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PREFACE

Les matériaux composites sont caructérisés par des propriétes physiques exceptionnelles
qui justifient le développement rapide de leur applicution dans les véhicules adriens et spatiaux,
auquel on assiste actucllement.

Cependant. comme n'importe quel matériau de structure, ils ne sont pas a I'abri de
cerfains défauts d'intégrité pouvant intervenir aussi bien au cours du cycle de fabrication que
comme conséguence dee coditions de servic

Les technologies actuelies de controle non destructif sont capables, en géndral, de révéler
la présence de ces anomalics, mais I"expérience est encore faible qui devrait permettre d'en
appvéeier les conséquences éventuelles et de décider du sort de I"élement en cause:

- laisser voler tel quel
réparer
réformer.

L'attitude uctuelle des producteurs autant que des exploitants d’éléments en composite
esl d’¢luder la difficulté en exergunt une politique d’extréme sévérité, conduisant au rejet ct
au rebut de la plupart des pidces suspectes, souvent bien au-dessous du niveau de risque
raisonnable.

Il est hors de doute que cette coltevse pratique ne peut favoriser lu popularité des
maléraux composites et ne peut manquer,  terme, d"handicaper leur développement.

L’objet de la présente Conférence de Spécialistes était done de préciser les ¢ritéres ot
tolérance d'acceptation des composites défectueux, par un approfondissement de la
connaissance des conséquences des domniages.

Si le but final, qui devrait étre un véritable réglement des conditions d’acceptation, ne
peut encore étre considéré comme utteint, les différents exposés ont mis ¢n évidence ou
confirmé un certain nombre d’acquisitions. Ainsi, limportance de 1a porosité dont les scuils
adu- sibles peuvent désormais étre fixds.

Une trés importante constatation que ressorl des exposés est le caractére non
pernicieux ct la faible tendance a aggravation des dommages. Cecl constitue pour Ie
composite un avantage gue Lon appréeicra, par rapport aux métaux.

On peut regretter gu'il n’ait pus ét¢ rapporté davantage de résultats d’expéricnce en
service d’¢léments endommagés. Ceci est tout naturcllement I'illustration et la conséquence de
la politique sévére d’uceeptation cvoquée plus haut, laquelle enferme actuellement le probléme
dans un processus circulaire u’il est grand temps de rompre.

GEORGES JUBE

Chairman, Sub-Committee on
Defects in Composite Materials
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& FRACTOGRAPHIC ANALYSIS OF FAILURES IN CFRP

by

D Purslow
Royal Aircraft Establishuent
Materiuls and Structures Department
FARNBOROUGH, UK

00191¢

Q.. SUMMARY

Yy -HA wide-ranging fractographic research programme, from the fundamental characterisation of test
] coupon fractures to the failure analysis of full-scale serospa”e componunts, has besn undertaken in
Materials and Structures Department, RAS.

This paper describes work on unidirectional CFRP test coupons in which a known mode of failurs had
been produced, the modes being lorgtitudiral and tranaverse tencion, compression and shesr. From a
fundamental understanding of the cliaracter of the different modes and of the mechanisms of fracture
propugation it is shown how the qualitative significance of ¥micro-defects’ occurring in good quality
laminates may be assessed. The defects considered amre fibre faults, fibre-matrix bond etrength,
fibre distribution, fibre alignment and voids and inclusions; thess are illustrated and their individual
and collective significance discuased.fx

-

Hr

1 INTRODUCTION

Microscopic examination of the fracture surfaces of CFRP teat coupons in which a known mode of 3
failure had been produced has provided the basis for a wide-ranging fractographic research programue.
This basis has led beyond the ability to recognise significant characteristic features in sach mode of

failure to a detailed understanding of the fracture processes involved. From this knowladge it is
possible to make qualitative assesements of the significance of defects on fracture initiation and ’
prepagation.

As an introduction to the topic this paper briefly describes the characteriatica and iracture
processes in several static modes of failure in unidirectional laminates and illustrates the occurrence
of some manufscturing defects in the failure of good quality laminates, The influence and signi.icance
of the defects in unidirecilional CFRP and their relevance to multidirectional lmminates is diacussed,
The modes of failure analysed are longtitudinal tension, transverse tension, compression and shear;
the defects conmidered are fibre faults, fibre-matrix bond astrength, fibre distribution, fibre
alignwent, veide and inclusions., Two resin systems are considered, one a plasticised epoxy
(manufactured in 1982) in which the plasticiser separates into an array of microscopic sphercids and a
brittle epoxy (manufactured in 1977} which shows more clearly some fractographic features masked by the
spheroids in the firat system. Apart from two optical micrographs, all the illustrations are taken
from gold plated :.ecimens ib a acanning electron microscope. i
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c TYPES OF DEFECT

The 2 mm thick unidirectional leminates were fabricated fro~ repreg sheet and cured in an
autoclave. They were of good quality and the dc’ecta considerec re thomwe which might be dubbed
micro-defecta’ and are likely to occur in all current laminates.

5

Fibre Frults. These are formed during manufacturs of the fihres and may occur as flawe or voids
either on the surfuce or internally as illustrated in Fig 1. Additionally, large diameter fibres of
unknown properties are found which may or may not be hollow, Fig 2.

