At present the major
proules i the lack of adequate forward modele for tha field-defect
interactiona.

Eddy curreant systems which employ the Nortec 33 are part of the
Kelly USAF base BFC inspection system. Also as part of this progras a
range of small probes are being developed and evaluated. For eddy
curreat inepection the probe design ie a crucial element.

Capabllity of eddy current NDT,

Eddy currents have been desonstrated to have a good capability for
defect detection using automated !inear probe scanners for disc and
blade fir tree regioes and rotating probes for uss in bore holes. This
capabllity has been quantified as was shown in Fig 17.

Eddy current EDT cen in mny geometries be expected to detect
defects with a high reliability down to crack depths amaller than 0.D010
ioch (= 0.24 mw) and in some cases to half this figure.

TwD new electromagnetic ¥DT systems are now availabla. The firet
system i made by FN Industries and itis designed for turbine disc
inGpection. The system uses Nortec eddy current equipment, and
Intelledex Robot and DEC cowputers. Few details have been released byt
1t specification states that it inspect discs with a maximsn diameter
0f 1200 mm and with a thickness of 500 mn. The claimed inspection
capabiiity ie detection down tg 0.8 om (800 um) surface length .

G-
The second system uses Blectric Current Perturbation methods and
it hac been developed by Southwest Research lnstitute for use on non-
mgnetic super alloys and evaluated on the F-100 engine diecs. The ECP
system can be usad to scan a wide rangs of disc reglons. Iraces have
bean ebown with {ndications from motches down to 0.22 x 0.05 am. Good
eignal toc noise is being given for defects af 0.47 x (.17 as.

In the data given in Table 1 the eddy current laboratory limit was
Eiven as 0.25 mm (250 ym) and the production limit was given as 2.5 ma.
A crucial elemeat in determination of the detection limit is combination
of surface state, probe dasign and its frequency, and both the material
properties apd their geometry.

References,
Quality Technology and Metals Handbooks. (ses Introductiom)

The available analytical theory for some eddy current problems ig
given by;

Tegopoulos J A and Kriezis E E (194%) Eddy currents in linear conducting
wedia. Studies in Electrical and Electronic Engineering, Vol 16
Elsevier.

The theory for eddy currents has been reviewed by;

duld B A, Muennemano ¥ G and Risziat N (1984) Quantiative modelling of
flaw responses in eddy current testisg.
Research Techniques in NDT, Yol 7, Ed, R § Sharpe.
Academic Press.
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Potential Drop Technd ques

In addition to conventiunal eddy current ¥DT there arc various
putential drop techniques; DC PD and AG FD. Significant progress has
been made in the application of ACPD or ACFM to offshare structures.
(Dover et al (1486)), The theory Involved in field-defect interaction is
Glmpier than for conventional eddy currents.

¥hen an electric current passes through a metal sample there i3 a
drop in potential with distance which depends on the sample resistance.

Ohms law; Y¥=1/R; V volts, [ current and R resistance

The mzasurenent of this drop in the potential with distance forms
the basls for the potential drop inspection techniques.

in this course only one form of potential drop ie mentioned and
this 1= ACFD or AC field measurement,

The AC tield is induced in a sample and the potential measured
between two contacts. When the messuremsnt head is positioned over a
crack, which is deep compared wiih the skin depth, the change in
potential is proportional to twice the crack depth. The ACFM technique
1z shown in schematic torm as Fig.29,

For the electromagnetic inspection technique known as ACFM two
tamalies approximate theory solutions are avallable for field-defect
interaction and these correspond to thick and thin skin approximations
both defined In terms of the D/§ ratio. For ACFX the theory is simpler
than tor eddy currents as the problems in general reduce to calculatign
of the potentials in a surface skin and hepce only involve two space
dim:nsions. (Dover et al ¢1U86)

1t is a technique which has been ertensively daveloped to monitor
crack growth in fatigue studles. loint contacts are required to measure
the potential on the part.

