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THE MISSION OF AGARD
The mission of AGARD is to bring together the keading personalitics ol the NATO nations in the ticlds of
scicnee and technology relating to arcrospace tor the tollowing purposes:
Fachanging of scientific and technical information:

Continuously stimulating advances in the acrospace scicnees relevant to strengthening the common detonee
posture;

lmproving the co-operation among member nations in acrospace research and development:

Providing scientific and technical advice and assistance to the North Atlantic Military Committee in the
ficld of acrospace rescarch ard development:

Rendering scientific and technical assistance, as requested. to other NATO bodies and to member nations
in connection with research and development problems in the acrospace {ield;

Providing assistance to member nations for the purpose ol increasing their screntific and technical potential:

Recommending effective ways tor the member nations to use their rescarch and development capabilitics
tor the common benefit of the NATO community.

The highest authority within AGARD is the National Delegates Board consisting of otticially appointed senior
representatives from cach member nation.  The mission of AGARD is carned out through the Pancls which are
composed of experts appointed by the National Delegates, the Consultant und Fxchange Program and the Acrospace
Applications Studies Program. The results off AGARD work are reported to the member nations and the NATO
Authorities through the AGARD serics of publications of which this is one,

Participation in AGARD activities is by invitation only and is normally limited to citizens of the NATO nations.

Published Ociober 1975
Copyright © AGARD 1975
620.179.1:629.73.083.02

National Technical Information Service is authorized to
reproduce and sell this report.

&

Set and printed by Feclnical Editing and Reproduction 1td
Hartord Howuse, 7 9 Charlote St London, WP HID

il

{
i

L. b

PP

et it . e st st

b bt b bkl Al bt s

it a s



e

CONTENTS

VOLUME 1

PREFACE
LIST OF CONTRIBUTORS

FOREWORD

1. INTRODUCTION

Chapter 1.1  PHILOSOPHY OF NON-DESTRUCTIVE INSPECTION
by E.Bolis

Chapter 1.2 BASIC CONCEPTS IN FRACTURE MECHANICS
by J.Eftis. D.L.Jones and H.Liebowitz)

Chapter 1.3  DESIGN FOR INSPECTION AND PLANNING FOR MAINTENANCE
OF STRUCTURAL INTEGRITY
by H.Tyrer

Chapter 1.4 STANDARDS OF ACCEPTANCE BY NON-DESTRUCTIVE INSPECTION
FOR RAW MATERIALS AND COMPONENTS
by H.F.Campbell
2.  GENERAL TOPICS

Chapter 2.1 SURVEY OF PROBLEMS
by R.J.Schlickelmann

Chapter 2.2 CRITICAL SURVEY OF METHODS
by E.J. Van der Schee and P.F.A Bijlmer

Chapter 2.3 QUALIFICATION OF PERSONNEL
by R.Hilverdink

3. METHODS

.1 MAGNETIC PARTICLE INSPECTION
.2 LIQUID PENETRANT INSPECTION
by G.Magistrali

Chapter 3.1 3.
3

1

A

Chapter 3.2 EDDY CURRENT NDI IN AIRLINE MAINTENANCE
by M. Van Averbeke

Chapter 3.3 X-RADIOGRAPHY
by A. De Sterke
AMNEX: RADIATION SAFETY
by A.H.AM.Ropke

Chapter 3.4 X-RAY DIFFRACTION
by A.Tronca

Chapter 3.5 GAMMAGRAPHY IN AIRLINE MAINTENANCE
by M. Van Averbeke

Chapter 3.6  ULTRASONIC AND ACOUSTIC METHODS
by K.G.Walther

Page
i
iv
vi

Reference

58

83

91

129

141
169

331

| A i e e A




Chapter 3.7

Chapter 1.8

Chapter 3.9

DETECTION AND DETERMINATION OF FLAW SIZE BY
ACOUSTIC EMISSION
by C.E.Hartbower

LIQUID CRYSTAL AND NEUTRON RADIOGRAPHY METHODS
by S.P.Brown

HOLOGRAPHIC METHODLS
by E.Maddux

VOLUME Ul

4. PRORLEMS

{ Chapter 4.1  THE NON-DESTRUCTIVE MEASUREMENT OF RESIDUAL STRESS
by F.Rotvel
F Chapter 4.2 NDI OF WELDING
by G.Fenoglio and G Magistrali
Chapter 4.3  NDI OF BONDED STRUCTURES
by M.Tréca
Chapter 4.4  NDI OF COMPOSITE MATERIALS
by W.L.Shelton
Chapter 4.5  DETECTION AND MEASUREMENT OF CORROSION BY NDI
: by A.R.Bond
5. APPENDIX
Chapter 5.1  SUBJECT INDEX
Chapter 5.2 CROSS REFERENCE TABLE SHOWING WHICH NDI METHODS
MAY BE USED FOR INVESTIGATING VARIOUS TYPES OF DEFECTS
Chapter $.3 NON-DESTRUCTIVE INSPECTION PROCEDURES, USAF
(T O. IF 104A 368 4/5)
Chapter 5.4 NON-DESTRUCTIVE TEST MANUAL, BOEING DOCUMENT D6 7170
REV. 14 MAR 15/74 (PART 4, §5-10-07. PART 6. 55-00-00)
}

Reference

k1Y)

449

459

471

e e ——— P il -




P B AL el

I

AP SIS g TP

CHAPTER 4.1

THE NON-DESTRUCTIVE MEASUREMENT OF RESIDUAL STRESSES
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The Technical University of Denmark
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THE NON-DESTRUCTIVE MEASUKEMENT OF RESIDUAL STRESSES

F.Rotvel

411 RESIDUAL STRESSES AND THEIR IMPORTANCE
40111 Defnit .. of Residual Stresaes

Roesidual stresses s defined as all stresses acting in a body when all sutfaces ate unloaded and budy Forves ate
absent. Resulting forces and moments on the body trom residual stresses are 2oto. Residual stiesses are divided into
chaiswes aconding to the range over which they are in equilibrium. In English literature it is @ common practice to
divide residual strosses into microstresses and macrostresses, microstresses being defined as stress systems which are
in cquilibrium over distances of the order of several grain diameters and down 1o atomic distances, whik macro-
stresses arv in cquilibrium over macroscopic distances,  In German literature it has been comnion practice to use a
still finer division for microstresses, as illustrated in Figure | (taken from Retorence 1) Stresses which are in equili-
brium over several grain diameters are called stresses of the 2nd kind.  Streswes which ave in cquilibrium within the
grains are called stresses of the 3rd Kind. and stresses which are in cquilibrium over atomic distances are called stresses
of the 4th kind. Howewer, the trend is to drop this fine division because of the dificultios involved in tae definition
and separate measutemant of different Rinds of microstresses.
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Frg.1 Definition of residual stresses of difterent kinds.  After Peiter!

Tae present chaprer treats only the nomsdestructive measurement of macro-residu. U stresses.  Microstrosses are
only considered in so far they cause errors in the measurement of macro-restdual stress.

At the bepinning of the present century, all residual stresses were considered to be dangerous to the material
and were avoided where possible by stress relieving heat treatiment. Nowadays it is recopnized that residual stresses
may be cither beneticial or deteimental, depending on their sign and distribution and it has become common industaal
practice to induce beneficial residual stresses in the surtaces of highly logded members

In many ways macio-residual stresses influcnce matenal properties in the same way as the mean value ot a
loading stress. There is no difference in the nature of residual stress and mean steess and their effects on matenat
properties aie additive. However, thore may be a ditference in stability during the htetime of a specinen because
the residual stresses may tade. This proslem wind e seturned to later,
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The cfTect of micto-tesidual streses on material promerties has Aot yer been solved. This (s because mivrustresw
sie created in provesses which also wark hatden the material. making it impossibic to wpatate the effects,

The nondestructive detection and messurernent of residual strcases is almost exclusively done by the v-ray diftre-
tion method. which there{ore will dominate this chaptet.  However, suite progress has recently been made in an
ultrasonic teshdual stress measuring method and in the Knoop-diamond indentation method. The ucinsiples of the
letter two methods will therefore be vutlined and the cyperiinental difficulties will be discuswed.

4.1.1.2  Effect of Mean Strems on Fatigee Strength

Fur over 100 yeats it has deen well known that variable sttesses may ause cracks in a stracture, even if the
stresses are well below the yield point. This phetomenon was trrmed fatigue.  Since then there | s beeh an ewet
increasing offort to prevent failures by fatigue. One of the successful ways of incteasing fatigue strength has been
found to be the introduction of compressive residual dtresses in surfaces of highly loaded members. To understand
why compressive fesidusl stresses are hencficial fet us study the effect of mean stresses on fatigue.
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Fig.2 The effect of mean stress on the fatigue Hmit of vanous .0 oels
and aluminium alloys, After Fotreste

Iy Figure 2 results from tests on steels and aluminium alloys with difterent mean stresses are plotted. The data
have been collected dy Forrest? tram diTerent sourvces. o, i the stress amplitude at the fatigue lmit, o, is the
meed stress and gy s the yield stress. The tipure clearly shows how a comprossive mean stress increases the permis
sible stress amplitude. while a tensile mean stress lowers the fatigue strenpch,. The stress conditions for the tests
swowh i Figure X were uniaxial and the specimens were annotched.

4.1.1.3 Effect of Mean Stress on Stress Corrusion

Stress corrosion (i the accelerated tormation of cracks when a matenial is loaded with static tensile stresses and
at the same time is attacked by a corrosive medium.  Accordirg to Champion® susceptibility of a metal to stress
corrosion implics a greater deterioration in the mecharical propertics of the material through the simultancous action
of a static tensile stress and exposure to 2 corrosive environment than would occur by the separate bat additive action
of those agencies.  Most metals and alloys are susceptible to this form of cortosion. Stiess corrosion cracks make
the materal fatigue damawe sensoive because of the stress concentration factor at the crack tip.

Figure X shows typical recults from steess corrosion tests on an aluminium alloy in NaCi solution fhund by
Helfrich®. The abscissa in Figure 3 is the time to total faitare. 1tas evident that g threshold stress enasts below which
stress conosion cracking does not take place. Below the threshold stress nonmal corrosion oceuns. The threshold
stress is tempetature dependent and dependent on material and corrosive medium. - So tar, correlation between
laboratory tosts and service lite has not been good Threshold vatues determined in the ataratory are therelore not
likely to be useful as guidelines for the inspector, However, whenever o tensite resadual stress is measured in the
surface of a material that is known to be stress corrosion susceptible, the sk of stress corrosion cri ks should ke
vonsidered.
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Fig.d  The etfect of mean stress on cottosion bite. Abter Hellneh®

412 PRINCIPLES OF RESIDUAL STRESS FORMATION

This swition deseribes provesses by which residual stresses are created. I this abo a st ol proceses whoae
presenee s o be soupht. and may be detected by resadual stress mwvasnnng methads,

4.1.2.0  Mastic Defurmation in Regions with Stres Gradients

Asan illstrative cxample o how residual stresses are formed by plastse deformation, 0t s look at an anhaliy
stress free beam Joaded in bending and et us suppose the matenal has the working curve of Pyure 40 When the
moment s smali the stross distribution s linear o shown an Figare 30 Wath incecaang mmament the streses i the
upper and the lower surfaces reach the tenule and the compeeasive Vicld satress respectively ton the tensife wde thy
MECSS I8 oW At point A in Fipape 430 AL sBH tareer momen? the matetial elds an the surfaces, and the deformaton
s poverned by the conditions that plane cross sections reman plane and there s egailibrinm of moments and streaes.
AL the largest bending mament. My, apphied, the stress distribution: may be ke the tully deawn hoe i Dipure §

I we look at Figure 4, the matenai in the tenule surface may how have reachad point B The dashed e

Faigure Sthh indicates the siress distribution it the matenal had behaved clasticaty, Durige unloading the matenal
behaves clastically, tollowing the hine BC an Figure 4. Thus, to obtain the resutting residual stress distteibution,
shown in Figure Steh we have 1o subtract the dashed e from the fully drawn hine of Fipare $Ehh Ater unloadng,
the upper and the lower surface contain comprossnge and tensale residual stresses, vespevtinedy | e the resibiad steesses
created by phistic bemding are oFf apposite sign o the toading stressex, Plas reaalt s gencrathy valid abo for other hinds
of plastic ioading.

The important thing to nutice here is that 1 the beam ater s tatigue loaded with wements smaller than and i
the same direction as the lanpest predoad moment. then the masmum atresses i the sutfaces will be smanes than
no prefoad had been apphied. because the resdudl stresses subtzact from the loading stresses. This leads to an imyprove:
ment in tatigae strength. Comenady . a fatipue loading mament directed opposite o the pretoad mament waill show
4 lower fatigue strength, hecause the seide o stresses add o the loading sreses.

The panciple of applving a st overload when the fatipue lowding s unidirectional s used an proceses ke
atretching of natched details and preseting of springs. Hesdes introducing compressive eesidual steesses in hughly
loaded arcas, a turther advartage o obtained compared 1o 4 nopstreated specimen i the specinen contained tensele
resedual stresses it the as-fabnicated state. Such tensile stresses disappear when yvelding take place.

So tar, only static overloads wath essentially the ame kind of toading as the fabgue oad have been consdere d
As the fatigie process s wsually concentrated w the surface, vanous mwethads have been adopted which introduce
compressive residual steesses focally at laghly leaded areas of the sarface. Among these methads may be eentioned
th Shot-peenimg, in which the surface s bombarded with small preces of steed, €20 Stean pecting, where the speomon
sirtace s loaded an tonion while g shot-peening treatment s carnied out, o that lagher compreaane residual stresaes
are obtainable in the directhion ot the tenuale toad: 130 Cold rolline, i wiach a roller under pressure s toreed over
the surface, and (38 Seress camamg. whach s g methad of plastic vold working the materal around holesan

struvture .
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Fig.§8  The creation of residual stresses in g beam when ioadine with moments exceeding toe vield moment

Fig.d  Fxample of stressatrain cutve and the strossstpess stran cune
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In each of these methods the surface material is load=d locally beyond the tri-axial yield stress. Unloading takes
place elastically in the sa'ne way as the stresses on the tensile siie of the bending example (Fig.5), and a compressive
residual stress results. Figure 9 shows the residual stress distribution after shot-peening and strain-peening measurea
by Mattson and Roberts® on SAE 5160 spring stezl. A static teasile load of 60% of the yield stress in the strain-
peening treatment doubles the residual stress compared to co:iventional shot-pecning..

test surface test surface
plim Lialely

500 1
/ ’t?mnsverse stiess)

|
//—L/

S
(¢ ]

res. \IINIm2
(o]

\}

dual stress Mi/mZ
o

- 3\ -5
£ 500 N 500
]
] longitudinal str!s%
< -1000 2-1000 OrIm e ST
e longitudinal cnd transverse z
lstresses i
-1500 -1500 |
0 25 50 75 0 25 50 75
depth pum dopth pm
conventionally shot-peened +60% strain peened

Fig.6 Residual stress distribution t:low the surface of shot-peened and
strain-peened specimens. After Mattson and Roberts®

Fabrication processes like machining, grinding, polishing and cold drawing produce residual stresses in essentially
the same way. From the scant data available it seems that shapering, lathe machining. griding and cold drawing are
processes that may produce tensile residual stresses at or near the surface. Figures 7—10 show examples of such
dangerous tensile residual stresses taken from the literature. These residual stress distributions should only be taken
as guide lines. Large variations occur, depending on the degree of cold work and depth of cold-worked material.

4.1.2.2 Temperature Gradients

If the cooling rates of surface material are sufficiently higher than tbat of the center material, resi-fual stresses
build up after heat treatments. Figure 11 shows schematically changes in the longitudinal residual stress during
symmetrical cooling of a lorz cylindrical rod. 1t is assumed that no phase changes take place, the residual stresses
therefore being a result only of uneven thermal contraction. First the surface cools off, while the center is still hot.
This creates tensile stresses in the surface balanced by «.-mpressive stresses in the center (the stress distribution at
time t; in Figuie 11). When the center starts cool! - : »ff, the stress difference between surface and center decreases
and then changes sign, because the cold surface hinders the thermal contraction of the center. Finally a stress state
as shown for time t, is reached. The maximum stresses will usually be somewhat less than the yield stress.

At welds, residual stresses are crcated by the same mechanism. Figure 12 shows residual stresses around a butt
weld. The stress parallel to the weld is tensile in the weld and in the material immediateiy adjacent to it. This tensile
stress is balanced by comnpressive stresses away from the weld. Near the edges the parallel stresses obviously reduce
to zero. The transverse stress in the weld is tensile near the center a~* compressive near the weld ends.

Spot heating is a 1nethod of improving fatigue streagth which relies on the residual stresses created during
cooling. If a structure, preferably a plate, is heated locally and then allowed to cool, a residual stress distribution
around the center of heating develops. Figure 13 (taken from Reference 11) shows schematically the resulting stress
pattern. The idea is to make use of the balancing compressive tangential stress which is created a small distance
away from the center. Figure 14 show the correct position for spot heating and the effect on fatigue life.

The Gunnert methtod is another means of introducing residual stresses to improve fatigue strength. Here the
place to be treated is heated for a longer period than in spot heating in order to get high temperature also in the
underlying layers. The surface is then quenched by a jet of water. Compression stresses are created in the surface,
balanced by tensile stresses in the slower cooling volume.
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Fig.11 The creation of residual stresses in a rod during cooling. Afier Peiter! ]
It is churacteristic of all residual stress distributions caused by uneven cooling rates that tensile stresses develop

in that par¢ of the body which cools last.

f 4.1.2.3 Chemical Expansion ot Contraction of Surface Material

Many metals and alloys may exist in buth stable and metastable phases at the same temperature. The meta- v
stable phase transform to the stable phases if the rate of diffusion is high enough. At normal operating temperatures :
the rate of diffusion will often be low, making the metastable phases stable enough for enginecring purposes. Usually
phase transformations involve a change in volume whereby tensile residual stresses are created in the more close-
packed phases balanced by compressive stresses in the less close-packed phases, This section describes briefly some :
processes which make use of this principle of residual stress formation and gives some examples of the stress distri- i
butions obtainable. :

Induction hardening, case hardening and flame hardening create metastable martensite in the surface. Martensite
being less close-packed than the base material, the resulting residual stress is compressive in the surface.

Carburizing is a process where carbon atoms are diffused inte a steel that is not in itself fully hardenable.
Carburizing improves the propertizs of the surface material and introduces some compressive residual stresses. Usually .
[ carburizing is tollowed by a hardening treatment which creates martensite in the surfuce. Figure 15 (token from g
3 Reference 12) shows the resulting residual stress distribution. ‘
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Fig.12 The residual stress distribution in the vicinity of a butt weld

Decarburizing is an unintentional removal of carbon atoms from the surface. Decarburizing leads to tensile
residual stresses, increased surface roughness, and lower mechanical strength of the surface material.

Nitriding consists of heating steels of special composition to temperatures about S00°C in contact with a nitrogen-
contiining medium. Nitriding gives very hard and fatigue resistant surfaces when used on special steels.

Cyaniding is a process in which the stezl is in contact with molten cyanide. Both carbon and nitrogen diffuse
into the metal.

Anodic treatment of aluminium alloys in chromic or sulphuric acid electrolytes produces a hard, shallow film on
the surface with good abrasion resistance and increased protection against corrosive attack.

With the exception of the anodic treatment, all the methods mentioned above create a surface layer with com-
pressive residual stresses balanced by tensile stresses in the interphase and the base metal. It is therefore often
observed that cracks start below the surfuce. The anodic treatment of aluminium alloys decreases the fatigue strength
because of high tensile stresses. When a shot-peening treatment is carried out either before or after the anodic treat-
ment, the fatigue strength equals that of the non-treated metal.

4.1.2.4  Electroplating

Electrodeposition of one metal on another is extensively used in industry for corrosion protection, wear resis-
tance, and salvage of worn components. The fatigue strength of some of these metal combinations has been found

to be much lower than that of the base material. The deleterious effect is attributed to three main problems created
by the electrodeposition process!3:

(1) Hydrogen embrittlement when the base material is stee..

(2) Development of fine cracks in the electrodeposit (especially if chromium is used).
(3) High tensile stresses in the deposit.

Hothersall measured residual stresses in various electrodeposited steels. His results were summarized by Harris!?
and Table i shows results from tests with conventional electrolytes, indicating large variations in sign and magnitude.
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Fig.15 The residual stress distribution below the surface after carburizing and hirdening.
After Hammer!?

TARLE 1
Electrodeposited Residual stress
metal
Cadmium Compressive (slight)
Chromium Tensile (0400 MN/m?)
Cobalt Tensile (marked)
Copper Tensile or compressive (0 -15 MN/m?)
Iron Tensile
Lead Compressive (30 MN/m:?)
Nickel Normally tensile (0 300 MN/m?)
Silver Tensile (slight)
Zinc Compressive (0- 30 MN/m?)

4.1.3 STABILITY OF RESIDUAL STRESSES IN SERVICE

Residual stresses are not necessarily constant during the lifetime of a component. The more important causes
of changing residual stresses are:

(1) Positive or negative peaks in the loading,

(2) Cyclic creep. and

(3) High temperatures.

Rosenthal'® collected data on residual stress relief by uniaxial loading from various sources and suggested a

simple relation to explain the data. Using as a yield criterion the simple maximum-shear-stress, which may be written
as

logl logl  layl  lay —oy1  log —ayl  loy — oyl g

max | ——. . . . = =X tH
2 2 2 2 2 2 2

the residual maximum shear stress [i.e. the lett iiand side of Equation (1)] measured after application of the load
was plotted as function of load maximum shear stress (Fig.16). The resulting test points hie close to straight line
within the scatter of experimental data. However, fatigue stressing generally seems to reduce residual stresses more
than the application of a single load. This phenomenon is due to cyclic creep.
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compared with Equation (1). After Rosenthal'

[T

Morrow!$ studied cyclic creep on 4340 steel at different hardnesses. Specimens were loaded with constant
amplitude and mean value of deflection and the mean load was recorded. Some of his results for the soft condition
of the steel are shown in Figure 17. 1t is observed that the mean stress gradually approaches zero during fatigue
. loading and that the rate of change increases with increasing amplitude. Morrow termed the phenomenon cycle-
L dependent stress relaxation, but the term cyclic creep can be used equally well.
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Fig.17 Relief of mean stress during fatigue life under constant deformation loading.
After Morrow and Sinclair'$

In notched specimens, cyclic creep alters the residual stresses because the creep relieves the stresses in the notch,

Compressive residual stresses are also sensitive to high temperatures, especially if the heating time is short and
the ccoling time long. During heating the surface material wants to expand but is hindered by the cool layers beneath
the surface. High compressive thermal stresses result, which add to the residual stresses. The compressive yield stress
is easily exceeded, especially since the yield stress is lower at high temperatures. If the cooling time is long only
small thermal stresses will be introduced, so the final result is a decrease of residual stress.
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4.1.4 MEASUREMENT OF STRESS BY X-RAYS
4.1.4.1 The Characteristics of the X.Ray Stress Meastrement

As is the case for all other stress measuting methods, the x-ray method is really a strain measurement. Strain
s defined as change ot length divided by original length. For x-ray messuremerts the length in question is the
Jistance between the reflecting lattive planes of the crystals. Comparcd to other stress measuring methods the x-ray i
method has the following unique charactetistics (summarized by Glocker et al.'®) : ;

(1) The x-ray method is only applicable on crystalline materials. i

(2) The measurement is truly non-destructive. The mcasurement leaves no surface markings and the state of |
the material is completely unchanged.

(3) Only elastic strains are measurcd. Elastic strains may be relatad to the sum of residual stresses and load
stresses using the expanded Hooke's law. i

(4) The measuremnent is selective. The measured strains are the average struins in a small propoestion of the
crystallites in the irradiated volume.

(5) The measured strains are perpendicular to the reflecting planes.

(6) The x-rays used are soft. The stress measurement is therefore restricted to a thin surface layer of the order
of 0.01 mm in which the stress state is biaxial. ‘l

It follows from property (6) that mill-scale, rust, paint, etc. should be removed and the surface roughness should 1
be low before attempting to measure stress by x-rays. The best way of achieving this is to use electroiytic polishing
Mechanical polishing or grinding introduces residual stresses detectable by x-rays, no matter how carefully these
treatments are carried out.

4.1.4.2 The Physical Principle of the X-Ray Stress Measuring Method

The x-ray stress measuring method builds on the principle of Bragg reflection. A crystallite only reflects x-rays
if the Bragg equation is fulfilled,

i

nA = 2dsiné, ) 1

and if the reflection planes lie in reflection position (as shown in Figure 18). In Equation (2), n is an integer, A 1
is the wavelength of the x-rays, d is the distance between reflecting lattice planes, and the angle 6 is defined in .
X

Figure 18. In x-ray diffraction, very intensive. monochromatic K,-radiation is used and the superimposed white
radiation is filtered out as completely as possible. K,-radiation consists of two radiations with slightly diffarent wave-
length, called Kg, and Kgy . The K, is appioximately twice as intense as the Kg, . with small variations from
metal to metal. It is not possible to separate K, and Kg, by the use of filters or electronic discriminators. In
stress work the intensity lines therefore appear as two neighboring lines. In hardened or plastically deformed steel
the two lines may overlap due to the line broadening.

: For given values of n, A and d, a given crystal either reflects x-rays at the angle 8 or does not reflect af

: all, depending on the orientation of the crystal. In a polycrystatline material, generally only few crystals will satisfy i

3 the reflection condition, as stated under property (4) in Section 4.1. Strains in a polycrystalline material change

i the value of d in different directions in the material. Equation (2) shows that a change in d will shift the angle i
0 . These angle shifts are measured and used to coumipute the stresses.

:
E

incoming reflected i
x-ra x-rays 1

i

!

e )
20
d
~——e o *———a — iattice planes

Fig.18 Reflection of x-rays from a set of lattice planes
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To increase the sensitivity of the stress measuremne 1t, it is desirable to inctesse the angle shifts as much as

possible for given values of strein. From Equation (2
A .
8 = un‘sin (—‘) . (-’0 1
N'| '
E panding 8 in a Taylorseties in variable d from the stvess fre lattive plane distance g . the following telation i
is obtained. ‘
1
d-—-d ]
0 -0, = —tan 6y —— T
k . i
b !
y Here it @8 evident that a latge angle shift is obtained when @, approaches 90° i.c. reflection lines in the back reflec-
tion region should be used. Table I jists some intensity lines suitable for stress meusurement. 1
: i
3 TABLE 1l :
4
; é Intensity Lines for X-Ray Stress Measurements
3 23 i
3 T . .
A Ka- T Reflecting , .
f‘ Metal radiation Filter planes Braugangle 0
N L R SR _
' § Cu Ni (S1H/ QA3 al.24
3 Aluminium Co Fe (420) 81.04 {
; Cr Vv (220 78.32 i
R S QU 1
Brass 8 CU Co Fe (400) 75.50 ’
SN 455 Cartridge Ni Co 3n 79 1
Cu Ni (213) 87.66 ;
Chromium Ca Fe (310 78.70 |
Cr v (D 76.46 :
C R Cu Ni (420) 7234 1
opper Co Fe (400) 81.78
Germanium Cu N SI1SY(71hH 76.48 i
Cu Ni (51 H/333) 78.92
Gold Co re (420) 78.77 .
Cr \% (400) 76.51 i
Mugnesium Fe Mn (105 83
Nickel Cu Ni 420) 77.83 1
tRe Cu Ni (313 7232
Cu Ni (511)/(333) 78.3§
Silver Co Fe (420) 78.20
Cr v (222) 76.03 i
« Mo 7r (651Y/730) 7698
steel Co Fe (310 80.63 :
teel o Cr v (210 78.01
austenitic Cr \Y (220 64 1
Mo Zr (62M 77,72
Tungsten Cu Ni {400) 76.84
Co Fe J (222 78.31
R S .

Figure 19 shows a surface segment with principal stress directions | and 2 and the normal 3. In the theory
of elasticity it is proved that the normal strain at the surface in the direction (9. ¥) is determined by

toy = §s,00, cos?e + gy sinf@) sin?y + 5,0, + 0y) . (1))
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The constants 0 “sticity §s, snd 3, ore connected with the normally used elmatic modulus E and Poisson
tatic » by the - mutlme

» 149
n = - and {3, = e (6)

Fig.19 A sketch of a surface sepment defining the angles y and ¢

From the theory of ¢iasticity wr also know the normal stress in the direction (¢, ¥ = 0):

o, = 0, cosly + C,sinty. M
Substituting Equation (7) into Equation (5) gives

gy = 80, sinty 4509, +0,). (8)
Differentiating with respect to sin? ¢ yielcs

3¢y v
asin?y
The important step to be taken now is to equate th. lattice strain

= {0, = m, . 9)

d—d
2 (10)
do

and the elasticity theory strain defined by Equa..oa (8). To measure 0, . the lattice distance d is measured at
several -values in the y-planc . the lattice strains as defined by Equation (10) are plotted as a tunction of sin?y
(as shown in Figure 20) and the stress is computed from the slope of the straight line conrecting the test points,
This so-called sin? Y-method is due to Macherauch and Miller??,

It is not necessary to know the stress-free lattice plane distance dg when computing the lattice strains, because
only the slope of the straight line in Figure 20 is used to compute the stress, The lattice distance measured at
¥ = 0 could be used just as well, the only effect being to shift the line without changing the slope. It is advisable
to measure d at least at four different Y-values when a new material or a new material treatment is measured.
When it nas been established that the plot is linear within the measuring accuracy, two measurements of d  suffice
to determine the stress in one direction. To measure both principal stresses-in the surface. when the principal stross
directions are known, requires at least three d measurements (oneat Y = 0, and twoat ¢y #0 and ¢ =0
and ¢ = 90° respectively). In this way the principal stresses are measured directly. If it is not experimentally
possible to carry out measurements at ¢ = 0 and 90°, the formulas given below for unknown principal stress direc-
tions may be used to compute the principal stresses. Only then is the angle ¢, known. If the principal stress
directions are unknouwn, at least four d measurements are necessary (onc at Y = 0. and three at ¢ # 0 in three

different y=directions). In this case the p-values, . ¢ and ¢, (see Figure 21) are unknrown, but we know the
differences between the @-values,

& = v — ¥ (an
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and
A = v —w. ad

and we can measure the sirens values @, . 0, and 0_ in the pdirections (Fig.21). From the known quantitics we

first compute ¢, from

sint Ao, — 0) — un'd (0, — o))

unt 24, v, — o) — sind QM0 — ¢,)

. RR}}

1
h = -sawlm

’ u-d

9 = constant P T’b‘o

lattice strain

Fig.20 Computation of the stress from the lattice strains at difterent Yangles

Then the principal stresses may be computed using Equations (14) and (15)

—uo, sin¥(g, + &) + oy, sindy, an
g =
' cost(y, + 4y) — costy,

e d + 4 — a4
o, = g, cos’(y, t) — Oy Costyy . (s
cosi(py + Ay) — cosle,

Recommended values of 4y and A, are cither 45° and 90° or 60° and 120°,

4.1.43  The Film Method

n the film method, the x-rays coming from the x-ray tube pass through the aperture in the center of the film,
20 on to the component and are finally reflected and detected on the film (Fig. 22, If the lattice distances d, and
dy are different because of stresses in the material the diftraction ring deforms brcause the Brage angle changes, On
the film the radii 1, and r, -re not readily measured, because the center of the film is not known with accuracy.
This difficulty is overcon.e by iaeasuring instead the distance, A, from the specimen diffraction ring to the diffraction
ring of a stress relieved powder of some reference materie’. Common reference materials are gold, silver and chromium.
The choice of reference matenials is dictated by the position of its diffraction ring relative to the specimen diffraction
ring. The diffraction rings should be close. but must not overlap on the film. Suitable reference materials may be
found from the Bragg ansles given in Table I for various combinations of material and Kq-radiation. The reference
material may cither be used as a thin foil which is attached to the surface (this necessitates two exposures on the
same film. one without and one with the reference material) or reference powder may be painted on the surface in
such a thin layer thut simultancous recording of both diffraction rings is possible.

The following quantities on the film are measured: 2r,. &, =71, —ry, . and 3, = r, — 1, . The sequence of
equations below shows how to compute the lattice strain for ¢ = .

() Compute the matenal to film distance from

I,

D= - ——
2 tan (20))

(le)

i
g
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Fig.2! Definition of the angles when the principal stress directions are unknown

() Compute the radius of the diffraction ring for the specimen matenial

21, -
n = T‘—‘-\‘. (e}

() Compute the Brage angle 6, by
N
6, = {arctan (—— . g
1 §are l))
(4) Compute lattice strain using

n\ nA

d. - do _ 2 sin 0‘ 2 sin OQ _ sin 8,
= = == -1, (RR1}
de nA sin @,

2 sin G,

It may again be mentioned that in Equation (19), instead of using de and the equivalent 0y | it is possible to use
any of the 8-values computed by Fquation (18) for the same stress measurement. Points (1) to (4) are repeated tor
cach V-value. Suitable angles of incidence WYy have been recommended by Macherauch and Miller!? (Table 1D,
The lattice strains are then plotted as shown in Figure 20 and the stress 0, is computed from the slope of the line.
Equations (16). (17), (18) and (19) are well suited for work with a small, programmable table-top computer.

To obtain sham and clear intensity lines on the film, a filter is necessary (see Table |l tor correct choice of
filter). Most often the filter 1s placed in the incident deam because a small filter arca suffices there. Now that large
filters have become available. it is possible to piace the fiiter directly over the film ie. it the reflected besm. Shamper
pictures are thus obtained. because the (ilter also absorbs fluorescent radiation from the material of the component.
A course grniined material gives diffraction rings with a spotty appearance that are difficult to measure. To impreve
the measuring accuracy the film may be oscillated a few degrees.
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Fig.22  Schematic set-up for the film method showing the x-ray paths and the diffraction rings on the tilm

TABLE Il

Recommended Angles of Incidence §, and Corresponding Values of v Tor the Film Method
(Macherauch and Maller'”)

. .
Angle Dotween surface
Brage anple | normal and primery beam Measuring angies
8 Ve v tand sin? )
78 RR 48 210128 D (0.290) 48 (0.500) $7¢0.700)
9 n 45 2210 1400 RENTIRIRY 44 10.482) S0 (0.688)
RO as 45 MARTIN 7 ) RANTUR 1) 48 (0.80M L5 (067 |
81 IR 38 9 10.0248 27 10.200) A6 (0.1345) 54 (0.652)
o R2 16 45 R (0.01M 24 (01600 RENTURT S 10628
o T E R -

The fitm method requires only <imple instrumentation. The high voltage supply for the vray tube may b of
a simple type. High stabilization is not necessary. The xeray tube should be of high autput to minmize the eyposure
time. Usually a squan anode window is used in film work. The tilm camera should be of the Nat plate hack
reflection type with provisions for oscitlation of the film. Cameras used for stiess work ore apen on one ade. Great
care should therefore be taken to ensure that no person entens into the primary beam with any part ot his bady
The film charactenstics should include hirh sensitivity, fine grain. fow fogging. low and uniform expansion Jue to
changes in temperature and humidity. and wide exposure range. The diftfraction rings on the film may be measuned
cither with a glass measuring scale or with a photometer.
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4144 The Diffractometer Method

In the difftectoneter stiem measuting technigoe e reflected irtensity is detevted by cither o proportional or
& wint Hation counter.  Geiger Malker countery afe not used because of *heir low counting ywed. The clectrival
impulses from the detector are counted of limeaveraged ih axmniated counting clectimice

One asdvantage of the diffrnctome.of technique compared tu the film cchiique is the highet peaktosbackeround
fatro ubtainable tecause of the combined offects of tiltenng and ¢hectrunic disshmination.  Anuther advantage is that
the intensity in messuted difctly oy o function of 32 . Cotrevtions for 8- and g<dependent intensity factors which
affeut the mosition and contoud ot the lie can canily e made.

Diffractometers usuelly cmploy Jduagg-Wreatano fovusing in messurcments with ¥ = 0. as shown in Figure 4
Brage-Brentano fovusing is chacacietized by the condition that the x-ray soutce. the sample surface and the vecviving
oit 2l ke i the are of @ vitdde. Notmally the suttace is not curved as ¥ wa in Fagure 23 but Rat. This tesults in
a lurs of sharpoese in the diffracted line, and nevesatates the use of snaller divergence shits,. When the sample is
rotated by the angle ¥, the tovusing point of the duiTracted beam is owd from A to B in Figure (1 Definig
v as positive when ditected as shown, the distamee AR is given by

o [ w

AB = “Q | - -
)
mx(v’ il 0)

On existing difteactometess the prodlem associated with the movement of the focusing point is handled in two
Jditferent ways. One way is to move the detector stit to point B . where the intensity is higher, A relatively small
detevtor is used.  The othet way is to keep the detector shit fined amd use a rolatively lampe detector stit,. The finst
method leads to greater intensitivs and is ain theony able to resohve finer details in the line shape. but in the hgh-
angle range used instress work there exist no fine details, because vven the Kg-doublet is widely dispersed. Abo,
the intensity lines of matonals where stress measateatents are wanted are generally broad because of cold work or
hardening, s that oven the Ky doublet Jisappears. Kitk' states that the detector slit movement shoukd be very
catetully adiusted Because an error of | pin when moving the detector shit 100 mm tawand the center toarresponding
I v < 60 when Ry = IR0 nun ) introduces an error of 0.0017°28 in the lae position. The shorter measuring
time obtained when moving the detector is thus compensated by a longer adjiustment time.

<
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41481 Practicl Bittractometers tor Steess Medsire ment

Ay aormal ditractometer imay bBe ised 0 neasaie siress, provaded the specinen holdee allows the wetotation.
Daftractometens are classificd as verticdl or horizontal, depending on the orentation of the plane defined by the primary
and the reflected beams, Larger specimens may be maounted on horzontal dittractometens. Bropertios to look for
in Jdiftragtometers from the user’s point of Vicw are acciracy and repeatabihty of 2setting, nunimum 20-angle that
can be measired. maximum specimen aze allowed, and how tast and how aceerate are the abgnient procedures.

Bevcaus normal diftractometers accommadate specimens of limated size onhy, spectal open diftractometens have
been developed which measune intensity hines in the back-retlection region onby. Figure 24 shows an example. Small
spechimens may be mounted on dhe little column. When measuring stress on Larger structures the ditfractometer is
turned 1RO7 op the ground plate, atter wihich it may be braught close to the spot of interest. Fapure 28 shows
whematic lav-out of the ditfractometer The vray tube with tocus Foand the tube camage 24 are locked insame
position on the circular rait 23 This position determines the angle wg of the inctdent ray (the same angle as oy
in Figure 220 vy may bevaried hetween 107 and ¢ ol In conteast to normal ditfractoniers, the angle o i
theecfore not constant when scanning through a ditfraction ane This man lead o ditticutties on broad tines when
using the y-dependent absorption factor.  During measurement the detector 64 and the detector varmiaee 28 scan
through the intensity ine The diftractometer s aligned such that vhe specimen surtace normat vomgides wath the
Savis of rotation, and the surface 1s 1a the center of the aircular rail. The value s changed by rotating the circular
rail around the axis, With this artangement all necessary movements are done by the diftfractonweter itwlit, while the
specinen paosition s fixed.