-

Fibre-Matrix Boad., For a given, consistent fibre-matrix system the bond strength should not vary.
However, experisnce has shown that small chenges such as minor variations in rivyro surface treatment
may produce significant changes in the fibre-matrix bond strength and consequent ulteration in CFRP
properties. Fig 3 illusirates a well-bonded, brittle composite where in places the propagating
transverss tensile crack '@s hruken the fibres rather than the bond., Such bonds frequently show
avidence of chemical changas in the resin around the fibre resulting in fractures within the matrix,
with thin concentric films of resin remaining on the fibres. With the plasticised resin s high bond
strength may recult in preferentiaml breaking of the plasticiser - epoxy interface, all the fibres
remaining covered in epoxy as shown in Fig 4. Poc.s fibre-matrix bond strength will naturally result
in fibre surfaceas devoid of resin, Fig 5; but clean fibre surfaces do not necessarily imply poor bond B
strength. il

Ny
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Fibre Distribution. The variation in fibre distribution is best illustrated by an optical
microgriph such as Fig 6, The average fibre content is about 65% by volume but, ms can be saen, within
s small ares veries from the very high volume fraction hexagonul array at A to very low mt a ply
boundary, B.

Fibre Mimalignmant. At the boundaries of the prepreg laminatss nuabers of highly misaligned fibres
grcur as in Fig 7. In addition, gignificsut misalignment may urise throughout the laminate thickness
dus ususlly to twistivg of the individuml fibre tows Fig 8.




Voids and Inclusions. In & high quality lsminate the void content is less than 0,.5% by volume and
those voids which do arise are usually very small (c.10 pm ), Fig 9.

Large voids occamaionally form in the resin rich areas associated with interply nisalig?od fibres,
Fig 10. Particles, such as the unreacted hardenuvr, Fig 11, which make no bond with the resin may,
because of moisture absorption, etc, be more significant than voids of the same magnitude.

3 LONGTITUDINAL TENSION

A longtitudinal tenaion failure in a brittle composite is shown in Fig 12. Radiating lines called
"radiala' can be detected originating at the relatively smooth area, These radials are formed as the
fracture propagates along different radii at gradually diverging axia) positions causing lines of hills
and valleys of increasing magnitude. Frequently individuai fibres exhibit similar radiels, Fig 13,
which may originaie at a fault in the fibre or at a print on the surface close to an adjacent fibre,

In the casme of fibrea in close proximity, these radials may indicate that the failure cf one fibre i3
directly attributable to the prior failure of its neighbour - these are referred to as Directly
Attributable Fibre Feilures (DAFF) and are illustrated in Fig 74 where fibre A has caused the failures
of fibres B and C and subsequently D and E. Note the preference for the failure to progress from
firre to fibre (C—+D-»E) rather than cross the resin rich area adjacent to B, C and E. Within the
matrix fracture, particularly in brittle composites, lines may also develop due to the failure
propagating in  slightly different planes. These linee may take the form of radials, Fig 15, which
radiate in the dirsctiun of propagation and tend to die out as the lines diverge or more usually,
"rivers", Fig 16 which couverge in the direction of propagation, the plane separation becoming greatmr
as the linea converge.

These features make it pomssible to chart the progresgsion of a tensila fracture from fibre to fibre
over a la.'ge proportion of a failure surface even in non-brittle composites, frequently enabling the
exact origin of failure to be determined.

Thus it is also possible Lo assess the sffect of defects on the failure praocesa. From the preceding
discussion of the failure of the plasticised composite illustrated in Fig 14, it becomes clear immediately
that the fibre distribution affects the fracture propagation. Where the fibres are closely spaced the
fracture takes on a brittle nature and travels from fibre to Tibre as DAF¥F, Where the fibres are well
spaced the failure may progress across the matrix or, more likely, mlong individual fibre surfaces
producing a less brittle fracture with considerable fibre pull-out.

In a brittle composite the same prefersnce for the failure to progress as DAFF occura as shown in
Fig 17.

Figures 18, 19 and 20 are taken from different aress of the sams non-brittle specimen. Failure of
individual fibres at a feult may result in fibre pull-out as shown in Fig 18. Where the fibres are more
closely spaced, breaskage ai a fibre fault may werely cause the axial position of the fracture plane Lo
differ slightly from neighbouring fibres - one of the prime causes of the hill-and-valley radimls
Fig 9. Where the fibres are touching the failure again propagates frou fibre to fibre as DAFF and the
presence of a fibre fmult haa no effect as in Fig 20.

Weakening of the fibre-matrix bond causes the fmilure to become less brittla (eg compare Figs 12 and
18) with more fibre pull-out and conmequently much less sensitivity to impact under load.

Fibre misalignment can be seen to cause delamination where it occuras at a ply boundary, Fig 21, or
pull-out of blocks of fibres where it is due to twinting of the fibre tows, Fig 8. In a brittle
composite misalignment may well cause premature fallure locally or even total failure in a small test
coupon as ism illustrated in Fig 22.