References,

Colling, K, Daver ¥ D and Michael (1965) The use of AC field
meacuremcnts for WDT. In "Research Techniques in MDT, Vo) 8°
Ldited by ¥ S Sharpe, Acadenmic Press,

-42-

impressed field induced field .
Fouxe 1. Messurements required for crack depth prediction in a uniform ac field distribution.

s

Vi/d = Vy/(d+42d,)
80 that d, = (14)(Vy/V,1).
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Hadingraphy,

Radiography in ail its various forms e probably the most comnonlw
used NLI techuology. It provides a record ot the Inspection and an image
of any detect. In particular when used on site and when gamma cources
are employed there are major health Ind safety questions which require
caraful attention to detall. Also radiography has linitations on the
types uf defects that it 15 most sulted tg detect; e, g, tight fatigua

LTacks can be missed unless eXposures are performed frop several
ditections,

The usc of X-rays tor NDT was Suggested soon atter they were
discpvared in L8935, but the short wavelengths needed did ant bacore
avallable wntil about 190%. The fundamental aspects of X and fanma -
radiopraphy are wall ecstablished,

Thir currant range of types of radiography use;
X"rays, gagma rays and neuirons,

The fundamental aspects of the interaction of radiation with
mitter are used in several types ot tysteas. Two hasic classes gf x-
radiography arc periormed and these are; 1§, radiograpny where a film or
SENCOr 1s waed and tluoroscopy where a screen and direct ar TV viewing
is employed. The variable factors in radiography are chown as Fig 21,

In recent ycars the technoliogy used tg implemant radiography has
been developed to Elve; Real time.,and Hicro-tocus. systems. A standard
X-ray tube system is shown as Fig 22,

Tue most important parameter which can be uzed to characterize a
radiozraphy syctem is jte Epot siza. This i3 determined by the
wavelength for the radiation Biven at a particuyar energy and the
gedoetry of the x-ray tube and detector employed, Spot size down to 0 5
B2 and now much less are balng achieved.

Various data which characterizes X=ray cystems is given ac Figs 23
and 24. Fipure 23 shows tho reiationship between POwWer rating and focal
spot dismetors. The relationchip botween wavelength and rolative
intensity 1z chown as Fig 24. It 1e then the detector Ecometry and the
wnitivity of the filmgs deteztor employed, Biven the number pr photens
recelved  which determines detection and resolution limits and the
fuensitivity. Tg redyce eXposure time and improve lmaging vapability for
thick metal sectians 8amaa radiography 15 uzed. The €nergy spectra for
three pamms ealtting izgtopes f= chown as Flg 24,

.

Basic rudiographic eyustions
(1} Absorption. The intensity of a collimated beum of_engrgetic emergent X- or gamina-rays
having passed through a solid (ignoring scutter) is given by

fofe™™

is Lhe intensily of the emergent rays, I, is the intengi!y of the incident rays, uris the
;::::;orpli':m ooe’I'rlcient for trl.:n malerial.lll the particular wavclength of radiation
uscd), t is the thickness of the material, and ¢=2.718. . ) ‘
TIL relationship beiween linear and mass absorption coefficients of & particular
material is given by .

H=inp

where ;1 is the linear absorption coefficient, My i8 the mass absorption coefficient, and pis
the density.

value thick The hardness or penetrability of an X- or gamma-ray beam is ofien

@ ::'Iamtfm win lerl'::’::f the thickness of a particular absorber which will absorb I!all' of ll!e

incident radiation; this is known as the half-value layer {HVL) for the material and is
given by the expression

HvL29

Huv
where siyyyy is the linear ubsorplion cocfficient for & practical oonlinunus-epergy X-ray
spectrum .

(3) Inverse square law.l The intensity of a beam of eadiation falls-off as the square of the
distance from the source. Expressed in terms of caposure

Exposure required at distance 4, 4?
Exposure required at distance d, Ff

(4) Limiting wavelength of X-rays. This is defined by the expression

1238
1-—'*7-

where 1, is the minimum wavelength of the emitted radiation and ¥ is the mazimum
operating voltage of the X-ray tube, expressed in kilovolts.