The use of v-ray stress measurement a3 production control reguirss high speed and imvolves iereased satety
demands,  Theretere, there has been an inciessing effort toward automation of stress measurement. The fiest step
in this direction was the automantic recording ot line profiles i stepsseanning and the automatic computation of hne
protile and position (Koves and Hy **)

An interesting approach to the rapid meastirement of residug) stresses is presented by Wemmann ot al =% Using
AN neray apparatus cquapped with two independent v-ray tubes and two independent dual detectons operating sl
tancousdy, they obtained repeatabilitios of ¢ 20 MN m? for measuring times of only 3 minutes. At only 20 seconds
measuring time. the repeatability decreased to + 200 MN m°. Figure 26 shows schematically the set-up. Phe vray
tubos and the specinen are fined it relation to cach other The two outputs from cach dual detector drnve a
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F focus |
FC focussing circle A
DC diffractometer circle j
D divergence slit 1
DT detector slit
S specimen i
C center of diffractometer 3
a divergence i
1
i
]
1
1

F
1 i
: 3
3
. q
:
' 3
] \—— ;
IE_'
‘ Focussing at ¢ # 0
Fig.23 The focussing conditions for the diffractometer method
null-seeking mechanism which moves the detector arm until the outputs are equal. Potentiometers are driven by a i
gear m. hanism at the end of the detector arms and the voltage difference developed between the potentionieters is
calibrate. to be proportional to the stress in the specimen and is plotted to give an immediate indication of the stress 3

value.

Commercial diffractometers have now become available which permit the automatic measurement of all intensity
lines for one stress measurement using the sin® y-method . The necessary input data for the intensity lines are
punched on a card which is read by the diffractometer control box.

[
i

4.1.4.4.2 Intensity Line Measurements

Diffractometer measurcmients may be taken and data obtained in two different ways: continuous scan and
step-scan.
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Fig.24 An open back-reflection diffractometer (courtesy of Siemens)
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Fig.25 The principle of the back-reflection dittractometer
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Sample

Puimary X-ray
beam No |

Ditracted X-tay beam No 1

Diftracted Dual detector tubes No |
X-ray beam \ 7
No 2 \
Primary -
guai \ X-13y beam .
etector No 2
tubes No 2 '

Fig.26 The principal lay-out of a special diffractometer for fast stress measurement.
After Weinmann et al.?®

In the continuous scan mode the intensity line is plotted and some graphical procedure is used to determine line
position. Continuous scanning gives recordings as shown in Figure 27. To determine the line position, the line sides
may be extrapolated and the crossing point used as a measure of the position. This method requires that the sides are
reasonably linear, which is not the case when the lines are broad or when the K,-lines partly overlap. A second
method is to construct a middle line to the two sides and let the crossing between the middle line and the top of the
diffraction line represent the line position. On broad lines this method is too inaccurate for stress measurement. A
third mcthod is to use the mid-point between the line sides at a given proportion (usually 1/2 or 1/3) of the maximum
intensity. While they fail on broad lines, on narrow lines the graphical methods are accurate enough.

It is important to note that although different measuring techniques and different computing procedures yield
different absolute angle positions, the necessary requirement for a good technique is that the line shift with change
in { is proportional to stress. This requirement is not fulfilled for all combinations of computing methods and line

shapes because the line profile may change with .

In the step-scanning mode the reflected intensity is measured at fixed angle intervals through the diffraction line,
and some computing procedure is used to establish the line position. For stress measurements the step-scan method
is generally favored because correction factors are easily applied and because it may yield higher accuracy. The
proper choice of number of steps and number of counts in each step depends on the computing procedure to be
used. Line location estimates may be obtained as the 20-angle of either the centroid of the line profile o1 the maxi-

mum of the line profile.

Determination of the centroid is a slow procedure becuuse the tails of the diffraction lines must be included in
the measurements. On broad lines some part of the high angle tail may fall outside the measuring range of the
diffractometer. Available diffractometers have an upper limit for 20 between 160° and 165°, the limitation being
caused by mechanical interference between the detector and the top of the x-ray tube. It is found that on broad
lines, determination of the centroid does not lead to greater accuracy in stress than the simpler determination of the
angle of the line maximum. [he centroid is therefore seldom used in practical stress work.

The angle of lin: maximum may be determined either by approximating the top of the line with a parabola or
by approximating lacger parts of the line with some curve approximation. The parabola method is well established

and has found general acceptance in the case of broad lines also.

Before attempting to compute the line positions, the measured intensities should be corrected for certain 0-
and Y-dependent intensity factors which influence the shape of the line profile. These are:
The polarization factor (1 + cos?28).
1

The Lorentz factor -_ .
4 5in20 cos 6
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i
:
0 E
‘ ;
Fig.28 Two ways of estimating the line position: (1) The crossing point of the tangents. ;
(2) The crossing point between the diffraction line and the middle line
The absorpiion factor 1 — tan ¢ cot 8 . 3
i
The polarization and the Lorentz factors are well ircated in ordinary textbooks on x-ray diffraction. The absorption j
factor, which was derived by Koistinen and Marourger?!, is the only Y-dependen. {actor. Al these factors are usually )
combined in one _
i1+ ¢cos?20)(1 — tan ¥ cot 6) %

PLA = - . : Q20
8 sin?0 cos (0)

Intensities measured in counts per unit time are corrected by division with PLA. The correction is only necessary on
broad lines, where it has the effect of improving line symmetry. This is most desirable, because most curve approxi-
mations assume the linc shape to be symmetrical.

hele S N,

In principle, the measured intensities should be corrected tor the background because the gradient of the back-
ground intensity (the change in background per degree 20) depends on the angle Y, and because line symmetry is
improved. However, u.ing a wrong background gradient only leads to small errors in stress. This is fortunate because
determination of the background on broad lines may be impossibl: on the high 20 side of the line and the variation
of background intensity bencath the diffraction line is unknown. Christenson?? suggests that the background tor the
martensite line of hardened steel is that of a pure austenitic steel. The importance of the background correction
3 S increases with decreasing ratio of line intensity to background intensity and increasing line width.

I el A
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3 : 4.1.4.4.3 The Three-Point Parabola Method

The line is step-scanned with low accuracy, i.e. with a small number of counts in cach step (below 10,000
counts). Three points are chosen which are equally spaced on the 20-axis, which straddic the peak, and where the
intensities in the outer points after correction by the PLA factor are approximately 85% of the peak intensity. The
intensity is then measured with great accuracy at the three points (approximately 100,000 counts) and the intensities
are corrected for PLA and background (Fig.29). A parabola is fitted to the measured points, and the 20-angle of
the peak of the parabola is computed from

3a+ b A9
a+b 2

(22

20peak = 200 +

4
i
)
!
A

Here 20.. a. b, and 20 are all defined in Figure 29.

The parabola method is the most accurate for very narrow lines or very broad iines. la both these cases the
% lines will be nearly symmetric after correction. In the intermediate width range, where the Kg-lines partly overlap,
L the resulting line prefile is skewed and the parabola is not a good approximation. This would not matter if the line
i profile were independent of Y-angle, because only relative changes of 20 with change in ¢ are necessary in stress
% measurement, However, some experimental tactors lead to Y-dependent line-broadening, thus changing the skewness :
* of the line profile in the case of partly overlapping Ky-lines. One remedy would be to remove the Kq,-radiation
‘t with a crystal monochromator, but this generally decreases the intensity to an extent that makes this soiution
; impractical. Another remedy is to use better line profile approximations than the simple parabola, as described in
r the next section.
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Fig.29 [lustration of the three-point parabola method

4.1.4.4.4 The Curve-Fitting Method

The most accurate way of determining intensity line positions is to approximate the line profile with a curve
which has the same general shape. A good curve approximation has the following properties:

20 —E ‘20—5—0)]
1 AIF( C ) BF( c (23

This is because the intensity line - -ofile is composed of two superimposed intensity lines due to Kg, and
Kq2 radiation. The shapes of these intensity lines (defined by tiac function F ) are assumed to be identical
except that the K, radiation is approximately half as intense as the Kg, . The accurate value B of the
intensity ratio depends on anode material and may be taken from tables?’, but generally L may be set
equal to 4. E is the 28-angle of the maximum of the Kg;-line. C is a mecasure of the line width. C gives
information on microstrains and on th: size of the crystallites. D is the 28-angle difference between the
Kq-lines. D may be computed from the tabulated wavelengths Ay, and A4y by the formula

b = 2&;;—%' tan(z—iul) .

In Equation (24) the angle 284, is determined with sufficient accuracy as the angle of the greatest
measured intensity after correction for PLA and background.

(1) It has the form

(24

-

(2) The function F = F(z) in Equation (23) is symmetrical about z =0,
(3) F(z) approaches zero as z approaches tinfinity.

The following types of curves all have the required properties and have been found useful for stress work.

i Fi(2) = exp(—2Y) (25)
] Fa(z) = i1 + 23 (26)
F F,( = (1 +2377. 3))
I That these curves are useful does not imply that the line profiles have precisely the same shape as any of the
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Equations (25) to (27). Many experimental conditions influence the line profile. The more important conditions
and their effect on the line profile are listed below:

(1) The detector slit yiclds a rectangular intensity profile of the same width as the slit.

(2) The intensity distribution over the anode of the x-ray tube (an example of which is shown in Figure 30
taken from Wilson®) yields intensity lines wivn the same profile.

intensity

1mm

position

Fig.30 Intensity distribution over the anode of an x-ray tube. After Wilson?*

(3) The Kg-radiations are not strictly monochromatic. The distribution of wavelength is approximately gaussian
{curve F, ., Equation (25)] around the mean value.

(4) The size distribution of the crystallites in a polycrystalline material becomes important when the crystallites
are small, because smail crystallites broaden the diffraction lines. The size distribution is approximately of
Cauchy type [curve F,, Equation (26)] /Ref.25).

(5) The distribution of microstrains is approximately gaussian {curve F, ., Equation (25)] (Ref.25).

In Equation (23) the parameters A, C and E are preferably determined such that the sum S of squares
of the normalized errors is minimized. This sum may be written

S = i(li — lcum,i)2 . (28
i= 1 s(lp)

where m is the number of steps, l; are the measured intensities, lne are computed from the curve approxima-
tion formula at the same 2@-value, and s(l;) are the standard deviations of the measured intensities.

l
V(Njy

where N; is the number of counts in the intensity measurement. The computing procedure is too cumbersome to
be made manually, so a computer program has to be used. For the computing procedure to be effective, the lines
should be step-scanned at least for intensities down to one half the maximum intensity, and the number of steps
should be much greater than the number of parameters (i.c. greater than 3) to be determined.

(PA))]

S(li) =

Although so many experimental factors contribute in different ways to the shape of the line profile, quite close
agreement beiween measured and computed intensities may be obtained as shown in Figure 31. The vertical lines
at the measured intensities indicate the uncertainty ranges defined as two times the standard deviation on each side
of the points, Equally good agreement was obtained for ¢ # 0 and for the narrow gold line.

4.1.4.5 Comparisons Between the Film and the Diffractometer Method

The cquipment for the film method is cheaper because the high voltage source dees not have to be highly
stabilized and because sophisticated electronics are not needed.

Wit.. “he film method it is casy to get access to large structures of complicated shape.
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Measuring conditions were: Cr-Kg . normalized carbon steel, 4° divergence slit. 1| mm receiving slit,
¥ = 0, discrimination with filter ond electronically, line profile approximation using Equation (27)

Fig.31 Example of agreement between line profile approximation and measured and corrected intensities.
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The dilfrectometer method is faster for the same accuracy., i

Generally the ditfractometer method is the more accurate, because increased ratios of line intensity to back-
ground intensity can be obtained.

On broad lines that result atter hardening or large plastic deformation of inhomogencous materials, only the
diffractometer method may be used because the measurement of the line position on the film becomes too inaceurate,

4.1.4.6 Experimental Factors Affecting Measuring Accuracy 3

4.1.4.6.1 X-Rav Elastic Constants

The elastic vonstant §s; used in Equation (9) to compute stress :annot generally be computed from Equation
(6) using the bulk values of the elastic moduli E and v, The value of §s; depends on many factors: xray tadia-
tion, the set of reflecting planes, grain size, degree of cold work, composition ot material ete. For the case of steel,
values of 4s; reported in the literature vary between 3.8 x 107 and 8.6 x 107* m?/MN depending on the combina-
tion of the above-mentioned factors, Using the bulk values of E and » . ¢s; would be computed to be k
6.4 x 10°* m?/MN. The effect of some influencing factors on the value of &s; are treated, tor example, by 3
Primmer?®, Faninger?” and Taira et al.?®. For accurate stress work the value of &s; must therefore be determined
experimentally using known load stresses. When measuring §s, . the applied stresses may not be increased past the
¥ X-ray yield stress, i.e. the yield stress of the surface material. This is penerally lower than the yield stress of the bulk
3 material,

™ e —————
IO W AR TR S W I N .
il ottt e i) i, K.

3 i
% &.1.4.6.2 Misaliened Diffractometer g
E Correct stress measurement is, in principle, only possible with a correctly adjusted ditfractometer. Some mis- i

5 alignments lead to Y-dependent changes of 20 which cannot be distinguished from the changes caused by stresses,
£ The alignment is correct when the anode, the center line of the divergence slit, the diffractometer axis of rotation, .
¢ and the centerline of the detector slit all lie in the same plane when the detector is in position 0°. When measuring 1
stress, the surtface of the specimen must be tangential to the center axis of the diffractometer. However, the require- ,
ments for the adjustments when measuring stress are not severe, because only differences in 20-angles at different i
y-angles are used to compute the stresses. On one occasion, deliberate misadjustment of the specimen surface 1 mm H
S behind the center produced an error in the stress of only 40 MN/m? (the conditions were: Cr K, . 20 = 1567, i
Y normalized carbon steel, measurement at ¢ = 0 and 60°). This error vanished within the measuring accuracy when 3
F the measured line shifts were corrected using the line shifts of the gold line at 20 = 153° measured at the same 1
3 3 y-angles, Other tests have shown that the errors in stress produccd by misadjustments of anode and divergence slit

N up to 0.1 mm can also be completely corrected using a suitable stress free powder,

kel

4.1.4.6.3 Surface Roughness

Surface roughness may cause errors in stress measurement because of the small penetration of the x-rays. When
using Cr—K, radiation on a steel specimen at ¢ = 0, S0% of the measured intensity is reflected from layers less
than 3.8 uym from the surface and 95% of the measured intensity is reflected from layers less than 16 pm from the
surface. At ¢ = 60° the corresponding depths decrease to 1.6 ym and 7 pm. Taira and Arima?® investigated the
effect of surface roughness on x-ray stress measurement on a 0.17% carbon steel. The x-ray stress was determined
! from diffraction line measurements at Y = 0° and 45°. They found that surface scratches parallel to the applied
: stress had no effect on the value of stress. The effect of scratches perpendicular to the applied stress is shown in
‘ Figure 32. The effect of the roughness is explained by noting that with increasing roughness an increasing part of
the reflected intensity comes from the mountains on the surface where the stresses are smaller than in the valleys,

il a it dililel

4.1.4.6.4 Microstresses

Microstresses may affect the measured stress values. Experience has shown that not only do microstresses
broaden the diffraction lines, but they may also shift the diftraction lines in the same way as macrostresses. This
is in contrast to what might be expected. because the microstresses are in equilibrium over distances much smaller ]
than the irradiated area. The eftect of microstresses is illustrated by tests made by Kolb* (Fig.33). Steel specimens !
were deformed plastically in tension and the resulting residuat stress distributions in depth were found by removing :
material layers by electropolishing. The measured stiess values do not converge to zero when almost all material is
removed, as would have been the case if the measured stresses were macrostresses.  The measured stress distribution
is not in equilibrium over the cross section, so part of the measured stresses must be ascribed to the mean value of
microstresses.  The apparent lack of equilibrivm of the microstresses is caused by the selective character of the
x-ray measuring method. Only crystals with their reflecting plares oriented in a small angle range in the specimen
reflect x-rays. In uniaxial tension the dislocations move preferentially in an angle range where the shear stress is
largest. The microstresses created, theretore, show a direction dependency which is detected by the x-ray method.

The value of the microstresses depends on the plastic detormation and on the degree of heterogeneity in the ;
material. In carbon steels the value increases with increasing carbon content. Kolb and Macherauch®' found that i
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microstresses were not created in steels with carbon content less than 0.4%. This is however in contrast with the
test results of Taira and Yoshioka®?, who found microstresses in steels with 0.147% carbon.
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Fig.32 The effect of surface roughness on the measured stress value. The scratches were
perpendicular to the stress. After [aira and Arima®®
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Fig.33 Residual stress distribution over the cross section after plastic tensile deformation.
After Kolb%®

If it is known thet the material of the component to be measured has been deformed plastically, it is thus
necessary to consider the possibility of crroneous stress values caused by ~uperimposed microstresses.
4.1.4.6.5 Change in Temperature During Measurement

Stresses are computed from two or more diffraction line measurements carried ou? at different times. A change
of material temperature between the measurements shifts the diffraction lines because of the thermal expansion, and

: an error resuits. The temperature sensitivity of ditfraction lines may be computed from
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Here AT iy the change in temperature and op  is the thermal expansion coefficient for the material.  Strictly
speaking, o; should be the expansion coetficient for the reflecting st of crystallographic planes. but the bulk value
it a useful approximation. For the commonly used combination of Cr K, radiation on steel (20 = 156°%), a

AT = 1°C cauwmes a line shift of —0.007°28 . If the stress measurement is carried out at ¥ = O and 45° and the
<hift ovcurs between the two measurements, an crror of approximately 4 MN/m? is introduced.  This value is of the
same ofder of agnitude as the stress measuring sccuracy using the best methods available today, The temperature
should therefore be kept as consta=t as possible duting messurcinent.

4.0.4.0.6 Lrroes Catsed by the Grain Structiere of the Materinls

In a polycrystalline material loasded with humogencous masrostresaes, the straing are not homogencous on a
microwale. The straing in a grain depend on its orientation in relation to the neighbouting grains and on the onienta-
tion ol the crystal planes in relation to the principal stress directivns. Therefore, the strains vary from grain to grain
and only statistival descriptions of the strains ate possible. If the irradiated number of grains is sufficiently large,
the mean steain will be propottionad > the applied stress. The factor of proportionality depends on the set of crystal
planes used in the measurement.

When irradiating a polycrystalline material with x-rays, only & small number of the grains contribute to the
retlected intensity (onty those which lie in a small angle range arovnd the correct reflecting position),  From a statis.
tical point of view the reflecting grains may be considered as a random sample from a large population. It the mean
strain in the sample difters from the mean strain in the population, erroncous stress vialues will be computed. The
crrors become important when the grains are large of when a small area (e, the buttom of a noteh) is irradiated.

4147  The Measurement of Stress Versus Depth

In some cases the surface stress alone does not give all the necessary information. but the stress versus depth
curve must also be known, To measure the stress distribution below the surface, the non-destructivity of the measure-
ment must be sacriticed. The measurement is carried out by clectropolishing oft layers of the material and measuring
the stress on the new surfaces. Mechanicat removal of material is not recommended because residual stresses are
introduced no matter how caretally the surface is machined.

When measuring stresses versus depth, the problem is that the measured stresses must be corrected tor the forees
exerted by the stresses in the removed material. The correction depends both on the original shape of the specimen
and on the place on the specimen where the material is removed. Correction methads have only been developed for
the case of cylindrical specimens etched axisymmetrically and tor the case of flat plates ctched on one side.

For cyvlindrical specimens it may be shown (e, Ref 330 that af Xoray stresses, @y gy, . are measured at decreasing
cross-section arcas, fj . the stress, oy . in the undisturbed specimen at cross section area £y, is given by

n i t —
IR} 1
% T Ovayon Z Iy T Qan
] i

The formula is approximate because the eray stress is measured in discrete steps and not continwously,  Figure 34
shows an example of the application of Equation t31).

Doi and Sato* derived a relationship between medsured stresses and the stresses in the undisturbed specimen
for the case of a flat plate ctched on one side. When the stresses were measured on the etehed surfaces they found
an integral equation which, using summations instead of integrals. may be written

- P S o B S a4 )
On = Oxqyn 7 - Z Oxqay.i b ol ‘n’z Oxany.i h—ar /] -
i

[ Ll bl

In Equation (32), 2 is the thickness of the removed material laver and h is the original thickness of the plate.

The first summation sign is due to the normal force exerted by the removed material, and the second summation is
due to bending moments. Equation (32) may be used for buth principal stress directions of the plate. A similar
cquation was denived for the case where the xeray stress measurement and the polishing occurred on the two opposite
faces of a plate.

4.1.5 SOME FUTURE NON-DESTRUCTIVE STRESS MEASURING METHODS

4.1.5.1  The Ultrasonic Stress Measuring Method (See Chapter 3.6)

Ultrasonic wave velocities depend on the state of stress. This well-known fact is now in the carly stages of
development as 3 means of measuring both loading stresses and residual stresses™-* 0 Ultrasonic waves are cither
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lorgitudinal or shear wavey, .¢. thwe particle motions are paratiel of perpendicuiar respectively to the direction of the
wave propagation.  Ultrasonic shewr waves have the same polarization property as light waves, such that all particle
motions be in the same plane. 1% veiocity of both longitudinal and shear waves depend on the stress, but in stress
wutk only polericed shear waves sty used, because the change in velocity of a polarized shear wave depends on the
angle between the princpel stres Jirections and the direction of polarization. Using shear waves thus gives infotma-
tion both un the directon and the difference of the principal stremes, while the use of longitudinal waves pives infor-
mation only on the sum of the princips! stresses and not their ditection.

100
|
O measured stresges
s corrected ntresses
% 50
2
b 4
"
"
~ -
o #‘ t‘/ 9
f 3
"
/ °
Y f‘,.
JS
~303 5 0
cross-section area l'l'-rwi
i 7 6 5 4321

Fig.34 Nustration of the use of Equation (1)

The velocity of shear waves is detetmined by

Vi = Jwip) . Rk}

where @ is the shear modulus and p  is the density. The ultrasonic method exploits the tact that the stress-strain
curve is not exactly linear (as is conventionally postulated in Hooke's law of the theory of clasticity), i.2. the shear
modulus and hence, according to Equation (33), also the velocity, .« dependent on stress. The change in velocity as
tound to be proportional to the stress in the material (Figure 35 ftom Reference 385)

Before the ultrasonic stress measuring method may be used as 3 standard measuring method, several difticulties
have to be solved. The first problem is that of actually getting shear waves into the material. The normally used
coupling oil-film cannot transmit shear waves, so cither a very viscous coupling medium must be used or the trans-
ducer may be cemented to the surface.

A second problem is caused by preferred orientation in the material, which also changes the velocity of shear
waves, Preferred orientations of one or more per cent, which are often encountered in practice, may completely
hinder residual s.ress measurements. However, it is still possible to measure loading stresses, because the velocity
change may be referred to the velocity at aserv loading stress.

Jhe megsurem~nt gives an average stress value in the material volume traversed by the ultrasonic beam. The
minimum lkength of the path is of the order of 10 mm, and the minimum width of the ultrasonic beam is possibly
of the order of § mm.

4.1.5.2 The Knoop Hardness Stress Measuring Mcthod

It is an old observation that the hardness is dependent on the state of stress in the material. The normal
hardness testing methods are however not sensitive to the dicection of the stresses. In 1964 Oppel®’ showed that
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Fig.26  lmpression mark of the Knoop diamond

indentations of th» Knoup diamond (Fig.3u) are sensitive both to the direction and the size of the residual stresses.
Thz Xnoop hardness is computed irom

HRpoop = 1423PF (kpimm¥) (R}

where P s the force in kp and 1 is the kength of the long diagonal of the indentatior in mm. Oppel showed
the following cquations to be valid = a lincar range

oy + o, = Fatdll, + AHp (5
gy —o, = EbQAH, + AN (RIJ}
In these formulas AN, and AH, are defined by

Hy — H Hy — N
AR, = —"ri and Al = =t (A7)
e

Hy and H, are the Knoop hardness with the long diagonal in the direction of the subseript. The coefficients 2
and b may be determined from a loading test with known uniaxial stress. Both 3 and b are nezative. Hy s
the hardness in the stress-tree state. Thus, by measuring the Kaoop hardness in two perpendiculs; directions n and
y . the stresses in these directions may be found. It the principal stress directions are unknown, the hardness must
also be measured in the directions x + 45% and v + 45° and the stresses in these directions computed.  The
principal stresses and their direction in relation to the X and ¥y directions may then be computed frem tormulas
anatogous to Equations (13 (19 and (15

The Knoop stress measuring method has the tollowing characteristics:

(1) The measured stress values are averape stresses over depth of approximately 10 gm (assuming a load
P =1 kp on steel specimens)

T bt 1 5 it
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() The spread in hardrems messutements is rather large. Therefore, to obtain acceptable stress accuracies a 1
large number of hardness measurements have to be carried out in the surface region of intetest (about 10 i
in each direction),

(3) The indentation mark in the surface makes thin method semi-nondestructive, because the Fatigue strength i
of the member is reduced. The defect may however be repaired by pressing a Brinell ball over the Knoop i
indentation. In this way the stress concentration is reduced and high local compressive residual stresses are
introduced at the tp of the indentation.

{4) The Knoup wethod is also applicable on matcrials other than metals. Racke and Fett™ demonstrated its k
use on different polymers oy well. 3

Stengel and Gaymann®® discussed the difficulties of the Knoup methud and gave the following 101in causes of
unvertainty:

() Determination of the reference hardness Hy . Hy must be measured at a stress free spot which has the i
same basiv hardmess. 1T it is nut puossible to measure Hy . then only the difference between the principal :
streswes can be measured (by using M, or H, instead of Hy in Equation (31). A uniaxial stress state
may be measured using the same approximation.

i

{2) Scatter of hardnesses.  The inevitable watter of the hardness megsuremoents causes a corresponding scattet i:

in the measurcd stress. It is claimed that the 957 error limits are 3§ MN/m? when measuring uniaxial ]
stress on polished 2024 aluminium alloy. For stecl the corresponding vatues are ¢ 100 MN/m?.

|

i

1

) Inclination of the test surface. The measurcd stresses are very sensitive to the angle of inclination. An
angte of 0.5° produces a stress crror of 40 MN/m? in aluminium and 130 MN/m? in steel. Reference 39
gives a correction curve for inclination errors,

(4) Curvature of the test surtface. The Knoop hardness is very sensitive to curvatures.  Even a siall curvature
of $0 nim radius causes an ¢rror in stress of 400 MN/m?, Curved surfaces should theretore be machined
flat. but it is doubtful whether this can be done without introducing additional disturbing residual stresses,

(5)  Other effects which influence the residual stresses but which are difficult to cvaluate quantitatively ane
texture, plated surfaces. plastic detormation (work hardening), and upeven quenching etfects,
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NDI OF WELDING

G.Fenoglio and G.Magistrali

4.2.1 INTRODUCTION

Welding is a method of joining parts which maintains the continuity of the material between the two sections
joined. When applied to metal parts it provides continuity of the metal surface and from this viewpoint it is entirely
different from other types of permancnt joint, such as riveting or gluing.

This achievement of metal continuity through the welded joint involves the fi . 2 of certain amcunts of the
parent metal and the filler metal,

Fusion implies the action of special thermal and chemico-metallurgical factors in the welded material. The
thermal conditions occurring are the attainment of a temperature higher than the melting point of the parent mietal
in the fusion zone and the achievement of a thermal gradient transverse to the axis of the weld, such as to cause,
in the fusion zone, thermal changes in the parent metal.

Concerning the chemico-metallurgical factors. it is well known that the solidification of any alloy occurs within

a certain range of temperature and, in the cooling phase which follows, structural modifications may take place in
the alloy.

Correct welding procedure calls for strict compliance with the thermal 2nd chemico-metallurgical conditions
required. When perfect conditions, depending on the parent metal to be welded and on the welding process adopted,

are not achieved, the metal continuity through the weld shows areas of discontinuity (spots) known as welding
flaws.

4.2.2 WELDING IN THE AERONAUTICAL INDUSTRY

The aeronautical industry has universally accepted welding as a working process of joining metals in aircraft
manufacture. The advent of supersonic aircraft has brought with it ever-increasing operational temperatures and more
severe service conditions; these new factors have further emphasized the importance of this technology and demand
continuous refinement of the various welding processes, as well as the development of new techniques.

The processes of autogenous welding by fusior. or pressure (resistance welding) are the most interesting. The
choice of process may sometimes be difficult since it requires ¢ thorough analysis by means of destructive and non-
destructive corrosion, impact and fatigue tests and is always conditioned by the following factors:

(a) in-service conditions of the preduct,

(b) geometry of the joint,

(c) structure of the parent metal,

(d) characteristics inherent in the various welding processes,

(e) characteristics of the welds made by the various welding processes,
(f) economic considerations.

4.2.3 INERT-GAS TUNGSTEN-ARC WELDING (T.1.G.)

The process ot welding with a gas shield and a non-consumable electrode of tungsten is the most widespread,
and it can be either manual or automatic. Manual welding is prefersble when the part to be welded is of irreguiar
shape with variable section (e.g.. pipes, accessories, cowlings and cowling components). The automatic process is
preferable for longitudinal welds when a minimum of distortion and the smallest possible extent of the heat-affected
zone are required. Automatic welding also has the advantages of a high-speed process.

For thicknesses up to 0.020 inch it is not praciicable to add metal in filler rod form. In such cases, on each
part to be welded, a flange twice as high as the thickness of the metal sheet must be obtained by folding. The flange

is melted and so provides the filler metal for the weld. For thicknesses above 0.020 inch it may be necessary to
add metal in the form of fi.ler rod.
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4.2.4 SHIELDED METAL-ARC WELDING

Welding with a covered electrode is a manual proca2ss of welding suitable tor thicknesses of 0.125 inch or more.
If compared to gas tungsten-arc welding, which has replaced it in recent years in many ficlds, the process of welding
with a covered electrode gives rise to smaller distortions and limits the formation of hot cracks on those alloys which
exhibit this phenomenon during welding. The aeronautical industry usually prefers welding with a covered electrode
in the manufacture of structural components of a low-carbon steel or low-alloy steel.

4.2.5 GAS METAL-ARC WELDING

The process of welding with a gas shield and with a consumable electrode is generally used on steel and aluminium
alloys of considerable thickness. [t limits to the minimum the distortions due to welding and the enormous advantages
of this amply justify its widespread use. A typical application of this process is in the manufacture of in-flight re-
fuelling tanks for jet aircraft.

The automatic process is the most common; the manual process is generally restricted to the manufacture of
non-critical components, tooling and ground-support cquipment.

4.2.6 GAS WELDING

" Oxy-acetylene welding bas been entirely replaced by the gas-shielded process with consumable and non-consumable
electrodes. The disadvantages inherent in this process are mainly the atmospheric reaction of the welded zone and
excessive heating.

4.2.7 ARC-SPOT WELDING

The acronautical industry employs two types of electric ar¢ spot-welding: with gas shield and non-consumable
tungsten electrode and with gas shield and consumable electrode. One application of this process is in the spot
welding of undulating sections extruded from honeycomb panels.

4.2.83 STUD WELDING

Even if only to a limited degree, the aeronautical industry uscs the processes of percussion stud welding and
are stud welding. These processes are essentially utilized for anchorage points of components and structures that
form equipment mountings. The choice of welding process depends on the thickness of the material to be welded
and on the requirec Jdiameter of the stud.

4.2.9 PLASMA ARC WELDING

The process of plasma ar¢ welding is spreading fast. Thank to its effectiveness and simplicity. it is rapidly
replacing the T.1.G. process in many applications. By comparison with the T.L.C. process, plasma arc welding does
not require precise control of the distance between the parent metal and the electrode and enables welds to be
obtained that are much narrower (about half) and of as good, if not better, quality.

4.2.10 ELECTRON-BEAM WELDING

The process of welding with eiectron beams is chiefly used to obtain a weld of high purity on reactive and
refractory metals. The advantages of clectron-beam welding partly arise from the high vacuum and are partly the
direct result of the process itself. They are: high purity of the welding atmosphere, a limited heat-aftected zone,
strict control of the welding heat, high operational speed, good efficiency of the joint and the minimum of distortion
due to shrinkage.

4.2.11 SPOT, SEAM AND STITCH WELDING

These welding processes involve melting and their use is common in the acronautical industry. They are used
especially on alloys and stainless steels employed in the manufacture of both structures and critical components.
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4.2.12 FLASH WELDING

Machines for flash welding ranging from 20 kVA to more than 1000 kVA are commonly used. The applicstions

of this process are numetous, ranging from landing gear components like the struts, bracing and retraction mechanisms,

to the various connecting rods of the engine. The materials most often used in flash welding are the low-alloy steels
susceptible to heat treatment. In some instances it is possible to utilize stainless austenitic stecls and titanium alloys
and the use of flash welding on aluminium alluys is becoming very popular.

4.2.13 WELDING OF MATERIALS USED IN THE AERONAUTICAL INDUSTRY

Materials with high strength/weight ratios ure the most important for the aeronautical industry. Aluminium
and magnesium alloys possess this characteristic and are the most used structural materials. Where special ambient

conditions require their use, low-alloy steels. stainless, corrosion-proof steels, titanium. nickel and cobalt alloys are
eniployed.

4.2.14 ALUMINIUM AND ALUMINIUM ALLOYS

The properties of pure aluminium are such that only in particular applications is it used on its own. More often
it is advisable to use alloys that, maintaining aluminium as a prominent element, have an extremely low specific
weight (< 3 g/m?). The alloy elements most frequently used are Cu, Si, Mn, Mg, Zn, and Ni. They can form, with
aluminium, binary, ternary, quaternary, and sometimes even more complicated alloys. A list of the weldable
aluminium alloys used in the acronautical industry is shown in Table I. The commonest welding processes are:  pas
welding, gas tungsten-arc welding, gas metal-arc welding and resistance welding.

4.2.15 WELDABILITY OF ALUMINIUM AND ITS ALLOYS: WELDING DEFECTS

4.2.15.1 Inclusions, Accretion of Foreign Particles and Fracture

One of the first chemico-physical tactors which hamper the welding of aluminium and its alloys is the tendency
of aluminium to oxidation. As the parent metal heats up during welding, it is reoxidized progressively, even if
previously pickled. and when the fusion zone shows refractory qualities and specific weight of oxide higher than the
metal, can easily cause inclusions and accretion of foreign particles. The defects increase particularly with alloys
embodying magnesium, because of its strong tendency to oxidation. Further difticulties in welding are caused by
high thermal conductivity of the aluminium alloys which leads to significant heat absorption on the part of the
parent metal, with consequent changes in metallurgical properties extending over a wide 2one. The high thermal
factor necessary to avoid incomplete fusion and accretion of foreign matter can bring about the oppaosite defect, ic.,
fracture of the joint, because the strong thermal conductivity tends to enlarge rapidly the area aftected by the fusion
zone once this has appeared.

Welding of aluminium and its alloys therefore demands the use of welding processes that are characterized by
po-wverful sources of heat that are so concentrated that extension of the heat-affected zone may be eliminated alto-
gether and. with it, the defects just mentioned. From this point of view gas tungsten-arc welding is the most suitable
process for obtaining welds which are exempt from, or have limited, oxide inclusion and accretion of foreign particles.

4.2.15.2 Blowholes and Poraosity

A phenomenon which often occurs in welding aluminium alloys and which affects their weldability in many
ways is the appearance of blowholes and porosity. The problem is not important with pure aluminium but it is
serious for its alloys, especially those based on magnesium. Blowholes are mainly attributable to hydrogen. whose
solubility in aluminium is very much restricted in the solid state but increases to very high values in the liquid state
and decreases markedly with temperature. Hydrogen can arise in welded joints from various sources:

From the atmosphere surrounding the fusion zone during welding.

—  From atmospheric humidity and from air or steam jets used in scorifying.

—  From crystallization of water that can mix with the oxygen on the surface and which can always be found
in the parent metai or in the filler rods.

The heat-affected zone, especially in the transitional area from the fusion zone, is generally the most given to
blowholes. They can appear as general porosity or as large cavities, Blowholes are disadvantageous especially near
the surface of material overheated by the proximity of the heat source, and can burst externally, giving the two
strips on either side of the weld a pitted look, ugly and unsuitable for coriusion resistance,

Blowholes may also be found in the fusion zone, especially if the welding process is characterized by a very
rapid cooling of the fusion zone, as occurs in gas metal-arc welding. Gas tungsten-arc welding is the most suitable
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manual process for achieving welds without, or with very limited, porosity: the operator can, in fact, maintain the
fusion zone under control long enough to dispel the guses that try to escape in the fusion zone during the solidifica-
tion phase. The advantages offered by gas tungsten-are welding may also include the fact that it is always casier to
peel off mechanically the thin film of hydroxide fiom the surface of the filler metal used in gas tungsten-urc welding
than from a filler wire, as used in gas metal-are welding.

i

If, for reasons depending on the possibility of cracking, tor reduction of the heat-affected zone or the welding

kit

speed. it is necessary to employ gas metal-are welding, it is preterable to use larger electrode-wire diameters, ic. wires
with a smaller surface/volume ratio. i
Suitable remedies tor limiting blowholes and porosity are as follows:
—  Choose a well-degasified metal, rapidly soliditied and hot-rolled immediately after solidification. i
—  Use a dry and clean filler metal. :
Avoid. as far as possible, the use of flux mixed with water. i
Choose root-preparation and welding techniques which give a high ratio of the free surface to the volume p

of the tusion zone, in order to facilitate the release of pases during the solidification phase.

4.2.15.3 Tendency to Cracking

During welding many aluminium atloys show a tendency, to a greater or lesser degree, to cracking, under high
temperature conditions near to those of “'solidus™ and in the last stages of cooling. Hot cracks are the most common
and are characteristic of alloys having large solidification times. When one of these alloys solidities, the dendrites
that form in the liquid begin, at a certain stage, to encroach on each other, giving rise to a regular lattice of grains
between whose interstices some liquid still remains. The linmted section between grains can yield under shrinkage due
to decrease in temperature and can then give rise to cracks that the remaining liquid, through its reduced volume
or viscosity. is not able (o fill up. There is thus a “hot tragility interval during which cracks may appear; it is
between the temperature of solidus and the temperature at which the alloy begins to take on cohesion. Considering
purely binary alloys and very slow cooling, their crack sensitivity is greatest at their highest degree ot solubility in
the solid phase and at cutectic temperature. It is obvious that the presence of other alloys or a very high rate of
cooling c¢an affect this to a greater or lesser degree,

L il

ii
i

The rate of cooling tends to shift maximum crack sensitivity towards lower alloy values. For pure aluminium
and for alloys of composition identical or similar to the eutectic (also for the AlMn alloys whose solidification time
is always very short) the interval of fragility is practically null and the risk of formation of hot cracks is also at its
lowest. In order to restrict cracking, the choice of filler metal is of primary importance: its composition must be
such that, after dilution with the parent metal, alloys of minimum tendency to cracking result. In normal industrial
practice, aluminium alloys are usually used as filler metal in welding processes:

Pure aluminium.
—  Alloys Al-Si at 4 to 12% Si.
—  Alloys of composition similar to that of the parent metal.

It may be noted, however, that:

—  Pure aluminium, althoush reducing liability to cracking, is deficient from the point of view of mechanical
properties,

—  Al-Si alloys are successfuily used to weld alloys of the same composition and offer also the advantage of
limitir.g hot-cracking; if used on alloys of different composition, they have the disadvantage of inadequate
mechanical properties and of corrosion sensitivity.

—  The use of filler metal identical to the parent metal represents the best solution for the welding of alloys 1
not liable to cracking; for alloys liable to cracking it is advisable to choose as filler metal an alloy of the L
same fype but richer in alloy clements. For instance an AlCu 4% alloy which tends to crack if welded ]

with filler metal of the same composition, reacts much better if welded with 6 10% Cu alloy.