Small voids in the gquantities accepted in good material rarely occur in lengtitudinal tensile
fracture surfaces since when they are seen they have had negligible effect on the tensile crack propagation,
However, occasional large inclusions may have more serious consequences locally, sven in recent non-brittle
materigl as shown in ¥ig 23, where the inclusion is the origin of the local tensile failure and the cause
of the subsequent delamination. It should be noted that the processes involved in both brittle and
non-brittle failures are identical, it is merely their relative importance which differs,

b COMPRESSION

In the case of compresaion the main fractographic problem is the obliteration of most of the
microscupic features during post-failure abrasion of the adjacent surfaces. Nevertheless, detailed
investigation shows that jn the current plasticised composite, failure commences as in-phase fibre
microbuckling which may extend over the whole surface as shown in Figs 24-26. In earlier, brittle 7
composites, failure was by shearing of the fibres at a higher compressive ultimate stress. The term micro-
buckling is uged to describe the buckling of the fibres over a wavelength of about 10 fibre diameters or
less. In the upper area of Fig 24 the microstructure has been destroyed by post failure abrasion. On
the lower fracture plane the fibres show clearly the characteristicas of wmicrobuckling as in the
enlargement Fig 25, In the upper plane of Fig 25, the fibres have broken in-phase in flexure, the upper
and lower Lalves of each fibre fracture being tensile and compreasive failures respactively. In the lower
plane, although more damaged, evidence of flexural failure is in the opposite direction as would be
expected with fractures occurring at the antinodes of a buckle. The buckle axia, roughly horizortal in
Fig 25, is usually perpendicular to the direction of coupressive failure propagation. If thersfore the
larger area shown in Fig 26 ie examined, it can be seen that, locking along the upper boundary of the
micrograph from left to right, the buckle axis changes angle from positive to negative indicating that
the local compression failure started in the lower central region of the area depicted.
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Because mogst of the fibres are constrained to fail in a given buckling plane, fibre faults and
small voida are rarely seen, indicating they have little effect on the compressive failure. In addition,
movement of the fibres both during snd sfter failure wake winor fibre misslignment =und variations in
fibre distribution impossible to detect. Highly miasgligned fibres and their associated resin rich areas
induce premature delasination and uliimate failure, as illustrated in Fig 27. Genaral fibre
misalignment due to twisted tows causes axial cracking and rapid changes in the failure plane effecting
an overall reduction in compressive strength.

The change of mode between fibre chear and fibre micro-buckling in brittle and non-brittle CFRP
compression fgilures in these exsamples is due to the change in matrix characteristics - a further
weakening of the matrix or fibre-watrix bond would produce a reduction in fibre stebility and a further
reduction in coupressive strength.

5 TRANSVERSE TENSION

The tensile streas in this case is in the plane of the laminate and perpendicular to the fibres,
Part of a brittle transversae tensile failure which originates at a fibre fault is shown in Fig 28. “he
failure surface is naturally constrained to be roughly planar by the fibtres themselves. However, minor
radials do develop in the surface dus to slight changes in plane as the fracture propagates. The plane
changes are the resull of fibre breakage and the rsdials therefore take the form of broken fibre ends.
For example, in Fig 28, the failure propagating from the fsulty fibre at O causes the rsdials OA, OB,
OC, OD wtc to occur. Similarly oriented radials and rivers develop in the matrix as described in
paragraph 3. In plasticiged composites, identical features arise in transverse tension but are masked
oy the cellular nature of the fractured matrix. Fig 29 amhows a typical failure in the plasticised
compoaite occurring at a pair of misaligned fibres A-A, the stress conceniration due to the misalignment
and associsted resin richnese cauming fsilure to commence in this aresa.

A similar phencmenon has occurred in the failure illustrated in Fig 4 where fracture has commenced
at the resin rich area at the top left hand corner of the picture. At higher magnification, Fig %0 the
various failure surfaces are clearly vismjble, the fairly smooth fibrilar surface at B is that of a fibre
and at C, that of the reein at a fibre-matrix bond failure. Note the non-cellulsr nature of the resin
cloase to the fibre surface at D and the tendency for the epoxy phwse to part from the spheroids of !
plaaticisar as at E. Observe also that the imprints of the spheroids are roughly circular - noticeably .
different from the imprints lefi on a shesr fracture. :

Voids and inclusions such as illustrated in Fig 11 tend to reduce the strength of the failure plane
but since they occur uniformly throughout the coiposite, removal of one such defect from which failure
originated would merely cause fracture to coumence at an adjacent defect at a negligibly higher stress.
However, large voida, Fig 10, large fibres, Fig 25, or a group of badly aligned fibres, Fig 29, may
cause premature failure as already discussed in thias parsgraph.

Reduction of the fibre-matrix bond strength below the atrength of the matrix naturally causes a
corresponding reduction in transverse tensile strength.

6 SHEAR

The various stages of shear failure are illustrated in a brittle composite in Fig 31. Ultimate
fuilurs dus to un ayplied shear stiress normally commences as failure in the matrix perpendicular to the
tensile component of the resolved shear stress, Because of the presence of the relatively stiff fivres,
fracture cannot originate at & point spurce and propsagate as is the came in tension. Inc¢reasing ahear
atress causes some tenasile failures tu occur in the watrix as at A, Fig 31. A further increase in shear
strens does not caume these to propagate out of tha inciplent fracture plane but ingreases the nuzber
of such tensile failures as in plane B. Shear failure finally occurs when theme 45° tenaile failures
turn ovar to form the characteristic 'S' shapes and ultimately coalwsce over the whole plans as at C,
Fig 32 shows a shear failurs in the plsaticised ¢owposite. The characteriatic "cuspa" formed by
ultimate failure along the plane of 45° tensile cracks are seen at D and indicate the relative movement
of the wating surface as arrowed. Again, os was seen in the case of transverss tension, the preference
of the matrix to fail at the interphase boundary rather than at the fibre surface is svidert. Looking
more closely, Fig 33, the imprints of the spheroids in the epoxy layer round the fibre E are not

completely circular, as in tensils fracturss, but sezicircles the right hand semicircle having been

1
E
removed by the relative movement of the two murfaces at failure and in the ssme directions sa shown in %
&
E

I

-

Fig 32. Similarly, as illustrate: in Fig 34, the same relstive movement causes those fibres which cross
the failure plane to break in tension at F and compression at G. Hence the resin cusps, spheroid imprints
and fibre failure modes are all diagnostic of a shear failure and of the directions of applied stress,

Micro=defects such as voids, faulty or mimaligned fibres shown in Figs 35 and 36 do not individually
precipitate fracture, as way be the case in tension, but merve to weaken a given shear plane and make it
more susceptible to overall premsture failure.