Buld-up foctor. This is & factor which describes that smount of radiation scattered from
® the x-‘r‘:mm which falls on to the film, but which does not oonlﬂbute_ to the formation
of the true radiographic image. The lactor, B, is given by the expression

1,
Bwml+ i;
where 1, is the intensity of the scatiered X-rays and I, is the intensity of the direct image-
forming X-rays.
(6) Fitm density D. This is given by the expression
1 '
Dwlogye 7* R
' s
where I, is the intensity of the light incident on the film being examingd and 1, is the
L
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source, is given by . | | 4
v tD
= Fer ) C:Ieomtm l'mage. Jormation, _Thg relationship between the size of the source and image
where 1 is the specimen thickness. For good quality gamma radiographic work i s sharpness (see Figure ) is given by
generally accepted that U should not be more than 0.25 mm,

aD
Ugm-2r.
intensity of the light transmitied through the film at any particular point. For example.a ° F —a
film density of 2 implies a light trensmission of 1 per cent. where U is th Iric i h
o ) A a 18 the geomelric image unsharpness, D is the diameter of source, F is th
(T 1Q1 semsitivity. This is given by the cxpression distance from sotirce to film, and 2 is the distance from flaw to film. The max::nm:
Thickness of smallest detectable 1QI element unsharprcss, which arises when the law is at the sutfuce of the test piece nearest to the
itivi - |
Sensitivity (%) “Thickness of specimen x 100 - .
) e (12) Ran'ioisomptdacay. Theex ial : .
®) Rad i E). This n b . poncnlial decay rate of 4 gamma-ray isotope so
(8 Radiographic exporure (E). This s given by of s o gumerms ofa haf-fe, which s the time fer which the strengit s oenns s o)

E=It* ‘ of its origina) value,
. . . . . N vy C.-Coe-“"'w

where 1 is the intensity of X-ray beam. 1 is the caposure time, and p is Schwarzschilds
constant (1.0 for direct X-rays and approximatcly 0.8 when salt screens are used). 4

oumber of factors affects radiographic exposure, which can be expressed as Wwhere Cy ia tpb:. initial strength, C, is the strength afer time ¢, and H is the hatf-life valye

for the jsoto,
4F

E=Zir

where d is the object-film distance; F is a lactor incluenced by the sample characteristics,
filtration of beam and generator characteristics; A is the X-ray beam curremt
(milliamperage); V is the generator kilovoltage; and » is the power value dependent en *
kilovoltage range,

9) Thickness sensitivity, §. This is given by

s~ 100= 22221 L 0 ] 100
x pGpx In

1f the focal spot for the system ie uscd to define an image pixel
taen the uze of projection radiography can further improve performance

where S is the precentage thickness sensitivity (e.g. a code might caf for | per cen: : ia terns of recolution and also increase thefr:?iugrag:t;;::t;::; in
sensitivity), Ax is the minimum thickness-change which can be discerned on the However come types of defects such as tight fa 8“:1"“‘; radiography.
radiograph, x is the sample thickness, AD is the minimum discernible density difference gome orientations may not be detected using conventio

deteclable by eye (usually beiween 0.006 and 0.01, depending on the film viewing

conditions), u is the narrow-beam lincar absorption coeflicient, Gy, is the film gradiem ¥hen production inspection is considered inspection time, limits

{d(D)/d(log E)) at the film density used, I, 1¢, i the ratio of scatiered/direct radiatice Tt comentioma Shotog anhy rome tachalave. an Boteees o o
::':f?:;:: rraching the fim at the point being considercd, and U +"'”b'] i the “build- :: th "Spuricus' indications, a lisk of some sourcec of such indications

is given as Table 9.

(10) Intensification factor for Intensifying screens.

The most interesting arcas for development are micro-focus

E radiography and CT scanning. A CT system e shown in schematic form as
ID-E#“J- F_g 25.
L]
i Forward models for simulated radiographs have been developed tn
where Iy is the intensification factor at film density D, Eqp is the exposure required 1c some flelds and CT-computed tomography system modeiling is now helng
produce density D with no screens, and Eyy) is the ex posure required to produce density € developed.

with the screens.
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Capability af Badiography,

There have been vary coneiderable advances in radiography in recent
years. Nuch work has been performed in the medical field and thare 1s
technology which could be applied to DT problems.

