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NDI OF COMPOSITE i{ATERIALS

I.G. SCOTT and C.M. SCALA

SUMMARY

A review is given of NUI methods for fibre-reinforced
composite materials based on fibres such as carbon, boron, glass and
KEVLAR. The capabilities of present methods, such as ultrasonics,
radiography, holography and thermography, are considered with respect
to defect detection. %Techniques which show promise of development
as predictors of failure, e.g. vibration measurement and acoustic
emission, are also discussed.
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INTRODUCT TON

Non-Destructive Iaspectios (NDIJ ot coibmponlte matoer ials an b
expected Lo dltzer trom that <@ tetallic matericls because composites
tarkealy from metals and ticlr odloys.  dnoparticular, composites are o,
anisotrople, they exnibit low thermal conduct Lvite, Lo, acsastl, Al
dita o electrical conduetivity . as well, hiuh jociormance metalldic
structures are coenventionally nade trom eaterial wrlch 1s rejatively i
unwanted detects, and in-scrvice o1 Tures teisa to riginate {rom cracn
initiation at identiliuable detects und ocour after crack propagation. Hoin
ND1 procedures <an be based on tihe detectlon, locatlon ol groewlng Cracru,
importance of which can be determined using fracture mechanics. NG SiLh..
rredominant tailure process has yel beoh wdentitied tor composite mater @,
no procedure similar to Iracture mechdnics nas been developed and mary o
the NDI needs are as yet not clearly defined.

It 1s proposea to look firstiy ot those NDI procedures wnich ar
reasonably well established tor compusite materials and which seek ideno.-
frable teatures believed to e of importuance.  Developments in additic .
technivques will be evaluated. Finodly, teonniques which show promise !
aevelopment as predictors of failure e.g. acoustic emission, will be
eXaminea.,

The dse O Cumppusites 1N geronautical situations wisd be empheo.. o,
2 1

wvul Bl o tne complete exclusion of cthner usca.  Similarly, we shall 7o

Lo concerned with organic based COMpoSiLes .. Caiboh, Ciass, LOXon Tis7

i isay) an epoxy matrix anc snall largelv lgnore some of Lhe newly
CSeat.a Metdisometlal-!

ibre composites,  Adtbougn consideroeble eriort b

Leen speenii clsewhere 1n the recclolirant proolen of Bonds involdving Cibide

e le material, 1t

fargely 2isregarded 3 Lhls pajer - bund stresnoin
Cwandtelenl s almost a soparato probiem e lis owe Yooght. AL atuemp.t ab
sitad oty CLone

enclature will o made by describing materials in the
Sl rsifatr AN LOrm.

. Skl IDENTIFICATION OF | TS

Pov conpulate atersals, wweh of the NDIL oo congucted cither Jduers
Lroammedlately arter manutacture o the component ana cousists of Lookiag
icr Jdelarminations, debonds, cbe. Gubsequently, damage to composites can !

ooTee from o impact, environmentol effocts or from uapidircctional or cyelic
Loadt application, all or whicn have dutferent cliects on the defects '
urready present or may introduce ditterent types of defect altoyether.

201 Comnon{y Lsed NDI meithods .

Most NDI of composites s conductes usinyg X-1adloyraphy ox
A TIASaC Lo 8Cal.

doscl X-radiogeaphy
Arthoughi radicyraphie testing is believed by many to be .o
pranacea tor all problems of NDI of composites, radiographic technigues i o
ansuited to the detection of many defects found in composite material.

Typically, low enerqgy X-rays (a {ew tens of keV) are used
witn o peryliium window ior composite testing. Currents are neldd to a tew
mA andd exposures to about one minute. Specimen-to-generator distances
vary greatly, uUsually from 0.3 to 0 metrcs.
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Determination of resin coentent in g composite should be
feasibie using X-radiography. Lowever, consideration must be given to th
relative absorption coefficients of tre jarticular {ibre and matrix in th
composite under lanvestigation. Martin (i) determined mass absorption
coefficients for a carboun-fibkre comrosite, botli theoretically and experi-
mentally (using attenuation mewsuroements), 1 an atteompt to obtain resin
contents.  Hoewever, neither this method nur an attoenpt by relate measureo
tilm density to resin content worked very well. Forli and Torp (2) stuci
a glass-fibre composite in which the abgsorptaon coetficient was 20 times

nagher in the ylass than in unpigmented volyester.  They were able to
determine total gluss content from {1im density measurements, and were al
able to observe the reintorcement type and orientation.

There aupear to bLe contradictory findings about what types
of defects can pe detected by X=radicgraphy. Harris (3) claims that rau: -
araphy can pe used to identify voilds, that faibre/resin debonding or crack
resulting from thermal contraction cannct be distinguished and that intor-
ilaminar cracks cannct be identiticd.  Frakesn {(4) suygests that thermal
cracks are readily detected, as are toroign clbjects and inclusions, but th
interlarinaxr debounds and {ibre debonds are generally berd to detect.
salkind (L) was unable to f.ng vola o1 vracr indlcatlons i his tests but
Nevadunsky et al (6) wer. abile Lo detert farge voidy, clacks and porosity
in adhesgives.

Enhancement of some forms of oracks for radiographic testin
15 possible but the eifects on life have yet to be cstablished., Hagemailo:
and Fassbendeco (7) brushed specimens containing edge dclaminations with
ii-i1cdobutane {(Dhi) or s—tetrakromethane {(TBE). Radiographs taben an noar

tor were cohanoed, and e caemicaly evaporated completely atter -3

»

days.  mmowever, they noted that ODb was ab 111itant, while ThE was o severc
TOLsSOn and o potent mutogent whioih showid nobt e dsed o thie future.
Tead oxide L Jelatine has sometimes beon used 1oy umpregnation. Mention

15 often made ot penctration o! soitable nateriols inte volias but the

precess must soarely ik Very S1ow uniess thel 1s Joaluescence of microvoids
ToXmlng 1 Channel te o Sroe Sus fate o the hater,al. (Dye penetrant is
cxcellent for Dinding vl eTe-Lreakare, cracks ohd edge delundnations brt
Jifrovnlty 15 experlenced i 1eanovio »ootron tae defects prior to repair;.