Although vukonéng of the fibre-matrix bond will encourage separation of the matrix from fibres in
places before the 45 teusile failurea described earlier, final fracture will still take place as
described and be dictated by the overall strength of that plane, albeit at a reduced stress.

7 GENERAL SIGNIFICANCE OF MICRO-DEFECTS

It has boen shown in the preceding fractographic analyses that micro-defects occur in even the best
CFRP laminates and do affect the failure mechanisms. Nevertheless, it may be concluded from the
description of the occurrence of micro defecta in good quality compomites and their influence on the
fracture processes that, spart from local perturbances which affect only seall coupons, unless all the
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defacts can be removed, their presence may be regarded as a material property. That is to say, for
1 instsnce, that unless &ll fibre faults are eliminated, removal of the cns particular fibre fault from
which a longtitudinal tension failure originates would merely cause failure to commence at an ad jacant
defect at a negligibly higher atress. Howavar, large weak fibres, inclusions or misnalignment may have
more significant locml effects on the transverss tensile and shear strengths.

The strength of the fibre-matrix bond has been shown to affect all four failure modes consideresd.
If quality control were adequate, then the compromise necessary betwean the i.igh shear and compressive
strengtha obtsinable with high bond atrength and the toughness associated with a wealter bond could ba
determined and adhered to. In practice, variations in bond atrength occur all too frequently and
. permeate the whole of the laminate, a weakened bond lowering the transverse tensile, shear and compressive
strengths making the composite more susceptible to delsmination but at the same time increasing its
toughness, particularly when aubjected to impact under tensile streas.

The fibre distribution varies rapidly from place to place within a composite and has Leen shown, for
B instance, to locally increase the brittlansss of a longtitudinal tension failure where the packing is

s high. Similarly, fibre misalignment, voids and inclusions will cause stress concentrations and thus may
locally lower the ultimate strengths in all four modes. Unless such variations could be completely
eliminated, the m~st significant aspact, apart froam the overall effect on composite properties, is the
conssquent increare in variability of small strength test coupona.

Thy aszupe of this paper does not allow & fractographic description of fajlures in multi-directional
laminates but the work has shiown that the significance of the defects discussed in unidirectional
material applies similarly.

Thus, in the case of static failures, the existence of micro-defects in good quality laminates,
whilat causing a general lowering of atrength, may be regarded as a material property and allowed for in
| | design. In full-scale cowposite aerospace structures such defects therefore have little significance.
. Howaver, one exception may be the variation in fibre-matrix bond atrength, but this should ba detected
by testing each batch of prepreg. It should also be stated that improvements such as better general
fibre alignment in the prepreg would provide a wélcowe improvemsnt in compcsite properties.

Copyright (C) Controller HMSO, London, 1983
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FIG 1 FIBRE FLAW { x 8000)

FIG 3 TRANSVERSE TENSILE FAILURE (x 2000)
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FIG 5  FAILURG AT FIBRE-MATRIX INTERFACE (x 750

FIG 2

FIG 6

FIBRE DISTRIBUTION (x 500)




FIG 7  FIBRE MISALIGNMENT AT A PLY BOUNDANY (x 100) FIG B FIBRE MISALIGNMENT WITHIN A TW (x 300)

FIG 9  SMALL VOID (c.'0pm DIAMETER)

FIG 10  LARGE VOID WITH MISALIGNED FIBRES (x 100) FIG 11 PAKTICLE INCLUSION (x 1000)
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" FIG 12  BRITTLE LONGTITUDINAL TENSILE FAILURE (x 50) FIG 13 FIBRE FRACTURE (x 7000¢)

FIG %  FIBRE-FIBRE FRACTURE PROPAGATION (x 3500) FIG 15  RADIAL MATRIX FRACTURE (x 3000)

\ FIG 16  MATRIX RIVERS (x 2000) FIG 17  DAFF PROPAGATION IN A BRITTLE COMPOBITE {x 1200)
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FIG 18  NON.BRITTLE LONGTITUDINAL TENSILE FAILURE (x 300) (x 10000)
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FIG 19  HILL~-VALLEY FORMATION
DUE TO FIBRE FAULT {x 400)
L =
FIG 21  DELAMINATION DUE TO FIG 22  FAILURE INITIATION AT

FIBRE MISALIGNMENT (x 75) MISALIGNED FIBRES (x 250)
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FIG 23

DELAMINATION AT AN INCLUSION (x 100)

FIG 25

FAILURE INITIATION AND

FIBRE MFICROBUCKLING (x 750)

F1a 27

FIG 24  MICRO~-BUCKLING
COMPRESSIVE FAILURE (x 100)

FIG 26 ROTATION OF BUCKLE AXIS
AROUND FAILURE ORIGIN (+ 50)

COMPRESSIVE DELANINATION DUE T MISALIGNED FIBRE (x 50) (x 200)

o

RS, 1 o AR Y T

S el e i e ST

LA G oA o e

3



FIG 28 BRITTLE TRLNSVESSK TENSILE FAILURE (x 50) FIG 29 NON-BRTTTLE TRANSVIRSE
TEXSILE FAILURE (x 507

FIG 31 INITIATION OF BHEAR FAILURE (x 750) (x 2000)
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NDE TECHNIQUES FOR COMPOSITE LAMINATES