Two areas where there have been particular developments are in
microfocus I-ray and computed Tomography {(CT). This is now being
developed for iimited sector scanning which has considerable potential,

The use of microfocus techniques has reduced the spot size and
projection radiography combined with new thin salid state detectore hae
improved system resolution when compared with the data given in Table 5.
A key factor in determination is arienation of defect and source, When
the capabllity of X-radiography is evaluated POD data of the fora shown
as Fig 26 may be obtained, Fatigue cracks are bard to detect.

It 18 to be expected that within 10 years CT systems will ba used
for tbe routine inspection of critical high quality components. Real
time radiography, and digital radiography based on solid state
detectors can be expected to be developed further. A major factor which
may limit their use in NDT is the initisl capital coat of a systea.

¥hen a CT system im used there can be solid state detector
widths down to 4 thou which can give 25 micron spatial resolution. The
detection capability for density change ie 0.02% This figure was
obtained for CT on a hemisphere of plastic about 6" in diameter,
This data can be compared with dafect detection limits in steel of 0.5
am given in Table 1,

Referances.
Quality Technology and Netals Handbooks, (Ese Introduction)
There are various texts on industrial radiography;

Halmehaw R (1971)Industrial Radiography Techaiques,
¥ykebam Publications, London.

In radiography the images are in many cases comparad with standard
radiograpks;

Table G Sparieus ‘images’ oo radiographe du to fawity techaique
Appearance on radiograph Probable cause Remarks
General fog giving an red Over-development. Use of badly  Development should be Rrictly
iowering of contrast oo siored fim. Defective safelight. to film manufacturer’s
Old fibm recommendalions for lime and
temperature. Salclight may have
lamp of too high wallage
Finely mottied fog OMd film Check date on film issue
Dark or arens, pomelimes Insuflicieny fixatjon Fix for not less than twice time
with ll:::e-hke elfect e required 10 clear. Check
exhauslion of fixing solulion
Random streaks or splashes Water deposited oa film afier Water shaken from film clip on
processing to pantly dry film is & frequent
cause .
Light circular or d Spiashes of water or fixer on It is possible 10 confuse cither
puiches rop sheped film priot to development with weid defocts _
Dutk circular or drop shaped Developer splashes oe film This blemish may be confused
paiches before total immension in with porosity
developer
Dark areas, usually cresceat- Pressure marks due to faulty Most fikm muhn:;da:::y ‘
sha kandling of {ilm sficr cxposure  pressure-sensitive
ped . should be handled by edges i
only }
Light areas, usually cresceat- Pressure marks due 1o faulty Most (ilm emulsions are very !
shay ing of film before exposure  pressure-sensitive snd they .
ped haodling shouk! be handied by edges i
only :
Sharply cullined light or dark Nog-uniform flow of developer  Immerse film smoothly into
muw - over film developer and agitat: film )
during development ;
Dask lines or cracks Scratches on (ilm emulsion or Examine screcns and renew i .
on Jead intenaifying screens mnry.Dakclmy.be ]
confused with cracks in object
being tadiographed
Dark branched lines or dack Static electrical discharges o Rubbing or aliding one film
pols surface of uadeveloped fitm over another, or drawing {ilm .
quickly from wrapping paper
may cause this (ault. It is -
possible to confuse this defect
with cracks in object being
radiographed
Darik fi int markings Film touched before Handle film by edges only with
e development with chemically clean, dry hands spd keep film
coniaminaled fingess protecied as long as passible. A !
partial, indistinct finger print ‘
can be very misleading o
Light finger prist mackings Film touched before '
development with greasy fingers
resulting in restricied
development [ 3
Random mark Dust, tobacco ash, dendrff, These blemishes may lead 10 '
e \ loose hairs, eic on film or considerabie confusion when
screens interpreting radiographs
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Reference radiographs

Sets of reference radiographs which show the appearance of weld and casting defects of diﬁ_mm
degrees of severity through different metal thicknesses are commercially available and listed
below. These are particularty valuable for instruction purposes and are used by some
organizations as scceptance standards.