The cuntract aviclabie roun conventilonal raaiographic
techiinques 15 wsually tnsuficrent o poermit resclution of individual fibre.
Howevel, Rougerick ared Wnitoomds (») laced the X-ray source close to a boros:-
enOoxy laminote ard a nigh resclocion glass [ late, and were able to discern
nreaks in the tungsten core:s | “oum oalam. ) of the boron tibres resulting
trom Latigue testing. Cranc et ul (9) projusca that boron fibres be added
Lt the edye of each composite tape ob carlsx. iibre so that fibre aligmment
could ke assesced. Crane (lU) also provosed using the fringe patterns,
which appear in radiographs due t¢ masaiigned fibresg, to measure misalignment.

To maximisce the information available from radiographs,
wrpusures should be made [rom at least two directions. For metal honeycomp
material, one exposurce should be made in a direction normal to the surfuacc
w7 the skin, while the second should be perpendicular Lo the ribbon of thu
core but angled to avoid interrogating too many cells. Imperfect beam
collimation will cause image distortion except when very small areas are
under examination. Using a high resolution system, Cooper et al (ll) were
successful in locating corrosion damage in advanced composite aircratt
Ltructure made from metal honeycomb with a boron-epoxy skin, using
radiogravhy.
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The principal estoapliychea st rasonse NBI technigue for
CURPOSite mater jals cs ler J-ooan o whioh oan cdirasonic pouldse i PEOULagat i

Lhrenah the specimen rof Loy Tl G sty il o oo o detect and reccivou

fasually) by oang troanomic o et e wltracaae ulse in Loatterca

retlected T10M any e et witpoh P e Gl jedd au coeustae deLedance i

the curreundineg matcerdar.  die read.ly ouachoabie ddormatlon an the echs
saanal s e wmnpeditad] anat La Libe for LR Setjied Lo Lreveld from tyono-
catter to revwivor. The Lot vy b measdr od b aeens ol oan clectronse
cate. The width ofF the vate mey e wot o select only a thin plane within
the spesimen Tor Qraminat ion (o Sumiaer eltect S ke optained by meang o
POCUSSINYG Lransuaalorad X Lo aveta e ab acvustic parameter through the
thickness ol the speclhich.  U=scan ledlliy Lo dsually done in e water tank,
aithough bpubbilcr techniquen are wvaizable for lorge structures. A

permanent roecord 1s avealdable from g Madox or siniler recorder fitted with
line-intensil tcation copakbrlitics for amplif i rocording. Complications
arise when the spccimen saalbaces e cither taved or non-parailel, although
LiBer et ai (12) Clioim thoat tause sie sareeLy ercume by using front-surtoce

traigygering i the goate.

IRLOIYOguoa LGl o el Wedt o Wl trasenie pulses yields
antermation redatung Lo webor Lo ao et protert wer and specimen dimensions.
Didensions Letadizad D rLh Lot SLoleeLs sl stea from the front and
at ool Cornoulnno la obtained about non-
Llie pYesenen ob o naratohees, Landdarly, delaminations o

Lack tartes CPecaMe f, il AT

planar sur
CEraCks novaal Lo e uldirasonae weve bown well be actected. Commonly,
jrwtallel to the be.osu

prveguencies from doto 10 FMho o are uned, Lor whie o Uracks

LY small o detects ol cat Lz are andokely to b€ seen. Van Dreumel (13)
Lwed several c-soans ds owaton bibron cowad e scon and alignment judged
ot Lher Dreguerdy was ol civen. Lias Probatay occurred due to bunching
fibres. Small voids
crs; large voids will be
Le wavelensch oi the probing wave.

Dorabares or Lo drttoocloon o) waver aloeaed Rudicdios
cannot be detected un

Lodnd whesl LhelD Slee @il ocaci@ns

B ENY 4 Wy daldoe Tidni
L

Mook el Lhep s o ld) maac a conpeslte panel cemprisging
cleven sayers o beropsersan, tao sl dWs et polweeh afuminium alloy skins.
aninations, missing plies,
uxtre plies, mlgeiianes firaments, oto.d . Commercial through-transmission
Coucend, woloh Lonoludec 5 Mz flot traensducers, a long
totus 10 MHY Lyansaweor et o shert focnrs T4 MHz transducer.  The tests
were completely = .coorni o, ail tie artiiicias delects being positively
tocated as well as Lther etects wnicoh were contirmed destructively. The
vigher frequency tranccacers cane naarjer daorcct definition than the lower
Lrecuency transducc st attenuaiion was very maoh higher. No indication
NaG given of tecnaniqgues to: Lacntalying ali dnLAncewn defect.

Dl eCls were Infroducaedd nte the Speeciiteh [Gel

ITHSOCAN RGULPMCLE v

W

Barjemea i (19) agee T MHe short-tocus C-scan equipment to
Caaliine aoneyconh Material.  Opce ageil 4ross Volds, cell wall voids and
Continuous cell vords were reauaily locarted but identitication remained
srfticult; greater saccess was Lbtainea by dsing simple contact pulse-echo

hiniques.,

Liber et al (12) detasted C-scan equipment and test
results from cross~ply graphite/enoxy test specimens which underwent cyclio
ivading., Dafficultilcs ansotlated with detection of standard defects were
discussed; initial flaws, designed (o sutulate in-service flaws, were
introduced to the test specimens. A 'Natural’ standard for gapless
Jderamination was obtained ron specimens: with drilled holes which were known

e S

AN S

BT W

.

PR




-y

Lo contain delaminations extending trom the boundary of the hole Lo the
siterior of the specinen.  For surface defects, it was somet imes observec
Lhat, In successive soans, the flaw indilcation reduced in size - this wae
fraceu to waler penetiration and wes dardgeldy overcome by sealing adoces.
taber el oal (i2) adopbted & realistic approach Lo flaw type discriminatics,
strecsing the teed Lo nterpret Giiresohit 1ncications on tho basis of

Drevieus experience and knoewledge of material,
Egn Additional NDJ Metho (o

Wittcomb t1v) described the fatiyue process in composite
material as g compllicated combinat zon ol 'matrix cracing, delaminaticon,
Tibre failure, tibie/matrix intertacials bond failure, void growth and
cracking' and declded that 1t was 'ailiwculc or impossible to handle using
traditiconal NDE technigues'. Clearly, better (or at least difterent)
techniques are needed, and many oiternalives have been proposed.