George P. Sendeckyj
Aerospace Engineer

Alr Force Wright Aeronautical Laboratories {FIBEC)
Wright-Pattergon AFB, Ohio 45433, USA

01911

SUMMARY

<::> “‘Aibeatructive and nondestructive evaluation (NDE) techniques for documenting defects
and damage in resin-matrix composite materials are described and assessed from the

cahiviewpoint of a researcher studying the damage accumulation process. The results show
that deplying, a destructive evaluation technique, provides the most detailed informa-
tion on the spatial distribution of damage in resin-matrix composite materials. Of the

‘=:NDE techniques, penetrant enhanced stereo x~ray radiography is the best one. Ultra-
sonic, holographic, and edge replication RDE techniquea provide much less information
than x-ray radiography. Acoustic emission, thermographic and stiffness change monitor-
ing provide valuable 1n£orma§§?n on when to conduct more thorough evaluations using one
of the other NDE techniques.

1. INTRODUCTION

Nondestructive evaluation (NDE) technigues have been primarily developed to assess
the quality of materials. Since only the presence of flaws {manufacturing defects and
damage) and not thelr accurate deBcription is# of interest when performing quallty assur-
ance inepections, emphasis was placed on developing NDE methods for rapid evaluation of
the quality of large structural components. This emphasis resulted in the development
of powerful NDE techniques that are in every day use on the production line and in-
service. Unfortunately, these NDE methods do not have the capability to provide the
accurate description of defects and damage that is required by the researcher investi-
gating the Gamage accumulation proc2ss in composite materials.

A number of NDE methods that have been used in studying damage acoumulation in
composite materials are reviewed herein. Emphasis is placed on the ability of the NDE
techniques to provide a detailed and accurate description of the damage. With this
emphasis in mind, the review is organized into four major sections. Uestructive inspec-
tion methods that can gserve aa the standard of comparison for the NDE methods are
discussed in Section 2, Various NDE mathods are described and examples of the type of
damage features that can be documented by their use are given in Section 3. A compari-
son of the NDE techniques, based on thelr ability to serve as a research tool in damage
accumulation studies, is given in Section 4. Finally, recommendations for improving the
‘best’ NDE maethod are made in the last section.

2. DESTRUCTIVE INSPECTION METHODS

The following two distinct destructive inspection methods have been successfully
uged to document the state of damage in composite laminates.

2.1 Sectianing

A fairly »sccurate description of damage in resin-matrix composite laminates can be
obtained by sectioning of properly prepared samples (Refs. 1-2). In this method, the
sample is treated with a penetrant and then sectioned by dry grinding away of material.
For glass-epoxy laminates, any penetrant can be used. For boron-epoxy and graphite-
epoxy composites, a penetrant (such as Zyglo) that can be obmserved under ultraviolet
light has to be used. This technique is tedious to use and requires special care if
damage detalls are to be accurately documented. Tt can find matrix cracks and delamina-
tions, but not fiber fractures.

2.2 Deplying

Deplying (Refs. 3-6) is a recently developed destructive inspection technique for
accurately documenting the state of damage in resin-matrix compomite laminates. It is
relatively easy to use and provides extremely accurate information on matrix cracking,
delaminations, and fiber fractures. The deplying technigue consists of the following
Btepst

(a) The sample to be deplied is first treated with a gold chlouride diethylethex
solution (containing 9.68 gold by weight) for approximately 30 minutes. After the gold
chloride diethylether solution has saturated the sample, the surfaces of the sample are
wiped with acetone moigtened cotton to remove the penetrant from the surface. The
sample is then heated to approaimately 65 C to remove the diethylether before proceeding
with the deplying.

{b) The treated sample is placed into a stainless steel wire mesh holder and the
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holder is inserted into a furnace maintained at 420 to 425 C for 70 to 100 minutes. An

inert gas, such as argon, may be used to purge the furnace (Ref. 6). The resin is
partially pyrolyzed during this heat treatment. Upon completicn of the partial pyroly-
8i8, the holder containing the sample is removed from the furnace and allowed to cool to
= room temperature,

iﬁ {(c) After cooling, the partially pyrolyzed sample is carefully removed from the
o= holder and individual lamina are unstacked. The unstacking is done by applying adhesive
tape to the surface of the top lamina to reinforce it and 1ifting the top lamina from
the sample. The deplied lamina is then attached to a work sheet to ease handling during
examination and photography.

(d) The deplied laminas are examined with a stereo microscope at a magnification
of 8% to 50X. The lamina is illuminated with light from a fluorescent lamp impinged at

Jﬁ% 90 degrees to the fiber direction for examination for fibei fractures. Under this
. illumination, the gold residue on the deplied surface im not visible. A high intensity
di# light source impinging the lamina surface parallel to the fi .ur direction is used to

locate delaminations and matrix cracks. Under this illumination, the gold residue is
l visible and can be distinguished from the fibers and resin residue,
!

gt

ta .

o Fig. 1. Network porocity between adjacent laminas in graphite-epoxy
) laminate (Courtesy of S. M. Freeman).