Similar considerations affect the Al-Mg alloys.
It is possible to reduce hotcracking by resorting to additive elements such as titanium. zirconium and

niobium which are in a condition to refine the grains. Rate of cooling also plays an important part in graia ;
refining and therefore welding processes of the shortest duration, like gus metal-are welding, are preferable. !
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TABLE 1
Aluminium and Aluminium Alloys Commonly Used in the Aircraft Industry*? ::
—_—— T
Descripii Government Specitications Spot and Seam | Gas Metal and Gas s Weldi y
eseripiton Pertaining to Matcerials Welding ** Tunusten-Are riy Welding 4
Clad plate, sheet, strip: i
2014 QQ-A-255 S L U ;
2024 QQ-A-362 S u U 4
7075 QQ-A-287 S U u !
7178 MIL-A-9183 S L U i
Rolled bars, rods and Z
shapes:
2014 QQ-A-266 L L U
2017 QQ-A-351 L L u i
2024 QQ-A-268 L u U
606! QQ-A-325 S S S 1
7075 QQ-A-282 L u U
1100 QQ-A-411 L S S 1
Extruded bars, rods and 1
¥ shapes: i
i 2014 QQ-A-261 S L u i
Y 2024 QQ-A-267 S U U
Y 6061 QQ-A-270 S S S ]
? 7075 ' QQ-A """ S u U :
: 1100 ‘ MIb.-- .48 S A\ S
;§ 3003 QQ-A-357 S S S i
5 3
Forgings: i
s 2014 QQ-A-367 L L U 1
2219 QQ-A-367 L S U ¥
: 7075 QQ-A-367 L u U
] Sheet and plate: i
y - 110u QQ-A-561 S S )
3003 QQ-A-359 S S S 1
2014 AMS-A{ - L L U ;
: 2024 QL M 355 L u U
N 2219 MIL-A-8920 S S S
) 5052 QQ-A-318 S S S ;
5083 MIL-A-17358 S S S
5086 MIL-A-19070 S S S
5456 MIL-A-79842 S S S
6061 QQ-A-327 S S S
7075 QQ-A-283 ! L u U
Tubing:
1100 WW-T-783 S S S
3003 WW-T-788 S S S
2024 WW-T-785 L L v
5052 WW.T-787 S S S ]
6061 WW-T-789 S S S ’
Code: :
S Satisfactory.
. U Unsatistactory. 1
'E L limited weldability (crack sensitivity, loss in corrosion resistance or poor weld properties). ?
l *  Applications: general airframe structure, cowlings, fairings ducts, tanks. cte. i
**  Owing to the possibility of corrosion. restrictions have been placed on the spot welding of bars of 7075, :
i 2024 and 2014 alloys to themselves or to cach other (see MIL-W-6858).
' t  From Welding Handbook. Section Five, tifth edition (Chapter 91), published by the American Welding Society. ;

(Caontinued)

.




< pp—

. S S e Sl Gl e s e M S e b 2

514
TABLE | (Continved)
. Government Specification Sput and Seam | Gas Metal and Gas | |
Description Pertaining to Materials Welding ** Tungsten-Arc (Gas Welding
Castings:
356 Perm. mold. QQ-A-596 S s S
356 Sand QQ-A-601 S S S
355 Perm. mold QQ-A-596 S S S
355 Sand QQ-A-601 s S S
19§ Sand QQ-A-601 L L L
220 Sand QQ-A-601 U U U
43 Perm. mold. QQ-A-596 S S S
43 Die QQ-A-591 S S S
13 Die —_J QQ-A-596
Codes:
S - Satisfactory.
U - Unsatistactory.
L - Limited weldability (crack sensitivity, loss in corrosion resistance or poor weld properties).
**  Owing to the possibility of corrosion, restrictions have been placed on the spot welding of bars of 7075,
2024 and 2014 alloys to theniselves or to cach other (see MIL-W-6858).

4.2.16 TITANIUM AND TITANIUM ALLOYS

The aeronautical industry uses cither commercially pure titanium or its alloys tor the construction of structural
components with particular mechanical and technical requirements. A list of the titanium alloys used, indicating
their relevant degree of weldability, is given in Table 1I. The strong reactivity that titanium possesses, it compared
to air and to most ¢lements and their compounds (except the inert gases), and the high embrittlement it experiences
when contaminated by N, O, C and H, even in relatively low quantities, advise decidedly apainst welding processes
using flux, such as oxy-peetylene welding with covered clectrodes. The most common welding processes used on
titanium and its alloys are gas tungsten-arc welding. gas metal-are welding and resistance welding,

4.2.17 WELDABILITY OF TITANIUM AND ITS ALLOYS. WELDING DEFECTS

4.2.17.1 Porusity

In welding titanium and its alloys porosity is at present a persistent defect. The techniques and process of
welding can affect the extent of this defect but no procedure yet exists which can guarantee freedom from porosity.
The main cause of porosity in welding titanium and its alloys are gases, and particularly hydrogen, which are trapped
in the fusion zone during solidification. The hydrogen that remains trapped in the fusion zone may originate in the
following ways:

From the pareat metal itselt. in which it can preexist in solution as an impurity. Welding of parent metal
with hydrogen content of 100 p.p.m. tends to show porosity.

From the filler metal. Filler metal with hydrogen content in 100 p.p.m. proportion can be critical for
porosity in welding.

From humidicy in the parts to be welded. In this connection mild preheating of the parent metal is helpful.

The possibility of obtainaing a weld without porosity must be related ta the degree of cleanness of the parent
metal in the area of the weld.

Particles resulting trom grinding, spattering. grease and finger-marks are all possible causes of porosity.  Light.
superficial oxidation is not a serious problem in relation to porosity. Superficial oxidation of the parent metal,
like the presence of sulphur or air in the fusion zone, may cause embrittlement in the welded joint but does not
increase the porosity appreciably.  Similarly, the dew-point of the shielding gas, although it can affect the hydrogen
content in the weld and consequently its embrittlement, does not seer to affect the porosity significantly.

An appreciable ¢ffect on the porosity of the weld is also due to the welding parameters. Even if the available
data are conflicting, it is possible that the temperature of the fusion zone and its cooling time are able to limit the
extent of this defect. In many instances a marked reduction of the welding speed. causing a tower rate of cooling
of the fusion zone, has proved useful in containing the formation of porosity. From this point of view pas metal-are
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welding is less suitable than gas tungaten-arc welding. It must be noted that, because there are many parameters
affecting the temperature of the fusion zone, it is not slways possible to obtain the dosired result by altering only
one of them. Generally speaking it is true that the so-called “'cold welding" causes porosity.

4.2.17.2 Tendency to Cracking

Titanium possesses a high yicld stress and a small interval between yield stress and ultimate stress. As s result
the relatively high residual welding stresses are not compensated by sufficient deformation of the cracks, Of particular
importance are cracks due to stress corrosion, In certain ambient conditions, the residual welding stress may be
strong enough to supply the energy necessary to initiate cracks due to stress corrusion phenome.a. Finget-matks,
salts, grease and sulphur components in the welding zone, before welding takes place, can all create the envitcamental
conditions which may facilitate the appearance of stresrcorrotion cracks. [t is then of great imnortance that the
parent metal is carefully cleaned before welding. However, it is necessary to take special precautions in this operation
also. The solvents used must not leave residue behind, particularly chiotinates. Solvents such as trichioroethylene
and methylenechloride must never be used. Acetone, alcohol and methy! ketone should be used instes 4.

TABLE Ul
Titanium and Titanium Alloys Commonly Used in the Aircraft Industry*

. Other Designations Spot, Seam Gas Metel and Gas and Shielded
N ominel Compasition | ams Militery and Flash | Gas Tungsten-Arc | Metal-Are
pe No. No. (a) Weiding Welding Welding
99.5 S S U
4902
99.2 494) T-9047B-1 s S u
4951
995.0 4900A T-79938 S S U
99.0 49018 S S U
98.9 4921 S S U
Alpha alloy grades
4910
4926
SAk2.58n 4953 S S U
4966
8Ak1Mo-1Y In prepar. In prepar. ) S U
8A1-2Cb-1 Ta®) In prepar. S S u
Alpha - bera alloy prades
8Mn 4908A U U U
4A13Mo-1V 4912 U u v
rtes 4913
25Al-16V T-8884(1) U U U
5AF1.25Fe-2.75Cr u U U
2Fe-2Cr-2Mo 4923 U U U
4911
6A4V 4928A 08-10737 S S S
4935 0S8-10740
Beta ailoy grades
13V-11Cr-3Al 4917 S S u
Code:
S  Satisfactory.
U Unsatisfactory.
(a) Other numbers, T-12117 and WA-PD-76C (1), apply to all grades and all products; 1-14557, T-14558,
T-9046C and T-9047C apply to all grades; and T-8884 (ASG) applies to various grides.
(b) Formerly AI-Cbh-1TA. All data given are tor the 8-2-1 compaosition.
*  From Welding Handbook, Section Five, fifth edition (Chapter 91) and Welding Handbook. Section Four,
fifth edition (Chapter 73), published by the American Wekling Society.
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4.2.18 STAINLESS STEELS

For the manufacture of components which operate in particularly corrosive atmospheres, the acronautical industry
mainly uses austenitic chrome-nickel stainless stecls. Martensitic and ferritic stainbess steels are rarely used.

The most common welding provesses afe:  gas-shivided atv welding, shiclded metal-are welding and resistance
welding. A list of the stainkuss steels with chrome-nickel composition most commonly used. with indications of their
degree of weldubility, is given in Table il

4.2.19 WELDABILITY OF AUSTENITIC STAINLESS STEELS. WELD DEFECTS

4.2.19.1 Tendency to Cracling

Detects often tound in joints made by the action of heat on chrome-nickel stainloss steels ane cracks of “hot”
type. that is, defects of metallurgical origin which may occur during the first stapes of solidification of the weld
metal. Macroscopic cracks may appear also and usually have a tendency to form between dendrites in the fusion
rone. These macroscopic cracks may teach the surfece and their dircction may be longitudinal or transvetse to that
of the weld and may even be branched when they start from the crater which forms at the toe of the weld,

Tendency to cracking has been found more frequently in sieel of “stabilized™ type, tor instance AISE-347, that
is uscd under heavy duty conditions and at high temperature. Welds on this type of steel have shown a tendeney
to hot cracks in the heatatfected zone of the weld, although it is not clear whether such cracks appear during the
welding provess or whether they originate ot develop after heat treatments, which are sometimes applied in order to
keep the ferrite content low in the filler metal or for expansion purposes in view of stress-corrosion phenomena.

In order to keep hot cracks to a minimum, a wise general precaution is to make the weld rapidly and with as
little overheating as possible: this limits the size of the tusion zone and speeds up solidification.  For this purpose,
processes are preferable that utilize very concentrated heat sources and so perinit fast and localized fusion with a
small increase of heat tor instance, the gassshiclded are welding and the shiclded metal-are welding processes),

Srall ond undisturbed tusion zones hetp to protect the tusion zone itselt against oxidation trom the atmosphere. In
relation to the formation of hot craks in the shielded metalare welding process, basic covered clectrodes give higher
reliability than clectrodes covered with the so-called “neutral™ trutile-basicd covering. This fact is attributable both
to the higher Si content of the rutile chectrode and to the shape of the resistant seetion of the weld: with the
“neutral™ electrode the section s at the - - ame larrer and sharper than the one obtained with basic electrodes,
and is thus less resistant and a source f more consistent shankaee eftect. In accordance with the need to himit the
size of the fusion zone and the overheating of the patent metal, it is also preferable to use coverad electrodes of
smaller diameter and it is advisable, when welding by multiple runs, to check the weld temperature (as a general rule,
temperatures not greater than 110 1307C are indicated ).

1t is furthermore preferable to utilize a root-preparation technique which involves the minimum velume of
tusion metal and a shorter total heating time of the joint, because fewer runs are required. From this point of view
X type preparation is preferahle to Votvpe.

In relation to hot cracks. it must be borne in mind that a completely austenitic deposit s more casily given to
crack formation than one with mixed sustenitic-fernitic structure. Compositions of the type 28 Cr 2000 Nior
18% Cr - 8% Ni (when it is completely austeniticd are more liable to crack than compositions ot the type 187 Cr
87 Ni with low carbon, the type 187 Cr 8 Ni 2{ Mo, or the type 247 Cr 2N 29 Mo that deposit
a certain amount of ferrite, Because of this, when technical requirements tor special types of construction do not
prohibit the use of it, it is preferable to employ {iller materials able to deposit 2 R0 of ferrite in o structure pre-
valently austenitic. Also, with a correct welding procedure, hot cracks, on austenitic stainless steel can sometimes
occur in the craters at the end of the weld. This possible detect i practically eliminated by teeding more filler
material onto the shrinking end crater before switching oft the arc. utilizing current generators which allow a pro-
gressive, steady reduction of the welding current at switch-oft point, or else forming the end crater on a separate
metal plate that is not part of the joint itselt. It is also good practice to remove the seam point or, at kast, to
melt it accurately in order to incorporate it into the joint itself.

4.2.19.2 Purusity and Inclusions

The detects of porosity and inclusions are mainly attributable to defective cleanness of the root of the joint.
Cleaning is a very important factor in the achievement of strong welds on austenitic stainless steel welding: lack of
cleaning favour not only porosity and inciusions but also the formation of hot cracks. Grease smears. oil, powder
and ioreign particles (like Fe. Zn, Cu, slags or oxides arising from previous welding runs) meust be completely climi-
nated from the roots. In this respect pollutions of § and € are particularly dangerous and are glways possible it
the joint contains paint stains, chalk, thermocolour, lubricant or liquid used. for instance. in non-destructive testing.

It is good practice to clean mechanically. with 8 metaltic brush, or chemicatly. with a pickling solution, using, in the
fiest instance, brand new tools or at least tools reserved tor stainless steel and not contaminated by use on other types
of steel. 1t must be remembered thot clean conditions are especially important with modern welding processes using
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pas shiclding, where good protertion apeinst atmosphe ric agents is pussible but it is not always possible to scotify the
altereffects of impuritres,

TABLE I
Austenitic Chrome - Nickel Stainlem Steel Communly Used in Alrcralt Apphicatiom®ia)

R oy e
Description Projection Spot , tras-Shiclded e
AISI Destomation | amd Seam Wepiewg | 11k WO 0y 0 Cipending | 14 Wekding
b - e e e e N [ I =
Sheet:
el ) Lb.¢ Lb Lh
302 S Lb.e Lb Lb
ni S Le S S
7 S Le S S
Bar:
M s¢ Lhe b : Lb
304 Grade 1A s¢ Lb.e Lb Ld
221 Class & \¢ S S S
347 Class 8 S S . S S
Tubing: :
302 s 1 Lhs i Lh L
a2 s l L ! s S
347 N Lo [ N | S
(SRS IS SRS SR S —_—
Code

S Satistactory

L Limited wetdability torack sensitivity or loss in corrasion resistance or poor weld properties).

From Welding Handbook, Section Five, fitth odition (Chapter 913, published by American

Welding Society.

(1) Corrosion-resistant and heat-resistant applications; exhaust stachs, fire wails aod seals,
surfaces exposed to exhaust gases. high-pressune lines, lavatory cquipment and miscellancous
furniture,

(b) Solution anncaling post-heat treatment required to dissolve precipitated carbides unless
reduced corrosion resistance is aceeptable.

(<) Requires specialized techniques.

(d) Except free machining bar.

(¢}  May be satistactorily welded in thin, smooth sections.

() Poor aceessibility and fit-up restrict the use of tubular forms. ‘J

4.2.20 NICKEL AND NICKEL ALLOYS

For the consiruction of welded structures charactenzed by high resistance to corrosion and high mechanical
resistance under heat, nickel alloys, of the solid-solutionstrengthened type and of the precipitatiomshardenable type
are larpely used. In particular, the solid-solution-strengthened types are penerally used when there is a demand tory
moderate mechanical strength at high temperature combined with excellent characteristics of resistance o corrosion
and oxidation, while the precipitation-hardenable altoys are mainly used for components where high strength weight
ratios and excellent resistance to “creep™ are required. A list of nickel alloys used in the acronautical industry. with
indications of the welding processes applicable to them. is given in Table 1V,

In general, on the nickel alloys, the same welding processes, by tusion and resistance. as for chrome-nickel
stainless steel, are applicable. The prevalent use of thin materials favours, in particular, wekling processes by fusion,
such as shiclded metal-are welding and pas tungsten-are welding: ditterent types of resistance welding are also
frequently used. especially spot welding and roll welding. Among more advanced welding processes by fusion applic-
able to nickel alloys, pas metal-are welding is of particular interest, especially in relation to the current need to weld
thin metal sheets in cvery position; the so-called “thin thread™ version ot this process which involves transter ot the
filler metal is of the type known as “pas shorting-arc™.  An everincreasing interest is also evident in electron-beam
welding and submerged are welding.
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4.2.21 WELDABLITY OF NICKEL AND ITS ALLOYS. WELDING DEFECTS

The welding of nickel and its alloys does not gencrally present greater difficultics than the welding of chrow e
nickel stainkess stecls of similar austenitic structure.  However, the severity of the wutking conditions that a nicke!
alluy must normally bear result in a reyuirement for petfection of the weld (not merely an absemee of the traditional
preometrival discontinuitics called welding defects); to obtain this perfection it is necessary to comply strictly with the
precautions vummended by goud wurkshop practive for staififess steels. Such precautions concem cswentially the
need to avoid pollution by furcign partickes that can produce fot only weld defects but can also e potential causes
of werivus deteduration uf the mechanical and anti-corrosion propettios of the juint under service conditions,

4.2.20 1 Incomplete Root Penetration. Blowholes

Some nickel alloys exhibit a reduced Nuidiiy of the fusivn zone. which can canse difTiculty in achie ing the it
welding run and bring about detective rout penetration.  The defect can occur espectally in welding processes using
shickded gos.  To compensate for the reduced Nuidity of the Tusion zone one generally resorts to ad Aoe re-touching
in prepating the roots of the juint, for instance on the “shoulder™ and at the ends in V welds, and to a light pre-
heating tor $0° 1o 150°0).

Preheating favours, amongst uther things, the expulsion from the fusi n zohe of the pases T, N) that tend
otherwise, especially with pure nicke! and nickelcopper alloys, to pive fise © blowhaoles.

However, in order to facilitate penetration and dispel the tendency of gassinclusion, a mixture of argon and
hvdieeen is sometimes used as the gas shield, instead of pure argon: this allows more heat to be conveyed into the
fusion fone, raising its temperatane because of dissociation amd reassoviation of the muolecukes of hydrogen acconding
to the cquilibrien Hy * 212 Q. The most appropriate perventage of hydrogen employed does tot exceed 107
The danger of blowholes is 280 reduced by the presence in the filler metal of deoxidating and gasfixing chements
such as aluminium and titzaium. With the aim ot avoiding increase in the loss of deonidising propertios it may help
to prevent turbulence of the fusion 2one, which can be caused by excessive ypeed of release of the pas shickd and
by movement of the welding flash or the rod of tiller metsl. Absolute cleanness of the surface under treatment is
always extremely important.

4.2.21.2 Slag Inclusions

In using the covered-clectrode process, it is possible that slag inclusions appear in the weld metal. This defect
is more a characteristic of the particutar welding provess chosen than @ property of nickel alloys, and it is mentioned
here in order to emphasize how important it is. on parent metals, to take ghval care to remove the stag completely
atter o welding run with @ covered electrade.  Residual slag is particularly dangerous in welds destined to operate at
high temperature:  surface residual slap may encourage the absorption of sulphur from corrosive atmospheres and
s0 induce embrittlement From sulphue, while in alloys containing chrome and operating in oxidising atmuospheres the
slag, which melts at a lower tempersture than the metal, can remove the surface fiim of chrome-onide and lead to
corrusive attack underncath,

4.2.21.3 Onide Inclusions. Lack of Fusion

Nickel alloys of the precipitation-hardenable type contain elements which can prostuce, during welding, refrac-
tory oxides and theretore oxide inclusions and lack of fusion.  The danger of these detects makes indispensable
sroper action between one welding run and the next in order to remave the existing oxides completety. The most
efficient cleaning method consists of sand-blasting and grinding atter ¢cach run; the use of a normal metallic brush is
not considered sufticient. A gas shicki reversed is deemud indispensable when the weld alloy has a high aluminium
and titanium content.

4.2.21.4 lendency to Cracking

The solubility of siticon in nickel may seem high enough to limit the formation of dangerous cutectios with
low melting point and consequently the possibility of hot cracks forming in those nickel allovs which contain it to
a vertain degree. It decrvases, however, with the addition of copper and chrome, and the alloas ot nickel-chrome.
nickel-clirome-iron and nickelcopper are sensitive to this defect. Particularly sensitive are the altoys containing
chrome and this characteristic must be borne in mind sspecially when using fitler metal of these alloys on parent
metal with a high silicon conteat.  The critical stheon content which must not be excecded if this harmtul eftect is
to be avoided varies from alloy to alloy and is also attected by the welding process used. It has been noticed. for
instance. that the harmtul effect brought about by silicon in the fusion zone of the weld is less evidene in the
processes using inert pas. Cracking can also oceur in the heat-aftected 2one of the weld, but to a far less degree,
The metallurgical effect of silicon can be counteracted by the aduition of niobium in the filler metal.

Also susceptible to cracking in the tusion zone are alloys containing boron in percentages below 0.03. 0 crack
sensitivity in the heataftected 20ne appears to be more controblable, with these allovs, it one is careful to use o
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welding procem with low wpecific overheating and to plan the structure 50 gs to obtain welded joints with the beast
tigidity poxsible. The harmful effect caused by boron is attributable to the formation of intergtanulat cutectics with
low melting point,

A similar effect, hot-ctack formation in either the Tusion zone or the heat-af ‘ected zone, is alw noticeable in alloys
conteining zirconium in small amounts, say 0.1'%; Tusion welding is not advisable on such alloys because it would be
difficult to avoid cracking in the heat-affected rone. The metallurgical reasons o this defect on such alloys is abwo
attributed to the formation of low-melting-point cutectics.

To avoid the incidence of cracking, special care must be taken sgainst poliution by suiphur. phosphorus and
kad, which can provoke entectiv teactions et low fusion temperature, thus vontributing to hot<crack lormation, which
is based on the intergranular brittieness of the structure. Sulphur is the most likely of these harmful clements because
it is more Jifficult to guarantee its exclusion as it teads, with it compounds, to for the numerous materials con-
tinvously used in industry (thermovolour pencil, chalks, cutting lubricants, grease, pait t) and it is also normally
contained in the industrial atmosphere to which alloys may be exposed during storage.

In order to prevent, as far as pussidle, the vracking of nickel alloys in gencral, the most suitable stage for
cxploiting, during welding, the best « aaracteristics of ductility of the alloy. is thet ¢ anncaling ot solution treatment.
This structural state guarantees also the absence of possible stress tront work-hardening caused possibly by previous
cold plastic processing.  For alluys which can be hacdened, welding on material already “aged® is not advisable for
various reasons; the aged material offers little ductility, especially at the temperature reached in the heat-atlected
eone, and could crack under the internal stresses induced by welding: the heat cycle of welding can destroy locally
the effect of the treatment already «pplicd to the parent metal; it would be impossible to obtain the desired
mechanical properiics in the fusion sone without further ageing of the zone itself,

TABLE IV

High-Nickel Alloys Cummonly Used in the Aircraft lndustry®

. e ey -
N Shiclded flas thay Gar Electron
Description [ Mewal-Are | Tungstensre | Mewl-4re | Shorting-Are Beam
Inconel alloy 600 { X X X X X
604 X X X X
62§ X :
700 X X
702 X - X
718 X X X
DA X X : X
7- 750 X X - X
Hastelloy alloy “B" X X X X
et X X X X
R-23§ X X X X
w X X X X
X X X X X
M-252 alloy
Rend 41 X X
Udiment 500 X X - X
700 : X -
Incoloy alloy 800 X X X X X
801 X X X X X
804 X X X X X
82§ X X X X
901 X : X
- 1
Note:
X  Weldable by this method. A dash indicates that the process is not usable on the alloy or
information has not been developed. Contact the manufacturer for latest informatios,
*  From Welding Handbook, © ction Four, fifth edition (Chapter 67), published by the
American Welding Society.
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4.2.22 TYPICAL WELDING DEFECTS AND THEIR DETECTION BY NON-DESTRUCT!VE TESTING

Of the various defects which can occur during welding some, as previously explained, are characteristic of the
type of welding process used and some o.” the parent metal employed; others are common to both and occur often.

In the general scope of the non-destructive test programme for checking welds, it is advisable to consider to-
gether the various types of defects, independently of their origin, and to prescribe appropriate non-destructive test
methods to reveal them.

In autogenous welding of butt joints the following defects may occur:

Undercuts are due to limited fusion on the surface of the parent metal near the scam and to incomplete filling
of the grooves wiih filler metal. They are revealed through X-rays and on the screen they appear as dark groowves
shading off at the s des of the scam (Fig.1). These defects do not represent real discontinuities and therefore they
are not revealed by any other non-destructive method. [t must be noted that, at least in larger welds, these defects
are not visible to the naked eye and, unless very sharp, they are acceptable.

Porosity and blowholes are caused by gases in the fusion zone which are trapped in it during solidification.
These defects, which are fairly round cavities, are usually called blowholes if their diameter is 10 to 15 mm or more
and porosity if it is less than this. These defects are usually revealed by X-rays and they appear as dark spots easily
distinguishable from other defects. The X-ray screen reproduces their shape and exact location and, in relation to
porosity, permits an assessiment, alheit a visual one. of their density (number of pores per unit volume). Incidentally,
they can also be detected by ultrasonic techniques (especially large blowholes) but in general the sensitivity is lower
inasmuch as these defects tend to diffuse, instead of reflect, the beam. Furthermore, not being surface defects, they
are not detectable by liquid penetrants.

Wormholes are defects similar to blowholes but oblong. Thev are clearly visible by X-rays, but only by chance
by ultrasonic and other methods.

Herringbones are defects consisting of a group of oriented wormholes (Fig.2). They are typical of welding done
in a shicided atmosphere, without proper control of the process. The defects are clearly detectable by X-rays but
only incidentally by ultrasonic techniques and then with difficulty. They are never detected by other methods.

Porosity describes groups of pores and arcas covered by a large quuntity of pores (Fig.3). As already mentioned,
thesc defects are clearly detectable by X-rays but not at all, or only occasionally. by ultrasonic methods. They are
not detectable by other methods.

Incomplete roct penetration consists of incomplete filling of the weld (Fig.4). Compared with the length of
the seam it can be continuous (more often in automatic welding) or discontinuous, with more or less sharply defined
sections (in manual welding). 1t is a defect easily revealed by X-ray and ultrasonic techniques. No other methods
are used unless the weld is without reverse pick-up and on components which are not closed. for example tanks or
boxes. In such cases the lack of root penetration is detectable by the naked eye.

La~k of fusion is a defect due to insufficient heating or ‘o the local presence of oxide and it can occur at the
root of the weld and on both sides of it (Fig.5). 1t can be detected by X-rays and appears as a thin line if the
direction of the X-ray beam is parallel to its planc; if it is not parallel (the most common case), it appears as a very
shadowy area, sometimes hardly detectable for lack of contrast. Because of this factor. the usual method is to use
ultrasonic techniques with a transducer than can gencrate inclined beams (45° 807, according to the plate thickness).
inasmuch as the echo reflected is not affected by the thickness of the defect but is sufficient for the defect to
create two-dimensional discontinuity. Ultrasonic testing is recommended for use with stainless steels. The tendency
shown by many stainless steels to grain enlargement in the welded zone can make difficult or impossible the use of
ultrasonic methods, because of the excessive absorption of the ultrasonic beam. However, if the welded section is not
too large, it is possible to restrict the attenuation and diffusion of the ultrasonic beam within acceptable test limits by
choosing a sufficienily low frequency.

Inclusions are foreign particles which remain trapped in the fusion zone during solidification. These defects
are detected either by X-rays or by ultrasonic methods, although with the latter it is not always casy to distinguish
them from other defects. Non-metallic inclusions are generally formed by fragmentation of the electrode covering.,
ie. by fusible slag. Almost always they are thinner and thus less absorbent than the surrounding metal and. on the
X-rays. appear as clear spots of irregular, fairly round. shape. When non-metallic inclusions are refractory, they appear
on the X-rays as clear spots of rather jagged shape (Fig.6(a)). If the inclusions are metallic. they may appear as
clear spots or dark spots according to their relative density compared to the surrounding metal.  An example of such
inclusions is given in Figure 6(b), which shows (apart from the two cracks) a tungsten inclusion (shed from the
electrode) in a weld made by the T.L.G. process. This type of defect is not considered scrious if the dimensions
are relatively sma'!; the danger increases when there are more inclusions close together or in line. Similar defects
can be caused by inadequate cleaning between one welding run and the next or when particles of the parent metal
flake off and form surface inclusions (Fig.7(a), (b)) which, owing to the high temperature during welding, tend to
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cuncentrate on the edges of the filler metal, giving rise incidentally to aligned inclusions. In X-ray testing of very
thin welds with “soft” rays (low kV) it is necessary to use very fine grain film and to take appropriate measures
(e.g. geometrically) to obtain the best image possible. A distinct image is indispensable in X-ray testing of oxides of
aluminium and magnesium, because their densities are quite near to that of the matrix in which they are trapped.

1 ARG 4] a0 e Rl S A

Craters, which are iaote frequent in normal than in automatic welding, ar: charactenistic defects that may show
up when the arc is interrupted along the weld. Rapid local cooling may prevent the release of gas bubbles (with
consequent formation of porosity) and/or produce siall cracks in the radial direction (Fig.8). These defects are
detectable by X-ray testing if the plane i which they lie is parallel to the X-ray beam, and by liquid penetrants
(generally the red ones) if they are on the surtace. When they are not on the surface they are satistactorily detected
by ultrasonic methods, through inclined-beam techniqu.s (45° to 80°) with appropriate frequency.

Hot cracks are produced during the first stage of solidification of the fusion metal, when the dendrites of solidifica-
tion form a coherent reticule ot grains: in the interstices some liquid remains and the intergranular sections of limited
strength can yield under the shrinkage stresses due to the progressive decrease of temperature. These defects are
detectable easily with X-rays, fairly casily with ultrasonic techniques, but not at all with liquid penetrant and magnetic
methods unless they are on the surface. Hot cracks (which form during heating and successive cooling of the metal)
may in fact be considered as three-dimensional defects, with the possibility of producing, when examined by X-rays,

a trace of different density (blackening) on the film, even if the orientation is not the mos* favourable.

Cold cracks may form when the fusion zone has already solidified, owing to high stresses during the ccoling
process. These defects generally form in the tusion zone, but they can also occur in the heat-affected zone, especially
with steel alloys or high-strength steel. Cold cracks generally have a linear or jagged appearance (Fig.9). For thin
welds, or in cases when the crack is expected to reach the surface, the methods ot detection which appear the easiest
and safest are the liquid penctrant and magnetic methods, even though care must be taken to avoid misleading traces,
owing to the possibility of penetrants remaining in the interstices of the surface folds after washing, or to variation
of magnetic permeability in the interface with the filler metal.

Ultrasonic methods are particularly suitable for detecting cracks which do not reach the surface, because this
type of defect forms a discontinuity which is highly reflecting. Generally it is advisable to use techniques with beams
inclined at 45° to 80°, according to the thickness of the plate; the basis of the technique is illustrated in Figure 9,
where case (a) deals with a crack in the filler metal and case (b) with a crack in the heat-affected zone.

X-ray testing is not altogether suitable for detecting cold cracks inasmuch as it requires that the plane in which
they lie should be approximately parallel to the direction of the X-rays. When this condition is obtained they are
represented on film as sharp traces; otherwise they appear as shadowy areas, raedium derk in colour and with little
contrast; cracks which lie in planes very much inclined to the direction of the X-rays are not detected at all. How-
ever, if we consider only very thin welds, for which the plane of the crucks is alinost perpendicular to the plate,
namely parallel to the X-ray beam, the limitations just mentioned are no longer valid. In spot welding the defects
which can occur are classifiable into fewer types compared to thase in arc welding. The heat cycle of each “nugget”
is extremely short and interaction of the liquid metal with the external atmosphere is practically negligible.

The classical X-ray of a spot weld obtained with correct values of the welding machine parameters is that
illustrated in Figure 10(a), where the characteristic clear halo surrounding a circle of slightly darker background is
noticeable and is due to the forging action exerted by the electrodes (note the variation in thickness as shown in
Figure 10(b)). The liquid metal, piled up during the heating phase, cools rapidly through the action of the surrounding
material and of the electrodes, and the nuggets produced are characterized by a crystal column structure, as sketched
in Figure 10(b). The main types of defects are the following.

Pores are small round cavities filled with gas, generally caused by inadequate cleaning of the surfaces (Fig.11).
Tliey are not as a rule regarded as dangerous defects.

Shrinkage cracks are cracks positioned roughly radially and are star-shaped (Fig.12). They appear when there
is excessive heating, and they are alinost always present in nuggets of excessive size. They are regarded as dangerous
defects.

Spattering of fuse material may be due to excessive heating and thermal expansion, interfering with the sur-
rounding solid material. Contact with the plate and imperfect cleanness are other possible causes of this defect
(Fig.13).

Lack of fusion appears as spots with minimum mechanical resistance, owing to insufficient heating, and thus
without enough nugget volume. They are considered dangerous and generally lead to rejection.

The first types of defects (pores, cracks. spattering) are detectable very easily by X-rays. Lack of fusion, on
the other hand, is not directly visible by X-rays because it does not appear as cavities or thickness variations, which
cun produce variation in the absorption of X-ray beams. However, with certain materials (of low ductility), the
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small volume of the melted nugget reduces and eliminates the forging action of the electrodes, so that the white halo
does not ap, -ar in the X-rays: this can be taken as a sign (cven if not absolutely definite) of lack of fusion. Another
sign, even though indirect, of the reduced size of the nugget 1s indicated in X-ray testing of light ailoys with high
copper content, owing to the tendency of copper to migrate from the exterior to the centre of the nugget. This
occurs during the fusion cycle and during solidification of the nugget when the copper tends to segregate and, being
subject to heating followed by cooling, forms an outside ring of low copper concentration and a core of highet copper
concentration. It is a relatively small variation but, because of the cnormous difference betwee.. its absorption
coefficient and that of aluminium, it is sufficient to show up in X-ray testing as a dark halo (of diameter nearly the
same as the light halo of the forging action) and a lighter central zonc indicating copper enrichment (Fig.14).

There has recently been developed an ultrasonic technique of high frequency (10 to 15 MHz) suitable for the
evaluation, through multiple echoes, of the size of the nugget according to the damping of the ultrasonics. Although
it has proved promising, it appears to be too expensive. Some attempts to use ultrasonics applied directly tc the
electrode of the welding machine have been made, so far without success.

A modern method of test. directly applicable on the welding machine or on the part during welding, seems now
to be offered by acoustics: during the fusion phase, solidification and forging, both in the nugget and around it.
Very strong impulses are produced which free energy in the form of elastic vibration of high frequency. A suitable
transducer, set nearby, can capture these signals, which radiate as impulses of various energies and frequencies; such
impulses, for each welded spot, are related to the size of the nugget and it is thus possible to distinguish the welded
spot with lack of fusion (small acoustic signal) from the large and average one.

4.2.23 DANGER OF DEFECTS AND ACCEPTABILITY CRITERIA

With regard to the strength, both static and dynamic, of the weld, an assessment of the danger of defects and
the relevant acceptability criteria is based essentially on the possible effect of fissure and the resultant stress concen-
tration that this can produce. From this point of view a classification of defects implies a division into two main
categories:

(a) Defects which are round, or at least three-dimensional, and without sharp corners.

(b) Defects with sharp corners, generally three-dimensional-shaped, with marked effect of fissure.

Category (a) comprises blowholes, porosity, inclusions etc. These defects are not liable to spread under fatigue
conditions inasmuch as they do not have sharp corners: they can be accepted if, under the prescribed conditions,
they are of dimensions tolerable for static strength.

Defects of category (b), on the other hand, cause stress concentration and are, furthermore, lively to spread.
Cold cracks, especially, represent a very serious danger for their tendency to spread under fatigue conditions: they
are never tolerated in welds on important components. In addition, defects such as lack of fusion and lack cf root
penetration, hot cracks and, finally, aligned inclusions belong to this category.

Suitable X-ray standards of defects in welds have been collected aad issued by specialised organisations: the
numerous defects illustrated are in order of increasing danger and importance. In acceptability definitions these
standards are often referred to.

It must always be borne in mind that the criterion of acceptability for defects of the two categories mentioned
depends not only on their importance and nature, but also on the position of ihe weld and thus the influence the
defect has on the part or assembly. It is self-explanatory that in areas of low stress some types of defect can be
tolerated up to a certain limit, inasmuch as they do not give rise to appreciable stress concentrations or, if they do,
there is a considerable margin of safety. Conversely, in highly stressed areas the presence of a defect, however small,
can be responsible for initiating a fatigue crack.

In considering the effect on safety, it must be remembered that in an aircraft there are structural components
and mechanical parts of primary importance, while there are others of secondary importance by comparisoti: the
acceptability criteria of defects are also related to the function of the particular welded component.

It is obvious that the various types of possible defect in welding can be classified according to their nature and
origin, but they differ widely in shape, position, importance and so on. In this respect the personal experience of an
inspector entrusted with acceptance is of great help in the interpretation and assessment of defects: but. because of
the situation just described, he would find himself compelled to pass judgement based on personal concepts, to decide
on very complex requirements not easily assessed solely according to his own specific competence. To give him a
chance of being more objective, using generally applicable criteria, the idea has been established of creating classes
with a different degree of severity for the acceptability of defects. Referring to X-ray standards, the most severe
class will permit the acceptance, for instance. only of defects of minimum order in category (a), excluding absolutely
any defect of category (b). The less severe class will permit acceptance (referring always to standards) of defects
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progressively greater of both categories. The classification is gencrally established by the design offices, in couperation

with those responsible for quality control, and can refer to the component or only to its critical zones, The category ’

in which the particular component is placed is shown on the relevant drawing or quality control specification: the :

inspector respensible for aceeptance is now able to judge the defect by comparison with simikar defects reproduced in i
E the standard, and referred to by the class in which the part under inspection appears. A simple scheme of classifica-
3 tion of components according to their use is now given,
4 Class ! This class comprises components whose failure during take-off, flight or landing may cause “
3 (a) structural failure, 3
3 (b) loss of control,

) engine failure,
(d) inability to actuate the landing gear.

If the failure results only in damage through a second. unlikely event (for instance, the damage to the rudder 1
control cable caused by failure and collapse of a radio antenna) the component does not come within Class 1.

Class 2 This class includes components under specification which do not belong to Class 1.

Class 3 This class includes components not under specification or under slight specification.

The classification just described relates specifically to X-ray testing, but it is applicable (and it is applied) also
to other non-destructive methods. In ultrasonic testing, for instance, for each ciass, reference can be made to pres-

3 cribed specimens, containing artificially produced defects of different types: the echo of the particular defect is
3 compared with that of various standard specimens.

In addition to what has already been said, it must be ¢mphasized that an acceptability criterion must always :
1 consider the deterioration with time of a defective weld.