For several szuch teannnaues, little information is availabl.
Orodppllcallon appedrs to be only marcinally useful. Por example,
Prakash (4) medsurea the intensitices of light transmitted through glass
tibnre speciinens and found thaet trensmittance was a function of fibre volume-
: v al. a-ray diffraction techniquc
aid found 4 lineay celationenip hetween peab nelghts of relative diffractoa
uitensitic

Fuction.  Per thicher specilinens, he

and tibre vVoiosme-itraction.  Ruesin and adhesive cure times are
conventienally studiee by measuring their dielectric constant.  Highly
Preguions ol components Can be ldentified trom strain measarements,

Lyomedns of toid o cauie, phetoclastic or Molre fringe technigues.

Far more tooanisc ls chown by the technigues discussed below.

U, recent years, neutron radiography has received mucii
attenticn as @ possible tew and exclting NDI techalgue to complement ultrya-
5010 and X-ray techhsqgues: 1t s particuasarly well sulted to examining
rond lines and toe conpesite material in close proximity to metal.  The
neutron radiogranny technioque has been developed using thermal neutrons
viee. fast neutrons mooerated Ly owater or jolyvethylene) from a nuclear

Ctor. ln-service appi.cation awalts the development ¢f a sultable sale,
cont-effective, porlanle teation 3ouro.

Dance ained Maddiaenroes {(17) descoribed an expensive,
short-lived, bat portabde, Coldirorpnaar-1%2 svstem centaining about 2 omeg of
e 1solope. They jroguces ragiogoans asiane jndustrial X-ray film, neuatreny
belnyg convertoed Lo electrons by passade throuagh a gadolinium metal faim.
livdrogen, boron and jadoelinium cxhiblt teut ron absurption coefticients "2
o r 3 orders of magnigtude dreacer than the average value of structural
rwetals' . Thus, orjanic materials such s epoXy adhesives, which contain o
Lo de percent of hydrodgern, exnibit cood radiographic contrast; for constant
material thickness, variaetions in film density windicate variations in

absorber unitormity caused by voids, inclusions or material inhomogeneities.
There may be difticulties 1o interpretation e.u. a low absorption inclusion
tooks like a veld, but high-absorption 1nclusions are readily recognised.
Dance and Middlebrook showed o number of X-radioyraphs alony with neutren
rudiographs, to enable information available from the two techniques to be
assessed. It was emphasiscd tLhat the use v several NDI techniques 1n
compination maximises the NI information obtained from each.
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2.2.2 Eddy Currents

Although resin is non-conductive, there is a measuraple
conductivity associated with bundles of carbon fibres and eddy currxent
measurements can be used to determine resin content. FPFor practical applica-
tions, present methods for determining resin content are all based on a
time-consuming acid-digestion scheme. While neutron radiography is excelloit
tor determining this parameter, there are still obvious problems in applica-
tion on the factory frlcoor. Eddy current tests were made on a carbon/epoxy
combination (7), using test trequencies of 0.5 to 3 MHz and coil diameter:s
ot 3 te 1 mm (depending c¢n specimen thickness). Good correlation between
resin contert and a chosen eddy current parameter (measured on a phase-
diagram) was Obtained.

In earlier work, Dingwall and Mead (18) found good
correlation between volume fraction and an eddy current parameter using a
frequency of 10-12 MHz. Their search coil formed part of the tank circuit
of an oscillater, and fregquency changes attributed to specimen changes were
recorded. However, the test was entirely empirical, depended on the type
of resin and specimen thickness, and did not work for cross-ply laminates.
Moreover, the response of the system to small holes ( 1 mm diameter) and
cracks was not easy to understand.

For the purposes of eddy current examination, composite
material is assumed to comprise bundles of conducting filaments, incompletely
separated from each other by dielectric material (resin). Hence the
¢onductivity in a longitudinal direction is expected to be many (10-100)
times the conductivity in the transverse direction. The near-parallel
ti1lament also pessess both capacity and inductance. The effect of these
reactive components will increase with increasing frequency so that eventually
they will preduminate at very high frequencies. Several authors (18,19,20)
successfully modelled composite material in this way. Whereas Dingwall and
Mead (18) tound the cross-plied CFRP composites troublesome, Prakash and
Uwston (20) were able to use the eddy current technique to provide informaticn
o the lap-up. of cross-plied material. Owston (19) was confident that eddy
currents could be used in various ways (for crack detection, volume fraction
and lay-up order measurement) provided frequencies could be sufficiently
increased. Lncouraging results were obtained at 25 MHz, and development
alony these lines will be followed with interest. Testing with microwaves
was lntroduced more than ten years ago and the review by Scott (21) in 1971
concluded that ‘the procedure holds considerable promigse'. From the scarcity
of present day references, one may conclude that such promise has not been
tulfilled.

2,2.3 Optical Holography

vVaricous techniques are used in holographic NDI -
these will be defined in turn as each application is considered.

Speckles appear when a rough surface is illuminated
with laser (coherent) light. The deformation of a structure by mechanical
and thermal means introduces localised regions of high fringe density, to
the speckle pattern, which are likely to indicate the presence of a flaw.
Ert (22) used a speckle shearing camera (having a lens which brings rays
scattered from one point on an object into interference with those from a
nearby point) tc measure surface strain. A 0.2m? disbond in a hollow cylin-
drical structure was identified by pressurising the system to 140 kPa and
examining differences in recorded images from which strains could be
e7aluated.
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Time-averaged holography involves making a hologram
0i a vibrating specimen with an exposure long compared with the period of
oscillation. On reconstruction, nodes appear uniformly bright, but anti-
nodes show fringe patterns which provide information about mode and amplitude
¢f vibration and, by inference about disbonds (Campbell and McLachlan (23)
studied a portion of honeycomb material and successfully identified disbuindiic
using this method).