Typical results obtained by the deplylng method are shown in Figs. 1 to 3. Figure
1 shows a magnified view of network porosity between two adjacent laminas in a graphite-
epoxy laminate. The network porosity has the appearance of interconnected dark bands
running in and perpendicular to the fiber direction. The fibers appear as fine 1ight
[ = lines. Residual resin appears as dark gray regions (see the lower left-hand side of the
figure). Figures 2 and 3 show typical damage in a 24 ply (+45/0/90/+45/0/90/445/0/90)
member of a graphite-epoxy mechanical joint loaded to 87.78 of its ultimate strength.
Figures 2 and 3 show the damage indications on the 10th (-45 degree) and 1llth (0 degree)
lamina from the top surface, respectively. Illumination for observing fiber fractures
and delaminations was used in making the left and right-hand photographs, respectively.
As can be seen from the left-hand views in Figs. 2 and 3, extensive fiber fracturing has
occurred. The fiber Fractures in the 0 degree lamina appear as jagged lines running in 4
the ~45 and 90 degree directions. Similarly, the fiber fractures in the -45 degree
lamina run in the 45 degree direction. This impliee that matrix cracking and delamina-
tion was a factor in causing the compressive failure of the fibers. As can be Been from
the right-hand views in the figures, considerable delamination has occurred between the
45 and =45, and -45 and 0 degree laminas. The delaminations appear as light colored
patterns in the figures. They are bounded by fiber fractures and matrix cracks.

AB can be seen from these examples, deplying provides extremely detailed informa- R
tion on the nature of damage in resin-matrix composite materials. By careful probing
and scanning electron microscope examination of the deplied laminas, detailed documenta- .
tion of the number of broken fibers and the spatial distribution of fiber breaks can be
obtained. This information cannot be easlly obtained by any other method.
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Fig. 2. Deplied ~45 lan‘na in (445/0/90/%45/0/90/+45/0/90)¢ graphite-epoxy
laminate {Courtesy of S. M. Freeman).
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Fig, 3. Deplied 0 lamina in (1A5/0/90/145/0/90/:‘5/0/90)s graphite-epoxy '
laminate (Courtesy of S. M, Freeman).

3. NONDESTRUCTIVE EVALUATION METHODS

A large number of nondestructive avaluation methods have been used to document
manufacturing defects and the damage accumulation process in resin-matrix composite
materials. The methods have different limitations and detail resolution capabilities.
Thev are reviewed herein from the viewpoint of a researcher interested in obtaining
detailed information on the damage accumulation process in resin-matrix composite

naterials.
3.1 Conventional and Stereo X-Ray Radiographby

Conventional and stereo radiography are well established x-ray inspection proce-
dures, described in refexence booke (Refs. 7-9). Since the procedure for making conven- )
tional radiographe is used in making stereo radiographs, it will not he dwelt on sepa- i
rately. The standard stereo radiography procedure consists of waking two x-ray radio-
graphs of an object from Blightly different orientations. This can be done by trans-
lating the x-ray source relative to the object/film combination by moving either the x-
ray source or the £film and object. In either case, the amount of permissible trans-
lation is limited by the characteristics of the cone of x-rays emanating from the x-ray
tube. To overcome this limitation, we have used a different procedure (Ref. 10).
Instead of translating the object/film combination relative to the x-ray source, we
rotate it through a small angle. Thias has the advantage of keeping the object/film
combination centered within the cone of x~raya smanating from the x-ray source. The
fixture that we designed for this purpose is described in Ref. 10.
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The procedure for making radiographs of defects and damage in resin-matrix com-
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posite materials differs from the conventional ones in that an x-~ray opaque penetrant is
used to bring oat details of the damage. The penctrant is necessary to provide suffi-
clent contrast between the damage and the composite so that the damage can be observed.
Various penetrants have been developed and used for this purpose. Tetrabromoethane
(TBE) was the first penetrant to be successfully used (Refs. 11-13). Since it is a
carcinogen, extreme care must be taken when using it. A penetrant that wagz developed to
replace it is diiodobutane (DIB). It is safer to use than TBF, but it is atill danger~
ous because it is an organic halide (Refs. 14-15). The best penetrant is zinc iodide in
an alcohol solution (Refs., 14-15). This penetrant is msafe to use and no special precau-
tions must be taken. The formulation of the zinc iodide solution is:

Zinc iodide (ZnIy) - 60 grams

Water {H,0} - 10 milliliters

Isopropyl alcohol (CH3CHOHCH3) - 10 milliliters

Kodak “Photo Flo 600" (as a wetting agent) - 1 mitliliter.

The selected penetrant is applied t~ the surfaces of the specimen for a pufficiently
long time (approximately 30 minutes) for it to penetrate into all of the damage., After
it has completely saturated the specimen, excess penetrant ls removed from the surfaces
with absorbent towels. The Bpecimen is then placed on a sheet of x-ray film (making
sure that it is intimate contact with the film) and the specimen/film combination is
positioned under the x-ray source. The film is exposed with the specimen in one posi-
tion relative to the x-ray source. The film iB romoved. A new sheet of film is uBed to
make another exposure with the specimen/film combination rotated through a small angle
(approximately 15 degrees) relative to the x-ray source,

vVarious x-ray films can be used. Our experience has been that a high resolution,
single-coat x-ray film Jike Kodak Type R single-coat industrial x-ray film gives best
results. Double~coat filme that require shorter exposure times are not satisfactory
because the x-ray images on the two emulsions are ulightly displaced, resulting in a
double image on the film. This leads to luss of resolution in the stereo image con-
structed from the stereo palrs,

Similarly various x-ray units can be used, but x~ray units emitting soft x-rays
give the best results. The recommended unit is one that has a small focal spot and can
Le operated at voltages between 15 and 25 kV and high currents. The low opurating
voltage produces soft x-rayes that provide resolution of structural detmils in the lami-
nate, such as porosity and fiber spacing irreqularities. This increases the amount of
information contained in the x-~ray negatives.