It is essential that the departments responsible for quality control and acceptance assess the degree of danger :
of the defect with this in mind, evaluating how much a defective weld can be further weakened in time by in-service
conditions (atmosphere, temperature, stress), by the structure of the welded material itself and by the type of defect.
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Fig.1  Undercut
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Fig.9(a) A crack in the weld metal  casily detected by X-rays
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Fig.9(b) A crack in the parent metal in the heat attected zone  difficult to detect by X-rays
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(2) X-ray photograph of a spot weld (b) Diagrammatic sketch of a spot weld i
q
Figure 10 i
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Fig.11  Spot weld showing porosity Fig.12  Spot weld showing criacks j

' i
]
i
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;
Fig.13  Spattering of fusion metal Fig.14  Spot weld on light alloy with high copper content (C4-5 TN-10/40).
Above:  normal spot weld with characteristic halo due to copper migration.
F} Below:  imperfect spot weld with halo reduced and indistinct.
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NDI OF BONDED STRUCTURES 4
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i
43.1 INTRODUCTION 4
43.1.1 History
From the beginning of Aviation, adbesives have been used in the construction of wouden aircraft.  Aircraft
rigid structures were achiewed by stacking their bonded wooden sheets (spar langes, plywood cores, propelier blades
ete.) but the actual development dated from the second world wat thanks to plastics chemistry improvements and
in particular thermo-setting materials (phenolic and later epoxy resins).
At the beginning, sandwich structure cores were made up of low density materials such as balsa wood, cork,
rubber foam. plastic foam, cte.  Altnough some of these materials are still being used. the great majority of current i
sandwich structures incorporate honeycomb cores (Fig. 1), 1
!
4.3.1.2  Advantages of Bonded Structures' ‘-
Two types of bonded structures are now being used:
1
Metal-to-Metal bonded structures, ‘
Sandwich structures. ‘
43020 Metal-to-Metal Bonded Structures '
This covers the assembly of two parts by means of a4 bonding adhesive.  Two major groups can be retained: !
Stittener bonding (refer to Figure 2) which makes possible a thin skin stabilization.  Such process then
replaces riveting or spot welding and helps in improving mechanical and above all, fatipue strength properties
as: i
ta) the stabilizing reinforcement mating surfaces are evenly and constantly loaded.
th) the bonded joint stops fatigue crack propagation. 4
Reinforcement bonding (see Figare 3 by which the use of the lamination method makes possible local
reinforcement replacing conventional or chemical machining, thence entailing:
(a) Matenal saving (sometimes in a most substantial way).
() Greater satety capability against crack propagation.
1
4.3.1.2.2 Bonded Sandwich Structures (see Figure 4)
From the design view point, honded structure proves to be the best achievement of skin stabilization technigues.
In general, honeveomb cores are used for load carrying structures and withstand shear stresses while skins with.
stand both compression and tensile stresses.
This results in a signiticant weight gain as compared to conventional structures with stitteners, and thanks to :
component consistency. fatigue strength is improved (mostly acoustic). 1]
Attachment points constitute nevertheless the most critical areas in honeycomb panels and must be particularly '
well designed. ]

4.3.1.2.3 Applications

3 The advantages bonded structures and especially honeycomb sandwich structures ofter, are obvious in several
{ fields. Nowadays, there is no aircraft, missile or satellite which do not incorporate bonded structures and notably
: honeycomb sandwich structures.

Adhesive bunding is increasingly used for the manutacture of components such as: fuselage and wing panels,
bulkheads, slats, flaps. airbrakes. landing gear door pancls. farings, tail units componeats. hehwopter blades, floor

panels, ctc. ‘J
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43.1.3 Design Factons?

4.3.1.3.1 Impact Resistence

1t is generally admitted that a thin skin pancel can successfully take applicd tensile and compression stresses,
Howewer, in practice much thicker skin pancls are being used to withstand impact toads. In cffect a thicker panel
has a high energy dissipation capability over a larger surface, which decreases the loads applicd to the honevcomb,

4.2.1.3.2 Environmentel Conditions

Temperatute, exposure at such temperature, humidity and resistance to scveral fluids and gases mnust be assessed
carly in the design stage. The effect of loads under all these different environmental conditions must not be under-
tated.

Table | provides data on material selection according to their working tempenium.

TABLE 1

Materials Selection According to Working Temperature?

Te ‘(.C)m" Core Facing material Adhesive
Upto 175 Aluminium Aluminium Resins
. \ Laminates .
Up to 250 Fibreglass Steel or Titanium "esins
From 175 to 500 Steel Steel or Titanium Brazing or welding

43.1.4 Materials

4.3.1.4.1 Metal Sheet Facings®

Till now. the majority of sandwich structures incorporated aluminiim alloy or plastic reinforced fibreglass
facings. Steel, wood or paper have been used likewise and probably theit use will be developed in future. Other
materials such as carbon tibre composites are liable to be developed because of the great advantages they offer.

Aluminium facings are mostly from 0.3 to 2 mm thick. Steel and titanium facing thickness ranges from
0.125 to | mm.

But there are specific cases, where reinforced plastic facings or plastic cotes must be used for the construction
of components such as radomes or any other structures requiring electrical transparency properties,

Plastic facings associated with sluminium paper or foam cores can be likewise used tor the following reasons:
casy forming of complex parts, weight control, insulation and thermal radiation, high temperature resistance and
higher impact resistance.

4.3.1.4.2 Honevcomd Core

Honeycomb cores are produced in 3 great variety of matenals including aluminium atloys, stainless steel, “*Super
Alloys™. paper, resin impregnated tibreglass (NOMEX).

Core density may vary with ribbon *hickness and cell size.  Usually core height ranges from § to 2§ mm, but
may reach 150 mm and even 300 mm (1or instance for surface controls). Ribbon thickness ranges from 13 to 130
microns - and regular cell size ranges from 3 to 10 mm.
4.3.2 BONDING
43.2.1 Bonding Adhesives

4.3.2.1.1 Different Bonding Adhesives!

Bonding adhesives available on the market and intended for acronautical use are supplied under the tollowing
different forms:

1
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Fig.3 Bonded reinforcements
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Fig.4 Honeycomb as a sandwich core material
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Solid
As sticks, carly solution which is now practically abandoned because of the difticult conditions of applica-
tion it offers.

Powder

Again an old solution still in use but requiring special equipment and tools.

H
o
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ki

Paste
This solution rather applies to repairs, to tool jig construction and insert bonding in sandwich scructures.

Film

It is the most widely used solution for structural bonding because of the simplicity of preparation and
handling it offers. Adhesive films are commercialized in the form of rolls about 1 meter wide and 50 m
long.

AP SR W W

PR

A pre-jellified resin generally impregnates a carrier which can be as follows:

o fibreglass or synthetic fibre fabrics i
e synthetic fibre knitted fabric
® dispersed fibres

® glass microbeads

which results in a relative adhesive film flexibility tor contoured structure bonding and entails an acceptable
minimum bond thickness.

There are also other bonding adhesives without carriers which are advantageous for their low density per
square metre and can be used for uny bonding applications.

o i e . M,

FFoam
It is intended for howeycomb/honeycomb adhesion and honeycomb/edge. It is available in the form of
sheets.

B L LN Pty o sl by 5
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4.3.2.1.2 Adhesive Curing Conditions

In order to achieve optimum mechanical properties at initial and aged condition, three major parameters must i
be controlled: §
- pressure applied to the glue line,

curing temperature, {
curing cycle length. :

As a rule, adhesive paste hardens at ambient temperature nd only requires the application of a simple pressure.
On the contrary, structural adhesive films are thermossetting and require specific cure temperatures (of the order of

120° to 170°C) under a given pressure (1 to 7 bars) for a period of time which generally ranges from 1 to 3 hours. i
4.3.2.1.3 Bonding Process ]
Bonding is an adhesion progcess by molecular attraction between two parts to be bonded and a third factor: the i

adhesive which is placed in between in order to transmit mechanicat loads,

Bond quality is conditioned by two completely diftercat important tactors, {
adhesion of the adhesive to metal, {
cohesion within the bond (see Figure 5). ]

E B
4.3.2.2 Honeycomb Core Manufacturing Processes i
4.3.2.2.1 Honeveomb Core Manufacturing 1

Honeycomb structures are made from thin metal foil the gauge of which generally sanges from 13 to 130

microns. There dre two basic honeycomb core manufacturing processes as follows: '

First pracess or corrugdtion process (see Figure 6)

I . . . . . . .
; Thin web strips are fed to two corrugated rolls which transform them into corrugation sheets. They are then
; stacked into a honeycomb block and bonded tor brazed in the case of stainless steel sheets).
Second process or expansion process  (see Figure 7) being only applicable to bonded honeyveomb. ;

In this process staggered parallel adhesive ribbons are applicd on cither side of the web material at regular
intervals.  Sheets are cut to the required length and stacked ey or upon laver, to be cured in hot nresses into
hobes.  Slices are sawed from the hobes and then expanded into hot ycomb pancls.
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For laminated and polyamide paper honeycomb, it is necessary once expanded to dip them into a resin solution
tullowed by a curinp operation.

4.3.2.2.2 Lav-Up Process

Lay-up process can be broken down into three major steps:

(a) surface preparation of the components to be bonded,
(b) adhesive application. Lay-up,
(¢) pressure application. Curing.

4.3.2.2.3 Surface Preparation

This surface preparation is intended to remove from the component surfaces to be bonded any foreign matters
such as grease, oil, dust or carbon composites, etc. and to create on the material surface optimum conditions to
ensure a total adhesion of the adhesive to the metal.

As a rule for aluminium alloys, surface preparation is a sulphochromic degreasing or unsealed chromic anodizing.

4.3.2.2.4 Adhesive Application — Lay-Up (see Figures 8 and 9)

Components are interfayed with adhesive either in the form of film or by brush coating when paste. For
adhesive films it is very important to remove protective tapes for they would impede tb~ adhesion of the film.

For bonded sandwich structures, the lay-up operation consists generally in positioning first the lower sheet
facing, then the panel edge members and then the assembly is clamped in position. The honeycomb core is then
positioned into the edge member thus formed. Finally the panel is closed by positioning the upper sheet facing.

Once clamped the lay-up is placed in the autoclave for curing.

For complex panels, the lay-up operation can be broken down into two phases by bonding firstly the metal-
to-metal components and later the honeycomb sandwich sub-assembilies.

4.3.2.2.5 Curing Process
4.3.2.2.5.1 Different methods
Curing of thermosett ng adhesive bonded structures can be achieved by several methods

(a) hot press for flat panels,
(b) ventilated oven for flat or contoured panels,
(¢) self-heated mould (oil, vapour) by conduction,

(d) autoclave, which is a pressurized oven where both temperature and pressure are controlled; it is nowadays
the industrial process which can be considered as most adapted to component bonding carried out in several

steps: fuselage panels, wing panels, control surface panels etc

4.3.2.2.5.2 Autoclave bonding (see Figures 10 and 11)

The panel to he bonded is placed in a tool as shown in Figure 11.

It essentially includes:

—  an aluminium alloy support plate,

- a synthetic rubber sheet or aluminium 10il or polyethylene sheet applicd over the panel and acting as a
cover for the sealed vacuum bonding chamber,

- a sealing device made up of platens bearing on the sealing joints,

- suction inlets to create a vacuum in the * .ctium chamber thus formed,
thermocouples for temperature checking.

Once the vacuum chamber is operative, a partial vaccum is created to make sure there is no leakage, and then the

lay-up is placed in the autoclave for cure.

4.3.2.2.5.3 Curing parameters
To obtain a successful curing, it is necessary to conform to a certain number of parameters:
- temperature rise time, it must not he too rapid in order to avoid high thermal gradients,
curing temperature,
pressure,
As a rule, all these parameters are recorded to make sure the required curing conditions are properly met,
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Fig.5 Different bonded joint failure types ;
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Fig.7 Expansion process of honeycomb manufacture. In this process all bonds are made simultaneously B

while the corrugation method is essentially a one-layer-at-a-time operation. i

(*‘Hobe™ denotes “honeycomb before expansion™.) 1
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Fig.6 Corrugation process of honeycomb manufacture. Materials which can be converted using this

process include metals, plastics, plastic-reinforced glass and paper i
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Fig.8 Honeycomb core machining

Fig.9 Checking of core protruding out of edgings (from 0.1 to 0.2 mm)
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Fig.10 Autoclave of 2.4 m diameter and '4 m long ‘,j
1
: Flexible sheet - . Drain i
“NIDA™ block . Fabric 4
Wedge - N ) ' . Clamping plate R
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Mold Flexible joint
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Fig.11  Autoclave bonding tool layout
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4.3.2.3 Honeycomb Structure Repain*

Honeycomb structures can be successfully repaired sometimes very easily and simply without in m-st cases any
alteration in strength and rigidity (see Figures 12-15).
The following repairs can be quoted:

~ single bonded and riveted reinforcements (Fig.14),
-~ bonded and riveted reinforcement by rosin filling (Fig.t2),
- elimination of defective areas replaced by huneycomb blocks with resin pouring (Figures 13 and 15).

4.3.3 FLAWS IN BONDED STRUCTURES

Before discussing the different non-destructive inspection methods which could be applied to bonded structures,
it would be advisable to analyse the different types of flaws liable to be encountered and which are typical of this
type of construction.

These flaws can be divided into two main groups:

—  flaws developing during manufacture,

—  flaws developing in service,
4.3.3.1 Inspection Process During Manufacture

Many flaws may appear during manufacture. They are:
4.3.3.1.1 Splicing Flaws

This type of defect occurs when sheet facing and honeycomb core joining is not perfect. During manufacture,
the honeycomb core is machined to be inset into the structure formed by the cdgings and facings. The honeycomb
core depth is generally greater by about 1/10 mm than the edgings in order to ensure a perfect joining with absorp-
tion of the adhesive bond. Such condition is easy to achieve. The major problem is in areas where there are sudden

variations in honeycomb thickness (edging areas, bonded reinforcements with variable facing thickness (see Figure 16)).

Such arzas require specific honeycomb core machining to mate with these thickness variations and such processes
must be carried out with great care and accuracy.

It may occur sometimes, in order to obtain an excellent joining of the components, to locate these reinforce-
ments or variations in core thickness on the external side of facing (see Figure 17). This technique may slightly
decrease the avrodynamic features of the finished component. But on the contrary, they greatly improve joint
quality and ease panel construction.

Figuie 18 shows examples of the different types of joint which are entailed by these core thickness variations,
When machining is satisfactory the honeycomb core and facings mate perfectly. On the contrary, when machining
is too deep in the core, as seen in Figuie 18(a), an unbonded area exists between the facing and core.

Figure 18(c) shows that when the machined area is unsufficient the facing thicker area bears on the protruding
cells resulting in prnel distortion.

All these joining flaws are among those most commonty found during manutacturing processes. And they are
all the more difficult to avoid as the structure is more complex. These flaws generally are elongated. They may vary
more or less in length but their width ranges most of the iime from some millimetres to some centimetres. They are
generally located slong the edgings, along the stitfeners or at the skin thickness variations. When inspecting a tinished
product, the greatest care will be given to the examination of these arcas. As calibration is affected in the greatest
part of the currently used techniques by facing thickness variations, it is advisable to check carefully calibration on
cither side of such thickness variation to determine if the reading provided by the instrument results from thickness
variations or from a flaw.

Figure 19 shows the different flaw types to be found in edging areas. H the honeycomb core is too thick, this
will result in a defective joint with the edge members. I on the contrary honeycomb core depth is insufficient,
defective joining will take place at the sheet facing level, as the structure rigidity in such area impedes any satisfactory
adhesion of the sheet tacings to honeycomb.

Likewise joining tlaws may be tound in honeycomb expanded panel assemblies. They may originate from a
defective dimensicning of the honeycomb expanded panel or from *he effect of adhesive which when curing tends to
excessively force apart the two panels.
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Repair Examples !

Blind rivets

Figure 12

Resin Blind rive. i

Resin

Figure 15




——

-

542

B Lo it T Cothi i St v

|
|

~A

Fig.16  Difficult joining arcas
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Fig.17  Arcas without joining problems
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Fig.18(x) Unbonded arva (too large a machined arca) Fig.18(d) Unsufficient honeycomb cell depth
|
Fig. 18(b)  Good joining Fig.18(¢)  Too important honeycomb cell depths
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‘ Fig. 18(¢)  Crushed cells (too small a machined area) Fig. 18(f) Critical areas
3

Fig.18  Defective facing to honeycomb joining
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Fig.19  Defective edging to hon.ycomb joining

Defective joining

4.3.3.1.2 Bonding Flaws

Many other parameters than defective joining may entail bonding defects during manufacture. 1t can likewise
result from the use of a poor guality adhesive, from an insufficient surface protection, from a curing process impro-
perly carried out or from the use of an ill-adapted tool. It is ther recommended when bonding @ complex structure
for the first time to perform a preliminary test on the tool by applying between the tool and the structure facing. @
coat of VERIFILM with the appropriate temperature and pressure. At the end of the test, a check of the VERIFILM
coating thickness will help in making sure that the stracture was properly positioned on the tool.

These parameters being casier to control than the joining itself, this type of flaw is less frequent. On the con-
rary. they can be found all over the structure surtace and there are no preferred ancas. i

4.2.3.1.3 Other Flaws

Flaws may result from the absence of bonding adhesive (such an omission may oceur during marufactere).

Sometimes, the bonding film is correctly positioned but the protective tapes have not been removed. This typ
of flaw generally is very difficult to detect once ¢he panel is completed.

We must mention likewise honeveomb flaws (erushed cells).

Finally the defective sealing of a completed panel may likewise be considered as a defect tor it can entail further
flaws found during maintenance such as water entrapment and corrosion.

43.3.2 Inspection During Maintenance

| Flaws liat.e 20 be detected during maintenance are practically the same as these found during manutacture.
5_ However, as a rule, they can be casily detected after the structures have been stressed in service. Failed bonds are
then obvious and the data provided by the inspection cquipment much casier to interpret.
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To the above mentioned Naws, can be added:

water entrapment resulting from a defective panel sealing  The presence of water (or of any other fluid.
such as jet fuel for instance) in the honeycombd cells increases structure weight. On the othet hand. in some
muoving components such as helivcopter blades, water entrapment may cause impottant blade unbalance.

corrosion that can take place in the honeycomb due to the presence of water.  As cell walls are very thin,
honeycomb corrosion can result fairly quickly in complete dostruction of sandwich structure cores thence
vonsiderably decreasing structure strength,

defects resulting from impacts or blows a stained by the pans] entailing both skin distortion (ot cven a teat
in the panel) and core damage.  Non-destructive inspection carried out at this stage helps in assessing the
extent of the existing law and defining dossible repair action.

Finally it could be necessary to inspect a repaired arca to make sure the repait work has been propetly
incorporated or that the flaws have not further developed,

4.3.4 INSPECTION PROCESS DURING PRODUCT MANUFACTURE
4341 General

Although the non-destructive technigues applicable to completed sandwich structures constantly improve. they
do not replace in any way inspection processes during manufacture which are the only way to check patameters
impossible to evaluate on a finished product. They mainly apply to the evaluation of:

technological value of adhesives,
interoperation inspection,
quality control test pieces.

4342 Bonding Adhesive Technological Value Evaluation

Obwviously the inspection must make sure at fisst that the adhesive quality is satisfactory. To do so. it is
necessary to test the adhesive properties by means of an appropriate specific test. On the other hand. before the
adhesive is applied it is re¢ommended to make sure that the storage requirements were satisfactorily met and that
the limit date is not over.

These tests can be performed with sheas metal-to-mctal test picecs or honeycomb-to metal peel test pieces.

4343 [n-Process Inspection

This type of inspection is essentially preventive and is performed at all manufacturing process stages. Among
the numerous evaluation operations it implies, let us mention the following they aftect:

dimensional inspections and aspect of the constituants,

surface preparation inspedtion.

bonding inspection.

lay-up (the inspectors making sure that the protective tapes are removed from the adhesive tilms: they
likewise check the adjustments and pinning).

bowding tool inspection,

curing process.  This evaluation is mostly performed by recording the various parameters (temperature.
vacuum, pressure),

sealing inspection.

4344 Quality Control Test Pieces
The

2

test picces which are usually used are:

shear metal-to-metal test pieces,

tensile metal-to-honeycomb test pieces.
peel metal-to-honeycomb test pieces.
peel metst-to-metal test picces.

4.3.5 INSPECTION METHODS

4.3.5.1 Sonic Inpection Technique

The oldest and probably the simplest inspection method to detect whether or not o bonding defect exists
hetween the honeycomb and facing is by tapping the part with a voin or a small maliet.
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The difference in sou . (tone of fregquency) between an unbonded arca and a bonded arca can casily e heard.

Initially. inspectors used a coin but nowadays they gencrally prefer a nylon stick. one end of which has been
tounded off in order to avoid any detrimental indentations in the structue.

The thinner the facing gaupe. the lighter the tap.
With such technigues, unbonded arcas are directly detected, provided the tested tacing is thin enough

This rudimentary but practical method however requires skified personnel. This is genctally used as an alterng-
tive process when an appropriate and sophisticated cquipment is not available,
4382 Vacuum Cup Inpection®

A vacuum cup fitted with dial indicator, the probe of which is applied to the centre of the arca under test,
used in this technique.

While the vacuum is created (up to B00 g/iom?) the dial indicator pointer deviates over some 1100 mm But
cver an unbonded area the deviation is much more important.

This time consuming and nowadays seldom used technique. only applics to thin gauge facings tess than 0 8 mm)
and requires a certain ghie line width,

43153 Ulitrasonics

Ultrasonic techniques are langely used torthe evaluation of adhesive bonded honeycomb sandwich structures
(Fig.20). Scveral methods can by retained among which the most generadly used are the pulse echo technigue ta
transducer acting as transmitter-receiver receives the echo signals retlected by the bonded interface) and the through
transmission process (the transmitter and receiver transdueens are separated and located on either side of the structure),

We shall describe in the present text the ultrasonic pulse echo ringing process tor several reasons,

(a)  This process is widely used because of its simplicity and fexibility of use. It does not require any advanced
cquipment and can be directly operated without any problems on-board the aircratt.

() The phenomena under investigation are tvpical of bonded structures, while other processes with focused
transducers are much closer to conventional ultrasoatic inspection techniques.

Fig. 20 Ultrasonic inspection
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4.3.5.3.1 Pulse Echo Ringing Process

435301 basic principle

This process compares the echo signal envelopes displayed on a screen with calibration standands traces repre-
sentative of the stictures to e inspected.

435202 Mewad-tometal bondt?
Two casws may ariwe as follows:

When the sheet fucing thickness is important enough with respect to pulse amplitude, it is then possible to
discern the signals reflected by cach interface (see Figure 21). The parameters to take into aecount are
the echo amplitudes from the metal-to-adhesive interface and in particular from the lower facings. When
no lower facing signals are received this almost certainly implies an unbonded arca. It is possible to use,
in order to ubtain short pulses, transducers of 10 MHz frequency.

It the facing sheets are thin, which geacrally is the case. the echo signal cannot be separated any more on
the sereen. Signal reflection in the sheet only is obtained.  The impedance vatiation at cach inteface
detenmines the quantity of energy reflected and the cured bond cohesive properties can be deduced from
the study of the oscillogram so obtained. The reflected signals will be the more weak and scarce the
higher the bond quality . Figure 22 shows typical oscillograms relative to an unprotected metal sheet, s
metal sheet with adhesive film and a pertectly bonded metal-metal assembly.

435313 Methods for inspecting adhesive bonded honeveomb structures
4352831 Basic pn‘m‘ipl«"

In the case of adhesive bonded honeycomb structures, the phenomena under test are much more complex than
for metal-to-metal bonds, because of the assmbly geometry: out in practice the results can be casily processed and
even generally more meaningtul than in metal-to-metal bonded assemblies,

Figures 23, 24 and 25 show oscillograms of an adhesive bonded honeycomb structure 2§ mm thick und
incorporating three typical cases:

correct bond,
facing-to-adhesive unbond,
honeycomb-to-adhesive unbond

The following comments apply to these oscillograms:

() Figure 23 oscillogram results from a lack of adhesion between the facing sheet and the adhesive film.
This phenamenon can be easily explained by the fact that the present case is similar to the case of an
unprotected metal sheet having a high reflective surface capability (high acoustical impedance vatiation at

the metalair interface). Causing the emitted pulse signal to reverberate in the sheet during a relatively long

period of time. Figure 23000 shows the enlarged display of the first third part of Figure 23(a) oscillogram
traces,

() Figure 24 oscillogram results from a lack of adhesion between the adhesive film and the honeycomb.
The presence of an adhesive film has climinated the metal-to-air interface, it being replaced by a somewhat
wuaker acoustical impedance variation. A great part of the puise signal energy is, chen, transmitted to the
adhesive where it vanishes. The pulse signal energy then decreases rapidly with cach subsequent reflection
out of which only a small number are displayed on the screen.

Figure 23(h) provides an enlarged display ot the tisst third part of Figure 24¢a) oscillogram.

) Figure 2560 oscillogram results trom a poud adhesion of the facing sheet to the honeycomb core. Again
the adhesive film dumping effec: is apparent but additional echo signals appear on the oscillogram caused
by the energy transmitted in the honeveomb cell walls and which is later reflected back to the probe.

Figure 26ta) oscillogram is simitar to Fgure 25 but the delay displayed results from a time scale displace-
ment. This causes the traces to be displaced on the left. Such displacement has been so adjusted to
eliminate on the sereen multiple signals resulting from multiple reflections in the facing sheet and to retain
only the signals generated by the honeveomb structure. Figure 26(h) and 26(0) oscillograms result from
transduced tested areas where again there is a lack of adhesion between the adhesive film and the honey-
comb and between the facing sheets and the adhesive.
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To sum up the situation, the three following cases are liable to be found:

Conditions Oscillogram

)

Good adhesion of honeycomb to

Signals covering approximately halit of
fucing.

the screen.
Lack of adhesion of the adhesive Uniform basic line, important damping.
to the honeycomb.

Lack of adhesion of the facing Complete facing shect signal saturation.
to the adhesive. No basic line.

W

The oscillograms recorded may vary from one structure to another. The instrument is adjusted with the help
of reference test picces representative of the structure to be inspected and incorporating typical defects to be found.
Such adjustments should generate on the screen the previously described oscillograins.

et
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The exact explanation of the recorded phenomena proves to be quite complex. Nevertheless the general trend
seems to be as follows:
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part of the longitudinal wave transmitted to the structure is reflected by the facing sheet generating multiple
signals.

i,

part of the longitudinal wave is transmitted to honeycomb and is propagated in the cell walls and when :
reaching the cell bottom is sent back to the probe. This wave propagation thotigh the honeycomb is
accompanied by wave transformations and it seems that it simultancously develops into several different
wave types. The propagation velocities ot these waves may vary from the original longitudinal wave
velocity to about 15% of the latter, according to the working frequency and the structure geometry.

D T

4.3.5.3.1.3.2 FEffect of honevcomb structure thickness

i R § o am A lin e

We previously noted that the received signals are, on the one hand. generated by multiple reflections from the
facing sheet and on the other hand by signals which have traversed the honeycomb structure. MNow, when the honey- |
comb panel is thin. these two types of signal cannot be associated. For instance if the inspector wants to cvaluate i
honeycomb sandwich 20 mm thick. incorporating a facing sheet 1 mm thick. it proves impossible at a frequency of :1
k 2 MHz. On the contrary. with the same structure, at a lower working frequensy (0.5 MHz) the inspection process
L : is then possible not only because many successive cell bottom signals can be received but also because the waves
which are propagated in the honeycomb have tower velocities then at 2 MHz. In effect one can note that at 0.5 MHz

the waves are propagated at velocities which might be 12 to 15% of the original longitudinal wave velocity and which
probably are Lamb's waves.

1 ‘ As a rule, for panels incorporating facing from 0.5 to 5 mm thick, the working frequency is 2 or'3 MHz for )
y horey.omb core thicknesses higher than 25 mm. For pancls from 10 to 15 mm thick. it is often necessary to select

a 0.5 MHz frequency. the selection being always made as shown further on. in line with the results obtained on A
reference test pieces. :

Ty

The selection of 0.5 MHz frequency may entail sometimes with certain panel configurations, difficulties in the i
interpretation of signals. In effect at such a low frequency, the discrimination of the saturation case resulting trom .
g a defective F-.nd between the facing sheet and the adhesive becomes less easy. Under such circumstances. the
3 evaluation may be conducted in two steps. A first action at 0.5 MHz reveals adhesive to honeycomb unbonds. A
second action carried out at 2 MHz reveals fucing sheet to adhesive unbonds.

4353133 Effect of fucing sheet thickness

We demonstrated previously that correct bonding evaluation ut 2 MHz with the honeycomb cell bottom signals i
depended upon the presence of the adhesive film which limits the number of mu'tiple reflections in the tucing shee
to the part located on the screen in front of the traces of the first cell bottom signal. As in the case of honeycomb
panel thickness decrease. such difficulty can be ~oped with, by selecting a lower frequency (0.5 MHz for instance).

On very thin facings (lower than 0.6 mm) a lower frequency to the order oi' 0

S MHz could be likewise interes-
tingly vuluable to frequency selection.

But the tests conducted on a reference test piece are the final fuctor enabling the inspector to select the
appropriate frequency.

4.35.31.34  Effect of facings incorporating several bonded sheeis ‘
The difficulties encounter:d when eviduatiog arcas made up of seve r.rl humhd \hul !umg\ ate due to a combi- |
nation of two factors: a global facing thickness incrsiss and the noeeeo -
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The global facing thickness increase is comparable to a single sheet facing thickness increase.

The presence of bonds in facings greatly attenuates the transmission of ultrasonic energy to honeycomb. In
fact, if we compare the results obtained with a 3 bonded sheet lay-up and with a single sheet whose thickness is
identical, we realize that with the same setting, both the amplitude and the number of multiple reflections are much
fower in the presence of bonded joints.

7 s e, et et

However, in spite of the problems met, the pulse echo technique is perfectly valid for an evaluation of arcas
incorporating several bonded sheets. It is, of course, not so rasy as in the case of single sheet facings and it is
necessary then to adapt the inspection technique to each particufar case.

4.3.5.3.1.4 Operational mode

As previously stated, the pulse echo technique selected for the evaluation of bonded structures is essentially
based on comparative data. Result interpretation is in fact a comparison with the oscillogram traces displayed on the
instrument, once the laiter has been properly calibrated.

ENVETL VIO IIW R APV NOREF RN Y3

Calibration is made with calibration standards representative of the structure to be inspected and including the
different defect types liable to be found which are as follows:

unbond on facing upper side,
unbond on facing opposite side,
collapsed honeycomb, etc.

To find defects existing in the facing sheet side tested, the transducer is applied on a correctly bonded area and
the “‘distance’ setting knob is adjusted in order to obtain traces corresponding roughly to Figure 25(a) oscillogram.
The transducer is then positioned over the reference test piece areas incorporating both honeycomb-to-adhesive and
tfacing sheet-to-adhesive unbonds. 1t is, then. necessary to make sure that the traces so obtained correspond respec-
tively to Figure 23(a) and Figure 24(a) oscillograms.

o o L ek

By expanding the “distance™ scale and delaying the time scale, we are back to Figure 26 traces. The traces
corresponding to the different areas of the reference standard are then chected for conformity with the 3 typical
traces of Figure 26. It is sometimes necessary to reset the other setting it -der to obtain very different traces
according to these three typical cases.

Frequency selection is made in conformity with calibration standards in order to obtain the best possible results.
It is difficult to assess values as a great number of parameters affect frequency selection. However, as a rule, a
frequency to the order of 2 or 3 MHz is retained for panels more than 25 mm thick and sheet facings more than
0.5 mm thick. For thinner facings as well as for honeycomb panels ranging from 10 to 15 mm. it is necessary to
adopt as a rule a lower frequency value (of the order of 0.5 MH2z).

To evaluate defects existing in the facing opposite the tacing on which the transducer is applied. as well as in
collapsed honeycomb. a similar process is followed but the transducer is positioned on defective areas corresponding
to the reference standard.

There is no general rule for calibrating the units. In any case it is advisable to refer to calibration standards
representative of the structure to be inspected and incorporating typical defective arcas. Botb frequency selection
and unit settings are made so as to obtain the most contrasted traces possible corresponding to the sound areas of
the component under test and to the defective areas of the reference standard.

It must be noted that the unit frequency setting may not be the same as the transducer frequency.  Results
prove to be sometimes much more satisfactory at § MHz for a transducer frequency of 3 or 2 MHz or vice versa.

4.3.5.3.1.5 Corrosion detection

In sandwich structure. corrosion affecting all walls can also be detected-with the pulse eche technique. The
traces displayed on a cathode ray tube screen are very similar to the traces generated by a honeycomb to adiesive
film unbond.

i
i
i
p
1

Calibration is achieved with the help of calibration standard representative of the component to be inspected and
incnrporating corroded arcas. When calibrating, the maximum contrast between traces corresponding to sound ircas
and defective areas are sought.

Such process generally proves satistactory with honeycomb structures incorporating a singie sheet facing. But :
with multiple sheet facings, the result interpretation is much more cntical. ;

On the other hand. a certain number of paraimeters may slter the technique etficiency. One such case. for



ey

™~

vy

g, Stk

553

It is then necessary to be very careful in the interpretation of results and to always refer to a .eference standard
perfectly representative of the component to be evatuated.

4.3 5.2.1.6 Detection of water entrapment in bonded honeycomb structures
The presence of water within a honeycomb structure with single shect facing is easily detected with the ultra-

sonic technique provided that the entrapped fluid is in direct contact with the facing on which the inspection is
made.

It is then necessary, whenever possible, to place the component under evaluation in the most favourable position.

Water ~ntrapment in wing upper panels is impossible to detect with ultrasonics as water collects near the facing
opposite to the surfuce on which the transducer is applied.

Water entrapment is then detected with the cathode ray tube technique by an important amplification of echo
signals,

Confirmation of the presence of water is made by the X-ray technique. For structures with multiple sheet
facings the pulse echo technique does not appear to be able to detect water.

4.3.53.1.7 Method limitations

The pulse echo technique can be used to confirm the existence of an acoustic coupling over the bonded
structure facing surface.

It can ihus be used to detect metal-to-metal unbonds and honeycomb sandwich structure unbonds (lack of
adhesion of facing to honeycomb). 1t can be admitted that the unbonded area extent is more or less equal to the
probe diameter.

For corrosion in Loneycomb cell walls, the defect size is roughly similar.
This technique proves to be specially valid for light alloy structure evaluation.
For certain types of structures, as for example when the facing sheet is thin, the flaws located near this facing

are the only ones which can be detected. But on the contrary in a great number of cases (thicker sheets) flaw
detection can be ensured in the bulk of the honeycomb panel.

4.3.5.3.2 Ultrasonics Techniques

4.2.5.3.2.1 Signal damping by finger contact?

This technique is a variant of the previous one (see Figure 27). Echo signal damping by finger contact on the
lower facing is studicd on the cathode ray tube screen. When the bond is satisfactory finger contact with a liquid
couplant. substauiially damps the echo traces on the screen. If on the contrary the bond is defective, the ultrasonic
signal reaches with difficulty the bonded lower surface and finger coatact would result in a very minor decrease.
4.3.5.3.2.2 Ultrasonic C-SCAN techniques (see Chapter 3.6)
4.3.5.3.2.2.1 Busic principles

The purpose of these techniques is to develop an increased sensitivity and improved resolution.  Either the pulse
echo or the through transmission techniques can be used. In either technique. focused transducers are used. Compo-
nent inspection can be carried out by immersion, but it is very difficult to do this with honeycomb panels; this is
why the semi-immersion technique is retained.
4.3.5.3.2.2.2 Pulse echo technique (see Figure 28)

In this technique, the transducer is so positioned as to be focused in the bond to be evaluated.

Each time the ultrasonic beam meets a cell wall, the transmitted signal is slightly damped.  An electronic device
judiciously positioned allows the signal to be used for recording.

4.3.53223 Through transmission technique (see Figure 29)

This through-transmission technique requires a transducer support system allowing the transducers to be located
on cither side of the structure to be inspected

Vhen the bonds are satisfactory, the transducer receives a signal
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On the contrary when there is a lack of adhesion in one bond. no signal (or rather a very weak one) is received
by the transducer.
The advantages of the techmique are as follows:

(@) its capability to detect unbonds at both interfaces and in the honeycomb core.
(b) its high sensitivity not requiring too high a frequency.

i
i
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: 4.3.54 Sonic Resonance {

4.2.54.1 Genersl®

A large number of instruments operate on the sonic resonance prirciple, the best known being the following:
Coindascope. Stub-Meter, Fokker Band Tester. North American Rockwell, Sonic Resonator, Sondicator and Arvin
Acoustic Impact Test. ]

e g r0 o
i i i

A transducer is used to induce vibrations in the components under test, the local resonance variations being
compared to reference standards to evaluate the different flaws. Sound waves are of great interest as they are largely
influenced by the structure of the composite structure without creating, however, any excessive attenuation.

All the above instruments allow to a certain extent the determination of the bond quality. By these means joint
cohesion may be controlied. but not adhesion.

i
To obtain suitable accuracy and good reproducibility. it is essential to correctly set the instruments by means of i
test-picces representing the structures to be inspected and having typical known flaws. :

Disbonded areas are readily detected both in metal-to-metal joints and in honeycomb, which means that any ;
damage appearing in service will always be detected. :

4.3 542 Fokker Bond Tester (Fiz.30)

435421 Pnnciple

The description and operation of the Fokker Bond Tesier has been widely described in the current literature
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A vibrating transducer placed on the structure. transimits to the latt:r a vibration yeneesdy in the ultrasonic
frequency range. The principle of the Fokker Boud Teste:s is totally didferent from that of conventional ultrasonic
inspection instruments, such as the pulse ccho system. The only point where the Fokker B nd Tester can be com-
parcd to the latter instruments, is in the use of a high vibratior. requency. but this has noihing to do with the basic

principle.
The vibrating transducer is fitted to the probe so as to avoid being affected by any external influence other than
variations in the bonded joint.

Frequency of the transducer excitation current is scanned in a narrow adjustable range in the frequency band
frequency scan being synchronized with the C.R.T. display trace.

Vertical deviation on the tube 18 a function of voltage at the crystal terminals, thus the impedance.

For u crystal having a trequency spectrum identical to that shown on Figure 316a), the pass band chosen and
the centre frequency may be adjusted on the Bond Tester in such a manner that cach portion of the spectrum and
-onscquently cach resonance. can be displayed on the sercen as shown on Figure 31(b).

Following analysis of the signals received from the transducer, the instrument gives the results on two scales
(A and B).

Scale A comprises a C.R.T. on which appears a peak. corresponding to the resonance trequency. The vertics!
graduations enable this resonance frequency shift (see Figure 32) to be measured.

Scale B indication comprises a micro-ammeter for measuring the signal amplitude shown on scale AL

The quality of ihe glue line can be determined from the readings provided by the two scales. However, in
practice, the readings are generally limited to scale A for metal-to-metal joints and scale R for honeycomt:.

Metal-to-metal bonded assemblies are generally subjected to shear loads. A vibrating transducer is used in the
case in a horizontal plane.

Sandwich structures are usually compression toaded: In this case fongitudinal vibrating probes are used. Thus
the joints are subjected to vibrations occurring in the same direction as the loads to which they would be submitted
in the aircraft.

4.3.54.2.2 Operating procedure

For metal-to-metal joints, the probe is placed on a sheet whose thickness is equal to the thickness of the upper
sheet of the bonded assembly. The oscillator centre frequency is adjusted ¢ ° that the lowest point on the impedance
curve lies in the centre of scale Ao At the same time. scale B is set to 100, Scale A frequesey is then calibrated.
With older models (model 67 and carlier) this was made by means of 4 calibration signal giving a series of vertical
peaks on scale A at a 10 KHz spacing: scale A caa then be calibrated by adjusting the scan length (see Figure 32).
If, for example, two peaks are separated by two divisions on the scale, one division corresponds to a frequency shitt of
S KHz. On the Model 70 Fokker Bond Tester, calibration of scale A is far simpler and ~an be made by using the
calitration selector comprising presset frequency shift values for each division on the scale.