The frozen fringe technigque is a double exposurc
process in which 'before' and 'after' holograms are superimposed to form a
fringe pattern which relates to surface deformation. In general terms, the
accuracy of this process is strongly dependent on the stability of the test
surface between exposures. A variant of this technique is the 'live fringe’
technique in which a hologram of an unstressed object is recoxrded and is
processed in situ, Or very accurately replaced. An interferometric comparison
is then made by looking through the hologram at the object; fringes are
observed when the latter is slightly strained. Both the frozen fringe and
live fringe techniques of holographic interferometry produce a measure of
changes in surface displacement.

Marchant (24) examined Harrier CFRP wing tips
{approximately 2 m x 1 m x 0.1 m) using live fringes formed from an argon
ion lamp. The wing tips were mounted on a heavy steel table which was later
igolated from ground-induced vibration. Minor problems were experienced
with air-borne vibration. Exposure times of about ls were used and reasonable
holoyram quality was obtained. Specimens were stressed by heating with a
domestic radiaetor and, although uneven heating occurred, it always seemed
possible to make indications of suspect areas reappear with repeated loading.
Good agreement with radiographic tests was obtained but doubt was expressed
concerning nature »f defects. It would appear from Marchant's work that
aithough the technique holds considerable promise, extensive development is
still required. lowever, work by Meyer and Katayangi (25), in which strain
distributions in composite pressure vessels were determined, suggests that
many of the instrumentation problems may have been overcome although they
gave no details. Daniel and Liber (26) referring to Moire fringe techniques,
commented that 'the pattern is a measure of surface displacement field and
gives a clear indication of surface flaws'. However, they placed little
importance on the speckle shearing technique which indicates strain rather
than displacement. Daniel and Liber show excellent photos of fringe
patterns but their discussion i1s mostly in very general terms. It is not
clear to what extent differences between different types of defects can be
detected. Delgrosso and Carlson (27) used CW interferometry to study
surfuce deformation during cyclic motion (i.e. time average) of jet engine
composite fan blades, comprising borun filament material coated with silicon
carbide. Cracking, voids between plies, and debonding after thermal fatigue
were defects found and confirmed by means of C-scan ultrasonic technigque.

Maddux and Sendeckyj (28) insisted that TBE-enhanced
X-radiography (see 2.1.1) and holographic interferometry ‘'have proved to be
most successful' when applied to studies of damage in composite material.
They gave a detailed description of their proposed holographic techniques
involving modified frozen fringe and live fringye measurements. Hheat was
applied in order to stress their specimens (with attendant problems), and
a lens was inserted between specimen and film plate, so that non-cocherent
light could be used for specimen reconstruction. Althouyh readily observable
indications of damage were given, Maddux and Sendeckyi expressed some
reservations concerning identification of the different types of damage
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delaminated layers in composite material). The resulting temperature changes
are small but can be detected - Scott (33) lists recorded temperature changes
during fatigue testing varying from 14 deg C in stainless steel specimens to
30 deg C for PVC specimens. For some composite materials, temperature rises
of up to 36 deg C have been recorded. C(Consequently, regions which suffer
fatigue damage can be located and identified; frequently, before damage is
visible as a surface crack. Often the major temperature change occurs early
in a test (15 per cent of fatigue 1life).

Detecting thermal fields was initially done with radio-~
meters (34) but the AGA thermovision video-camera is now used almost
exclusively. The unit is a real~time indicating device which operates at 16
frames per sec. The detector is an indium antimonide crystal which becomes
photo-voltaic at liquid nitrogen temperature. Different colors are used to
identify the steps in a temperature range, the border between colors
representing isotherms. Very little work appears tc have been done on the
effects of wavelength of radiation on results - the AGA unit has a maximum
sensitivity in the pm region and this presently appears to be the major
determining factor.

Cholesteric (or liquid) crystals when illuminated with
white light, selectively scatter certain wavelengths of the incident light,
producing vivid colours which are easily seen. Changes in temperature
produce changes in the wavelength of the reflected light, which can be
controlled (by changing the composition) to cover a wide range of temperatures
and sensitivities. Liquid crystals are applied to the surface of a specimen
over an optically black coating. They are available in ready-to-~spray form
or encapsulated in sheets (reusable). Charles (35) and Daniel and Liber (26)
showed that thermography could be carried out using liquid crystals. They are
cheap and simple to use but are susceptible to physical and chemical changes,
nave a limited life and a limiting fixed temperature range (sensitivity is
generally maximised at a fixed temperature).

Both SGTF and EATF are essentially dynamic fields
which are modified by thermal gradients. Given sufficient time and uniform
ambient conditions, the temperature of a specimen raised locally from a given
cause will tend tc stabilise to a value slightly above ambient. Hot~spots,
clearly defined initially, will thus become unrecognisable. Day-to-day
variations in ampbient temperature may also occur. Thus, any device used for
temperature measurement should contain an in-built temperature level adjust-
ment. Unwanted variations in indicated temperature may also arise from heat
loss (by convection) at the edges of specimens or from variable heat loss
from flat surfaces. McLaughlin et al (31} overcame surface proolems by
spraying the specimen surface with flat enamel (either black or white) which
also resulted in a uniform surface emissivity. Other workers have had
considerable problems, particularly the users of liquid crystals who need a
surface with uniform (and preferably high) emissivity as background to the
crystals. High surface emissivity will cause local temperature rises to
return rapidly to ambient and detail of hot spots will be smeared.

Plagstics and composite materials possess a relative-
ly low thermal conductivity and thus are well suited to the use of
thermographic techniques. Their thermal conductivity is highly anisotropic
(about 80 watt per metre deg C in the fibre direction and 0.5 transverse
to the fibres). Thus, when applying heat by conduction at the specimen edge
there is likely to be a preferred specimen orientation in terms of heat input,
and problems with cross-ply layups can be anticipated if the rate of heat
input or the conductivity is too low there will be smearing of the isotherms.
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McLaughlin et al (31) found that heat flow parallel to high conductivity
tibres resulted in the greatest perturbations. In low conductivity materiul:,
isotherms wrio closely spaced indicating a high thermal gradient in the
direction of hecat rlow and the extent of the perturbations was not so great.
Clearly, for SGTF testing, anisotropy in thermal conductivity is likely to
cause distortion of the observed thermal image which will worsen with time.