ASTM E%9 Reference radiographs for stee) welds, USA (1963)

ASTM E|135 Reference radiographs for inspestion of sluminium and magnesium castings, USA
{1979}

ASTM E.186 Tenltative reference radiographs foc heavy walied (2-4] in) steed castings, USA
(1974)

ASTM E.I192 Standard reference radiographs of investmsent steel castings for acrospace
applications, USA (1975)

ASTM E242 Tentative reference adiography for appeamnce of radiographic images as certain
parametiers are changed, USA (1974)

ASTM E.272 Tentative reference radiographs for high strength Cu-base and Ni-Cs alloy
castings, USA (1979) .

ASTM E.280 Tentalive reference mdiographs for heavy waliod (4)-12 in} sicel castings, USA
{197%)

ASTM EMO Tentative reference radiographs for tin-bronze castings, USA (1965
MIL-STD-T79 Reference radiographa for steel fusion welds 0.03-3.0 in, USA (1968)
Collection of reference radiographs of wekds in steel (with three supplements), 1IW
1962)

Collection of reference radiographs of welds in sluminiwn and shimimiugs alloys,
1IW (1963)

4=
Basic NDT techniques,
Liquid Pepstrant Inspection,

Liquid penstrant inspection is one of the most common torms of NDT.
It can alzo be simple and cheap to use. Thie family of inspection
techniques can be considered in two groups;
1. dye penetrants and 1f. fluorescent penetrants.

This group of inspection techniques can only detect surface
breaking cracks or other voids. Any featura that will not let the lquid
penetrate will not be detected.

The pbysical principles are based on the wetting characteristics
of particular liquids. A fiuid 1s required which has the ability to wet
the material to be ingpected and 1t aiso has a low surface tension so
that it will flow. The basic characterists for watting charactristics
are shown in Fig 27, The key properties of the penetrants are therefore
low viscosities and thelr ability to penetrate into opan fine cracks.
The second aspect of the technology 1s that sufficient penetrant must
remain in a fine swall crack, after cleaning and developing to give
either a dye or a fluorescent indication which can be easily ()
detected by efther an inspector or an automated inspection system.

It is interesting to note that t-he data given in Table 1 gives
penetrant as the technology which provides the lowest ' detection
I1tmit', at 1,25 mm, when used for inservice inspection.

The five essential operations for penetrant inspection using
vater-washable material are shown in Fig 28. There are corresponding
sequence of operations for other types of penetrants such as the post-
emisifiable penetrant,and the process flow diagram for water washable
l1quid penetrant i1s shown as Fig 29. .

The final stage in each inspaction ie the actual inspection;
depending on the agents used aither s dye will be sean in daylight or
viewing under UY 1ight in a dark room My be required.

Por these groups of substances and their related cleaners,
remvers, developers and contrast agents the fundsmental properties as
well as thelr analysis is based ip the field of physical chemistry,

There is no simple parameter which can be used to messure
performance which carresponds to the ultrasonic Dri ratio or the eddy
current skin depth § which can be used as s measure of expected
detaction capability.

The performanca of penetrant ¥DT has been evaluated {n several
studies. Howaver 1t has been found that 1t can be unreliable. Examples
of the POD data colleced for penetrant inspection are shown as Fig 30. A
mjor study be the USAF achieved PUD data with fluorescent penetrant
inspection is shown in Fig.31  To improve penetrant performance repeat
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independent inspections can be used, but this does increase inepection
time. The degree to which the reliability of inspaction can be improved
is shown in Fig.32.

The major problems which limit perforsance have been associated
with the buman factors involved in viewing each individual component 1w
a dark room and the variability with which the technology ie
laplemented; which 1e 1in part due to variable component and defect
parameters and in part dues to human factors. The large uncertainty in
the USAF POD (Fig 31) ts falt to be due to this human factor. It has
been shown that the best Lmprovemants in POD are achieved through the
use of several independent inspections.

In aero-space NDT automated turbine blade viewing penetrant
Systess are being developed. WYork has been performed by Rolls Royce
to give a system which uses lasaer scanning to detect remaining
pepetrant. Similar work 1s in pragress for the USAF, Cnly limited data
has been found which quantifies the performance of the current automated
and semi-automated penetrant inspection. This technolaogy can be expected
to remain in common use for largs area inspaction; the current best
practice must bacome the norm. In the course of the next few years the
various completely automated penetrant systems can be expected to be in
operatioh and avaluated.