4.3.5.4.2.3 Result in crpretation

The Fokker Bond Tester is sensitive to adhesive cohesion, that is. essentially to the porosity or the thickness
of the adhesive. On the other hand. it does not allow the detection of adhesion flaws due essentially to poor surface
preparation.

If the inspected structure only shows cohesion flaws and that perfect adhesion exists between the glue line
and the sheet, it is then possible to trace a quality diagram giving the strength value of the glue line.

Tracing a quality diagram, for a given adhesive. implics the use of @ large number of test picces of the same
metal and type of adhesive and for different t/7 ratios.

thickness of skin,
width of glue line,

where t
!

Quality diagrams for metal-to-metal joints and for honeycomb sandwich are shown differentiy.

4.354.24 Metal-to-metal joints
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SHIFT CONTROL.

(C) RONDED PANEL

PROBE ON BONDED PANEL .
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THE RIGHT = 25 QUALITY UNITC
FOR SETTINGS OF 4aqg

Fig.32 Typical A-scale indications for Fokker Bond Tester
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It a quality level is set. the diagram allows the definition of the arcas on scale A, answering these criteria.

435425 Honevoomb sandwich

The quality diagram depends especially on the density of the honeycomb core and to a lesser extent on the
thickness of the facings.  This type of diagram (see Figure 34) shows the horizontal portion of the curve representing
a breuk in the honeycomb betore failure ot the joint. The quality diagrams only relate to the cohesive foree of the
glue line.

The Fokker Bond Tester is. in fact, insensitive to adhesion Rlaws between the adhesive and the metal, ¢ wept
when it concemns voids of sufficient size. Flaws due to insufficient surtace adhesion due to contamination or to
incorrect cuting are undetected by the instrument. The quality diagrams thus rarely give the results anticipated.

Experience shows that gualitative detection of cohesion flaws, as well as voids and disbonds, are satistactorily
carricd out on metal-to-metal joints by the Fokker Bond Tester. In honeycomb sandwich structures, detecting these
tlaws becomes more critical.

The Fokker Bond Tester being a comparative method. it calls tor the use of standards representative of the

structure to be inspected.

A coupling liquid is required.

423543 The Coindaseope

From certain points of view, the Coindascope is similar to the Fohker Bond Tester. A barium titanate ory stal
s cnergized by a constunt amplitude sinusoidal current. By instrument settings aacitation and display of all crvstal
resomanees are ensured on the oscilloscope. ina similur manner to scale “A™ on the Fokker Bond Tester.

The main operating difference is that the Coindascope uses a wave form as identification means rather than a
measure of frequency shift. and is based on changes in amplitude for identical wave forms.
4.3.34.4 The Stub-Meter’

The Stub-meter was developed by the Stanford Rescarch Institute, its aim being to make readings as cazy as

possible (a simple measuring instrument) by showing the adhesive bond quality.

While the basic principle is very similar to that of the Fokker Bond Tester, i.c. one studies the eftect of adhesive
quality variation on the frequency and amplitude of 4 given resonance, its operation is entirely difterent.  Early
models used a frequency scan oscitlator in order to display on a C.R.T. the relation between the bond quality and
the transducer resonance mode.  In view of simplification, later models use a simple frequensy system by which the
transducer itself determines the frequency and the oseillation amplitude

4.3.5.4.5 Sonic Resongtor (North American Aviation)®

4.3.54.5.1 Principie
The North American Sonic Resonator makes use of a vibrating crystal to acoustically excite the stracture.

Disbonds and other flaws maodify the elastic propertics of this structure thus creating variations in the crystal load

The Sonic Resonator normally operates in the uppe - region. or nearly. of the audible range and uses a low
amplitude signal emitted continuously.
435452 Operating provedure

Frequency is tuned to give stationary waves in the structure, the bridge is then balanced by adjustment of the
circuit resistors and capacitors to bring the needle to zero. Any tlaw in the structure gives rise to a deviation of
the needle according to the nature and position of the flaw in the steacture.

Choice of 4 transducer depends on the structure to be inspected.

Adjusting the Sonic Resonator is fairly  ritical when one inspects @ new structure. For g given structure. adjust-
ment is made casier by Knowing in advance the parameters required
4.3.54 5.3 Performance and limitations

Figure 35 shows that flaws having a dizmeter 757 greater than the digmeter of the probe can be detected
G 19 mm for ordinary probes) but this is an approamatien. and also the sensitivity of the laws underlving the

|
i
i
i
|

i

i i,




¥
£
I
£
b
'

1IC0%

GLUE LINE QUALITY

—— |LEFT SHIFT o

100 % ~—

QUALITY

RIGHT SHIFT ————b
A -SCALE INDICATION

Fig.33 Typical correlation curve for metal-to-metal panels

CCIE_ FAILURE L

B-ccaLeE INDICATION 100

Fig.34 Typical correlation curv. for honeycomb panels

1
E]
1
4

e svthatn ).

et

i ks e setiinh

T




e

gAY e

561

The Sunic Resonator can e used to inspect horeycomb structures, assembled by adhesive, brazing or ditfusion
welding, aninated structures or metal-to-metal joints, ete.

By use of this instrument, Naws can be detected throughiout the thickness iom one single face. Maximuim skin
thickness being about 4 nun. It is fairdy sensitive to the edge effect and curvature of the part to be inspected.

A coupling liguid is required.
43546 Sondicator 52 (see Figure 36)

This very low frequency ultrasonic instrument (20 to 40 KH2) was more particularly designed fer inspecting
metallic and nen-metallic honey comb and various bonding operations that coanot be inspected by conventional high
trequeiey ultrasonics.  Inspection is made by direet contact between the probe and the mater.al to be inspected.

Ultrasonic energy anpulses are transmitted in the material by means ot a point ransducer and cross in a lateral
direction the arca ander the probe: they are received by g second point transducer located at about 20 mm tfrom
the transmitter.

Amplitude and the signal phase received are displaved on the wnit’s measuring instraments.

Amy delamination under the probe creates vibrations moditving the transmitted signal, this is shown by devia-
tion ot the needles on the instrument dials

The single probe vsed with this instrument is fitted with 3 irterchangeable Tetlon points, one being an applicas
tion point.

The Sondicator caters tor the detection of voids or delaminations in metallic or non metallic honeycomb . in
metal-to-metal joints and i reinforeed plastics.

Inspection does not require the use of anv coupling liquid,  Detection is limited to tflaws located near the surtace

and whose minimum dimensions are of the order of 12 mm.

4355 Eddy Sonic Methods

43531 General

In the preceding methods (ultrasonie, sonic resonance) the reguirement tor using a coupling liguid between the
transducer and the structure to be inspected ivolves various disadvantages

complicated equipment (immersion or semi-immersion),

slower inspection time,

unpleasant for the operator,

risk of structure contamination (can hinder an ulterior bonding or prowection operation),
cleaning required after inspection

In the Eddy Sonic method these disadvantages do not exist siace the structure is excited by means of eddy
currents It is not necessaey to contact the surface with the probe and no coupling liquid is required.

This method applics 0 honeyeomb and bonded metal-tometal joints or at least comprising a metal part allowing

the Mlow of cddy currents When the probe contacts the structure, eddy currents are induced. creating an alternating
mapnctic ficld reacting with tiie probe’s magnetic ficld o produce vibrations in the structure.

tn g hghtly bonded condactive structure or in dishonded arcas, these vibrations give rise to an ultrasonic noise.
whone phase and amplitude chaicteristics depend on the dimension and type of flaw. Ar ultraseasitive microphone

“the probe detedcts this response, whieh s then displayed on a dial

Ditticulty an transntting mechanical vibrations to the structure is, tor conventional acoustic methods, a major

dromback  Inthe case of the Fddy Sonic this ditficulty is avoided. Coupling variations have here but little influence.

1h, probiem ot posstbie sound attenuation due to air coupling is largely solved by the low frequency vibration
propo oy of compostte structures

oo nthy trequencies are penerally use in the upper audible range. or st bencath as the attenuation
St st e s then sattiaenthy Tow o prevent g teo mportant influence.

Bk~ case ot cperation amd short mspection tumes. couphimg wath air provdes anether advantage asat o0 o
St e o M Lar to o be placcd between the probe and the surfuce giane ol the mtormation repc e 0
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Furthermore, the follow-up of a law during maintenance can be very casily made by locating the Mvlar sheet
showing the previous flaw evaluation and by directly tracing the new evaluation.

Eddy Sonic methods are comparative methods, as one scarches for received signat variations from the flaws.
Instrument calibration requires the use of standards having sound and defective areas representative of the structure
to be inspected.

435352 KEddv Some (North American Aviation) (Reference 9)

The North A aerican Eddy Sonic instrument was designed as o complement to the Sonic Resonator described
previously  These two assemblies, having certain common parts, are designated “Sonic Test System™ (see Figure 37).

tn the Eddy Sonic system, acoustic vib

and the response is modified by any tlaws encountered.

Readings are made on a dial graduated 0 to 00, A special probe is available fitted with a smail dial thus
enabling the scan speed to be increased during manual inspection and making the method more efficient. This simall
ial on the probe gives simultancousty the sume reading as the main dial located on the instrument. This is an advan-
tage for the operator who needs only to look at the probe without having to constantly refer to the instrument.

This system is particulatly useful tor large size structures.

The Eddy Sonic can also be used for automatic scanning with recording possibilities.

Figure 38 shows a typical example of honcycomb sandwich panel. Flaw detection sensitivity close to the surface
to be inspected is greater than that for flaws located on the opposite tuce  The figure shows a constant section panel.
but slight thickness variations have little effect on the readings.

The Eddy Sonic caters for the inspection of brazed or adhesive bonded honeycomb as well as metal-to-metal
joints  The type of adhesive used has hittle effect on the results.

Flaws such as disbonds, voids. crushed or broken cells, disbonds between cells can oe detected in o great number
of structure types. The minimum dimension of detectable flaws is generally between 12 and 25 mm according to the
type of structure and diameter of the probe used. Detection sensitivity depends upon th . type of material, the type
of flaw and also the type of probe used.

Regarding honeycomb, inspection is feasible if the skin thickness is approximately between 0.05 and 4 mue and
for core thicknesses ranging from 3 to 120 mm.

Elcctrical conductivity and/or magnetic permeability of the material to be inspected have ulso an appreciable
influence on the response of the Eddy Sonic. The ideal material is that whose conductivitv is approximately above
12 M S/m (20% [ACS) s~* as the usual types of aluminjum alloys. [t is sometimes possible to inspect low conduc-
tive materials such as dittusion welded titanitim honeycomb. whose conductivity is under 3 MS/m (5% IACS). On
the other hand. inspection of low conductive austenitic non-magnetic stainless steel honeycomb gives very poor res
High permeability magnetic materials such as ferretic stainless steels give perfectly good results. Here. alignment of
the magnetic fields appears to be ¢n important mechanism of the transducer in addition to eddy current flow. For
instance, inspection sensitivity is very satisfactory in PH15-7Mo stainless steel assemblies.

It can be noted that at certain frequencies, resonant grids {vibration loops) con be produced on the surface of
small dimension parts or near edge meabers. This phenomenon can lead to some confusion in signal interpretation
particularly if it gives signal values identical to those given by the structural flaws. Resonant grids produced by
certain relatioss between wave fength and part size can be detected by choosing a different control frer uency
(usually higher) or a different magnetic field intensity. Such resonant grids are not encountered on sunple large arca
assemblies,

4.3.5.5.2 Harmonic Bond Tester (SHURTRONICS) (See Figure 39)

Different to the North American Eddy Soric which operates on a continuous signal. the Harmonic Bond Tester
uses a puleed signal, thus avoiding the formation of standing wives and thereby making the instrument less sensitive
to edge effects.

Frequeney of the excitation signal is approximately 15,000 cycles per second. a frequency located at the upper
luait of the audible range of the human car. Since, maximum positive und negative excitation signals produce vibra
tions in the probe and in the structure under inspection. the resulting mechanical vibrations are around 30.000 cycles
per second. A filter in the instrument suppresses all frequencies under 25,000 cycles per second. thus eliminating
the effects of signal excitation on the receiver. The majority of wmbient noises 2re suppressed by this filter (see
Figure 39).
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Fig.38 Test vesponse for braszed. stainless steel honeycomb composites
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In the Mark [ B model, both the phase and amplitode characicristics are detected in the structure under
inspoction. Amplitude vartations are generatly used to inspect metallic matenals and phase variations for non-metalics

The dial is graduated both in phase and amphtude A switch s used to display eithe: phase or amplitude salues

Response received by the instrument is compired to an adjustable setting. Any value exceeding this basic
sctting activates an audible warming or a small red light located directly on the probe

Setting the instrument is veny simp'e 2 frequencey s chosen giving the best sensitivity . the trequeney then being
adjusted so that the needle shifts to about the 10th graduation in the “sound’™ arca.

The Harmonic Bond Tester gives veny good results with all metallic maternils. bonded alumin
fess steel and Stress SXin structures.,

m. hrongsed stagn-

Shin thickness has an influence on the instrument’s seasitivity © results are valid up to o thickness ot 3 or 4 mm
The Harmonic Bond Tester is capable of detecting 10 mim diameter disbonds,
Amoag the advantages of the Harmonic Bond Tester, can be stated:

fast inspection due to the fact that no coupler is required and that the probe stides casily,
clear readings,

casilv put into operation.
The main disadvantages are:

influctice of high frequency ambient noises.

influcnce of surface cunvature, inspection is impossible on concave surtaces  For comen surfaces the
curvature radius should be sugdciently large Gibove 450 mm)

Figure 39

-




VT

"

So6

4350 Holographic Interferometry

We shall not give here the operating pinaple of holographie mterterometry which has already been descnbed at
some length in a previous chapter

Let us simply recall that 1t s an optical method by which very st surtace displacements are revealed in the torm

atanterference fanges. Where a flaw i a bonded structure can lead tooa shight sueface detormation, this method will
allow s detection

Fohner has carnied out very extensive tests, leading to the following conclusions 1
holographic interterometey of banded structures ofters et URg prospects, das o coipicireni io the usaai
noa=iestructive mspection methods

tor sandwich structures, the thermal detormation technque appears to be suttiaently eiticient  the nhimum
stze of aws that can be detected s 1O N 1O mm tor shains under TS mun thaek and $ 1 S mm for shans under
0 oomm thick.

tor metal-to-metal bonded rois the thermal detformation method does not goe sabid results
the holographue iterterometey method s moreasingly sensative as the sk thickness decicases

the wse of a closed TV aircwt does not seeny to atfer any particuiar ielp m g hologeaphie interterometny
mspection production mstallation.

4.3.57  Thermal Methods
Fhermal methods used for the non-destructive mspection of Bonded structures mainly amouant to 3

intrared odiometny
thermochrome or thermolunuinesceni cogtings

hquul crystalbs.

Thewe techmiques are deseribed ina chapter dealing with theemal neethods Thes are especially weetutin the case ot
compaosite structures  For bonded metal structures. the low thermat conductivity of the achesne in relation to the
metailic arcas make the results meanivgless.

4.3.58  Radiography

Radiography ot bonded alumamnm alloy honey comb s mote particularly used to mspect the honey comb (ore
core detormation, broken cells, edge tillmgs. sphees m iloney comb blocks honey comb shippage or shnnkage  Radhographi
mspection also dallows 1o g certasn extent the measurement ot adhesne tilm regalanty  absence of vords o tihim overlaps

How >vers this i ondy posaible f the adhesive backing s sutficienty opaque to \eravs and only 1or thin alumimum tacings
N R
1See Fugure 453,

Radiograpby can also decedt the ingress of hguads in the honey comd taater oract tuel) as well as the presence ot
COTTONIO Or toreign nuitter

For b neycomb radiography steps are tahen to ensure that the Xe-ray < run paraltel to the cell watls - This means that
the saurce be placed at a sutticient distance teom the panel 1 1o 2 metres) o avord any excessine cell determanion

Frgure 40 shows what takes piace when the Xerayvs are not m hoe with the veb walls In Figure 40tby, the beam angle
s too great and the cell mages on the filny overlap  the cesultsan this case are useless Size ot the imspected area depenas

upon the distance between the sonrce, the panel and the honey comb thackness. Fhe greater this (hickness, the sialtler tie
imspected area.

For brazed stainless steel honey comb it s also possible toanspect the brazing between the sk and the honey comb
I fact, vie brazing metal forms a itlet at cach cell duning the brazmg opecation  These tillets are pertecty seen on
fa ltographie pomts, thus enabhing the poorly brazed areas 1o be detected
In radioaraphy ot metal-to-metal omts, lack of brasmg moateral s shown up on the fm as o darker area
Radiography ol metal to-metal jomts and edge members are carned out as per Figure 41

Two special techrques miprove the etficiency of radiographicainspection and speed up the inspection operation.

Radiocopy

Radioscopy coupled with an imgge intensitier s 4 modern technique. dllowing the complete inspection ot g hones -
comb panel to be made far quicker than by nuking radiograpiie prints.
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The operatur views the part to be inspected ona TV soreen. Furthermore, he has at hand the control devices to
move the part in relation to the N-ray beam (Figure 42)

Tius techmigue ofters 4 number of advantages over comventional radiography

much faster insprection
e nedidte interpretation

rossibality of focussing inspection on a doubtful arca by searching tor the tocation and onentation piving the
best results.

Fagure 43 shows an installation designed for hehicopter blade inspection  The presence of water in the cells s
revealed as hight spots I cane of douht o the nature of the flaw. the operator can turin the blade Slighthy and can thas
see the water move insude the cells

[t s possible to Aeep trace ot the results of radioscopie imspection by tape recordings or,af only the attected arcas aie
required. prints may be made.

m-Maotion Radiography

In the in-motion tadwography an N-ray beam s tocussed by means of lead plate with g <hit openmg osee gure 440
By means of g continuous action, at nght angles to the sht. either the tocussed beam. the panel ot the tilm can be moved

In ths techmgue. cach ared ot the radiographie (s saccessively exposed. the Nty beam direction being
beneficial to mspection ain the area

Sweep speed s generally between S0 and 300 mm nun

Beam direction arcving at a ginven pomt on the il ovanes as this pomnt trasels under the shit o This leads to g fuzay
mage that has hittle eftect on the panel tace contacting the tilnbut. can chimanate the opposite tace For example,
the case of hrazed honey comb paneis where the brazmy metal fillets are perfectly revealed on the prints, in-motion
tadiography only allows one tace to Fe seen One must have aceess 1o both sides o imspect the oppostte face (8¢¢
Figure 45)

Forlarge vize poneb. vhm stnp s generally used. ottenng several advantages (ast mspection, easy iterpretation of
the resubts, film econoniy by avonding overbapsy

43.6 STANDARD BLOUKS AND ACCEPTANCE CRITERIA

4361  Lrandards isee Figures 30 and 47)

Most of the methods abieady desenbed are comparative methods, the results beang onhy imterpreted by reterence to
standards

Great care iust be taken m tee realzation ot these standards as inspection efficiency depends on the reterence used

The first nocessany requtrement to which the standard must answer s 1o be representatine ot the structures .o be
mvpected e produced from the same matenals and having the same shape and dimensioos The adhese e shouldd be the
ame as that vsed i the structure under ispection and should follow the same cuning ovele Al these parameters are verny
mportant, sog vanation ot one of them can lead to taulty calibration and result, in the end. i inaccurate mspection.

Standards are generally used having artiticial Naws introduced duning, or after vheirr manutacture.

lhe four main ty pes of Naws are

Type ! Lack of adheston between the shan and the adhesnve.
Type B Lack of adhesion between the adhiestve and the honeycomb,
Type E Lack of adhesion between the adhesive and the metal imetal-tosmetal joint).
Type IV Break in the core
Local use of grease, Tetlon, or foreign matenalbs to reproduce o bonding flaw s inefficient  The techigues mostiy

used tor producing the laws are descnibed below  Fxpenence only can dictate the best technigue, which can vany
accord 'ng to the type of adhestve used.

L. A blob of pre-cured adhesive may be used dunng the reabization of the standard T this case, the adhesive blob s
placed at the location where the tlaw s requared. An openimg s cut nto the adhesive filin so that the blod may e
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nerted correctly  Duning the cunng operation of the tost e 4 dishbomd of kaown dimevon s thin obtamned
! This method can by uned 1or the taberation ot standands Ty pe b H and 11D
' 2 Pype Lilamd 1 vindands canabso e pisduced by tabroating pertecthy bonded test seces A hole, of given wee
1 N
| i then dilied From the appreate foce to the mtertace umter inspey bion
I !
Thin mcthod. whnte berng satrstactory tor ulttasonn inspection s not sl 1o resonance pspection
!
‘ R For Type I standanis. tlaws Between the adhesne amd honeycomb can be obtaed by inachimng owt an area
[ correspomding to the law Thes mzchiing can e hght st suthoent (o remove the adhesiver or eavier thredkang
i through thy honeycombt Th fast case v onhy ised 1o ultrasomo inspectien stamdanhy
4 lack of boading in metabteemetal iomnts cEvpe T Can e reposdiced by preadntling heles i the metal hiae wtoi
bonding  Resndual cured adhesive can be remoned teom the bottom of these holes atter curing
43162  Acepltamce Cniteria
Detinition of the acceptance cntena 1or imspechimg bonded stractuges s sery anetui
it cnables the sipector toadee whether he doeepts ot not g particular tlaw
choiee ot the b adapted inspecion method depends toacertam onvtent on the size of the thaw o be
detected B detection s oniy Bionted toa tlaw ot g given dimenvon oosomple and caniy carmied out methad
shoubd be used It howeser i s necessany todetect taws the size ot g el oomore claborate method shoukd e
resofted Guch as bholography or ultras e C-Saan) 1o the detnment of costand e of smspecion
Determination of these acceptance crtern toguaees soumd hnowledge of the harmitult rgteee of the laws Veny
aten i will Be necevan toooarny cat o destrucinge tests tooobtam g correlation beracen the faws ety e amd
dinensons ), nonsdestructinve vnpedtion mdcations and destonctne ot resalis
Genetaliv . the admatted contera tor sandwich strus tures sre detimed as tollows
Al aw adications shgdl e compared 6y the reterence staedands and s recommiended G continm the resalt
Byl least one other mspes tion method
At avsemblies Paoving disbonded areas opeinmg itoan edge mcaibes shall be rewected
anemblies having taws whose size and number excead the top liint of the requarements shall e e ted
t o tullsoale traoma of these Daws shalt b

= iadc o Ml ime aieer manua inspecion

437 CONCLUSIONS

———

Annoeig abl the nonsdesizig tive mspes Gon imetiods we bave resiened none can be comsaldered asanmivenal tw

mapect g bonded strucceres Chorce of an tasped o method depends upon oonuamber of parameten

aete ot the mmmum detedtibice Haw

shape of the part theohness sy

lonalization type arad dizection o law

materal.

estrument avadabilit,

NP IO oot

case et aamplementing opetation

I the magporty of casey uttanomes epaly Scho vegings give good resadis Tads
(TS AN

SN O O RS e mctheals
wdtt alse be rsed, Bemg canier vo put nite opetation

bnthe case whero vory statl thaw s are 1o be ddeteciod holographe
of ultreonie © Soan technigues can teosed

o atten asetad to adopt ta o diterent s hon method s so as to ensare that ot flasws e adentinied d
detected whide mentionmyg radiegraphy winch allows detecion ap orhici topes of D

Lables 7 & 3 estabbishiod By HEAGEMATER show the possiubiies of cach methoad

L Table 2 ova st o dutrerent noit destrecting rospes o mcibesds topether wath then advantages and intations 1o
i nivpes B bomey comb amdwac b st tazes
|
I

Lable 3 sums ap the resubts of o coparson of the therds cf caciimethodd tor the detes tron ot dipteeent fhaws e
bonded honey comis stru tuges
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Position of bonding tlaws

Disbond between shin and film
Disband between iitm and suttener
Dinbond between suttfener and tilm

Dinbond between film and 2nd stiftener

N

6

-

Disbond between stiftener and film
Dhsbond between 3rd stittener and tilm

Pisbond between honey comb and film
tdisbond under loady

Pig 47 Eaample of calibration standand
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3 5 TABLE I
3 r
5 ?_ NDT Methods fos Evaluating Adhesive Bonded Honeycomb Structures®
Y Ultrasonic Cscan Ultrasonic Cscan Ultrasonic { Contact
1 { Through-transmission) (Pulse-echo) pulse-echo or ringing) E
- i
" 1 Sk.n-to-adhesive unbond (G)* | Skin-tc-adhesive unbond (G} 1 Skin-to-adhesive unbond (G) {
% 2 Skin-to-core unbond (G) 2 Skin-to-core unbond (P - M) 2 Skin-to-core unbond (P -M) j
% 3 Metal-to-metal unbond (G) 3 Metal-to-metal unbond (G) 3 Metal-to-metal unbond (G) i
e 4 Crusned core (G) 4 Crushed core (M -G) 4 Crushed core (P--M) i
© 5 Teflon mould release (G) 5 Teflon mould release (G) 5 Teflon mould re.case (P-M) 4
“;’ 6 Water entrapment if cells are 6 Water entrapment if cells are 6 Water entrapment (M --G) '.;
3 2z Hilled (G filled (M) '
3 2” 7 Core splics (G) 7 Core splice (G) 7 Core splice (M--G) 1
8 Contaminated rinse {P--M) § Contaminated rinse (P) 8 Contaminated rinse (P -G)
1 Permanent record 1 Permanent record 1 Good defect resolution Y
g’»n 2 Good defect resolution 2 Good defect resolution 2 Locate defect depth or position
.‘E 3 Plan view of part and defect 3 Plan view of part and defect 3 Portable i
g 4 Detects back-side unbond 4 Locate defect depth or position 4 Moderate scanning rate i
'3 S Can be used to test parts with $ Can be used to test parts with 5 Can test complex shapes i
thick “acing sheets thick facing sheets 6 Mnderate cost for equipment
1 Part immersion or squirter 1 Part immersion or squirter | Liquid couplant required 1
4 2 required required
E S 2 Access to both sides of part 2 Panel must be tested from both 2 Panel must be tested from both
) § required sides sides
3 E 3 Reference standards required 3 Reference standards required 3 Reference standards required
. — 4 Trained operator 4 Trained operator 4 Trained operator
' 5 Costly equipment 5 Costly equirment J
Infrared Holographic Infrared )
{Radiometers) Interferometry ( Thermal) { Thermochromic materials) f
» 3
L 2z | Skin-to-adhesive unbond (G) | Skin-to-adhesive unbond (G) 1 SKin-to-adhesive (P M) ]
E § 2 Skin-to-core unbond (P G3) 2 Skin-to-core unbond (G) 2 Metal-to-metal (P M) 1
& 3 Metal-to-metal unbond (G) 3 Metal-to-metal unbond (G)
i‘ 5 4 Crushed core (P) 4 Crushed core (M)
% 5 Teflon mould release (P) 5 Teflon mould release (M)
k § 6 Contamunated rinse (P) 0 Water entrapment (M) }
S 7 Water entrapment (M G) 7 Core splice (G) ]
F. = 8 Contaminated rinse (P ) 1
| Sensitive to 1.5°F temperature | Surface of test object can be | Low initial cost ) i
P variation contoured |
E" 2 Permanent record or v-ermal 2 No special surface coatings or 2 No couplant required
= picture couplants required
< 3 Remote sensing, need not 3 No physical contact with test 3 Can be performed on complex
< contact part specimen geometry parts 1
4 Portable or automated 4 Sensitive to small defects 4 Visual indication of defect
1 Costly equipment 1 Vibration tree environment I Thin skin parts only ]
required i
2 Liquid nitrogen cooled 2 Thermal. sonic, vacuum or 2 Critical time-temperature J
z detector pressure required to deform relationship !
2 specimen
2 3 Critical time, temperature 3 In plate film processing 3 Reterence standards required
: E relationship required for real-time ;
; = holography ;
4 Poor resolution for thick or 4 Coating needs to be applied to )
E highly conductive facing sheets part surface !
E- 5 Refereace standards required i
r 1
I

* See Key in Table I11.




TABLE 1l (Continued)

Shurtronics  Harmonic
Bond Tester

Arvin Acoustic Impact
Test

Measures or
Defects

1 Skin-to-adhesive unbond (M G)
2 Skin-to<ore unbond (P G

3 Metal-to-metal unbond (G)

4 Crushed core (P)

5 Teflon riwould release (M)

1 Skint-to-adhesive unbond (G)
2 Skin-to-core unbond (G)

2 Metal-to-metal unbond (G)
4 Crushed core (M)

5 Water entrapment (M G)

Advantages

I Portable

2 Simple to operate

3 No couplant required

4 Locates back-side unbonds in
thin sections

5 Fast scan rate

6 Access to only one side
required for thin sections
7 May be automated

1 Assembly must contain
conductive material to establish
eddy current field, i.e.

I Fortable

2 No couplant required

3 Detects back-=side unbonds
4 Moderate scan rate

S Can be used to test non-
metallic assemblies
6 May be automa.ed

1 Part geometry and mass
influence test results

NAR Sonic Resonator

| Skin-to-adhesive unbond (P M)
2 Skin-to-vore unbond (M)

3 Metal-to-metal unbond (G)

4 Crushed core (P)

S Water entrapment (M 1)

1 Portable

2 No couplant required

3 Detects back-side unbends

4 Can be used to test parts with
thick tacing sheets

5 Moderate cost equipnient

6 Can be used 1o test non-metallic
assemblies

1 Requires liquid couplant

E aluminium
< I Reference standards required 2 Reference standards 2 Time consuming calibration
E 3 Does not work on thick tacing 3 Test results are subjective 3 Slow sican rate
35 sheets
4 Reference standurds required 4 Time consutming calibration 4 Reference standards required
S Geometry and mass of part
intluences test results
Fokker Rudiography Tap Test
Bond tester x-ray (Coin, mat'et)
1 Skin-to-adhesive unbond () I Watcs intrusion 1 Skin-to-adhesive unbond (M)
2 Skin-to-core unbond (G) 2 Foreign objects 2 Metal-to-metal unbond (G)
. < Metal-to-metai unbond (G) 3 Crushed, wrinkled. or spliced 3 Crushed core (P)
E core
% 4 Crushed core (P -M) 4 Assembiy
f S Unconfirmed data indicate S Presence or absence of skrim
° capable of measuring bond cloth
g degradation caused by
z environment and fatigue
§ 6 Bond strength (M G) 6 Node bond (under ideal
conditions)
7 Teflon mould release (P M) 7 Internal corrosion
8 Contaminated rinse (P)
1 Portable 1 Permanent record. film 1 Fast scan rate
7z 2 Qualitative and quantitative 2 Adjustable energy levels 2 No couplant required
= measurements
E 3 Can be used to test parts with 3 No couplant required 3 Low cost
2 thick facing siv: ts
< 4 Geometry vinations not a 4 Easy to perform
problem
| Liquid couplant required I High initial cost i Limited defect dete ction
2 Incapable of measuring all 2 Radiation hazard 2 No record of test
] discrepancies which reduce 3 Access to both sides of part 3 Results are subjective
g bond strength caused by lack required 4 Reference standards required
< of adhesion of resin to adherent S Mars finish on thin facing sheets
'—"é faying surfaces; improper com-
5 pounding. overaging, contamina-

ticn or incomplete cure
3 Calibration standards required
4 Special probes required

!
|
|
!
i
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TABLE 11l

Merits of Bond Testing Method for Honeycomb Structures®

Remarks:

1. Requires hquid couplant.

to

sheets.

. Detects defects in back-side of panel.

3. Detects unbonds in panel having thick tacing

4. Requires time consuming calibration procedures.

Titantm Abiminium
g v § &
2 g S g 3
¥ R R
= K ~ = B B - E
S ¢ ¥ Y OF ¥ 8 oo fF Y OCYOB
5 § B g 32 ¥§8 % 3 E 5 g 8§ &
¥ ¥ 329 B § Y O &y EO§E OB
$ ¥ 4 8 § 8 ¥ ¥ % £ 585 8§38 3
5 5§ 3 §8S 3§ 5 §S &S
Test method B 8 = SR O & & = & K T 2T Remuarks
VOoIDS _volins
1 Ultiasonic C-scan
through transmission ¢ G G G G P G 6 G G G M 1,2.3
2 Holography (thermal)
Real-time G G G M M P G G 6 M M G Yes 5.0
3 Ultrasonic C-scan
Pulse-echo G M G M G P G P G G M G 203
i 4 FokkerBondtester G G G NDP P G G G M M P No 1,3.4
8 5 Ultrasonic-manual
E False-echo G ND G P P G P G M M G Yes 1.2.3
;‘ 6 Shurtronic Harmonic M P G P P ND G G G ND P ND No 2.506.7
% 7 Infrared Radiometer
E C-scan G G G NDNDNDG P G P P P Yes 56,8
& 8 NAR Sonic
% Resonator NDM G NDNDNDM M G P P ND Yo 1.2.3.4
8 9 Tap M ND G ND ND NDM ND G P ND ND No 6.7
10 Arvin, Acoustic
impact test G G G M G G G M Yes  2.3.4.6
11 NAR Eddy Sonic ND ND ND ND ND NDM G G P ND ND No 456
12 Turco-bond check M M P ND ND ND ND ND Yes 5.6.7
13 Coinda scope M NI ND ND M P P P No 1
14 Sondicator G G G G No 1.3
Key: (G) GOOD (M) Moderate (P) Poor (ND) Not detected
Detectability percent (66 to 100) {33 to 66) (0 to 33) (Zero)

. Electrical conductivity influcnces system response.
. Does not require liquid couplant.
. Easy to set-up and use.

. Data based on “pitch catch™ techniques. Better

resuits are anticipated with “through transmission™
techniques.

N.B.  With "skin-to-core™ defects in aluminium and titanium honeycomb, it has been our experience that
such flaws are not detected by the Fokker Bond Tester but, on the other hand, are very clearly
shown up by Method 5 (Ultrasonic-manual Pulse€chu).
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NDI OF COMPOSITE MATERIALS
W.L.Shelton
ABSTRACT

This chapter preserts a review, which includes many of the techniques applicable to the nondestructive inspection
of composite materials and structures. Included are subjects covering the general problem areas of compaoceites, the
defects which may occur in composite production and fabrication. and the nondestructive tests which are applicable
for detection and measurement of such defects. The nondestructive tests are discussed in sufficient detail to give the
user an appreciation of the concept of cach test, and the limits of its capability.

44.1 INTRODUCTION

Nondestructive inspection technology has not advanced to the point wnere it alone may be relied upon to assure
necessary product quality in a given engineering application. There are a number of variables in the materials and
processes used in composite structures that must be very caretully controtied. These controls used iri combination with
nondestructive inspection can go a long way toward assuring product quality. There is not, for instance, any reliable
nondestructive technique to measure bond strength. This can only be assured through good process control and a
nondestructive inspection tor voids and unbonded (disbonded) areas. Bonded sub-assemblies must be nondestructively
inspected prior to incorporation into the final assembly. This situation can become a real problem if contamination
from other sources is not controlled.

Nondestructive testing (NDT) identifies and measures abnormalities within 2 material without degrading or
impairing the use of the material in any way. Acceptability of the material aepends on engineering judgement, and
where possible correlation of the “observed™ defects with performances.

This chapter presents a brief review of available nondestructive test methods that have been used for evaluating
reinforced/compaosites structures.

TABLE |
Defects Common to Composites!
Mezal Composite
Components | Components
1. Adhesive bonded honeycomb assemblies
1.1 Skin to core

1.1 Unbonds X X
1.1.2 Chemical milled land voids X

1.1.3 Doubler step voids X

1.1.4 Porosity X X
1.1.5 Extra adhesive X X
1.1.6 Missing adhesive X X
1.1.7 Inclusions (foreign material) X X
1.1.8 Adhesive gaps X X
1.1.9 Cut adhesive X X
1.1.10  Voids X X
1.1.11  Weak bonds X X
1.1.12  Unremoved protective film X X

1.2 Skin to structural member

1.2.1 Missing adhesive X X
1.2.2 Unremoved protective film X X
1.2.3 Doubler unbvonds X

1.24 “Brownies™ (resin starved adhesive) X X
1.2.5 Porosity X X
1.2.6 Weak bonds X X
1.2.7 Extra adhesive X X
1.2.8 Inclusions (foreign material) X X
1.2.9 Adhesive gaps X X
1.2.10  Cut adhesive X X
1.2.11  Voids X X
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TABLE |

Defects Common to Composites' (Continued)
1.3 Splice plate to composite
1.3.1 Voids
1.3.2 Gaps
1.33 Unbonds
.34 Porosity
1.358 Resin tills
t.3.0 Inclusions (foreign materiai)
1.3.7 Jnremoved protective film
118 Porosity
1.29 Wear bonds
1.3.10 i adhesive
1.3.11 Cut adhssive
14 Foaming adhesive (lack of)
1.4.1 Core splice
142 Core. structural members
! 1.43 Shear ties
1.4.4 Voids
1.5 Core defects
1.5 Node separations
1.5.2 Crushed core
1.5.3 Condensed core (cell nesting)
1.5.4 Distorted core
1.5.5 Wrinkled core
1.5.6 Low core
1.5.7 Distorted core
1.58 Wrinkled core
1.3.9 Blown core
1.5.10  Water in core
1.5.11 Cut core
1.5.12  Missing core (short core)
{ 1.6 Surface flaws
] 1.6l Cracks
1 1.6.2 Scratches
E 1.6.3 Blisters
i 1.6.4 Voids
1.6.5 Porosity
1.6.6 Protrusions
167 Indentation (dents dings)
1.6% Wrinkles
1.6.9 Pits
1.6.10  Pinholes
1.6.11 Cuts and abrasions
1.7 Lack of sealant at fasteners
18 Poor fit-up
1.9 Double drilled or irregular holes
| 1.10  Thick adhesive bond joint
3
i‘ 1.11  Foreign materials
r{ 1.12  Adhesives
f 12 Voids
] 1.12.2  High and low density areas
| 12.3

Metal Compuosite
Components | Components
X
X
X
X
X
X
X
X
X
X
X
i
X i X
X X
X
X | X
i
2
X ; X
X | X
X : X
X 5 X
X X
X . X
X ' X
X X
X X
X X
X X
AN AN
X X
X X
X X
X
X
X X
\ X
' hY
’ X
v X
i X
N
\ ‘ N
N
AN X
X X
X X
X X
X X

l. Non-unitormity

PRI .
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1. Pulse Echo

2. Transmission

3. Resonance

4. Velocity

———— L -

Delamination. Porosuty

Delamination

Composition, thickness

Modulus. density

Voiu detection in metal-to-metal and
metal to honeycomb structures

{.