Herneke et al (36) demonstrated the use of SGTF by
cyclic loading of a methyl methacrylate specimen containing a central hole;
an isotherm pattern closely related to the calculated stress field was
obtained. Furthermore, very good agreement between predicted and measured
temperatures was obtained. Cyclic loading tests at frequencies between 15
and 45 Hz were conducted on boron/epoxy specimens containing a central hole.
Early in testing, heat patterns developed {(around the holes) which appeared
to be related to stress fields; subsequent changes in the patterns were
attributed to the development of fatigue damage. Similar successful tests
were conducted on graphite/epoxy laminates containing notches from which matrix
cracks propagated. McLaughlin et al (31) were less successful, probably
because their test frequencies were much lower (0.5 - 5 Hz). Temperature
rises were observed for glass/epoxy specimens containing a part-through hole
after only 30 cycles at 1 Hz and at only 10 per cent of the static failure
load of the flawed specimen. No changes were observed for graphite/epoxy
material after 1000 cycles at up to 30 per cent of the static ultimate load.
Thus, there appear to be limiting loading frequencies below which no
observable change can be expected.

A variant of the thermographic technique, devised by
Henneke and his co-workers, was termed vibrothermography. This technique
involves mecasurement of temperature rises occurring wh:n a specimen
containing defects is vibrated at very low stress levels. Recent reports
by Henneke and Jones (37) and Reifsnider et al (38) show how well this
project hus advaunced. A two-dimensional finite element analysis was under-
taken 50 that the effect of known defects could be computed. Quite good
experimental aygreement was obtained for ygraphite/epoxy specimens having
edge delaminations. However, the heat pattern, which developed in several
seconds was very sensitive to the vibration frequency e.g. a ten per cent
increase in frequency nominally 18 kHz showed up a defect otherwise unrnoticed.
The success of the analytical approach has led to the development of a
three-dimensional heat-conduction model. Whitcomb (16) sounds a word of
caution ~ in his two-dimensional model he makes allowance for heat flow due
to conduction, convection and radiation, claiming this is necessary in
oraer to locate a heat-generation zone from temperature profiles alone.
Pye and Adams {39) developed a procedure whereby laboratory specimens were
vibrated at their resonant trequency (to control sensitivity) and zero
volume matrix shear cracks were detected. 1In carbon~fibre reinforced plates,
crack lengths around 80 mm were located. Cracks in glass-fibre material
were much easier to detect and patterns were frequently obtained at loads
which caused little or no crack growth in the material.

Clearly, thermography is an NDI technique which
possesses potential but much development is needed. Sensitivities commonly
quoted are about 0.1 deg C, temperature ranges are a few deg C and the
detectalle defect size iz a few mm in diameter. There arc many restrictions
on the technique and its application to composite material, but delamination
is reascnably easy to detect. Success-rate seems to vary considerably.
Thermoyraphy is unlikely to give any information not found with ultrasonic
C-scan, but it is a non-contact technique which can be used at a distance,
and crack growth can be monitored as it occurs.




R

N

-lo-

3. ATTEMPTS TO ASSESS STRUCTURAL INTEGRITY

It should be clear that the techniques just described are suitable
for detecting and locating a restricted range of defects in composite
material. Defects differ for different types of composite material but a
general classification based on detectability is not hard to arrange.
However, because of our incomplete understanding of failure modes, inspec-
tions tell us very little about defect severity and even less about the lite
to faiiure. Fuarthermore, the scarch for delaminations and broken fibres is
more likely to be of value during or immediately following manufacture than
it will be during service.

Of far greater importunce than finding defects is the need to
appreciate their importance i.e. to develop a fa: ure predictor or life
indicator. 1In this section, the remaining techniques will be discussed with
this requirement in mind. Most, it will be seen, go at least part of the
way towards this goal.

3.1 Vibration Measurements

Cawley and Adams (40,41,42) proposed the use of a vibration
technique to locate defects in structures made from advanced composite
materials. Damage can be detected, located and roughly quantified by
measuring changes in natural frequencies of the structure. It is claimed
that the severity of the damage can be assessed by additional analysis.

This technique is potentially very attractive because properties can be
measured at a single point on a structure, and hence would not require access
to the whole of a structure. Actual test time can be very small,
particularly if the resonant frequencies are excited by an impulse. However,
it is nccessary to conduct tests on composites in a constant (2 1 deg C)
temperature enclosure.

It can be shown that the ratio of frequency change in two-
vibrational modes is a function only of the location of damage. Initially,
this can be modelled as a local decrease in structural stiffness which as
Q'Brien (43) cunfirmed, provides a useful but indirect assessment of damage.
Cawley and Adams maximised their computational efficiency by outputting
relative frequency changes at a number of grid points. Thereaftexr, they
computed an eror function at each point, which was a measure of the error
made in assuming damage to be at that point. The point at which the exror
wag a minimum gave the position of the damaye, and the size of the frequency
change was a measure of damage. Anisotropic materials could be dealt with
by giving high weight to modes in which the direction of the stress vectors
at the point of interest are similar.

Cawley and Adams readily located damage by saw cuts in a
CFRP platc. One side of a similar plate was damaged by a steel ball,
damage was successfully located by vibration techniques and was confirmed
by ultrasonic measurements. Similar damage to a honeycomb panel with
CFRP facings was readily located; damage equivalent to the removal of about
0.1 per cent of the area of a two-dimensional structure could be found.

Earlier Adams and Flitcroft (44) showed that matrix and
interface cracking in carbon or glass-fibre reinforced composite material
could be detected in the laboratory using a resonant torsion pendulum.