It has been predicted that the detectlan of surface cracks,
inclusions and large gratins in forged and cast materials will within the
next 5 to 10 years be perforsed by avtomatic systems that will replace
humans used for surface inspection in dye penatrant inspection.

References.

Quality Technology and Matals Handbooks (Ses Introduction)

in}

Gond watting

Yo Wetting characteristics o evoluated
when # i leog

Fig. | Five ssoential

N

-5G-

b‘-\!l'ldl.hhmuudm’m.lm

Mﬂ'(ll:m-m-uui.n-.-

Gorbiagong agent
operations jor liquid- WMMWWMM

Liguid-Penetrant Inspection

and & solid suiface. Good
gresier (b) and (c).

3 Liquid Waler
Cllﬂ‘n Dry eneivant . Dwall rints
Dry
Rework Rejact dove Ory
’ v Nonaqueous
Scrop .; :Ml_ jn~  Develop probioy i Dry
Agquaous
Cleon Accept Ory .

Fig.  Processing flow diagram for the toater-washable liquid-penetrant system




Probability of detection, %

100
20

[:[+]
70
60
50
40
30

20

-53- !

Aluminum alloy 2219 (

Muminum alloy 22 9
Liquid-penetront inspec iarg, T

Liguid-penetront inspechon; bl ,
equal-Faw-size-intervol method ’ N\:If"mm—qaiz T::?tod 1
J ta) Py ] e
O 5 10 15 20 25 30 3 40 45500 5 10 15 20 25 30 38 40 45 50
Croch length, 0.01 in. Crock jengih, OO in,
Fta 30, oy . Mﬁ. 0‘,- w IM"‘E‘I.
= -T—:= = mu:mm--
L '—II'I“.-:- J,at"'_— .
A7
/;' e P TR
[f: / Pl
s [ ]
1y >
[l' .; ,, -
' 4
H L
L L . miimmnn

(i) e [
A ASHM S W0 e

Figure 3L - Probability of Detection -
Fluorescent Penetrant Inspection (FPI)

-

Crack depth (3:1 asPect_ ratio)

Fluorescent penetrant inspection
Lower 95% confidence limit

| — 4, Independent Inspections

Il — 3, Independent inspections
Iit = 2, Independent inspactions
IV — Single inspection

-3

58~
NPl 18 the prefered method for syrface crack detection in
ferromagnetic matertals. [t is a commonly used technology which can be
cheap and quita sinple to use. It can be used to detect surface breaking

and major near-surface defects, It can be performed using either a dry
powder of a liquid which holds magnetic particles in suspension,

In addition to the magnetic particles this technique requires the
presence of a magnetic field. Where thig f1eld leaks out of the materia)
under test due to the Presence of a defect the magnetic particles are
attracted. On large components a high magnetic field is required and the
field needs to be perpendicular to the edge of the discontinuity,

The leakage fields in a broken bar magnet are shown as Fig 33. The
magnetic particies collect in the leakege field generated by defects. A
mjor requirement is the application of a magnitisation field. This is
shown as Fig 34. The effect of direction (defect orientation) on
detectability is shown as Fig 35,

to give give POD data. Vork is in progress to seek to make this
technelogy more effective and to quantify its perforsance. Given a gaood
field geometry and well orientated defects it can be quite an effect
technology.

There are msjor potential problems with the need to need to
demagnatise a sanple and ensure the removal of the magnetic matertial
which has been applied,

Various groups have been engaged in magnetic field calculation to
s#ek to understand WPl better. Also varivus formss of detectors, such as
the hall probe, bave beep scanned across defects to got a quantitative
®easure of fleld strengih,

References,

Quality technology and Matals Handbooks (Ses introduction.

More detafied treatmant ia given in;

Magnatic Particle Testing,

(1975} ¥DT Momograph Ni,
British Institute of DT,

43 pp
Northampton UX,
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