F hLR
TABLE
Defects Common to Composites' (Continued)
Metal { ompusite
Components | Components
.13 Composite tape/laminate flaws
F LIl Tape
1.13.1.1 Missing filaments X
1.13.1.2 Broken filaments AY
1.13.1.3 Misaligned tilaments X
1.13.1.4 Spliced tilaments X
1.13.1.5 Filament spacing X
1.i3. 1.6 Filament cross-oven X
1.14 Laminate
1 1.14.0 Fractures X
.14 Delaminations X
1.143  Voids X
L.144  Porosity X
1.14.8 Resin fills X
1.14.6 Resin rich starved X
1.14.7 Inclusions (foreign material) A
1 148  Off angle lay-up X
1.149  Bridging X
1.14.10  Blisters A
P41t Cuts and abrasions X
1.14.12  Pre-preg butt joints X
L1413 Pre-preg overlaps X
1.14.14  Pre-preg gaps X
TABLE Il
Available NDT Techniques for Composites
Techkniques Detection Capability Limitations Désadvantages
Visus| Blisters. Poruosity, Cracks, Limited to surface defects in opaque matenal
Discoloration, Surface Detects
Ultrasonics

Requires immernsion in water.
Requvires expert interpretation
Limited to access to both sides.
Geometry of the part sensitive

——

Sensitive to geometry of the part _l

Requires immersion in water
Requires liquid coupling. must test both
sides of honeycomb panel separately

: 1. Coin tap

2. Sonic resonator

|

3. Eddy-Sonic

| Unbonds and other gross defects

Cracks

o ]
6. Shear Wave ;. Defects in complex shapes Requires immersion in tank of water
Sonics i
- Lack of bond Requirey, expert interpretation

Requires liquid coupling, difficult to use
when inspecting tapered structures

Limited to surface or near s...woe defects

e

i
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TABLE I
Available NDT Techniqees for Compuosites (Continued)
Techniques Deteviron Capabilin § vidations Disadaniages }
- - — . R } . C— -
4. SWAT Crack crating Requirs trasned personnel to apply and
i interpret resalts
1 Xeray 1 Inclusions., cracks | Linnted 1o cracs sire. must have access to
‘ , both wdes of the structure
’————— 4+ 4
Y. Gamma radiation Denaity vanahiom Must have access to both sudes of the structure
Electrical
1. Flotrical Resistivity  © Degree of cure, composition. monture  Lamied to Nat surfaces
b - i .
2. Corona Discharge =V s L inuted to flat surface
Electromagnetic
1. Microwaves - Vouds, delammations, porosty . rewin Difticult toanterpret. requares speaiahised
. vatiables penonncet
Theriay!
1. Infia Red C Vo, delammations, unbonds Senmtinve o geametny of the part
. + .
2. Liquid Crystabs + Vauds, delaminations. unbonds Not usetul tor aluminuin metals-to-aluminum
i hooey siructunes
- § :
2. Photo Chronic Coating | Vords, delamunatons, unbonds Very imsensitne to small detects, useful tor
surtace and e s rtace defects only

4 4.2 INSPECTIUN TuST MLTHOUDS

4421 Visual

Visual inspection is th: most commondy ar | wadeiy wed NDE method  Detects which are obsenved include toreign
inclusion. crazing cracks, sematcdos michs, dintens, piting. air bubbles, porouty . rean et aind rean staned areas,
discoloratior w ~uvkdes, vouds and aelame 2tons, Visual iids such o mtense ight or magimitving glasser are used to
incredse detection apability. Retlected hight i used tor aosenving surtace irregulanties amd other defects, transmitted
light s often used ¥ he: » both surfaces ot the matenal are accesable to reveal defects within the matenal Visual
examnation s be ed o he detection of rather Ligge defects even though impected by g trnned sperator

The use of rewnforced composites 1in sandwich construction reguares turther nvpection. Visual ispect.on
immediately atter cure and upon removal of adhesive-bonded hones comb sandwach parts trom the heat source often can
reveal blivvers which may diappear when the part cools and the mternal pressure s redveced . Where void-teee lsmanate
facings are used. vistal examination c:n be accomplinhied by special highting to detect Jetects within the structure

4422  Acoustic Techniques

44221 4 Ulrrasonacy

Ultrasonies mcludes a number of ditferent techmques. These techmgues utilize sound energy at Irequencies
generally at 100 KHz to 25 MHz. In the two most basiic methads a beam ot ultrasonic energy s directed mto the
material, and ewther the energy transmutted through the materal or the energy retlected fromantertaces wathin the
material 1s mdicative of the characterstics of the materal’  Ultrasomios has demonstrated it ability to detect detects
within composite matertals  Frgur 1 shows a Cascan recording of a graphate epony test speamen Unbonded or
delaminated arcas and vords of 1 'Rin or larger can be weadily detected  The dark areas indicate detects

When the ultrasonic wave reaches anaintertace or o discontinnty . part of the energy s reflected  The amount ot
reilected energy depends on the acoustic impedance of each medium. The energy tramsmnted through the matenal
reduced by energy reflections and attenuations within the ample. Thus, the vanations in reflected and transmtted
energy can serve 1o locate defects 1 ¢ dicontininties in the path ol the ltrasone beam.
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The ultrasomic method involves the chectrieal pulsing of a ctvstal of peroctectng matenal which converte the cled
. trcal pulse (o mechanicel enerpy  The mechannal cnetpy is thus ted into the test mai=nel with the use of a couphng
3 medium (couplant). ¢ g water ol glycenne, and water gel  The sound enrerpy reflected by or tranwmatted through the
svatem 1 prohed up by a transducer that converts sould to clectnual cnergy . which s then snady red and doaplayer] on a
cathode ray tutse (CRTY ur wanning tape recorder Fynire 28 ¢ schematic diynam of a typics! ultrasoni oy stem

44°°° Puiseboro Techmgue

In the pulse-echo technique the retlectivas of echoes thum interfaces and anomabes provide the measirement
mformatron from one wde of the matenal A\ delect s determined to be present it the (ransmitied energy » reflle ted
hetoos 1t reaches the hach surface  This can be obsetved as 3 peak an the CRT between those pulbses corresponding to
the imitisl pubie or the tront surtace reflecbon and the heck sutface reflection  The appronate kovation of the defed:
w determined to he relative to the poutwon of the rewalting peak with respect to the peaks of the intia! putse or front
sutface reflection and the hacksurface refle tion

4422030 Dewough-Tranomiasion Jec hnague

The through-trans.anuon technique utilizes the uitrasonic energy that pasves through the matenal  The recerved
eneryy i reduced by defects and reilts in reduced amphitude of ihe peak on the CRT

The two sauc ultrasonic techmques pubve-echo and through-tranamsaon are ineful for iocating large delaminations
which are perpendicular fo the direction of the ultrasonic transmusaon Smailer detects swh as delaminations, vouds,
resn starved areas. and poroxaty are more ditficult to detect

4424 Shewr Wave Techmigue

Complen shapes are ditficult to test with ultrasonicn, as are rough surfaces, large gramed matenals and tiber
reinforced composites  For complen shapes 4 shear-wave ultrasonic 12chmque Gas been used ' The altrasoni ugnal s
wnt into the part at 4 predetermined angle trom the normal ¢17 S ¢ 30 deg) Where detects are present the ugnal i
] reflected and an echo will be revenad ty the tranwtucer T no detects are present. the sound wave s reflected between
the suctaces of the part until attenuated . and there s no return agnal

44005 Revenaner Techrugquae

Ultrasonie resonance techmgues utibize the change i resomant treguency on the energy decrease at the resonant
trequency as imdicgtions of the presence of adefect i g antorced omposate part The resonant treguency of the part
Mmust be determuned. this depends on the type ot matenal and it 1y scal dimensions® Inkerent sanations
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Sompaosations o Jimenssom of the matenal rvdice the sensitiviiny aid Tosadiition of deicdis

340 Veinan Tedhmgae

The ulttasonie veloaiy techmgue can be ased toomdicate vatiaihits o densay and elastic madutos in the matenal
Changes 1t the veloaty provde the neasaremient miormation®  Fagure 3 s blosk diggram ot the alttasoni selovity
measunng apparatus
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4420  Fohde Bond Tester

One of the mnst communiy used acoustieal NDT technmgues for evaluating the @ ality of adheuvely bonded metal
awemblies 1 the Fokhet Bond Tester The Fohher Buand Tester 1s an ulttasome-resonance ty pe insttument which
utslizes a0 1ty wenung clement a prezoelecten crystal vebrating at ulttasonn frequencres®  When the transducer s placed
m cuntact with the matenal deing sapected, its ibration s mfluenced by the charactefistins of th: matenal A voltmetet
(B abe ) i ates the amount of dempang of the transducet vihtabion and ¢ CRT (Aacale) imicates the vhift in revonant
frequency  The texter ic calitmated with bonded specimens of known quahty  The quality of the bonded spevrmen under
test 1 then determinad from the magnitinde of the resonance Trequency thllt ( Awcale ) on the damping of the peab
amplitinle (Bwale!

443 SONIC METHODS

Son testirg utihizes treguenaies trom the audibie o the omer ulitasonmie fregion n the cange of trom 20 Hz 1o
100 KWz Tappng 2 structure with g cost o other metalhic odects ia common technique tor deteciion of gross
combitions sach as cracks and delaminations A well defined nnging sound ivimdicative of g acll-bonded structure A
dull wound or thud indwates 3 delamination or relatnely large rond area

44311 Sonkc Reswmator

In addition to manual tapping. automated apparatus can be used o taabitate the operation and improse sensitivity
The Sone Resnaton® developed by North Amencan Rockwell Ine has heen employad 1o Tocate unbonded areas and
other gross detects in laminated and hones combaaandwich structures Phisaimstcument utilizes a vibtaioma ensaal 1o
exaite the structurr acoumniaally - Resonance occun when the freguency of the apphied torce cotresponds to the natural
trequency of the ~tructure under spection  As with ultrasomes, the son resonator reguates o hquad couplant i ordet
to tranmsmt adequate soouste energy inte the tost part The imstrument s capable of detecting lange vouds watian the
Sucuracy o 20 otats probe diameter. and has demomstrated ity capabiiny to detect tractured honevoomb core at am
depth throughout a composite Only one surtace ot the structure need be aceessble tor the techmgue One ot the
hmitations ot the techmique s because o the penodie nature of acoutie impedance the reading trom the asttumen
v 4 o tui tton of hond Laminate or honey comb core samdwich part thickness Theovanaton requires that the sonu
resonator he retuned when testing along @ tapered honescomb weotion

4432 bddy Sonic Technique

The Fddy-Some Techmque® utihees cdectromagnetic means to energize the matenal witl eddy cunrents Monuonng
of the resulting scounstical responses hnates detects Contact between the stri ture and the transdacer s not required.
tgued ol coupmanis are nod used  However anorder io produce the eddy currents an clecineadin conductne mateti

must he present in the materal to be mspedted

4403 Strews Wave Analvus Techiiques (SWATY

Norse generatad dunng proot Toading ot g remtorced composite structire can be used as an mdicater ot the
lormation of crading of Jtacks  \ change m the sound fevel accompamies the Tormation or eviension of cracks withan the
structure Wath the use of sitable equapment the areas ot sinpect can be docated  The technigue is not aondestructng
I nature. ance it sequuires the apphoation ot g proot ioad to the part bemng tested . since such loads can and do treguentiy
degtade the strength of the part The Stress Wave Anabvae Techmique (SW ATV developad By Aeroret-Generad Corp
atihzes accelerometens to record nones dunmg hvdeo 2esimg Tios techitgue was used todetect sones produced at fowa
stress levels tor correlation with ultimate strength i presare vessels

444 RANATION METHODS

4441 \-Radiography

Nty tadiography s the must widehy sed penctrating radation method ot NPT The detection of detects depends
upon vanations i thichnes or density of omatenialan the path ot the tadiiion Nreas ot tomer densaty wathan the
matenal will gbsorb less radiation, o that the detector cnbmr widl recenve agreater miensay ot tadiation i the corres
ponding area Because composites suchas tiber ghiss eposy carbon carbon epony and graphite eposy ate of lower
density than most metals, the prosence ot usions ot hegher denaties are readiiy seen Sy this method bgure s g
print ot a tadwogeaph Viowimg sensitiaty te debonds crecke biber gaps and vords the smablest ot wich s 0 0 3 iches

Ny radiography bus beer emploved tor focatig Lage voads delammations and cnacks im remtotced composite
et Suchia detect can bedetected provaded the deteonis sutticenty Large with respect to the direction ot the Nern
heam  Detects onented normal 1o the tadiaton oteen are dithicalt to detent ¢ g tight surtace crasks pormal o
matertal’s surtace
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Fig 4 Radiograph of graphite eposy roierence standard
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444.2 Gamma Radiation Technique

Gammi. radioisotopes are available trom sources such as Cobalt 60, Cadmium 109, and Cesium 137. A through
transmission gimma-radiation technique is being currently used to indicate variation in material density. Figure §is a 1
diagram of a radiation density gage system. 4

: 44,5 ELECTRICAL METHODS i
: Electrical properties such as the dielectric constant and dissipation factor (or loss tangent) can be used as indicators :
for nondestructively determining variations in reinforced-plastic composite materials®. “or a given thickness and ’

3 composition, changes in degrees of cure can be evaluated by dielectric constant and dissipation factor measurements, the
L values for these parameters decreasing as the resin is cured. Similarly, moisture content can be determined with an i
3 accuracy of approximately £1%. J

4.4.5.1 Electrical Resistivity

Electrical resistivity has been used to determine optimum curing cycles, uniformity of composition, and the presence
of moisture. Continuous resistivity mcasurement has been investigated for monitoring the cure of reinforced-plastic
composites. Because electrical resistance of plastics is highly sensitive to changes in temperature, the temperature during
the test must be carefully controlled. Volume resistance measuremenss require that the probe have access to both surfaces
of the part.

44.5.2 Corona Discharge

Corona discharge is being used for determining the presence of voids within plastic laminates. When the material is
subjected to a high pot-ntial (electrical), the gas (air, moisture from the resin) within a void ionizes, causing acceleration
of electron to the wall of the void!®. The presence of voids can be detected and evaluaied by measurement of the
resulting voltage charge. the light produced, or the noise emitted. The high voltage that provuces the corona discharge
must be ol a short duration to prevent burning the part.

s 1 s Bl PO P

44.6 ELECTROMAGNETIC METHODS i

4461 Microwaves ;

Microwaves are clectromagnetic radiations of very high frequencies ranging from about 50 KMHz to 100 KMHz. :
Microwave techniques can be used to aetect defects and for measuring thickness, moisture content, and dielectric
properties for nonmetallic materials'®. For composites, defects that can be detected by these techniques include v ids, !
delaminations, porosity, foreign inclusions, resin-rich and resin-starved areas and variations in degree of ¢ire and moisture ]
content. Because of the high frequencies used, the microwave radiation beam can be focused on small areas, providing ]
high resolution in locating defects.

A microwave source (horn) directs the radiation at the test material. The energy reflected or transmitted by the
specimen can be used for the evaluation. A crystal detector converts the resultant wave into an electrical response.
Figure 6 is a block diagram of a typical nucrowave system.

_F Voids have been detected at the core-to-skin interface of honeycomb ablative material that were adhesive bonded
to metallic face sheet. Scattering of the microwaves by the voids causes a reductic. in signal amplitude. which was
observed on a cathode ray tubc. Microwave sighais at 3 to 4 KMHz have been used to detect bond separations of about
1/16 sq.in. in areas in complex, reinforced-plastic honeycomb-sandwich structures.

Microwaves can be v<ed 10 monitor the cvring process and to indicate the degree of cure. The dielectric properties
of a material change as the resin cures, the microwave reflections respond to these changes. The dielectric properties
of a reinforced plastic depend on chemical compositions, composition variables and impurities can be detected by
microwave techniques. ’

it

Microwaves strongly intecact with water, and therefore may be used as a means to measure moisture in plastics. In :
ddition io signal atienuations due to microwave energy loss, phase shifts in the standing waves can also be used for NDT
measurements. A phase shift will occur if the di ic properties of the material are varied. Part thickness and geometry
can influence the results of NDT measuremen’ o1« th signal attenuation and phase shift.

| 44.7 THERMAL METHODS
4
b

¢ 1.7.1 Infrared Scan Heating Techniques

The difference in heat flow caused by defects within a material can be used as u nondestructive test indicator. In ’
order to study heat flow in a material it is necessary that the part contain either an excess or a deficiency of heat with
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Fig.6 Microwave void detection system ]
| 50 KMHz to 100 KMHz microwave energy is transmitted from a single horn and part »f this incident energy is reflected
4 and part refracted into the test sample. This refracted wave is totally retlected from the conducting adhesive and is
received by one or the other of the two receiver horns. The angle which the transmitter and receiver horns make 4
with the surface of the sample is critical for proper operation of the system. For a system without voids a 4
maximum signal is reflected from the conducting adhesive. When a void ¢xists there is a drop in the
received sigral amplitude in comparison to that from a normally bonded area. The wave reflected 1
from the top surface is neglected since it does not interfere with the receiver horns and passes
out of the system path.

respect to its surroundings''. The more conventional methods of thermal NDT employ scan heating or [ixed large area

heating methods of introducing heat into a material. The scan heating technique is shown schematically in Figure 7. i
Once the material is heated, as it heats further or cools, the surface temperature is observed with a sensitive infrared ;
radiometer.

4.4.7.2 Thermal Coatings

Another thermal NDT approach utilizes the temperature and color sensitivities of liquid crystals'? and Photo
Chromic dyes. Applied from aqueous solutions, these coatings can be removed by solvents or simply stripped off.
The coated part is heated uniformly: a defect is indicated by the color change at the surfuce (ceating) - -arest to the 1
defect as the materials heat or cool. Because this method is based on thermal flow, detects can be seen during heating
as well as during cooling. The simplicity and low cost of these thermal coating techniques make them very attractive. 1

In general, thermal methods of NDT can detect only separations (grossesize voids. delaninations or unbonded

areas). and are not suitable for weakened areas. Defects near the surface are more readily detected. and sensitivity
decreases as part thickness increases.

4.4.8 OTHER NONDESTRUCTIVE TEST METHODS

Those methods described above are the more common methods being used for the NDT inspection of composites.
In addition to these methods, there arc a variety of other approaches for NDT of composites that hay * been used or are
still under development. Many of these methods are not unique to composites and a detailed discussion will net be
presented here.

atton

Methods tor detecting surface defects include liquid penetrants (flucrescent and dye): strain gages to measure
dimensional changes o1 distortions when a load is applied to the material; strain-sensitive “brittle™ coatings to indicate
stress distribution over the surface of the part when a load is applied; and photoelastic stress measurements. This latter
technique uses a birefringent plastic coating or film bonded to the surface of the material being evaluated. Upon
application of a load, one can see the stress distribution by noting fringe patterns (changes in color) in the coating i
} under polarized light. This technique has been used to detect and measure the effects of strength reducing factors in :
E filament wornd pressure vessels.
4

A recent technique developed tor the NDT of bonded assemblies is ditferential laser holography. This techniqu ¢ i
provides a means for precise measurements of displacement of deformation within a structure. Holography is basically
! a two step process that permits the reconstruction of three-dimensional images. In holographic NDT. displacement of
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the structure or a portion thereof results in an interferometric fringe pattern that depends on the extent of the
displacement. and can be visually observed or recorded on film. This technique is reported capable of being able to

HEAT SOURCE

DETECY BETWEEN

HONEYCOMB AND
PLATE
SAMPLE

/ MOTION

Fig.7  Scan heating technique

detect surtace and subsurtace cracks, voids. delaminations, and inclusions.

e aatand

(]

6.

Nuclear resonance techniques hold some promise in the nondestructive inspection of reinforced plastic/composites.
1 Nuclear magnetic resonance (NMR) and nuclear quadruple resonance (NQR) are valuable in evaiuation of the molecular
structures of material components of composites to define and measure abnormal conditions and structural changes.
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DETECTION AND MEASUREMENT OF CORROSION BY NDI

AR Bond

4.5.1 THE SUBJECT - _ORROSION

Corrosion is the breaking down ot a homogencous netal into oxides cither in localized arcis tor a specitic reason or
generally spreed over the surtace of the metal.

The factors which contribute to this degeneration in dissimilar parts are the introduction ot an electroly te. c.g.
impure water and the formation ot a circuit in the particolar assembly. The chemical action at the faces is the driving

torce and the whole process is selt generating when i starts. The part which is less noble becomes the anode and dissolves

away.

In the light alloy metals, used in aircraft steucture tabrication, this electrochemical action oceurs casily in one part
because the supposed homogeneous material used to make it is in itself made up of discrete particles and as in the case
o compasite parts the discrete particles can locally become the start points of corrosion and form selt generating arcas.

Ditfering concentrations of the electroly ie can conse different attacks of corrosion in similar arcas,

4.5.2 THE PROBLEM

When corrosion is on the visible side of aircratt structure it can be identified. and removed. Fstimates of the
remaining material thickness can be made quite quickly and repairs and/or fitness for service deemed quickly.

When corrosion takes place on the sides of aircraft skins which are not visible then the problem can assume a
greater financial and/or satety problem than is obvious when the onset is noticed, i.e. at the fitst sign of corrosion the
concealed arca could, after a very expensive strip, be classed as fit for further service or without any sign (or a very
minute sign) could be tound to be in a dangesous condition.

Background to Inspection

With al! the best will in the world it would be quite wrong to imagine that all protective paint schemes will renmain
perfect tor ever. In a structure which is moving, however minimal, was/ied by condensation and sometimes rubbed by
debris a good protective finish is bound to sutfer through the years.

As soon as a small path appears the electrolyte, ready to form the final factor in the mechanism of corrosion, will
creep along it and start the corrosive process off. The primary method for corrosion detection is of course Visual
examination and Inspectors examine the visible surfaces for the symptoms. They look for tocalised discolouration,
faint powder lines or pimples on the paint showing that underneath the paint something is going wrong. Also they are
looking for paint damage which thereby leaves the metal unprotected. Symptoms are investigated and action taken to
open up suspected areas in order to enstce that the reason for the indication is revealed and any corrosive origins are
laid bare for remedial action. All areas are not equally prone to attack because of differing conditions in some areas so
there are more particular searches in certain areas. It is often found necessary for a varicty of reasors to examine
structure by extra meany and devices ranging from the simple mirror to very expensive optical viewing aids are used to
look in dark corners,

Anything about an aircraft in service is interlocking when you find o ftaw: how significant is it. how long have you
got to get the spares, how much of the original structure can you save by thoroughly cleaning out and reprotecting. can
you repair or must you order a new panel? The combinations are numerous and greater accuricy in our findings means
a longer time to study the situation coldly. order the parts, and bring the aircraft in before the situation in the specified
area becomes critical financially and certainly much, much carlier than any technically critical state, Around tuselage
cut-outs. such as doors, it is common practice to reintorce the cut-out with doublers bonded to the skin. Corrosion
starts up in the surface of one of the joined plates and this. of course, reieases the bonding film and in some arcas a
large area of disbond oceurs without corresponding tell-tale signs at the edge of the doubler or bulging of the surface.

It is therefore most important to examine double and triple joints whether there are any visible signs cr not.

So. although these practices have been shown to give satistactory service in the past, in view of the minute
indications of concealed corrosion it is necessary to make better inspections and be sure of the results. Such inspections
are done by the use of applied physics, i.e. NDI.
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452 THEIDEAL SOLUTION

FThe method most saitable for the examination has 1o ke into account alt factors and produce amswers which will
permit Inspection and Design Personned to evaluate the situation correctly and produce a solution that will itte ¢ the
sabe operation of the aircratt in an ¢conomical manner.

4531  History
As the NDIEmethods were tried out in service it was possible to identify all of the factors which had 1o be overcome 1
in the best solution.
The factors that make the examination of concealed taces ditticult are now determined to be as tollows: “
i ) Baint films of varying thick»ess over outer faces. i
thy  Corrosion products entrapped between taces.,
(v)  Boading and bonding spew. i
(d)  Intertaying and sealing compounds. 3
. . 1
(¢} Water and contaminants in corroded areas.
, 4.5.4 REVIEW OF NDI METHODS )
‘ There is no ideal solution at the moment but one method is shown to be of superior potential to all the others and ¥
£.oos better and consistent results at this time. In fact. tor most general assessments of conditions, it can be classed as
adequate for the purpose.
3
4.1 The Evaluation
: Penetrant Testing was considered as a means for detecting the voids or paths by which the electrolyte could enter.
: ne were sure that the pativ was dry aiid clegn and wouold permit the penetrant to enter it is obviously visible as a path.
It the path is not visible and is tull of electrolyte the penetrant cannot enter, so the path would not be detected. These
contrary answers show that this is no valid test.
wrdinary Radiograpine has only ever been certain ol detecting gross cotrosion consequently it has beeih a pointer to
wh the structure should be opened up to clear up a corrosive situation. There have been many ideas and many 4
pro oos on this system but it still reimains a tairly coarse filter. 1t can be used tor certain inspections where it is not
. possible to use a4 more sensitive method.
Neutron Radiography and Colour Radiography . using both Film or PV were discarded for expense, time and
peneral impracticability. l
Thermographyv i particular thermovision, was thought to hold some promiise but tests showed that the heat 1
absorption in thin shins was insufticient to give a stable picture, 1
Ultrasonie resonance methods and trimsmission methads were teied. The first mentioned required a Mat surtace
away from the interrogating face and corroded surfaces are. of course, not 1Tat. The latter type of test requared that the
area of exanunation be immersed in water.
The pulse echo method of interrogation of one shin from the good side was the only method that showed promising
results but unfortunately it measured the paint and gave incorrect answers when the corroson products and or a liquid
wa o present. 3
1
Full reports on these methods are shown in 4.5.0. i

In Fddy Current testing there are avariety of wavs of apphying the sheanomena to the object under test. The right
methad for corrosion detection was determined to be in reterencing the phase ot the eddy currents in the test area.
Evaluations showed that all of the Tactors, that intertere with the detection of corrosion in thin skins, had minor effects
on the method it the instruments were wsed vorrectly.

1he . cenn measures the volume of metal under the mtluence ot the probe so must e considered a quantitative
system: neverthiess, by a syatem ol plotting, it is tound that certain qualitative results can be obtatned. In the same
way mudtiple skins can be tested out there s a reduction in the best sensitivity avadable.

R oL AL

Larly detection of conceated corrosion by this method atlows inspecting stalt to mamtain control ol any detectine
arcas without tear that the corrosion has reached o dangerous condition: always, providing that the detectors used are
vible and have good hitt-ott characterstios.
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Full report ind 8.5,

4542  Condusions

Fddy Current Phase Sensitive Detectors give readings which result in hetter evaluation of the conditions of the faces
ofaircraft skins which cannot be view . d directly. 1t is not envisaged that the method will ever be accurate to the same
degree in all situations because it is already clear that older structures. where adjoining faces are not paralle!, because of
inconsistent rivetting practice, only give results of a lower sensitivity . Nevertheless, providing that the instruments are
of sound design. the accuracy of the method is much better than any thing attained hitherto,

Sec 4.5.7.

The method takes time in training staft in the accurate use of the instruments and in the idiosyncrasies of individual
structures. but, in the end, gives good service in the evaluation of aircraft skin condition.

See 4.5.8.

Also, in certain circumstances, the use of a combination of one of the methods deseribed in 4.5.6 and the Eddy
Current Phase Sensitive Detector can give added information for assessment purposes.

4.5.5 THE PREFERRED MFTHOD

As desernibed in 4.5.4 the method of inspection which gave the best resubts was deemed to be the Phase Sensitive
Fddy Current Method.

4.5.5.1  Eddy Curreats

A coil s exarted with g ase. current and when its placed near a metal component, eddy currents oscillate in the
metal at close proninsity to the coil (probey. Anything disturbing the eddy currents. sach as a crack, is detected
clectrically and displaved on a seale.

These currents penctrate into the metal to a depth wineh is dependent on frequency and various technigues were
tricd out to determine whether a thickness change could be detected by using this phenomenon Tewas proved that
there was a phase shirt and that it conld be displased. Inuse, acorl chose to the sk & retferenced against one above 1t
(e more distant from the skind:witen the lower coil passes over a than (eortaded y area the phase change is identitied.

This phase shitt when electronically converted into ascale reading was touad to be huear. that is that when the
probe is placed over a good picce of materid and the meter adinsted 1o sero and with the probe placed over a piece of
matenial which s 10 thinner and the needle adjusted to the maximum position on the scale, the other positions on the
seale were relative to mtermediate tosses of material.

History

Lovestigation was carned out as to the sttability of eddy current techniques for the detection ot corroston beneath
atreratt shin pancls

The tirst test was to examme whether the method was abie to detect loss ot dladding from the underside of skin
panch. this chaddimg foss represents 37 thuckness reduction. The pronany arials carried out showed that a phase sensitne
cddy current technigue was suitable Tor detecting thickness reductions of this amount, experimental results having
actially detected a 277 thichness loss,

Atter the first production instrunment came into use. the method was tound to be capable of detecting corrosion
as litthe as O3 7 i alaminium alloy panels trom 22 SWG to T4 SWG provided that the area was greater than that of the
probe cross section esser areds cotthd also be Tound but with lower sensitivity. Tt was also found capable ot detecting
corrosion between two panel. witl the same sensitivity provided that the panels were each thicker than 18 SWGL Thuner
paneks gave spunious indications due to bucklhing, but this problem was overcome by technique mnprovenients.,

Avcurate corrosion depth measurement was found to be awkward to achieve but the instrument sl gave viable
result IE the instrument mdicates ~ay 1. corroston it couwld be 1 over a large area or 200 over a very soualbarea. s
really indicating the volume ot the missing metal, but by approaching corroded areas using ditterent technigques the test
engineers were able to estimmate depth and area. Phe instrinnent was 1ive times more sensitive to corrosion than to rolling
tolerance s Hft-ort compensation was such. that a vartion i paint thickness of 3.2 mm caused no loss i sensitivity. The
instrument worked equally well on mains and internal battery

Ihe use ot Lddy Current Phase Sensttive Detectors for corrosion detection was shown to be quite accurate inits
estimation ot the volume of metal under the probe. With careful assessment of results and with expenience i the use of
the system, better evaluation ot the condiiion of areratt skins was deemied to be posable.
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4552 Usein Servive  Single Skim

In swervice use the method pertormwed it the manner predicted and the resalts obtaned throughout three years were
wsed to produce graphs, which are of practical use as explained herein

Discussion

The estimation of cortosion depth on a single shin s not straghttorward because the meter indication 1s a function
of both depth and area. It the corrosion is evenly distributed over an area greater than that of the probe cross-section
then the method can be quite accurate even when measuring corroson as little as 177, see Figure | Smaller areas can,
however. introduce considerable errors as shown i Figure 2 where it can be seen that at 2 KHz the accuracy starts to fall
betore the corroded area was tedweced to the size of the probe (16 mmy

These errors van be redwced by using a lugher trequency as shown by e ™ KHz and 15 KHz curves in Figure 2
The upper west frequency s limited by the shan thickness,

Operation

The way to estimate the depth of large evenly corroded areas is to note the manimum change in meter reading as the
probe passes over the suspect area. This reading is converted into depth using a graph like Figare

The measurement of smiall arcas or pits is carried out by a ditterent techmgue. This is to iravense the suspect area
and increase the frequency 1o cach travene until the detect indication reverses on the meter. This frequency can be
convested into corrosion depth using a graph sunilar to the one shown as Figure ¥ This techmque gives depth estimations
which are within 10°/ of actual depth of corrosion.

Graphy must be made up fo. cach instrument probe pane! combination and are sumple to produce. The graphs
shown in Figures | and 3 are produced by accurately milling the material in areas goeiter than tie probe size and then
taking a series of readings using a part cular probe: repeat tor other probes. The graph shown in Figure 2 is prodduced by
accurately mthing ditterent diameter arvas of constant aepth and taking a series ot readings.

Conclunion

The methad s capable of detecting corrosion of 1 on single skin panels provided that the corroded areas greater
than the diameter of the probe. With care good estimates of small areas ot corrosion can be made.

43553 Usein Service  Multiple Shins

Durnag the use of the istrument on pecratt, appraisal of results on multiple shins was maintained and o variets ot
tests conducted under laboratory conditions. These results were used to produce graphy and these graphs proved that the
use of the method had greater potentiad on mudtiple skins than expected.

Discussion

Arrcraft shins are assembicd i a variety of ways aimd any reterence to simgle, double or multiple shans are to
combinations of skins as depicted i Figure 4

Double shins make corrosion measarement more ditticult because the meter widication s abo g tunction ot shan
separation. When corrosion occurs, the shins are foreed apart because the volume ot the corrosion praducts s greater
than the metal they replace. Byven under conditions of no corroston, the separation s not constant - Fortunately there s
atrequency at which the effect of this s neghgible  Pigure 3 shows the effect of using this trequency cotpared with two
frequencies. one oo high and the other too tow. AU T KHY the meter indication will be due to the combined etfects ot
corrosion and separation. AT 26 KHz it will be due to the eitect of corroaon less the etfect of separation and a0 18 Kz
itwall be Jue to the etfect of corrosion ondy tsee Fgure 61, So. the techiique on mualtiple shins s to wse the lower
frequencies amd an stspect areas tse the optimum frequency to measare the vorrosion rememberng that th shins may
have 1o be accessible. Fach optimum frequency depends on the conductivity and nonunal thickness ot the near shin i
cach case, and is abo a function ot the probe.

Fhe method of mspecting the outer shins in a multple sittiation s the same as tor double shinsoat ondy the outer
shins are to be measured accurately  Shouled “he sk turther from the probe have o be tested trom the near side.
frequency shoubd be selected which will pene crate allshins B this casesdue to the possible vary ing gap at the mtertace.
ane vould only expect an overread of corrosion of as much as 100 I the multiple shin sitianion one coubd expect aa
overread of 130 1o 10U . on the inspechion of a middle sk,

Inall combmations of skins tie particutar set-up should be reproduced so titat the optimum trequeney can i
determmed and the expected sensitimity proven to be possible
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Conclusion

Providing a test picce is made up which is representative of the area to be tested and the optimum trequency and
sensitivity is selected to suit the inspediion requirements it is possible to examine multiple skins to varying degrees of
aceuracy.

4.5.6 NOTES ON OTHER METHODS

The other methods which were thought to have the potential to test aireraft skin panels are described herein: they
failed certain tests. To assist inspection staff, the inherent problems particutar to soch methods are explained in this 3
chapter and, provided thair tailings are noted, may assist in some corrosion assessments.

3 4.5.6.1  Radiography 4
Radiography has been used to survey skins for corrosion for some years.

Radiographic Method

% 4

Radiography is sctually radiation striking a film or other recording medium after passing through an object. The
radiation is moditicd by the object and the varying shape of the object causes changes in the quantity of radiation passing
through the object. The Film ete. records the varying quantities of radiation by corresponding vary ‘ng densities on its
suefaee.

[t can be seen thus, that the Toss of metal ina corrosion pit on a skin will allow more radiation to pass to the film,
catsing an area of increased density on the film, which should be visible to the radiologist.

Zimal s

History

o

When radiography was first started on aireratt the determination ot corrosion was not considered 10 be possible, but
the introduction of low Kilovoltage radiography allowed a certain amount of success by NDT statt in some areas.
Untortunately. this success plus outside pressure to enlarge the scope further has brought the use of the method into
disrepute with some engineers. Primarily such distepute is because these people consider the method by measuring
specilic thad) results instead of total performance and they certainly do not tully appreciate the physical problems that
enist in the process.

i

-

450 1.2 Stepsin the Method

Radiation quantity converted by object Lo varying quantity at tilm.

Radiation at tibm converted to lutent image in film.

it

Latent image in film converted into visible halides by chemistry .

Visible halides on filny converted to visible image by Light transmission. i
Visibic image on film converted to words by radiologists. ]
Fyen with these conversions it is possible to see a0 27 variation in obiect thickness and this is termed the sensitivity 1

of the exposure. In the case of an aireraft siructure there are several items that are interposed in the line of radiation
and these items are the cause ol the bad performances of the method and the consequent disrepute.

301 3 Interterences to Radiography

Al matenals absorb radiation to varying degrees and they can isaally be seen on the radiograph it they are in the
line of radiation. Further it sach materias have lngh absorption rates they seriously interfere with the radiography.

Mt

Externad paint oy tend o run down 1o the arca under examination giving differential absorption at changes off
thickness, Internal pint can be ot varving grades and thickness with the saime resalt.

Scalunt

Lins s apphied i the torm ot a bead at the juncnon ol the strmger and sk Chas s te point where there is not
only a change of density because of the change i thickness ol metal but the Fnvounite starting point of’ corrosion.
Sedbants absorh ot ob radation and throkob is the worst scalant an this respect.

i
?
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Interraving Comporads

These have a little etfect by their absorption but are not of great significance as they tend to be well squeesed out.

Dirt
There are sometimes areas of paint (usaally where the paint scheme has been patched) which have had dirt swept on
to it when tacky and this gives some interference to the radiation, with resulting loss ot sensitivity, 4
Corrosion Productys 4
I the ease of corrosion pits in open or box stengture, the products of the corrasion process fall out of the centre i
i and the ring of products on the edge enhance the detection of the pit. 3

. . . . . i

In the case of corrosion trapped between surfaces. the corrosion products and the good metal olter the same 1

absorption to radiation it there has been no movement ol the products and there are times when nothing is visible on the
tilm to signity that corrosion is present.

N

E' 3
3 Water or Other Liquid §
Fhese generally have the sime etffect as of overlayving another picce of metal over the whole arca. thereby reducing

the sensitivity.
3 . Bonding Spew
1 Thisis by tar the wonstitem in the list of offenders. in that the holes in this rough material have vagged sdges and

when viewed with other interposing Factors have avery similar appearance to corrosion pits.

Upholstery and Soundprooting

These atems ave normally in areas where datete falt away and.aithough there ss . minar loss of sensitivity
corrosion is usually detectable. 1 ead Vil when introduced. completely eliminates amy possible radiography .

ot kg M i 2 o ottt Bt

All the items mentioned above have the effect of making viewing and interpretation ditheult tor the radologist.

PRYOSTIN

1 4.3 0.1 4 Mathematical Consideration of hierposing Strueture i
1
! I we consider a piece of siructure mathemativally . ay per figure 70we Gind th tin the case o a shin supported by i
other structure, which is four times thicker. a7 seasitivity can actually represent a detect size which corresponds to 3
F 20:7 of the outer thickness, Even when the structure behind is equal in thickness to the skin: Figure X demonstrates
that the $7 sensitivity can represent 1077 of the outer shin. 1
X 3
3
43600015 Summary i
All of ¢he facts may . or may not, be present and the incerpretation ot the rdiographs can present a decision 1
problem tor the radiologist. i
A faint indication with a ragged edge can mean severe cortosion being concealed by interference. very light corrosion 3
or just a hole in Reduy or paint
Allin all, there are more things intertering with the radiologast than helping b, but considering these problems
there has been considerable financial advantage m the use ot the method to date. Tt can still be used 1o great eftect in
miany areas, but in the fower halt of the fuselage where these interference items abound, onre can only expect some
b degree of error.
4356 1.6 Conclinion
Although corrosion can be detected on the inside fuces of an open box structure. it must not be assumed that a ;
stmilar foss of metal is casily detected inany structure. H
H
Fhe items that contribute most to tadiological errors are always present in certain areas te.g. lower fuselage) and
: improvement in performance s mosi unlikely .
l
: L y |
4.5.6.2  Thermovision 1

i
?
k

History

In recent years Phermography has successtully been applicd in Medical Research. fault detection in power lines and
in hoat distribution in steel manutacturing equipment.