The optimum exposure times are those that glve a negative from which high magnifi-
cation prints can be made. These are shorter than the exposure times used in making
normal x-ray negatives intended for dir:~t viewing. Once the sterec x-ray negatives are
made, high magnification prints are » de and these are viewed using one of several
possible viewing arrangements (Hef. 10}

A typical sequence of penetrant enhanced stereo x-xay photographs of fatigue load-
ing induced damage in a 25.4 mm wide (0/:45/90)52 graphite~epoxy specimen containing a
4.75 mm diameter hole is shown in Figs. 4 through 12. “The apecimen was alternately
subjected to cyclic loading and NDE. The loading coneisted of an initial static tensile
loading to 13.3 kN followed by successive blocks of conatant amplitude fatigue loading
at 5 lz using a sinuscidal waveform. The waximum and minimum cyclic loads were 13.3 and
1.33 kN, respectively.

The figures show artifacts that can be interpreted as damage. The interpretation
of these artifacts as particular types of damage requires understanding how the pane-
trant affects the x-ray beam and how it enters the damaged specimen. The penetrant
absorbs x-rays preventing them from reaching and exposing the film. Thus, regions
containing penetrant appear darker in the photographs than regions containing no pene-
trant. Reglons containing no penetrant have a uniform grayness level that dopends on
the x-ray absorptioun characteristivs oi the cumpusite specluen beliny wxaninesd  The hole
appears as a clear white region in the photographs since all x~rays resch che £ilm. The
regions containing penetrant range from the background gray to black depending on the
amount of penetrant present.

The penetrant can enter the damaged gpecimen by being absorbed Into the resin and
by capillary action (penetratiocn) into the regions of damage. The absorbed penetrant,
entering the matrix by diffusion, causes a slight change in the background deneity of
the image. The penetrant entering the specimen by capillary action causes large changes
in grayness of the negative. The change in density of the negative depends on the
amount of penetrant inside the damaged regions, which in turn depends on the "thickness"
of the damage. The thicker the damage, the darker it appears in the photographs. With
chese preliminaries out of the way, the artifacts {n the figures can be interpreted.
Matrix cracks are narrow and long in the plane of the mpecimen and relatively thick in
the depthwise direction. Their thickness corresponds to the thickness of the lamina.
Hence, if penetrant gets into the matrix cracks, they app2ar am long narrow dark lines
in the photographa. As can be meen from Fig. 4, matrix cracks running in all four
reinforcement directions have been induced during the machining of the hole. Similarly,
fiber fractures appear as jagged short lines.




" om

i

-,

. ok e e e AN B4 e 7 e e i o

Fig. 4. Penetrant enhanced stervo x-ray radiographs of specimen,
showing initial machining damage.

The interpretation of artifacts corresponding to delaminations is somewhat more
difficult. The delaminations are only slightly open when the specimen is unloaded. The
= magnitude of the opening or thickness of the delaminationw varies from almost impercep-

tible at the maximum extent of the delamination to relatively large ingside and at the
free edges. The thickness of the penetrant inside the delaminations might be expected
to correspond to the thickness of the delamination. While this i® true at the edges of
the delamination, the Bituation in the interior is dlfferent. The cepillary forces
acting on the penetrant are not high enough to retain the penetrant inside the delamina-
tion when the delamination thickness is large., As & result, the penetrant escapes from
the regions of large Jdelamination opening. The boundary between the region in the
delamination containing penetrant and no penetrant corresponds to the meniwcus formed by
the penetrant. Thua, delaminations appear in the photographs as broad bands of con-
tinuously varying grayness surrounding lighter gray regions. The interior regions of
the delaminations may he lighter in celor than the background.

consigting of matrix cracks, fiber bundle fractures, and delaminations. The matrix
cracks emanate from the hole and run in the directions of the reinforcing fibers. While
most of the cracks run in the 0 and -45 degrees directions,
present in the 45 and 90 degree lamina. In particular, the group of short 50 degree
matrix cracks naar ihe lower right edge of the hole terminate in a jagged line that

i
%
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Ag can be seen from Fig. 4, the hole drilling process has caused extensive damage
some matrix cracks are
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Fig. 5. Penetrant enhanced stereo x-ray radiograph of specimen after
application of 13,3 kN tensile load.

Fig. 6. Penetrant enhanced xtersmc x-ray raJiograph of specimen after
50000 cycles of fatigue loading.

corresponds to fiber bundle fractures. The depth locatlion of thege matrix cracks can be
determined from either the etereo image of the damage or the telative location of the
matrix crack indications in the different views. If the stereo image is used, the depth
perception of the damage detalls depends on how the different views are merged to form
_ the stereo image, If the views are merged with the aid of an optical device like the
stereoscope, the left eye sees the left view and the right eye sees the right one. This
type of image merging is referred to as conventional stereo viewing, 1f the stereo
pairs are viewed without optical aide, the depth perception depends on whether the
stereo pairs are merged conventionally or cross~eyed. In cross-eyed viewing, the lett
eye sees the right image and the right eye sees the left one. As a resuit, the depth
perception is reversed from that in conventional merging.