The specific damping capacity was measured from the power needed to maintain
a constant vibration amplitude at resonance, while the shear modulus was
found from the resonant frequency. Crack size was reliably indicated by

the amplitude-dependence of these dynamic properties of which damping was
the more sensitive measure. No marked differences were found
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for cracks produced under static or fatigue conditions. Knott and Stinchcomb
(45) conducted similar measurements on simple cantilever beams made from
boron/aluminiwa composite but were unable to obtain consistent results apart
from vaguely commenting that damage was indicated 'through changes in the
vibration signature.'®

Sims et al {(46) have a different approach in that they appear
to be more interested in evaluating specimen life rather than determining
the presence of defects. Most of their results were obtained on 0°9/90°
cross-ply laminate glass/epoxy material. Complex dynamic moduli and damping
factor were determined using a simple resonance technique as well as a
torsion pendulum technique. For the former, parameters were evaluated by
utilising different modes of vibration over a limited frequency range
(20 Hz to 20 kHz) and at low strains (~10"®). For the latter, the frequency
range was much lower (~1 Hz) and the strains much higher (up to 2 x 10’3).
It was shown that high strain amplitudes significantly affected results for
damping factor; consequently results were quoted for a fixed strain (10-3).
For all systems, dynamic moduli decreased while loss factor increased with
the introduction of damage. It was concluded that enexrgy dissipated per
cycle by the cracks during dynamic testing was proportional to total crack
area. Guild and Adams (47) defined specific damping capacity in terms of
energy absorbed during vne cycle and total strain energy stored during the
same cycle. Measurements were made only for the fundamental flexural mode
of vibration, the stress level being varied by varying the energy input
per cycle. Differences in damping capacity with stress levels in the
specimen were demonstrated and it was claimed that, by controlling variations
in stress level, much greater accuracy could be achieved than by using
the resonant peak method of Sims et al (28).

3.2 Measurement of Ultrasonic Parameters

In any C-scan measurement, the effects of ultrasonic
attenuation are evident. However, attenuation is an ultrasonic parameter
of value in its own right, measurement of which can be made in various
ways. Other ultrasonic narameters, e.g. velocity and stress wave factor,
will also be considered for use in assessing structural integrity.

3.2.1 Attenuation, Velocity and Dispersion

Bar~Cohen et al (48) showed that a great deal of
useful information can be extracted from manual A-scan examination of glass/
epoxy composites. Seven different types of defect were listed, each of
which could be identified from the reflection pattern, using a simplified
pattern recognition approach. This identification was largely based on
the overall appearance of the scan, but also involved the amplitude of the
first reflected signal, a measure of attenuation and an estimatedaverage
sound wave velocity. Saluja and Henneke (49) claimed, and were able to
justify, that transverse cracks which develop in the weakest plies tend to
attain a uniform, equilibrium spacing. These cracks diffract sound waves
giving rise to a measured sound wave attenuation. Attenuation was claimed
to give a good indication of damage; it varied with changes in crack-opening
for a fixed number of cracks, was sensitive to frequency, and was likely to
depend on the number of cracks for a given constant crack-opening. Saluja
and Henneke, unlike many other workers, confirmed their findings by
destructive examination. Although they worked on specific material (graphite/
epoxy 0°, +45°, 90° and 09, 90°, *45° in the form of tension specimens),
their detailed description of damage is of interest. Transverse cracks began
on the 900 plies at about one-third ultimate load, reaching a stable density




at two-thirds ultimate. Delamination in the 90° plies began at the free

edges and resulted in cracking spreading to the t45C plies. Most of the

observed damage occurred during the first few hundred cycles but attenuation

increased up to 104 cycles and steadied until 5 x 10° cycles. Hayford

et al (50) used a standard short-beam test (ASTM D2344-76) along with a ’
fused quartz buffer block to make & simplie calculation of attenuation in a

carbon/epoxy composite material. For each group of 20-30 specimens tested

at 5 MHz, attenuation was roughly linear with the 'per cent of dark area in

C-scans'. A relationship between initial attenuation and failure load in

the shear mode was alsoc observed.

Hayford and Henneke (51) proposed a model ‘'based on
the suggestion that the formation of damage in a composite specimen serves
as a rudimentary diffraction grating for the ultrasonic beam and thereby
causes an apparent attenuation change due to beam spread’'. Some unexplained
irregularities in the icvad/attenuation curve were observed but not explained.
It seems obvious that they can be tracea to the over-simplified model used.
However, the model adequately predicted trends and the technique holds
promise for development. Importantly, attenuation changes were related to
damage rather than individual defects.

Hagemaier and Fassbender (7) found attenuation
(which was frequency dependent) correlated well with void content in simple
graphite/epoxy laminates. Unfortunately, no correction was made for
specimen thickness {(number of plies) which turned out to be another variable.
Prakash (4) applied a thickness correction but obtained a linear rather
than a curved correlation. However, he made the valuable observation that
attenuation is not particularly sensitive to fibre volume fraction.

Attenuation, simply determined, appears to be
sensitive to hygrothermal effects for glass/epoxy composites but not for
carbon/epoxy composites (52). Accompanying the increased attenuation in
the former material is a drastic reduction in flexural strength. However,
for both materials {(and with the KEVLAR material), good correlation between
changes in normalised strength and attenuation was found, although no real
indication was given for strength reductions greater than 30 per cent.
Clearly, confusion could well arise from attenuation resuits unless it can
be shown that degradation from various processes arises from the same
physical phenomena, which seems unlikely. in a later paper, Ishai and
Bar-Cohen (53) claimed that dispersion of the attenuation data increased
consistently with the duration of above-ambient water exposure and the
physical reasons for this finding were demonstrated and discussed. Sachse
et al (54) described methods for measuring dispersion of ultrasonic waves
which showed promise for evaluating moisture-related effects in composites.
For shear waves propagating along the fibres in boron/epoxy material,
pronourced dispersion was measured but measurements on graphite/epoxy were
unsuccessful.

Williams and Doll (55) measured longitudinal wave
velocity and attenuation at intervals of 3 x 104 cycles during a compression-
compression fatigue test on graphite-fibre/epoxy composite material.
Measurements were made at 4 frequencies between 0.5 and 2.0 MHz; testing
was conducted at 30 Hz and the peak stress amplitude was varied from test
to test. For all except the maximum peak stress amplitude, no measured
changes in group velocity or attenuation were observed for up to 106 cycles
of testing, at which stage the tests were stopped. Neither was any material
degradation observable under microscopic examination. At the highest peak
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stress amplitude (0.8 of ultimate), velocities remained constant but some
unexplained variations in attenuation occurred. However, there appeared to
be a correlation between initial attenuation and cycles to fracture, which
improved with increasing test frequency. A second set of test specimens
cured to a different standard behaved in a similar way but possessed markedly
different attenuation. No fatigue fracture precursor could be found.

wWilliams et al (56) found that attenuation of
longitudinal and shear waves in the composite material and the epoxy matrix
was strongly frequency dependent. The attenuation for longitudinal waves
propagating perpendicular to the plies was found to be sensitive to the
‘interlaminar quality' of the component. It was proposed that such attenua-
tion measurements might well serve to identify damage. In a later report
(57) an attempt was made to model the above behaviour.