SV I i J




e com——-

606
IOGRATHIC TATIO!
)
’ : T
1 100 R o Y
_ R Y NS - —
¥ r ‘> ’
4 ’
F 1
y : : E
', ) h 100
, \ |
/ \ !
\ 3
/ | 1
, ¢ \
E 3
CONSIDER SECTION SHO™,  THICKNES; =~ 100 1
3 RADIOGRAFHIC SENSITIVITY - 4 (4 UNITS/L 0)
3 BOT IF THESE FOUR UNITS AR TOTALLY IN THE T'ENTY UNIT THICKNESS, THR i
3 SAME DEFECT BECOLES 20% OF THIS ONE SKIN WHICH MFANS THAT RADIOGRAFHY H
{ CAN ONLY BE CLASSED AS A ROUGH FOINTER TO THK GORRUSION STATE OF THE ;
1 JOINT IN TRIS CASE.
1 Fig.7 Radiographic sensitivity thin skin thick stringers
. i
} |
]
TOTAL JOINT SINGIE SKIN 3
¥
< PAINT *{ } 1
|
! 100%
‘ ; Y. i
i 4 10% :
o A (T
j . !
! |
H <
i
DKFECT ;
; 4 v e
!
[

DEFECT SENSITIVITY RELATIVE TO TOTAL JCINT AND SINGLE SKIN

i Fre.8  Radiographic sensitivity  joint of equal thickness skins i
N _ : ) . et _ . '




=1 T m————— Bt i i k2o e B Tyt =mos e REE=_s = STEEEE YR TR TSR TR

1t was proposed that Thermographic techniques coald also be used in the detection of corrosion on aircraft
structures. The proposal was based on the idea that with the provision of a suitable heating method, a reduction in
thickness, or void, would resuli in a distinctive thermal distribution on the surface of the structure, which could be
detected by a Thermal-Vision Camera.

Three methods of heating the specimens were tried:

(1} Infra-red and photo flood lamps.

(2) Hot air.

e

(3) Heat soaking in an oven. i

As the camera detects the intensity ot infra-red radiction which depends not only on the temperature, but also the

emissivity of the specimen it was found necessary to ensure a uniform surface emissivity. Covering the surface of a
: specimen with a material which would ensure unitorm emissivity was barely possible in the laboratory and is considered 3
' to be totally prohibitive on service aircraft.

L

Conclusion

il s a0

The tests were not as suceessttd as had been hoped because definite patterns ot heat cycling could not be repeated
] : to give similar indications, also none ot the heating methods would give unitorm heating. which is essential.

4.5.6.3 Ultrasonics

High frequency sound waves have been used to probe metal tor detects tor some years: the same phenomena have
also been utilised to gauge the thicknesses of milled sheets.

Ultrasonic Method

A crystal excited by means of an electric current, rapidly expands and contracts sending sound waves through the
metal and the relative time of return of the sound show the relative thickness of good metal.

History

The display of the returned signal was usually ona Cathode Ray Tube and the speed of the tubes in use precludes
use on thin light alloy skins, Fguipmient with o fast digital display had the potential to detect thickness ot thin skins so
it wan tested.

The tests were divided into two series: those designed to check the accuracy of the instrument against the machined
calibrated pancls, and those designed to cheek the etfect on the i .irument ot double layers, actual corrosion, corrosion
products and moisture,

A sample of unmachined sheet 293 mil. thick consistently gave a reading of 27.0 tan crror of 85773 but on
machined panels the accuracy of the instrument was geod with an error of not more than 0.1 e As acheck ol the
mstrument’s sensitivity to area change. a number of ditferent diameter steps were machined to the siome depth in skins,
The dinmeter varied from 31.23 nun down to 6,235 nun and the instrument gave correct depth e eadings for all dimeters
without ditfficulty.

Spurious tiffects

The result of the tests on pancls containing actual corroded arcas were not so encouraging.  Fhe readings obtamed
for the test pancls were optimistic, the error being as higivas 9257 and 21770 These panels were measured with the
carrosion products lett undisturbed to simulate actual aircratt conditions and it is probable that these corrosion products,
being well coupled to the aluminium, gave extra transimission to the ultrasonic pubse. This was borne out by additio !
readings made on one panel with the sume corroded areas moistened wath water. This tended to inctease the readings
still further and similar eftects were noted with ail and fresh jointing compound.

It was abso found that at the edges ol some corroded areas readings as high as 8060 (dry) and 829 (wetd were i
obtained. although the uncorroded tuckness ot this panel was only 7905 mils. Again, this eftect » probably due o tae
presence of corrosion products outside the actual corroded area.

Fhe test ona panel did not indicate corrosion at twe areas where it was known to be present. In fact one area gave
an indication of increased panel thickness  However, onvistal examination of the corrosion atter separating the panel
from the stringer. it was found to be very slight - dess than 10 Similar spurious indications were obtained with a
Redux-bonded pancl. Readings showing up to .05 mm deep corrosion i several areas between shinand stunger were
not borne out by examination.
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Conclusion

i The system is extremely accurate (providing care has been taken with initial calibration) tor determining the
thickness of material with clean, dry and parallel surtaces. 1t is evident however, that the etfects resulting from the
presence of contaminants such as corrosion products and/or moisture make this instrument unsuitable for the purpose
of the detection of corrosion on aircraft skin panels. N.B. One must also atlow tor varying added thickness of external
painting.

ST

e

4.5.7 THE SELECTION AND TESTING OF EDDY CURRENT PHASE SENSITIVE DETECTORS

Phuse Sensitive Detectors could have inbuilt taults affecting accuracy and in order to determine the freedom of the
instrument from such inaccuracies certain tests have been devised and are laid out herein.
4.5.7.1  Discussion

There are varying paint thicknesses on skin surtices and these are not obvious to the Inspector. The paint which is

in contact with the probe “lifts oftf™ the probe from the metal and consequently any lift-oft compensation in the .
instrument which interferes too much with the sensitivity is dangerous every time the paint thickness changes.

———

b
2 In evaluating some instruments it has been found that sensitivity can drop to zero with the introduction of as little 1
as a 100 micron gap (lift-oft) between the probe and the metal surtace. The lift-off resuts from a good instrument have
been plotted on Figure 9 and it can be scen that the sensitivity is not atfected by reasonable changes in lift-off. i
So. when the litt-off compensation has been set the introduction of paint should not attect the zero. ‘!
i If the instrument has a tendency to drift it wall not consistently give a correct zero and without continual checking
and rechecking the settings would thus not give accurate measurements of corrosion,
The instrument should be clearly indicative of changes in thickness of all the particular skins required to be tested. :
Testing the instrument tor a particular sensitivity at one thickness of sKin is not indicative ot its performance across all i
| frequencies and metal thicknesses. !
i
i
If critical inspection of metal to metal joints have to be done the instrument should be capable of measuring the i
thickness of the near skin by selecting the optimum frequency. 1 the optimum trequency cannot be selected there must 1
be a fatl-oft in accuracy because the readings will be atfected by the tarther skin. The varying gap between the skins E
varies the interterence from the other skin hence there are unknown changes in sensitivity, i.c. accuracy. 1
Tests to evaluate an instrument are tabulated below.,
4.5.7.2  Tests ]
1y Lift-ort (a)  Set up instrument to mahkers mstrctions,
(b1 Apply probe to unpainted skin specimen of specitic thickness and obtain zero meter res-line,
(¢} Apply probe to unpainted skin area 1077 thinner than specific thichness and obtain full scale
meter reading
(b Apply probe to tinst arca of test (hy interposing a non-metallic film of 30Q microns thick.
Zero should not be attected.
(e Apply probe to second areit of test (o) interposing the non-metallic tfiltm. The meter reading
should be at feast 950 tull scale deflection.
2y Dntt (1 Set up instrument to makers instructions, :
(g)  Apply probe toareas of test and obtam readings as per (byand (o). !
thr fay probe on non-metallic surtace amd feav e mstrument switched on tor 30 minutes. ;
- . i
() Apply probe to the arcas of test and check tor readimegs as m (g). The alterations to the !
readings should not be more than 2 - tall scale detlection on the meter.
12 Senwitivity ) Setup instrument to makers mstructions.
thy Apply probe to arcas ot test as i b and o) onall thicknesses ot metal to be tested.
; Accuriey should be within 17 on all the specimiens.
t . . N
! (43 Battery th Setap instriment as per (0 tedand () leave 1or 6 hours and test battery leven, Battery
t Lite level mdicator shoudd show that the battery power s above the minimum usable level.
'
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4.5.8 TES1 PROCEDURES USING EDDY CURRENT PHASE SENSITIVE DETECTORS

The testing of aircraft skins with the Phase Sensitive Detectors can be carried out using the manufacturers
instructions providing,
(a) the instrument has been accepted under the test requirements in 4.5.7,
{b) the particular material and combination of specimens has been tested to prove the sensitivity ol the method
and the necessary graphs have been evolved,
¢} the sensitivity of the method matches the sensitivity required by the stress engineers for the area under test,
(d) due care is taken to observe and vestigate odd results,
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APPENDIX 5.1

SUBJECT INDEX j




Acceptance
- ctiterta (1.4) p.58

Acoustic emission (2.2) p.119; (3.7) p.389
amplitude (3.7) p.391
application (2.2) p.120
burst (2.2: p.120
continuous (1.7 p.390
correlation. extent of cracking (3.7) p.4le
correlation of AE. and ductility of
] material (2.2) p.120
correlation with size ot crack and crack
growth rate (3.7} p 436
count (3.7) p.391
definition (3.7) p.389
differ from other NI technique (3.7) p 389
dislocation (3.7) p 389
clectrical disturbances (3.7) p.440
cission source ocation (2.2) p.120
cxtrancous noise (3.7) p.428, p.440
in weld (3.7) p 413
Kai er effect (2.2 p.120: (3.7) p.3%0
precursor of plane strain instability
(3.7 p424
rate (3.7) p.391
system (3.7) p.408
theoretical and experimental limitations
: (3.7) p.435
i white noise (3.7) p.440
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Acoustical and ultrasonical (3.6) p.333
acoustic impedance (2.2) p1 26
cotn tapping (2.0 p.114
methods (2.2) p.l 13

Adhesives, type of (4.3) p.5S32

3 Austenite
residual. x ray diftraction (3.4) p.273

E Beta-ray
backscatter method (for thickness of
coatings measurements) (2.2) p. 104

Blister (1.4) p.68

Bond
- bonding spew (4.5) p.60S
- disbond, corrosion (4.5) p.595
Fokker, tester (2.2) p.118; (4.3) p.5SS:
(4.4) p.587
harmonic tester (4.3} p.563
strength in composites (4.4) p.S81

Bonded structures
acceptaice criteria (4.3) p.571
flaw in (4.3) p.540
inspection methods (4.3) p.545: (3.6) p.345
b inspection processes during manufacturing
(4.3) p.545
z metal to metal (4.3) p.531
sandwich (4.3) p.531

Bubble air (1 .4) p.68

Praceding page blank

{ SUBJECT INDEX

Burned (1.4) p.6R

Burst (1 .4) p.62 po4d
Calibration blocks (1.4) .70
Carbon (1.4) p.62
Carburizing (4.1) p 479
Castings (1. 4) po.

Ceramic (1.4) p.62

Chae. cterization
of matcrials (1.4) p.S8
of materials detect ¢1.4) p.S9

Chip (1 4) p.o9
Cleavage (1.2) p.14
Cold shuts ¢1.4) p.60, p.o2

Compasite (1.4) p.6d; (4.4) p.SRI
available NDI technique (4.4 p 583
detects common to ¢1. 4 p.o8; (4.4) p S8
intecface (4.4 p.SRY
laminate (4.4) p 883
observed detects in (4.4) p.S8I
product quality in (4.4) p.S81
surface Taws (3.4) p SR
testing of structures, liquid crystal 13.8) p.452

Compton scattering «3.5) p.300

Conductivity (3 8) p 452

Contaminants, corroded area (4.5) p.59¢6
Contamination, Fokker-VFW tester (2.2) p.127

Contrast (3.3) p.250
radiographic and thickness sensitivity in
gammagraphy (> ©; p.303

Core (1 4) p.67
honeycomb t4.3) p.S32, p.S3S

Corons discharge (4.4) p.S8Y
Correlation (2.1) p.85

Corrasion (1.4) p.14; (4.5) p.59S
convealed area (3.5) p.5S9S
degeneration, electrolyte (4.5) p.59S
detection by F.C.13.2) p.217. (4.5 p. 597
detection in sandwich structure (4.3) p 8§52
multiple echo with, wall thickness (3.6} p.333
NDI. review methods (4.5) p.S96
paint films (4.5) p.S96
penetrant testing (4.5) p.S9%6
pimples (4.5) p 59§
products (4.5) p.596, p.60S
radiographic detection (3.3) p 2580 (4.5) p old
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S.E. technique (3.6) p 334 p 238
start points (4.5) p.594
strem (3.7) p. 289
- gtress cracking (1.7) p.40S
visual examination (4.5) p.§9%

Crack (2.1) p.B6; (3.3) p.23%6
arrest clement (1.2) p i}
coalescence (1.2) p 14
cold (4.2) p.521
correlation acoustic emission extent of
(3.7 pdls
czier (1.4) p67; (4.2) p.S21
cntical equilibrium state (L)Y p.1o
critical size (3.7) p.389; (1.2) p.13
delayed veld (3.7) p4t2
detevion by E.C. (3.2) p.189
embedded flat elliptical (1. p 14
embritticment (1.4) p.6l
fatigue (1.4) p.ol
fatigue growth rate (3.7) p 398
grinding (1.4) p.ol, p.67
growth rate (1.2) p. 17
heat treating (1.4) p.ol
in composites {i.4) p.69; (4.4 p.S82
in non metallic (1.4) p.62
in parent metal (1.4) p.o2
instability (1.2) p.14; (3.7) p 389
in welding (1.4) p.62
micro (1.4) p.67. (3.7 p. 3%
minimam detectable by A C (3.2 p. 200
nuclkeation subcritical (1.2) p 13
pening (3.3) p.256
potential (1.4) p.67
shrinkage i 1.4) p.67. 4.2y p.521
size and growth rate acoustic emission
(3.7 p.392
sporadic growth (1.7) p. 3%
stopper (1.3) p 32
stress (1.4 p.6”
stress corrosion (3.7) p 405, p 406,
4.1) pa74
subcritical growth (3.7) p. 389
surface (1.4 p.62, p.&Y
thermal (1.4) p.62
x-ray detection (3.3) p 256

Crazing (! .4) p.69

Curing process (4.3) p.536
Cyaniding (4.1) p. 480

Damage
dunng service life (1.1) p.3
initial (1.2) p 18
tolersnt structures (1.1} p .3, (i.2) p.13

Decarburiziag 14.1) p.480

Defects (1.1) p. 4. (1.4) p.5Y, p.69
design requarements (1. 4) p.59

discontinuities incorrect dagnoses (1 1) p 20
in castings (3 6) p. A4

in forgings (1.6) p. 342

inhomogencity (2.1) p.A6

initial determination (1.1) p.&

in wrought material (3.6) p 342

limit between fMlaw and (1.4) p.69

material requirement (1 .4) p.60

observed in composites (4.4) p S8
quantitative detection by F.C (3.2 p. 202

Degradation (1 4) p.S7. (2.1) p.&6

Delamination (1 4) p.62. p.6d, p.oo
Delts uitrasonic method (1. 1) p S
Demagnetization (3.1) p.162
Design

detail (1.3 p.30
fracture safc (1.2) p.13

Die Mark (1. 4) p.6)
Diffractometer. method (4.1) p 490
Dry spot ( 1.4) p.69

Dynamic condenser
kelvin method (2.2 po 127

Eddy cumrent (3.2) p 183 (4.5) p.S9”
accessihility (3.2) p 1w
airframe holes inspection i 3.27 p 263
conductivity (3.2) p 189
corrosion Jdetection (3 2 p 217 (4.5) p.SOS
dntt (4.5) p.60R
cdge effect (3.2) p 191
etfect of permeability magnetic (3.2) p 189
equipmient (3.2) p1S2
impedance (3.2) p 184
in tield (3 2) p 204
ol (3.2 p.191. (4.5) p.6OR
penetration (3.2) p 18RS
phase sensitive detection (4.5) p 96
probes (3.2) p 194
probe cotl design (2 2) pol 26
sensitivity of (3.2) p. 200, (4.5) p.oOR
signascope instrument (2. 2y p 124
surface preparation (2.2) p 199
wheels (3.2 p 212

Eddy sonic technigues (2.21 p 119, (4.3) p.Sol:
(4.4) p.SR™

Eastomer (1 4) po?

Electrical methods (2 ) p 124
Electromagnetic methods (34.4) p.S89
Electrolyte (4.5) p 598

Electroaica! components inspection i 2.2) p 109
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Embrittiement (3.7) p. 389
ctack (V. 4) p.ol
cryogenic temperature (1.7) p. 192
* vdrogen (1.7) p.40S
strain-aging (1.7) p.410

design (1.4) p.60
matetial (1.4) p.SO
product assurance (1.4) p.60

Environment (1.1) p.6

Examination (1.41 p.58
x-ray (3.3) p.28S

Extrusiona (1.4) p.6d4, p.6?

Fall safe philosophy (1.1) p.3, p 4, p.o;
D pl3 (LD p 29

Fatigue
crack-growth rate (1.7) p 398
effect of mean stress (4.1) p.474
lite (3.7) p 308
variable amphitude loading (1.2) p. 18

Film, radiographic (2.2) p.102; (3.3) p.250:

t4.1) p.489
Fish eve (1. 4) p.ov

Flake (1.4 p.6l, p62

Faw il . D pS, (1. p 8 (1.4 p S8 . pos

artificial (1.4) p.70

crack, like (3.7) p.39]
detectability limits (1.1) p S
embedded (1.2) p.14
environmentally induced, growth
(3.7) p.3%4

finishing processing (1.4) p.62
forgng (1.8) p.62

growth (1.4) p.70

in bonded structures (4.3) p.540
i field detection acoustic emission
(3.7) p.433

inherent (1.4) p.o2

initial (3.7) p.393

in service (1.4) p.6?

in welding (4.2) p.S11

iimat between flaw and detect (1.4) p.o9

maximum size allowable (1.2) p.13
presence of holography (3.9) p.d46l
pnmary processing (1.4) p.62
shrinkage (1 4) p.ol

subcritical (3.7) p 394

surface 1n composities (4.4) p.582
volume length ratio (1 1) p.§

Fokker bond tester (2.2) p 118, (3.6) p.346,

(4.3) p.555. (4.4) p.58”

Foreign object
metallic (1 4) p 69
non metaliic (1 $) p 69
radiographic examination (3.3) p. 259

.

Fractegraphy
clectron (1.7) p. 29

Fracture (1.4) p.69
analysis diagram (1.2) p.13
baittke (1.2) p.13
instability (1.2) p.23
mechanics (1.1) p.4, p.5. p.6, pR
processes and Naw size (1.2) p 12
ratio analysis diagram (1.2) p.13
resistance (1.2) p.24
safe (1.2 p.13
sale design (1.2) p.1)

Fusion
lack of (1.4) p.6l, p.62: (4.2) p.S20

Galling (1.4) p.67
Gammagraphy

application in civil acronautics (3.5) p. 0%

definition (3.5) p.29s
equipment (3.5) p.30S
exposure times (3.%) p 304
films (3.5 p 303

in inspection of A C tires (3.5 p 312

penctrameters (3.5) p 30}
photography (3.5) p. 30|
safety rules (3.5) p 306
sharpness (1.5) p 201

Ganumarays (2.2) p. 102, (3.5) p.29s
absorption ¢3.5) p. 2oy

Compton scattering absorption (3 §) p. 290

cnergy (3.5) p. 296

properties {1.5) p.295

radiation quantity (3.5) p 29°
secondary radiation (1.5) p.300
soutves (2.0 p 102 (3.5) p.2es
source activity decay (3.5) p.297
specific activity (3.5) p.29%¢

specific rediation intensity (3.5) p.29°

Gas
pocket (1.4) p.ol. p.62
inclusions (3.6) p 342
porosity (1 4) pol, po?

Glas (1.4) p.62

Gouge (1 &) p.6°
Grain
boundary interfaces (3.7) p 389

residual stress (4.1) p 501
size, xeray (3.3 p 2810

Geaphite (1 4) po?
Hardening

induction (4 1) p 479

Herring bome (4.2) p.520

Heat treatment (4. 1) p 4~
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Hela design for (1. 1) p 29
Mow (4. 0) p.520 inmpectability (2.1) p 86
bushed (1. 3) p. 3O mmmagraphy inspe-tion of A'C types (Y $) p 312
in process (1 4) p /e
nternal (1.3 p 2o
povessed matetials (1 4) p 76
visual (2. ) p 98
-ray (1.4 p 288

Holography (1.2) p.107. (1.9) p 461, (4.1 p.Sod
acoustical (2.2) ). 1 23
} acoustic applications (2.2) p.122
as a NI technique (1.9) p 46l
behaviour of bodies surfac (1.9) p 4ol
cotrelation methods (3.9) p 463
double cxposure technigque (2.2) p 1 0”
interferometry (1.9) p46l: (4.2 p.Son
laboratory invustigation (3.9 p 461
J loading. technique (1 9) p 4ol Interference
rulsed laser (1.9) pde? methods (2.2 p 106
real titne technique (2. p IO pattern (2 ) p 108, p10”
revording materials (3.9 p dod
1 structures (1.9) p 4ol
time average technique (2.0 p i0°
ultrasonic (3.9 p.dol

Inapectors, NIH certifted (2 1) p R?
Inatability, plane strain (X ) p 420

Joints, brared (3.6) p 145

Kainer effect (2.2 p 120: (3™ p 300

T Honevcombd Knopp hardeess, stress messuring mathod (4.1) p.S02
i comparison tablke among different 1y pes
] of NDI meihods for (4.3) p.574 Lack

vore [4.3) p.8S32 pS3S
cuftng provess (4.3 p S 3n
defedts in (4 4 p S8

of fitl out 11 4y p&9
of tusion (4 ) p S0
ot wetting (1.4 p.od

foaming asthesive (4.4) p 8.

inspection method (4.3) p 347 Lawmination ¢ 1 4) p.oi
lay-up (4.3) p.S30
manulfactunng (4.3 p.S3%8 Lags ¢ 1 4 pool

torgg 11 4 pol, pod

Laser. pulsed. holography (1 9) p d62
Level, trigger 11 ) p 42X

plate, holography (39 p.dol
} structures (2.2 p. 119
water entrapment detection ( 4.3) p 883

-ra) cnamination ol (3.3) p 289

Hot cracks (4.2) p.32I
Lafe cvele
Hot tears (1 4) p.od management system 14y p 3
Liquid coystal (2 2y p 1t (3 8y p sy
application trom solution (3 8) p 452
brrctningence (3.8 p 4351
expenimental techmgue (3.5 p 332 p 4S3 pdsd
fbm applivation 381 p 433
holography (3 @ p 36
ophcal rotaton (3 8) p 451
saattening of white hght ¢3.8) p 351
testimg ot clectrome components (3 81 p 4823

Hydrogen embrittlement (3.°) p 405
Impedance messurement (2.2) pilo

Inchusion (1 4) p.ol
; acedentat (1 8 pool

i welding (4.2) p 820
natural t1 $) p.ol
non me dhe (1.4 pod
sand €1 $) po?
slag tL. )y p o™
tungsten ¢ 1. 4) p6”

Magnetization techniques (32 1) p 182

Magnatest (3 D) p 192

Incomplc . penctration (4.2) p §20 Magnetic
mhs (2 2 pav
Infrared method sensitivaty (2 23 pv

casieras (2. p it

radiation techmgue 2.2 p 108
speatrometny (3 3) p 29

svan heating techmques (4 4) p SXY
tempetature megsurng destee (2 2 p 110

methods ol napection (3 1) p 188
particles €2 2) pOR_ 3 1) p 145
rubber inspection (3 1) p lel

Maingainabiity (f b p T4
i mspection an senvive t 4 p e
L Ingots (1 41 p ol plannmg tor 11 3y p 3
planning tor structural mregnty (1 3y p 29
Inspection (1 4) p &7
on bonded structures ¢4 31 p S48 Material
i consentional NDU (3 7) p 308 terromagnetic 13 1) p 148

-
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metallurgival state evaluation, x-ray diff.
(3.4) p. 287
provessed (1.4) p 7§
raw (2.1) pR6

raw receiving (1.4) p. 7§

Microscope {2.2) p.9§

clectron (2.2 p9%: (1.4 p. 291
Microscopy scanning (2.2) p.97
Misruns (1.4) p o4
Moire. technique (2.2) p.107
Monitoring (2.1 p.131
Multiple echo. method (31.6) p. 313

NI
asatool (LD pS, p 8
correlated to destructive (LD p.?
current methods (1. 1) p .8
interpretation (1.1) p.?
twthods (2.1) p.R6: (4.4 n SV0
of welding (4.2) p.SO9
philosophy (1.1) p.3
programme (L1 p.o (L4 p 74
specifivations (1.1 p?
team work (1.1 p.7
test engineer 1 2.0 p.1dt
test inspector (2.3) p 132
test operator (2.0 p.td2

Neutron radiography (3.8) p454
applications and limitations (3.8} p45S
sourees (2.2) p 103
scattering (3.4 p 290

Nitriding (4.1) p.480
Operational readness (1.4) p.§7

Optics
tiber (2.2) p.99
viewine aids, corrosion (4.5) p 598§
visual atds, in composites (4.4 p3RY

Orange peel t1.4) p.ov
Organization policy (2.3 p.131

Penetrants
gdhverse ettfect of fow temperature (1.3 p 32
hquid 2.2y p 97~ (3 piTl
hyuid crystal (3.8) pdS3
Q.C. tost for ¢2.2) pUR
removal process (2.2 p A% Ay piTe
sensttivity €2 2 pav o pl Ty
tost corrosion (4,51 p.Sve
types of Hgquid 3y p 172

Penetration. incomplete (1 3 pol, pol

Personnel qualification (2 3 p 13
i i
records (2 3 p i34

Plezoeleciric material (4.4) p.586
Pk 'ps dislecation (1.7) p. 389

Pimple (1.4) p.6Y
cottusion (4.5 p 594

Pin hole (1.4) p.62, p.69

Pipe (1.4) p.6l, p.o?

Porosity (1.4) p.6d, p. 4, p.6Y9; (2.1) p.B6: (2.2 P16
Preform (1.4) p.63

Pregel (1.4) p.6Y

Prepreg-varn (1 .4) p.68
butt joints (4.4) p.583
gaps (4.4) p 583
overlaps (4.4) p SR

Process
cnvironment certitication (2.3) p. 131
in (1.4 p.74
order (2.3 p.i31
special (2.3) pt 31

Procurement document (1.4) p.59
Programs NDIE (1.4 p. "4
Proof test (1.7 pd91, p. 393, p s

Property
chemical (L4 pS9
configuration ¢1.4) p.59
critical L1 p §9
mechanical (1.34) p.S9
metallurgical (1.4 p 39
physical (1.4 p 59

Pulse-echo technique (2.2Y v 114
Pulse transit time (3.6) p 335, p 3R

Qualification
certificates (2.3 p. 134
cexpiration (2.3 p133
requalification (2.3 p.132
requirements (2.3 p il
validity period 2.0 palad

Quality
wurgnee (L p 7o
product ¢ 4y p 78
product i compasites 34 pSR1

Radiation
cttects t3 3y p 238
cnergy (33 p 233
intensity 133 p 233
mantmum permasstble doses 133y p 233
moritoring 13 ) p 2338
persodl dose raatters (3.3 p 3
protection (3.3 p 238

shueldime (3.3 p 23S

et ot
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-- sources (3.3) p.232 Skin
- tank (3.3) p.234
- units (3.3) p.233

uouble (4.5) p.598
multiple (4.5) p.598

Radiography (2.2) p.99
- in motion (4.3) p.567
interference, corrosion (4.5) p.604
-- limitation (4.5) p.606
neutron (2.2) p.103; (3.8) p.454
- on aircraft structures (3.3) p.255 Sounic
radioscopy (4.3) p.566 application limits of FBT (4.3) p.559
-- reference (1.4) p.70 - coindascope (4.3) p.559
-- sensitivity of (2.2) p.102 Fddy. method (2.2) p.119: (4.3) p.S61
- test corrosion (4.5) p.604 Fokker bond tester (4.3) p.556
- x-rays (2.2) p.100; (3.3) p.232 resonance principle (4.3) p.555
- x-rays diffraction (2.2) p.93. pl05; resonator (4.3) p.559
(3.4) p.271 results interpretation using FBT (4.3) p.556
- y-rays (2.2) p 100; (3.5) p.295 stub-meter (4.3) p.559
test, system (4.3) p.563

Slag (1.4) p.62
inclusions (1.4) p.67

Slug (1.4 p.67

Reliability (1.4) p.57, p.74
Spattering (4.2) p.521
Resin
- pocket (1.4) p 69
- rich edge (1.4) p.69

Specifications (1.4) p.70, p.71
acceptance (1.4) p.70
company (1.4) p.70
requirement (1.4) p.71

- standard (1.4) p.59. p.70

Resistivity, elecirical (4.4) p.589

Resonance measurements (2.2) p.117

Speckle (3.9) p.463
correlation fringes (3.9) p.463
interferometry pattern (3.9) p.463

Rolled products (1.4) p.64

E Rolling -- cold (1.4) p.63
i Spot heating
Safe residual stress (4.1) p.477
fail (1. 2y p.13
life (1.1y p.2.p.d4, p.6 Standards (2.1) p.87: (1.4) p.71
codes (2.1) p.87
correlation (1.4) p.71
of acceptance (1.1) p.6, p.7, p.8
reference (1.1) p.7: (1.4) p.70

Safety (1.4) p.74
flight (1.3) p.32

Sandwich testing (1.1) p.6
acceptance criteria (4.3) p.S71
corrosion detection (4.3) p.S5S2 Strain

non metallic  pancls defect
detection (4.3) p.559

aging (3.7) p.389
peening (4.1) p.475
measurement (2.2) p.106

Scale (1.4) p.61
Stress
coining (1.4) p.63
comprehensive residual (4.1) p.474. p.480, p.483
Sealing. compound (4.5) p.596 distribution, residual (4.1} p.501
. effect on corrosion (4.1) p.474
| Seams (1.4) p.61 clectronlating, residual (4.1) p.480
factors affecting accuracy of residual measurement
Segregation (1.4) p.61. p.62 (4.1) p.499
in composite (1.4) p.63 intensity (1.2) p.23
macro (1.4) p.63 intensity factor (1.2) p.16
macro (4.1) p.473
mean (4.1) p.474
micro (1.4) p.67: (4.1) p.473. 499

Scratch (1.4) p.69

Short (1.4) p.69

TR N TR e e e e 0

Shrink (1.4) p.61
cavities (1.4) p.64
internal (1.4) p.62
micro (1.4) p.64
mark or sink (1.4) p.69
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relieving heat treatment (4.1) p 473
residual (1.4) p.67: (4.1) p.473, p.475
residual calculation (4.1) p.478
residual, x-ray diffraction (3.4) p.27§
tensile residual (4.1) p.474

threshold, corrosion (4.1) p.474

ware analysis (SWAT) (4.4) p.S87




Stringer (1.4) p.62: (1.2Y p.13

Structures
damage telerant (1.2) p.13
- fail safe (1.1) p.4
safe life (1.1} p.4

Surface
flaws in composites (4.4) p.583
roughness, holography (3.9) p.463
roughness, residual stress (4.1) p.499

System
final evaluation (1.4) p.75
management (1.4) p.74

Tape
- narrow continuous (1.4) p.6§&

Team work (2.1) p.87

Tears
flash line (1.4) p.61
hot (1.4) p.61
machining (1.4) p.61, p.62

Temperature
cryogenic embrittlement (3.7) p.392
infiuence on measurement pudse echo
(3.6) p.335
NIL ductility transition (1.2) p.13
-- residual stress (4.1) p.477
transition (3.7) p.392

Test

cryogenic test temp. (3.7) p.428

- curved surface (2.2) p.126

- destructive (2.1) p.86
direct (1.4) p.71
environmental (3.7) p.409
equipment qualification and procedures
(1.4) p.72
for conductivity (3.2) p.218
indirect (1.4) p.71
NDI  task (2.3) p.134
of electronic components. liquid crystal
(3.8) p.453

Thermal
coatings (4.4) p.590
methods (4.3) p.566: (4.4) p.58Q
sensitive materials (2.2) p£.113

Thermography. test corrosion (4.5) p.596
Thermovision (4.5) p.605

Thickness
material, and wave length ultra sonic
(3.6) p.333
muasurement (2.2) p.117
wall pulse-transit method (3.6) p.335, p.338
wall, resonance awthod (3.6) p.337

Tow (1.4) p.o8

e

Througii transmission technique (2.2) p.116:
(4.4) p.589

Tubular members (1.3) p.31

Ultrasonic method (4.5) p.607

angle beam technique (3.6) p.340
calibration standards (echo pulse technique)
(4.3) p.552
continuous surveillance (3.6) p.347
corroston detection on sandwich structure
(4.3) p.552
Fokker bond tester (2.2) p.118: (4.3) p.555;
(4.4) p.587

- holography (3.9) p.461
hiuneycomb structures inspection (4.3) p.547
immersion technique (2.2) p.116: {(3.6) p.339,
p.346

- laminates inspection (3.6) p.34S
metal to metal bond inspection (4.3) p.547
piczo electric transducer (2.2) p.116

- pulse echo (2.2} p.114; (4.3) p.547; (4.4) p.586

pulse echo methad. corrosion (4.5) p.596
pulse transit time (3.6) p.335, p.338
resonance method (3.6) p.337, p.339
sourious effect, corrosion (4.5) p.596

- stress measuring method (4.1) p.50!
terms used (3.6) p.355
test corrosion (4.5) p.596
transmission technique (2.2 p.116

619

- water detection honeycomb structures (4.3) p.553

Unbonds
metal to metal (4.3) p.5S47. pS€l. p.S66

Undercuts (4.2) p.520

Upholstery (4.5) p.605

Variable measured (1.4) p.59

Void (1.4) p.61, p.62, p.68: (2. 2y p.1l6
Volta, potential measurement (2.2) p.126
Wash ('.4) p.69

Water in corroded area (4.5) p.506

Wave
coherent (3.9) p.461
micro (4.4) p.589
shear. technique (4.4) p.586
sound holography (3.9} p.462

Weld
acoustic emission (3.7) p.413
cruciform (3.7) p. 413
clectric are (2.6) p.343
electrobeam (3 6) p 345
delayed cracking (3.7) p.d1?2
triction (3.6) p.345
laser (3.0 p.345
suitability ot testing (3.6) p 343
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Welding (4.2) p.509
defects (4.2) p.520
- defects acceptability (4.2) p.522
-- gas-shielded (3.6) p.344
flash (3.6) p.344
in acronautical indusiry (4.2) p.509
- materials employed in aeronautical industrv
(4.2) p.5t1, p.514, p.516, p.5S17
oxi-acetylene (3.6) p.344
submerged arc (3.6) p.344
resistance pressure LF and HF (3.6) p.344
- plasma (3.6) p.344
- projection, spot, roll resistance
(3.6) p.34
clectro slag (3.6) p.345

it

Whiskers (1.4) p.63
Worm hole (1.4) p.69, p.520

Wrinkle (1.4) p.69

X-ray (2.2) p.99; (3.3) p.232
- angle of emergence (3.3) p.241
beam configuration (3.3) p.238
dirfraction (3.3) p.238
- equipment (3.3) p.236
- exposure techniques (3.3) p.241
focul spot size (3.3) p.238, p.246
high energy (3.3) p.243 i
: low ¢nergy (3.3) p.243
f material absorption (3.3) p.248
’ radiation filtration and intensification

(3.3) p.248 1
radiation intensity (3.3) p.245 |
radiation quality (3.3) p.242 1
scattered radiation (3.3) p.244 1

stress ineasurement (4.1) p.484
voltage (3.3) p.238
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CROSS REFERENTE TABLE SHOWING WHICH NDI METHODS
MAY BE USED FOR INVESTIGATING VARIOUS
TYPES OF DEFECTS

THIS TABLE IS INTENDED TO PROVIDE A SELF-EXPLANATORY GUIDANCE FOR PRACTICAL
ORIENTATION FOR USE OF “NDI PRACTICES™.

THIS TABLE SHOULD ALWAYS BE USED IN CONNECTION WITH THE SUBJECT INDEX FOR
COMPLETENESS.

THE NUMBER IN THE TABLE GIVES REFERENCE TO CHAPTERS WHERE THE DEFECT TO BE
INVESTIGATED AND/OR THE AVAILABLE METHODS ARE EXTENSIVELY EXPLAINED.

THE CROSSES IN THE MATRIX INDICATE THE METHODS AVAILABLE. WITHOUT ANY ATTEMPT TO
RATE DIFFERENT METHODS.

IT 1S POINTED OUT THAT SOME METHODS HAVE LIMITATIONS DEPENDING ON THF MATERIAL
AND THE APPEARANCE OF THE DEFECT.

WHEN PARTS TO BE INSPECTED ARE NOY ACCESSIBLE ONLY RADIOGRAPHIC METHODS (X RAY,
7 RAYS, NEUTRON) CAN BE USED.

.
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APPENDIX 53 i

NON-DRESTRUCTIVE INSPECTION PROCEDURES, USAF

(T.O. 1F-104A-365 4/5)

The tollowing pages are reproduced directly
from the relevant technical manuals,
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T.0. IF-104A—365-4 i

ﬁ OPERATIONAL SUPPLEMENT

i
f TECHNICAL MANUAL ]
NONDESTRUCYT! VT INSPECTION PROCEDURES i
i 1
USAF SERIES |
F-104A,B,C, D
F, RF AND TF-104G (MAP) 1
} ' AIRCRAFT 4
1
3
' THi1> PUBLICATION SUPPLEMENTS T.0. 1IF-104A-36 DATED 17 APRIL 1970. ]
Reference to this supplement will he made on the title puge of the basic manual by
personnel responsible for maintaining the publication in current status. '
;
COMMANDERS ARE RESPONSIBLE FOR BRINGING THiS SUPPLE. 1
MENT TO THE ATTENTION OF ALL AFFECTED AF PERSONNEL.
L
PUBLISHED UNDER AUTHORITY OF THE SECRETARY OF THE AIR FORCE
10 JANUARY 1973 *
4 1. PURPOSE. 1
To add new procedures for inspection of the vertical stabilizer front and rear beam mounting puds.

2. INSTRUCTIONS,

a.In Section 111, page 3-33, new paragraphs 3-105 through 3—110 are added as follows:

3-105, F-104 NDI PROCEDURE - Vertical Stabilizer Lower Beams.

3-106, General. Both the forward and rear be: s of the verticul stabilizer
are susceptible to stress corrosion cracking in the lower beam section,
commonly referred to as the mounting pad section.  See figure 1 (Sheet

1 of b).  This inspection procedure outlines ultrasonic and eddy current
techniques to detect cracks without removal of the stabilizer from the
arcvaft, and without paint temovul which is required when using the i
present T.O. 1F-104A-- 30 procedures,

e e B ot i, M)

3-107, Descenption of Defects. Refer to figure 1 (Sheet 2 of 6).

1. Cracks initiating from or extending into the four attaching fastener
holes - Inspect using the eddy curtent bolt hole probe technique.

e p——r

e — ) . 4
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i
H
H
: 2. Cracks initiating from or extending into the tour counterbore areas of the
! fastener holes — Inspect using the eddy current pencil prove technique, 3
] 3. Cracks extending in the forward-aft direction between the four fustener
holes and large cracks extending from steps 1 and 2 - Inspect using the ultrasomc
technique. {
3-108, Equipment Materials Required,
, 1. Ultrasonic Requirements. 1
N E
a. Detector-ultrasonic flaw, FSN 6635-018--5829,
b.  Transcucer-Type SFZ, 10 Mz, Part No. STA2279, Automation ]
Industries, Inc., or equivalent., FSN 6635-945-1220. {
c. Calibration Block ~ 1-inch block of aluminum, see View A, {
figure 1 (Sheet 3 of 6) or aluminum shear wave test block. FSN 6635-018-35832,
d. Couplant-Light Grease,
2. Eddy Current Requirements.
{ a. Detector, ED-520 Magnaflux Corp ot equivitlent. FSN 0b35-167 U8,
b. Drobe — Bolt hole expiandable 1 > — 11 lv-inch. FSN 6635-018-5839, i
or equivalent,
1
c. Probe - Pencil. FSN p635—409-8%15, or equivalent, i
d. Calibration Blocks — See Views A and B, hicure 1 (Sheet 3 of o),
3-109. Inspection Procedures: T'e order of ispection operation is recommended as 1
follows:
1. Ultrasomic Inspection Procedure. i

NOTE

Ultrasonic inspect both front and rear beams for large defects.
No fastener removial is required except to confirm “suspect™
crack indications,

a.  Remove fillets to expose lower portions of both front und rear
stabilizer beams.

b, Clean and remove rough or loose paint of areus coming in contact
with the ultrasonic trunsducer. Area wdentified by U7 on figure 1 (Sheet 1 ot o),

¢, Ultrasonmie instrument calibration — Position the 10 MHz longatu-
‘ dinal wiave transducer on the calibration block directing the sound beam through
! the one inch thickness. See View A, figure 1 (Sheet 3 of vl Adjust the sweep
E length and sensitivaty controls to display 10 back reflections on the cathode ray
" tube (CRT). See View A, figure 1 (Sheet 4 of b).
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d. Adiust the matker controls or use a grease pencil to show 6 anches
of matenial thickness.

e.  Apply couplant to the tronsducer face and place it on the area to be
inspected. See View B, figure 1 (Sheet 4 ot 6). Adjust the sensitivity control to
obtain it 2 inch high signal at the 6.5 inch matenal thickness mather, This signal
will be vbtained by moving (he transducer shightly until 4 maximue: retlection s
receved from one of the two tastener holes on the opposite sade o the mounting pad.

See View B, higure 1 (Sheet 4 of ©), beam No. 1.

: f.  Scan ali inspection arcas as indicated on both nght and lett sides
of the mounting pads, Note figure 1 (Sheet S of 0), which shows the wreas to be
scanned,  Inspection results will be analvzed as tollows:

r (1) Defect signals less than 2 ainches it amplitude shouid be dis-
regarded unless there 1s a complete loss of back reflection from the opposite side
of the mounting pad. i

P

the CRT.

(31 Disregard <ignals from the small diameter holes located on the
aft edge of the rear beam mounting pad flange. These signals will appear ut the
3 inch marker position. Note small diameter holes in View B, figure 1 (Sheet 3 of oo,

A . 1
‘ 12 Disregard defect signals outside the o inch marher position on 4

i CAUTION

produce talse indications, Also, occasonal signads
rav result trom fillet areas of base that may appear to
be defecos. Evaluate these caretullv, Note tiller
position i View B, figure 1 (Sheet 4 ot vy,

l Scanning outside of indicated inspection areas wail i

(41 Confum all defect indications by visual (10X, eddy current, or
penetrant methods, Stabilizer mav have to be removed 1t dteet indications do naot
came to any exposed surfaces,

2. Fddy Current Inspections — i no detects have been contirmed as a
result ot the ultrasonic inspection, continue to nrspect using edady current i

technmques.

NOTE

Remove «ne altach tastener at o« time and inspect for
cr.chs using botb the eddy current pencal and bolt hole
probes. Confirm crachs by visual of penetrant inspec-
tions,

o Calibrate the pencil probe according to the instructions contained
wn T.00 B2 vo ] using the tHat eddy current test block shown an View B, tigure 1
Sheet 3 ot 0y, This block s an aceessory of the FD 320 oddy current tester.
Obtain at east & S0 microampere detiection frors the 0.020-4nch deep slot an the
! test block, Record equipment settings tor case i resetting equipment when pencal
: probe wnd bolt hole probe are used alterately tor each hole ina counterbare inspecs
tion.
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b.

b. Calibrate the 9-16-1nch diameter bolt hole probe (used for front beam
holes) according to insttuctions contained 1n T.0. 33B2-9-1 using the teat block
shown 1n View A, figure 1 (Sheet 3 of 6). An alternate and easier technique is to
insert the probe in the $/8-inch diameter test hole and press the tip of the probe
away from the hole wall and note deflection of needle. Adjust lift-off control until
there is no needle deflection when the tip of the probe is moved away from the hole
wall. Durning this opetation the needle is brought on scale with the balance controi.
Adjust sensitivity controls (both function control and screwdriver adjustment) until
at leant a 50 microampere deflection 13 obtained from the slot in the hole. Again,
record equipment settings foc ease in resetting between alternate inspections with

the pencil peobe.

The 5/8 and 11 '16-inch diameter holes in the test block are used
if probes other than the 9 '16-inch diameter prob- 15 used for the rear beam inspec-
tions. Record equipment settings if more than one eddy current bolt hole probe 1s
used.

c. Remove one of the four fasteners from the front beam mounting pad
and clean al! foreign material from the hole and counterbore. Do not remove paint.

d. Using the pencil probe, scan the fillet radius and all surface areas
inside the counterbore. Scan all accessible radii and internal surfaces on expesed
areas of the mounting pads. (See View A, figure 1 (Sheet b of b))

[camen” ]

Scannming near sharp outside radyi or steel such .=
tasteners wili produce edge efiect. resulting in
sharp downscaie deflections resembling detect
indications.

e. Remove pencil probe and replace with 9 1o-inch diameter bolt hole
probe. Position controls to previously iecorded positions. Check operation using
test standard hole.

f. Adjust the collar on the probe to inspect for defects at the edge
of the hole at the counterbore. Rotate in a 300 circle and note any sharp down-
scale deflections. (See View B, figure 1 (Sheet o of 1))

g. Continue to inspect the ertite length of the tastener hole in
0.100-1nch increments.

h. Confirm indications detected using eddy current inspections by
visual (10x) or penetrant inspections.

1. Reinstall the fastener after proper corrosion pretect-on and re-
move second fastener. Inspect with bolt hole probe and pencil probe (counterbore
atea) after proper cleaming.

). Complete inspection of tront heam inspection by remcving and
inspecting one fastener at a time.

k. Repeat inspection of rear beaix holes, countetbores. and adiacent
-reas similar to the front beam nspection.

1. Record and report all cracks for proper disposition,

Figure 1 (Sheets 1 through b) of this supplement 15 figure 3-10 (Sheets | through 0 ot the basic manual.
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Figure |. Forward end Reor Beoms (Sheet 1 of 6)
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Figure |. Forward and Rear Beams (Sheet 2 of 6!
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STALYDARD ULTRASONIC & EDDY CURRENT BOLT HOLE

P

SLOTS SLOT]

|-—>°

9 16 DIA 5 8DIA N 16 DIA
MATERIAL
7075 OR 7079
T6
waw A
SLOT
% SLOT - SAW CUT 6.010 WIDE
r 0.030 l'"‘ -TRANSDUCER
0.060 T
1IN
4N

section D-D

TEST BLOCK-EDDY CURRENT PENCIL

0.008 —<{ 0.020 —{  0.040 —y
DEEP DEEP DEEP

. 3

BLOCK FURNISHED
WITH ED-520
}18X138X516
SLOT WIDTH 0.006

Figure |. Forward and Rear Beams (Sheet 3 of 6)
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]
3
BOLT HOLE PROBE 3
3
: §
‘ ;
| |
view B
ATTACH HOLE INSPECTION - FWD BEAM
5 {REAR BEAM SIMILAR)
E
i
] i
__—PENCIL PROBE 1
1
INSPECT EXPOSED 1
SURF ACES |
view A
PENCIL PROBE INSPECTION - FWD BEAM
{REAR BEAM SIMIL AR}

Figure 1. Forward and Rear Beams (Sheet 6 of 6)
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OPERATIONAL SUPPLEMENT
TECHNICAL MANUAL |

- i

NONDESTRUCTIVE INSPECTION PROCEDURES |

USAF SERIES

! F-104A, B, C, D 4
F. RF, AND TF-104G (MAP)

AIRCRAFY i

# THIS PUBLICATION SUPPLEMENTS T.O. 1F-104A-36. Reference to this supplement {
will be made on the title page of the basic manual by personnel responsible for maintaining
the publication in current status,

COMMANDERS ARE RESPONSIBLE FOR BRINGING THIS SUPPLE-
MENT TO THE ATTENTION OF ALL AFFECTED AF PERSONNEL.

PUBLISHED UNDER AUTHORITY OF THE SECRETARY OF THE AIR FORCE i

8 MARCH 1973

1. PURPOSE. 1

Mo

To add a new eddy current procedure for the knob installed v the tip tank and to improve the existing
1 magnetic particle inspection procedure.

2. INSTRUCTIONS.

i e

a. The existing TIPTANK LATCH KNOB procedure, paragraphs 2—122 through 2—128 are replaced
as follows:

2-122. TIPTANK LATCH KNOB, Part No. 704825, Models F—104A, B, C, D
and Part No. 776640-1, Models F ‘RF/TF-104G,

2-123. DESCRIPTION. (Sce figure 2-26) The tiptank latch knob is attached !
to the tip tank as indicated in the figure. The latch knob is made irom
4340 steel. Two inspection procedures ate provided - - An eddy current
procedure for the installed knob, and a magnetic particle inspection for i
the knob removed from the tip tank. ‘
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2-124. DEFECTS. In-service cracks have been developing at the 6 and 12 ¢’clock positions of the knob.
Complete failure of the knob at the intersection of the 0.500-inch diameter shan.. and the knob has
occurred on a number of occasions.

2-125. PRIMARY NDI PROCEDURE FOR KNOB INSTALLED IN TIPTANK — EDDY CURRENT.

1. NDI equipment.
a. Crack detector, Magnaflux ED-520, or equivalent, Stock No. 6635-~167-~9826.

b. Probe, specially designed Magnaflux probe, Part No. 209199, Magnaflux Corp., 7300 W.
Lawrence Ave,, Chicago, Illinois 560656, Note design of probe in figure 2—26,

c. Test standard, tiptank knob with circumferential slot as shown in figure 2—-26.
2. Preparation of airplane. Remove tiptank in accordance witl applicable technical procedures.

3. Preparation of part. Clean tip of kaob as necessary to permit good contact between part and
probe.

4. Instrument calibration.

i a. Connect probe to ED-520 and check battery condition.

b. Slide probe onto tip of test standard. Orient coil in probe away from the slotted portion of
the standard.

c. Rotate function switch to ‘“‘LO” position. Starting at the zero position of the “‘LIFT-OFF/
FREQ" control rotate dial until the needle changes direction, e.g., changes from up-scale

ditection to downscale. During this operation the needle is kept on scale by using the
‘““BALANCE"’ control,

) d. To correct for lift-off (minimum movement of needle due to coil-test piece distance variations)
] wiggle the probe slightly while adjusting the “‘LIFT-OFF/FREQ’’ control. Lift-off correction
is extremely important and must be done very carefully.

e. Rotate probe slowly around the tip of the knob and note the deflection from the test standard
slot. Adjust the ‘‘SENSITIVITY INC’’ control for a maximum of 50+ scale units, (Refer to
figure 2-26.)

5. Inspection. (Inspect with knob in vertical position, see figure 2-26.)

a. Slide probe onto knob taking care to seat it properly.

b, Wiggle probe to minimize lift-off, [his operation is required for each knob inspected because
of physical differences between knobs.

c. Slowly rotate probe 360° and note deflections. Small needle movements of 20 or 30 units may
occur throughout the rotation due to surface variations on the knob or probe woubble. Upscale
deflections in excess of 50 units shall be interpretated as “*suspected’’ crack indications,
Crack indications will appeur at the 6 or 12 o’clock knob positions.

d. To confirm defect indications remove tip tank knob in accordance with technical manuals and
inspect by magnetic particle inspection method. See below.

N 2 | — o .
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2-126. PRIMARY PROCEDURE FOR TIP TANK LATCH KNOB REMOVED FROM TIP TANK AND CON-
FIRMATION OF EDDY CURRENT INDICATIONS.

L

NDI equipment.

a.

b.

C.

Magnetic inspection unit, portable hand probe DA 200, Stock No. 6635-022--0372, or equivalent,
Magnetic particle solution, fluorescent, Stock No. 6850—841-1347, or equivalent.
Light unit, test, portable (black light), Stock No. 6635-611-5617, or equivalent,

Indicator, field, magnetic variation, 0—6 Oersted range, Stock No, 6635-391-0058, or equiva-
lent.

. (Altemate magnetic inspection unit). Stationary type MB--3, Stock No. 6635-055~6596, or

equivalent.

Preparation of airplane. Remove tip tank from aircraft and remove knob in accordance with technical
manuals.

Preparation of part. Remove any paint, corrosion, grease, or dry film lubricant from the entire tip
tank latch knob.

Inspection procedure.

a.

Portable hand probe.

{1) Position Pulse ‘AC switch to AC,

(2) Position sensitivity control to maximum sensitivity.

(3) Place tip tank latch knob between probe legs as indicated by figure 2-26,

(4) Press test switch and spray magnetic particle solution on part, Keep test switch pressed
for at least S seconds after application of solution.

(5) In a darkened area using the black light, inspect in the cnitical areas for cracks. Service
cracks have occurred at either the 6 or 12 o’clock positions at the intersection of the 0.500-
inch diameter shank and the knob. Also, inspect for deep or sharp grooves in this area,
Cracks or grooves are not acceptable in the knob area.

(6) Evaluate defect indications by examining the part with optical devices. Mark and report
indicated defects.

(7) Demagnetize the part after inspection.

Statjonary or portable magnetic particle systems, 7500-10,000 ampere turn capability.
(1) Position the knob in the magnetizing coil as noted in figure 2—26.

(2) Apply current for one second while spraying the part with magnetic particle solution.

(3) Observe fu. defect indications and evaluate suspect indications similar to that
described for the portable hand probe technique,

et do
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2-127, SYSTEMS SECURING, Clean areas inspected, restore finishes, recoat the knob with dry film
lubricant per MIL-L 46010, Stock No. 9150-142-9309, and reinstall, in accordance with applicable
technicul otders.

b. Figure 1 of this supplement is figure 2—26 of the basic manual. 1
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NON-DESTRUCTIVE TEST MANUAL i
Inspection Procedures tor Boeing Jet Transports 1
!

Boecing Document D6-7170

(T.O. 1F-104A-365-4/5)

The tollowing pages are reproduced directly
from the relevant test manuals.
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NONDESTRUCTIVE TEST MANUAL

MODEL:  ALL 707 .ND 7<0
SERVICE BULL=TIN
REFFRiNCE: 2330

RT 4+ &« ULTRAC NI S
deRls STABILICER

1. Purpose

a.  Servi-e experience shows that cracks can accur in top and botinm lugs of
horizir:al s*abilizey srur termimal fitiings, PN 65.3409-5 or «(, The
eracks -rigimute ut ‘he bolithole and yroyugite along the flash liine,
This lorgitaiinl wave techrique 1s recomrnendel for ietecting <he -
cracks,

#JIE:  “racks canrot be dlstinguished from inclusftors wi h thic rr.ceiuve,

2, IFquipment

A, ANy ultrusonic equipment which satisfie: *he requ!rement: of rezomrerdsd
procedure may be used.

(1) Transducers

i (1) 5ame/s, 1/4%inch dimeter ervsal, mounted n ©/8<ipsh iiame<er
cise
(2) Crack comparisor standari, fabricuted u: ~hown in detgs!l T

—
Lpe)
f—

Transducer posi:ioring fixtures, fubricutel = chow. In iets’ls IT
and III

(4) Couplant. Ilight oll or greuse is sutfisf.o-. s
3. Preperation for Insrection

A. Clean surface of *ermimal fitting thoroughly '~ o sure Sooi ORTuct
between transducer positioner und fitting,

B. 1If reinted surface is rough, smooth l{gh'ly wi*h wtr-sive cic:h.

1
=

C. Coat inspection area with couplant,

i Hirizortal Stabilizer Jutbogri Frope par Jernel Fi o ing

igur=2 1 (Shee: ¢

b I

NS 3 G
Jar 15/72 T ellel7
+ Page 1
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L, Instrumer: ‘'alibration

A, Calibra*!on for Insrec*ing Inbourd 5iie -f Fol* Hole

(1)

(5)

B.

(1)

\

Plwze *ransducer in positioning f2»*.re, Flace fix'ure or
commurison standard so as to Airec* -~und bteam intc art!f! izl crack
ares, (See detq?l IV,)

Move fixture firiird and uft <7 t¢lrp o mximin sigml re.ponse
from crack.

Identify 1osit._on of maximum res:cnse on osc!lli_-zope. Holad
trunsducer in this rosition,

AdJust sensitivity of instrament until vertizal reasponse indicatlor

or. oscllicsceore Is approximutely TC rercent of suturation.

Nete position of trarsducer on s*urdari at whizh maximum response
!s obtainel.

calibruzion for Ins:izoting Outboard Side of Bolt Haole

«fter insrec:.ng ‘mbhoard side ~f belt hole, calibtrate instrument
for inspecting >ithoarid side using same procedure used for
2aldbratirg irkourd side.

5. .rnsrection rrocedurs

ne -uspection of Irbouri Nide of Bolt Hole

(x

(&

F‘J.!'t i
551007

i Page ¢ -
_*—‘ eseoman MR e

)

Plnce rtransducer Iin positionirg fixture, rFlace posi-ioring fix“ure
or lug s> as 0 2irect scund beam toward inspeection area, (See

LT

deall IV.:

T
r sitlorn errbilishel in calibration rrocedure,

If W eraek indiontion is Jetected, u resronse w.li arpear or the
srellleszoope aimilar to the resyonse received from the simulated
cracxk In the comparison standurd. latersl movement of crack

resronce occur:s as transducer is movel back and forth on the lug.

Jomrare indlcu-{ions with those of stirinrd for determimation of

crucks, ARy irdicarion u to or gregter thyn that obtained from
crandard s pocitive indlcatiosr of orick.

?

Horjzoped Jtabilizer utboard Fropt irar Termiml F! otings

Firire @ (Sheer 2}

Jan 15’72
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(5) Verify crack indications by removing pin, cleaning area, and
checking by visula or other means,

B. Inmspection of Jutboard Side of Bolt Hole

i (1) After calidbrating i{nstrurent, repreat procedure on outbourd side of
bcolt hole,

_,F_
3
§

b - - - — .
-

SIMULATED CRACK (TWO PLACES)

. e g
g
| e
-

NOTE 1. ALL DIMENSIONS
IN INCHES

2 FABRICATE FROM
ALUMINUM

3 TOLERANCE + 0.030
ON ALL DIMENSIONS
EXCEPT AS NOTED

COMPARISON STANDARD

DETAIL I
{ Hoerizontul Statilizer Cuttourd Front Spar Termiml Fitting
E Figure 1 (heet ?°
Fart o
! Jan 13/72 “5 10«07
+ Fage 3
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| (s 13) i

| 1

|/ |

: | [T 1
I O Vo
| a.500 S v
| L roy ‘ oy
- —r E“_-_-.!P-J.J1

A |

Ol OR GREASE ' 0.080 ( ¥ 0.010} \

RELIEF HOLE / l |
0060 DiAmETER [ | —t
/] — 0450 =

1.4 RAQNS ,

/o

NOTE 1 MAKE FROM LUCITE

2 ALL DIMENSIONS
g IN INCHES

3 + 0030 TOLERANCE

ON ALL DIMENSIONS
EXCEPT AS NOTED

TRANSDUCER POSITIONING FIXTURE
DETAIL #l

| H.rizontal Stabilizer Outboard Fr nt Spar Terminal Fitting
' Figure 1 (Sheet 4)

Jan 1= 72
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0.378 (13, 350) DIAMETEN

-
! -—-lnno——-‘

,—T( -

(e

L
g
{

RELIEF NOLE
0.040 DIAMETER

TRANSDUCER POSITIONING FIXTURE

DETAIL W1

Horizontal Stabilizer Outboard Front Spar Terminal Fitting
Figure 1 (Sheet 5)

Part b
Jan 15/T 5510-07
Page S
M . it _ i J
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3
;,

SIMULATED CRACK

| | | TRANSDUCER
—— POSITIONING
TRANSDUCER EIXTURE

COAXIAL CABLE —

s MUY i 3 Lt s, o s LA

CRACK RESPONSE POINT
3 / )
\ i
F l |
POSITIONING FIXTURE ____| ——1—— SECOND RESPONSE FROM 3
AND TOP SURFACE - BACK SIDE OF FITTING — 4‘
[L' RESPONSE ) DUE TO BEAM SPREAD g
1 ' ]
| r | _] }
7 1
i
)
FIRST R( SFONSE FROM SIDE 1

OF PIN HOLE - DUE TO
BEAM SFRCAD

{
. C LIBRATION OF EQUIFMENT
, OETAIL tV
f 1
L !
; i
; 4
' Horizontul Stabilizer wurbiwred Front Loor Terminal Fitting
X Fizure 1 {iheet 6) :
‘ rart b ;

£ 521007 Jan 15/72 3
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NONDESTRUCTIVE TEST MANUAL

COAXIAL CABLE

TRANSDUCER POSITIONING
F

TRANSDUCER IXTURE

MOVE TRANSDUCER IN A

FORWARD AND AFT DIRECTION :
THRU AN ARC OF APPROXIMATEL Y

459STARTING AT LOCATION i
SHOWN

SIMULATED Chnatlk

USRI S

CRACK RESPONSE POINT AND

APPROXIMATE LIMITS OF LATERAL
MOVEMENT

il

POSITIVNING
FIXTURE
AND TOP SURFACE

e — i
|,

i
=
p4
FIRST RESPONSE FROM SIDE / SECOND RESPONSE FROM
OF PIN HOLE — DUE TO BACK SIDE OF FITTING -
BEAM SPREAD DUE TO BeAM SPREAD

PO SR = Y T U T

CALIBRATION QF EQUIPMENT
DETAIL IV (CONTINUED)

Horizor® .4 Stabilizer OutlLoard Fropt synr Termiml Fitring
Figure 1 (Sheet 7)
Pt 4
5521007
Puge 7
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MODEL: ALL

NONDESTRUCTIVE TEST MANUAL

(1)
(2)
(3)

(1)
(2)

(3)

Jan 15/72

1., General

PART 6 - EDDY CURRENT

STRUCTURES - GENERAL

A. The technigue for inspecting fastener holes in aluminum parts was
developed from data derived with Boeing-built prcbes and equipment
specified in following procedure.

2. Eguipment

A. Instrument Set - Any eddy-current unit designed for creck detection which
is comparable to those listed below.

Magnaflux, Magnatest ED-500, ED-510, ED-520
Uresco FC.2001

Foerster, Defectometer 2,154

B, Probec - Frobes used in this procedure should have the following
characteristics:

Diemeter should be adjusteble to obtaln a snug fit in the hole.

Probe should be adjustable to permit depth penetration into hole to
be adjusted,

Movement of the ccil area perpendlcular to the axis of the hole from
its set depth must be minimal in order to reduce edge effect
interference. Axisl probe movement cshould not produce edge effect
interference greater than 20 percent of the meter response from the
calibra ing crack in the test block,

Probe should not give interfering responses from normal handling
pressures cr manipuletion, or from normal operating pressure
varigtions on the sensing coil,

Hole Diameter Probe Diameter
3/16 0.1875 inch
1/ 0.2500 inch
5/16 0.3125 inch
7/16 0.h437% inch
1/2 C.5%000 inch

Fastener Holes in Aluminum Parts
Figure 1 (Cheet 1) )
Part ©
51-(_‘7-»%'
I-age 1

ottt s it S 7
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C. Test Blocks - Test blocks with sulteble natural cracks or artificial ]
notches to simulate crecks in each of the hole sizes being tested. A
Standard test block should meet the following requirements:

(1) Block should be of aluminum alloy similar to the material being
tested, Aluminum having conductivity within 5 percent oI that of
the part being tested 1s satisfactory. 4

candd S

(2) Block should contain a suitabie range of hole diameters to permit
calibration of instrument for diameter of each hole t) be tested,

(3) The crack or nnatch in the block must give an eddy-current instrument i
calibration - parable to that obtained from the recommended Boeing
test block. necommended test blocks with applicable dlameters are i
as follows: |

Hole Diameter Probe Diameter i
i
3/16 0.1875 inch
1/h 0.250: inch
5/16 0.312% inch
3/8 0.3750 inch ;
7/16 0.4375 inch H
1/2 0.5000 inch |

NOTE: See detail I for details of calibration test blocks. 1

3. Preparation for Inspection 4

w A, Clean !ocse dirt and paint from inside and around fastener hole.

B. Remove buildup of paint, sealant, etc., from around ouvtside of hole
where probe wi:l bear. g

NOTE: If surface of hole is extremely rough, a 1/6h-inch cleanup ream
ma..’ be nececuary.

4, Instrament Calibration

ik a2 el

A, Attach appropriaste probe to instrument.

B, Turn inctrument on and allow to warm up per manufacturer's instructions.

C. osele~t appr.priate te t blotk and place probve In hole. I'robe shoul:d fit
snugly but not 2 tight & to cause excessive wear of probe. Lxpand
loose probe to oHbirain snug fit,

Iact2uer Holes in ;'wnir.am :arts
: Figure ' (oheet )

rart 6
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AdJust instrument for lift-off.

(1) Place sensitive (coil) purt of prcbe cn a tlat surface of materiul
to be inspected. DBecuuse 0f edge effect interference, place coil
at least 1/L inch a.wy from edge of part.

(2) Manipulate prohe 1o obtaln maximun edd.-current effect,

(3) Place a single sheet of crdinary writing paper (approximate
thickness 9,003 inch) beteen probe and material,

(L) Remove paper and note directi m and umount of deflection of needle,

(5) Adiust 1ift-off control to obtad: ainlmum needle movement when shim
is removed, .heu no necdle movement 1u notod, instrument und probe
have bewvn culiovruted.

Insert probe in hole in test block, and adju.t depth in hole tc¢ <btain
maximun needle deflection on meter from edge crack (center of ~.11
approximutely 0,029 inch deep for 0,030-inch edge crack).

Adjust sensitivity to obtuin a minimum -f 1 ° full scale meter
deflection frem standsrd ecrack., Instrument ic now calibrated for
detection of edge cruox in hole to be inspected.

Insert probe in tect block, - -d adjust depth in hole to obtain maximun
needle dvflection rom cruce 1 :cated between ends of hole in tect block.
Tighten setscrew on collar of urobe.

Repeat step F. Instrument is now calibruated for detection of crack:
between ends of hole.

Test Frocedure

AN

Adjust collar on probe to set depth of penetration into hole at Q.7
inck from top end of hole.

Tighten collar on probe and insert probe inte hore,  djurt balrewce
control to bring needie approximately to wide-uic.,

Slowly sean entire circumference of hole., Note poesition of an: needle
deflection of 107 »f full scale or greater, giving a positive cruck
response.,

NOTR: / wpositive crack response 1s churucterized b, ra; il defiectior oy
the meter needle over & short scun distance, befloction ocecur:
a: the ¢oil moves over the cruack. This moveme:.t i equivalent to
an arc of approximatel:. L0 degrees in «w I/ .-inch o tener hole,
ind 20 degrees in a 1/o-inch hole.

Fartener Jole. n Jlws!oan artye
Filirure ' { hee t

655
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Note locations of any questionable indications, 1.e., crack-like
indications causing needle deflection of less than 1J% of full scale,
or indications not conforming to a positive crack indication. Perform
a 1/6L.inch cleanup ream and repeat test, paying particular attention
10 areas vhere indication was noted. Note location and response of all
positive crack indications,

Repeat steps b through D at incremental depths of 9,050 inch and 0.025
inch from bottom end of hole., Calibrate instrument as directed in
calibration procedure for each step.

When hole is reamed +o clean up or remove cracks, perform eddy-current
test after each increase in hole diameter.

Recheck calibration of instrument with test block periodically to ensure
proper sensitivity of instrument.

Repeat procedure for each hole in area .0 be Iinspected,

Fartener Holes in flunr inum Parts
Filgure 1 (heet L1

ot o b St "
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NO. 6-32 BOLTS TYPICAL

4 PLACES ™ 0%
- 0.25 |=-

-—— 1.0 ..] '

-t
1
Y Y
1.
- .
& & | BT
SR P ——

-1
o | |

L
ol

NN

SECTION X X SECTION Y VY
NOTES-
TOLERANCE ON
ALL DIMENSIONS %0.050
tNCH EXCEPT AS NOTED
ALL DIMENSIONS IN INCHES
A B C
SLOT J
INISH REAM HOLE AND DO
NUMBER WIDTH LENGTH DEPTH D ;orsoeaunn
> ' 0.0U5 0.060 0030 [T > ELECTRIC DISCHARGE MACHINE
X ) ] "7 ®ER GIVEN DIMENSIONS
> 2 0.90% 0.030 0.030
T . [3> HOLE DIAMETER (6 STANDARD)
> 3 0.005 0 030 0030 T 01815 02500 03125
+0.000 03750 04375 0.5000
TOLERANCE -0.001 + 0001 + 0001 TOLERANCE :g.% ON ALL 4OLES
CALIBRATION TEST BLOCK DATA
DETAIL §
Fastener Holes in Aluninum iearte
Figure 1| (sheet )
rert &
Jan 15/73 51 o
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!

MODEL: ALL

bt 6 - EDDY CURRENT

OTRUCTURE - GENERAL

1. General

A. The technigue for inspectings bo:lt holer in ~tecl purts was developed
from data derived by experiment with Poeing-built probes and equipment
specified in following procedure,

2, Egquipment
A. Instrument set - ltlgnuoTlux Lia5°D or MD.avll
B. Hole Probes - irobes to suit diameter »f holers

Hole Odameter trobe sdwneter

3/1¢ inch 2878 inch
1/l inch >.25) inch
5/1¢ inch 1,315 inch
3/ inch DU3TSY inch
7/1¢ inch 1,370 inch !
©/2 inch ©.f2°  inch i

ke i M e et il e il D thni M i I Sttt [ e il .

C. Test Blocks - Use tesnt block te » ctablisrh senc'tivit: of o..otem for each 4
size hole, rabricute blocks of low carbon rweel {130, 140, or 43LO) to
dimensions shown in detuil 1, !

3. Preparation for Incpen-*ion

A. Clean loose dir :od rowint from o dn fie wd 2rund fatener hole, {

R, Remove buildiur 1 valin®, + ulunt, ete,, frog ouwad otener hole where i
probe will besr,

NOTE: If curfuce 0 hoi U cxtrone’  rowsh, w10 -duci clewag oa
marn b nece cue o,

ke ke e

o inctrument Calibration

tarn inctremer 0 ond 1wt o e Y il el
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C. Adjust inscrument contr:ls.
(1) sSet frequency seleztor at (9),
(2) Adjust 1iftoff control to abont midrange.
(3} AdJjust sensitivity to maximum.
(4) Adjust instrument for liftoff.

(a) Place sensitive (coil) part of probe on a 1lat surface of
material to be i:spected. Because of edge effect interference,
place coil at '=ast l/h inch away from edge of part.

(b) Manipulate picove to obiain maximum eddy-current effeot,

(c) Place a single sheet of ordinary writing paper { spvroximate
thickness 0.003 inch) between probe and material.

(d) Remove paper and note direction and -mount ot deflection of
needle,

(e) Adjust 1iftoff control to obtaln minimum needle movement when

shim is removed. Whe no needle movement is noted, instrument
and probe have been calibrated.

D. Place probe in proper hole in test bleock,

NOTE: Probe shouléd fit snugly in hole of test block as well as in holecs
of part to be tested. £ folded paper shim may be inserted into
slot cf the probe tc exiand probe and make & snug fit,

E. AdJust penetration depth of probe so that center of coll crosses midile
of notch in test block. 7Tighten setscrev on collar of probe,

F. Bring needle to center of ccale by means of balance control.

G. Rotete probe slowly in test hole, Note meter deflection as probe crusses
notch. Deflection should be 15) microamperes (M:.) or greater, reduce
sensitivity to obtain approximutely a 150-MA deflection from the center.
snale position, Inctrument and probe are now calibrated for inspection,

NOTE: Unsatisfact>r. steel, fastener hole probes - Occasionally, a prube
may be celected which is extremely sensitive to the notch in the
test blcck, Thi: probe may cause a deflection of LOO MA or mere.
Minimum instrument censitivity adjustment may not reduce this
deflection to the specitied 15 M\, This probe must be discarded;
it is too sencitive to be used for inspection of steel holes,

Fastener Hcle. in steel btasrts
Figure ” (sheet )
bart ©
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Test | rocedure

ne oalduct o coilar omoprobe toLer derth Uopece oo U vt Dto hole at
LN sk S1owl s o the complete clrcomn ovence Ut hele first at
a depth of O, & nck from top of holed then roag(u toonlhar and conn wt
incremental depth: of . inch, mencurd nlones ot 0T rnd DN
tu:~h from bottom Oof hole,

E. Note .o t¢i v of cuch dnlication givhe c 49 e w0 on o Y o prey imerely

-0 leflestion . r gr»ater,

NoT pasitive racionase Do chuwruoters ot vt e id Aefh ot -
sale) of the meter need.e cver © sk oo AT trape, Jhe
loflection oocurs te o the o be T cvree ]l over che ovuck, n

Lictanee of wpproxiumate’ - T, Troch, I M o Wner hole Incpectlon,
RO MoV ment Tooe wiva Lt to ot nre ot o raaimntels o0 degr e
for ¢ 1 ..hroh rartener hole i degrve Tor w1/ oliceh
Jastener hole,

c. Note U catfon of questlonuble Indientioon,
indloentions not onforming exwrtl Wk
verfori o clewniy rowm of hole 2 rveent
rartionlny attontion to s a vhere ook Dl
cleanu: rewn of hele i an frregul:iy ovop e is btalice @ whieh

interferes

with @ pro.er edd: “irvent hole fnnpe iy Lot lowt? nand resp e

o>f all poritive edd: surrent [ndicrticn o,
T * vty I R A - T ke P ea T Nyme . .1\ [EEEE RIS & e s ‘1 s \r
e eIl VR STHOG, IO et e nt che ok alte cacn

ity

R O \i e Y + - s o (SIS ST SUN (e (U S San LR { .
Fa Pegenr tooceldun ook Y0 Taooe et Ton e

Fastener Hcoles .noJteel :arts
Figure 2 {sheet 3)

RePRR Jan 15773
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) r.—‘ ‘ \ ‘ l 1 '
| ! i >
,_Iw‘ -l v8 -l me L ' [=>
> - > |
PLAN VIEW
..: I ?5139710) ”me“,m“j‘ces,
:.A_j h;—i k._i .30 TO 0.40

o Al

A 0025 (+ 0.006) (TYPICAL THREE PLACES)

[[=> toLerance on aLL
DIMENSIONS + 0.050

f [=>> REAM HOLES FOR
{ SMOOTH FINISH

NOTE ALL DIMENSIONS IN INCHES SECTION A-A

tTYPICAL)

CALIBRATION TEST BLOCK DATA
DeTAIL |

Fastener Holes 1 iteel itartes
Figure . {Sheet &)

Jan 15/73 s
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MODEL: ALL

P 6 - E

STRUC S - GE

1. General

A,

When aluminum alloys are subjected Lo high temperatures, hardness ot the
metal decreases and conductivity values increase, The extent of damage
t0 a structursl area can be determined accurately by using an eddy current
instrument to measure conductivity of the material.

Aluminum ¢:ructue can with: tand modersate heat (up to “O0°F) for rhort
pericds of time without significent lors of strength, Structure that
exhibits an iacrease of conductivity without discoloration of the green
or yellow primer (excluding surfece smut) may be considered as meeting
the design minimum properties providing the conductivity does not exceed
the following limits. Values are for bure materiasl. Clad material will
have higher readings dependent upon thickness of the surface coating.
Alloy and Condition ILAC3 ( International snnealed
Copper Standard)

202L.T3, T 33,57
TATA-TH, Toll 3L
TOTS-T 36,0%

DT5LTT3 Lo oo
T178-T6 L0
201-.T6 Lo

NOTE: The above limits are appli-nble on!. *o *ru ture thu! ddjes n. ¢
exhibit primer discoloyati o,

2, Eguipment

h.

Fart o

fla0.

A
~

Structure exhibiting primer disce~loretion toooton Tl Paving
been exyosed to tompeEratures in 2xXoecas o7 R S TR R ins
are n>t re ‘omrended for predl cting et RN n
cond.i~rivity ~hange abive v heloyw the WY el

coneidered suspe °t,

Instrgment - Muwao test B0 y ENVSlT o, o e ’ .

M-l 7 ic o portatle: thererore, Tt 1o omoct oppnoct .
stroctures becnuse o8 wote SibIlite pavoblew

Srobe - dlat, surface toie

ve tigution ~r o Fiw lxmnge n i
Figure 3 :© heet !

"
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Preparation for Testing

A,

Thoroughly clean area to be inspected %0 ensurv good contact between
prodbe and surface,

Instrument Calibration

A,

BI

C'

Atach probe to instrument.

Turn instrument on and allow to warmm up according to manufacturer's
instructions,

Adjust instrument for lift-off according to manufacturer's inctructions.

Inspection Procedure

a
.

&)

If area to be inspected is large, a grid s.-tem ma. be used to ensure
complete coverage of the area, It is suggested that the area be laild
out in a manner which will allow rechecking o1 te:-t reaulis.

Identify material to be tested. Refer to the appropriate Structural
Repalr Manual.

Make test readings on :naffected material 4o obtain compurstive data.

NOTE: 1If different tvpes of mate:isml are used in incpection area, ‘make
samprle readings from each tipe, Teke sample readings on
unaffected portion of structure periodicall:. during test to
ensure proper calibration of the instrument.

Having establiched the noraal reading: to be expected From the
unaffected structure, make inspection readings from the suspected area,
starting on what appears t. be =atirfuctory material, and working toward
the center of the suspected area. .ny rapid change in readings from
those obtained on the unaffected material is reason to believe that the
material under probe has been afrected v hesat,

NOTE: It 1s possible for the meter needle to deflect rapidl: *o elther
side of the scale vhen damaged materia i- encountered. This
deflecticn is caused by a rapid change in the material
conductivit. .

By working the probe Yack and forth over the aren, it is nowmsaily
posalb.e 1o determine a definite demarcation 'ine betwee: affected and
uraftected material. This should be drawn on the sirfraze and rechecked
in order to veriiy that all of *he alrected muterial has beern detecced,

investigation of Fire amage on Alrcref't Ctruoture
Pigure I (Cheet OO
IR ©
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NONDESTRUCTIVE TEST MANUAI.

6, Conversion Facto.s

A.

To convert N% IACS to conductivity units in meters/ohm-mm squared,

perform the following operation:

(1) N X 0.58 = Conductivity unit in meters/ohm-mm squared

(a) Example: Given 31% IACS

N =31
31 X 0,53 = 17.98 meters/ohmamm squared

To convert conductivity units in meters/ohm-mm squared to

the following operation:

(1) meters/ohm-rm squared = I IACS
0,58

(a) Example: Given 17.98 meters/ohm-mm squared

17,98 = 31% IACS
D.;-Ei

To convert N IACO to resistivity units in mi-r> ohm-om,
following operation:

(1) 1 X 172,41 = besistivity units i micro ohn-cm
N

{(a) Luample: Givern 1007 Ia0o
N=1>

X 1724591 = 1, 4l mioro ohmeom

L

1\

following operation:

(1) 17 .4 = U TACS
micre ochmen

(a' txsmple: Given 1,720L1 mi ro obmaom

)
f

ke
by

aure ~ o hee:

Pipe Dvmage oL iyt et e

A0, fex?

perform the

To convert reslotivit, unite omlero chmeom to 1405, perform the
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