Williams et al (56) found that both shear and
longitudinal velocities in graphite/epoxy specimens varied with the direction
of measurement but were invariant with frequency. Scott and Gordon (58)
showed that structural composites had acoustic properties which could be
described by means of a model based on simple laminates. However, unlike
Williams et al, they found that ultrasonic velocity was frequency-dependent
in their graphite/epoxy material. They found that forbidden frequency
bands existed for which ultrasonic wave transmission was strongly attenuated,
and that these bands could be used to monitor variations in elastic
constants. Reynolds and Wilkinson (59) considered the uniaxially reinforced
orthotropic sections, which form the basis for the complex structures.

Rather than the complex structures e.g. multi-layer laminates themselves.
Significantly, they were able to show that velocity measurements could be
used not only to determine void content and fibre volume fraction, but might
also be eventually used to estimate ultimate strength.

3.2.2 Stress Wave Factor

The concept of a stress wave factor was developed
by Vary and Bowles (60). They studied the inter-relation between various
parameters which influence the strength of a unidirectional graphite/
polyimide composite. Specimens were fabricated with varying void content
and fibre/resin ratio. These were examined using several NDI techniques,
and direct (destructive) confirmation of NDI findings was made. Through -
transmission C-scan at a nominal frequency of 2.25 MHz was conducted in
distilled water. Through-thickness velocity was measured using the pulse
overlap method (reflected pulses are overlapped to permit minimisation of
phase change by variation of the driving frequency) while attenuation was
estimated by fitting the envelope of a train of reflected pulses to an
exponential curve. Accuracy and meaning of these measurements may be
criticised but it can be reasonably assumed that both are adequate for a :
fixed installation. A measure was also made of surface wave velocity i.e.
velocity perpendicular to the fibre direction. Interlaminar shear strength
was measured from short beam shear tests, composite density was measured
in methyl alcohol, fibre fraction by acid digestion and void content by
dengity measurements. On the basis of all these measurements, Vary and
Bowles derived the concept of a stress wave factor. This factor was
determined by injecting a repetitive ultrasonic pulse into a specimen using
a broadband transducer, and detecting the resulting signal some distance
away by means of a resonant transducer. The two sensors could obviously
be located in various ways. The stress wave factor € was defined by
€ = grn where
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g is the period over which measurement is made
r is the repetition rate of the input pulse
and n is the ring down counts per burst.

vary and Bowles claimed to be able to predict the relative mechanical strength
of a composite material by means of ultrasonic-acoustic measurements made
within a relatively 'narrow frequency domain' (0.1 to 2.5 MHz) and without the
need for sophisticated equipment. Although the stress wave factor was shown
to correlate strongly with interlaminar shear strength for the particular
material, an even better correlation was found with density! However, when
used in conjunction with surface velocity, an excellent estimator could be
derived. There is no detailed physical basis for any of this work but it is
clear that physical properties should be determinable from a study of sound
wave propagation.

Later work by Vary and Lark (61) deal with more
specific NDI applications of the stress factor approach. During scanning
ot tensile specimens of graphite/epoxy composite prior tc a test, minimum
values of stress factor were observed at a few positions along the specimen.
After testing it was confirmed that failure occurred only at the previously
indicated positions. It was claimed that stress wa.e factor 'may be
described as a measure of the efficiency of stress wave energy transmission'
in a given composite. Hence it was a sensitive indicator of strength
variations and could aid in predicting potential failure locations.
Williams and Lambert (62) attempted to use the Vary technique to characterize
impact damage in graphite/epoxy composite. They modified the stress wave
factor by summing (totally) the positive amplitudes of each ringdown.
Through-thickness attenuation and the modified stress wave factor correlated
with the number of standard drop-weight impacts and the residual strength.

A recent paper by Vary (63, deals with the whole
topic in more general terms and extends use of the factor to metallic
materials. Commercial equipment is now available for measurements of stress
wave factor.

3.3 Acoustic Emission

Acoustic emission is defined by ASTM 610-77 (64) as 'The
class of phenomena whereby transient elastic waves are generated by the
rapid release of energy from a localized source or sources within a material,
cr the transient wave(s) so generated'. These waves propagate through a
structure and are usually detected by a piezoelectric transducer. The
resulting electrical signals can then be processed in various ways to give
a wide variety of parameters (65). AE signal analysis has the potential
not only to locate sources and thereafter to define defects in a structure
but also to monitor structural integrity during proof-testing and in
service. However, the case of a single source in a 'simple' material was
only recently addressed by Hsu and Eitzen (66). In practice, the
deconvolution of the detected signals into a precise measure of the source
function is a complex problem even for relatively uncomplicated metal
structures.

There are additional problems which must be solved before
AE can be used for routine monitoring of the structural integrity of composite
materials. Some of these problems have been detailed in the reviews by
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Williams and Lee (67) and Duke and Henneke (68). In this review, we consider
only signal~processing and AE source location, and discuss some applications.

There are numervus specific mechanisms which produce AE in
composite materials (69), e.y. fibre fracture, matrix cracking, delamination,
etc., many of which have already been mentioned. Wave propagation
characteristics are complex and are dependent on composite type and design.
Signal modification cccurs during wave propagation due to:

(1) geometric spreading of the wave,
(ii) the effects of structural boundaries,
(iii) frequency-dependence of attenuation, and
(iv) the anisotropic nature of composite material.

The effects of all these phenomena must be considered during signal analysis.
Finally, we need to know the relationship between the AE parameter and the
structural integrity of the component.

Several authors have reported success in the rise of amplitude
distributions to distinguish AE sources and hence identify failure modes -
Bailey et al (70), Ryder and Wadin (71) and Graham (72) worked with carbon/
epoxy material while Rotem (73) examined both carbon and glass/epoxy
material. Becht et al (74) worked with glass/epoxy material. However,

Guild et al (75) werxe unable to obtain direct correlation between micro-
failure events in glass/epoxy material and the detected AE distributions.
They went further and claimed that no simple corrclation can be expected
because, for the case of AE frcm fibre fracture, the amplitude of a fibre
failure event depends sensitively on the condition cf the local fibre/resin
interface, the extent of debonding and the presence of an environment hostile
to the glass. There are no doubt other factors which were not considered.
Graham (72), Curtis (76) and Russell and Henneke (77) made detailed

analyses of AE frequency spectra in the range 0.l to 1 MHz and related
features to different AE sources.

Location of an AE source may be determined from the measured
difference in arrjival times at two or more transducers, of a wave generated
by a single AE event. AE location techniques are often essential in both
laboratory and field to separate valid AE data from AE from extraneous
sources. There are obvious problems in applying this technique to composite
materials. In fibre-reinforced plastic structures, so many events occur
during loading that sensors may be unable to isolate a single event (78).
Hamsford (69) clearly defined problems relating to signal modification by
wave propagation in attempting to use AE for source location on a KEVLAR
spherical pressure vessel. Ryder and Wadin (71) succassfully located damage
during fatigue of a quasi-isotropic carbon-fibre reinforced composite.

While Bailey et al (79) located damage in composite material fabricated in
a balanced ‘'cross-ply' configuration.

In selected special situations, AE has been used successfully
for monitoring structural integrity but it is far from viable as a universal
method, In an early application, Wadin (80) described how AE counts,
measured during a proof test, were used to predict impending failure of the
fibre-glass boom of an aerial lift device. His flaw predictions were
confirmed destructively. Fowler (78) and Fowler and Grey (8l1) developed
acceptance projection criteria for fibre-glass tanks, pressure vessels and
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piping, based on laboratory and fatigue tests. They introduced the Felicity
ratio defined as the load at onset of AE divided by the maximum load
previously attained. Their critexia are based on a combination of total
counts, signal amplitude, AE activity during a load hold and the Felicity
ratio.

Hamstad (69) and Wadin (82) discussed the presence or absence
of the Kaiser effect (defined as the lack of detectablie AE until previously
reached stress levels are exceeded) in composite materials in terms of the
viscoelastic matrix. Deformation at any stress level is significantly time-
dependent, resulting in time-dependent AE. Thus, the absence of a Kaiser
effect allows the determination of a Felicity ratio (as observed by Fowler).
This ratio, in conjunction with observed AE, can be used to assegs structural
integrity. Bailey et al (79) used a similar approach to assess impact
damage.

In addition to the above, many papers deal primarily with
'data gathering’. Future research will need to concentrate on develcping
a suitable universal model to describe composite material behaviour, before
the potential of AE as an indicator of structural integrity can be fully
realised.

4. DISCUSSION AND CONCLUSIONS

It has been found that most defects in composite material can be
detected but not necessarily identified using the techniques discussed in 2.
The most important limitations of each of these techniques are listed in the
Table. To a marked extent, the success or failure of a chosen approach
will be determined by these limitations.

TECHNIQUE

MAJOR LIMITATIONS

X-radiography

orientation of defect (crack) is critical

Ultrasonic orientation of defect is critical; water
C-scan immersion or application of jet may cause
deterioration of composite (e.g. ingress at
edges)
Neutron orientation of defect is critical; source is
radiography expensive and dangerous

Eddy currents

limited to carbon/epoxy composites

Optical measures surface effects which are theu

holography related to defects; still essentially
laboratory technigue because accuracy greatly
deteriorates with vibration

Acoustic no major limitations but not yet fully

holoyraphy developed; although commercial equipment is
available, it is still essentially a
laboratory technique

Thermography sengitivity is presently marginal; strongly

susceptible to ambient effects (temperature,
draughts)

TABLE :

Major limitationg of NDI techniques
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The use of several techniques in combination frequently yields far
more information about defect location and extent than would result from
using the same techniques in isolation. Similarly, knowledge of material
behaviour frequently leads one to confirmatory evidence concerning damage.
Often the use of techniques omitted from this presentation, e.g. coin-top
or dye penetrant, can also provide useful information provided limitations
are appreciated. The coin-top is strongly subjective and probably applies
only to delaminations. Penetrants are only useful for surface-breaking
(or edge) cracks and may prove troublesome if repair is attempted at a later
date.

Different problems occur in field and laboratory. Radiographic
and acoustic techniques are best applied to material in sheet or laminar
form e.g. fibre~-composite material during or after manufacture. Cooper et
al (1l1) described some of the complex structures encountered in service
(e.g. rudders were constructed using boron/epoxy 4 - 7 ply thickness for
the skin which was bonded to aluminium full-depth honeycomb with cut-out
members of aluminium titanium and fibre-glass). Not only are these structures
much harder to inspect but a whole new range of in-service defects becomes
apparent. Foremost is damage arising from impact, e.g. dropping of a hand
tool, which may be hard to see from the surface but may involve multiple
damage internally, particularly fibre breakage. Corrosion of metal components
and degradation of composite strength from the presence of moisture is
also important. These may form part of a general degradation process leading
to eventual failure of the component.

Detection of manufacturing or in-service defects can be accomplished,
but the significance of defects remains a major problem. So little progress
has been made in solving this proulem that one must perforce look to other
solutions which may enable us to predict failure or identify a failure
precursor. Four contrasting techniques have been proposed for the assessment
of structural integrity.

(i) Vibration measurements, from which damage (of any
nature) can be located and a measure of damage
severity can be obtained.

{(ii) Ultrasonic attenuation, in which changes can be related
to damage rather than individual defects. From
measurements of initial attenuation, failure loads or
cycles to failure could be predicted.

(iii) Stress wave factor, which is a measure of energy
transmission, is essentially a bulk ultrasonic
parameter and enables potential failure sites to be
predicted.

(iv) Acoustic emission, is presently only confirmed as a
failure predictor which is derived during proof-
testing.

None of these candidate techniques are entirely satisfactory. Attenuation
and stress wave factor techniques appear to have little scope for future
development. Both vibration and acoustic emission techniques appear to

., possess the potential for predicting failure, although considerable research
1 and development is necessary. Whatever eventuates in the future, it can

be certain that NDE of composites presents a real and exciting challenge to
the materials Scientist.
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