When the relative location of the crack indications in the different views is used
to determine the depth of the cracks, the matrix cracks in the bottom surface 0 degree
lamina (the lamina adjacent to the £ilm pack during the x-raying process) have essen-
tially zero relative displacement in the two views. The matrix cracks in the other
laminas are displaced to the left in the right-hand view relative to their location in
the left-hand view. The magnitude of the relative disnlacement indicates the depth
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Fig. 7. Penctrant enhanced stereo x-ray radiograph of specimen after

100000 cycles of fatigue loading.

Fig. 8. Penetrant enhanced stereo x-ray radiograph of specimen after

150000 cycles of fatigue loading.

location of the matrix cracks. The matrix cracka with the largest relative displacement
in the views are nearest to the top Burface of the specimen, while those with an inter-
medjate relative displacement are in the subsurface laminas.

The delaminations around the hole occur at different depths, Thie can be inferred
from the delamination boundaries inside and crossing other delamination boundaries.
Seme information on the depth location of the delamination can be inferred from the
matrix cracks inside and at the delamination boundaries without stereo reconstruction of
the stereo palr photographs. The depth location of the delaminations can be determined
positively from the stereo paiis. Thus, the delamination indicated by the letter A in
Fig. 4 i@ between the bottom 0 degree lamina and the adjacent -45 degree lamina. Simi-
larly, the delamination indicated by the letter B is between the ~45 and 45 degree
laminas closest to the bottom surface of the specimen, Based on these coneiderations,
the initial machining damage consists of

(a) An extensive pattern of delaminationes near the back surface of the specimen.
The delaminations occur between various laminas. They may be due to the uge of an
improper feed rate during the drilling process.
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Fig. 9. Penetrant enhanced stereo x-ray radiograph of specimen
after 200000 cycles of fatigue loading.

Fig. 10, Penetrant enhanced utereo x-ray radlograph of specimen
‘after 250000 cycles of fatigue loading,

(b} Friber bundle fractures in the 90 degree laminas nearest to the bottom surface
of the specimen have been caused by the drilling process. These can be seen near the
lower right edge of the hole.

(c) Extensive matrix cracking in the laminas near the bottom

specimen is present. Again, this matrix cracking has been caused by
process.

e cg of the

rfm
the drilling

A can be seen from Fig. 5, the static load has caused extensive matrix craking in
the 90 and 45 degree laminas. Most of the matrix cracks in the 90 degree laminas have
originated at the hole and propagated towards the edges of the epecimen. This can be
inferred from the horizontal dark lines emanating from the hole that do aot reach the
edges of the specimen. There are also some 90 degree cracks that started at the aspeci-
men edges and termipated in the interior of the specimen. A number of these cracks can
be seen to the left of the hole. F¥Finally, a 90 degree matrix crack that does not
terminate at the hole or the edge of the specimen can be Been above and to the right of
the hole. The matrix cracks in the 45 deqree laminas are asasociated with those in the
90 degree laminas. Most of these matrix cracks are very short and seem to have been
caused by the 90 degree matrix cracks. With the exception of a 0 degree matrix crack at
the left edge of the hole, the matrix cracks in the 0 and -45 degree laminas that were
originally present did not grow. The same {s true for the delaminations.
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Fig. 11, Pcnetrant enhanced sBtereo x-ray radiograph of specimen
afte 350000 cycles of fatigue loading.

Fig. 12. Penetrant enhanced xtereo x-ray radiograph of specimen
after 500000 cycles of fatigue loading.

A8 can be seen from Fig. 6, application of 50,000 cycles of fatigue loading has
caused extensive damage growth. The specimen 18 criss-crossed Ly a pattern of matrix
cracks in the 90, -45, and 45 degree laminas. Matrix cracks in the 0 degree laminas and
delaminatione near the hole have extended. The matrixz cracks occur in all of the
laminas. Note that the damage artifacts are wiaswhed out in the lower portion of the
tigure. This is due to improper preparation of the specimen for radiography.

As can be meen from Figs. 7 through 12, the additional cycllc loading causes little
change in the extent of the matrix cracking. It causes the delaminations to grow and
become progressively more severe. Alwo, the extent of the matrix cracking in the 0
degree laminas increases, Fiber bundle fractures start occurring. Some of them can be
seen in the 45 degree laminas in Pig. 12, Note that the specimen is not even close to
failure at 500,00 cycles of fatigue loading.

Finally, Fig., 13 shows a conventional penetrant enhanced x-ray photograph of the
specimen that was deplied to make Figs. 2 and 3. As can be seen from this figure, the
specimen contains extensive matrix cracking, delaminations, and fiber bundle fractures.
By comparing Pig. 13 with Figs. 2 and 3, we can see how to interpret the damagye indica-
tions in th: x-ray photograph. Thus, jagged lines in x-ray photographs correspond to
fiber fractu.es.
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Fig, 13. Penetrant enhanced x-ray radiograph of damage in
(£45/0/90/%45/0/90/+45/0/90) o graphite-epoxy
laminate (Courtesy of S. M. Freeman}.

3.2 Holographic Intexferometry and Laser Speckle Photogriphy

Holographic interferometry (Refs., 16-24) and laser speckle photography (Refs. 25-
29) are two complewsntary techniques that can be used as NDE tools for conventional and
resin-matrix composite materials. In both techniques, the object being irspected for
defects or damage 1is illumincted with laser {coherent and monochromatic) light. When
viewed under laser light, the object appears grainy or speckled. The speckle is due to
random interference within the resolution limit of the eye or photographic system used
to record an image of the object.

Holographic interferometry involvesm making a hologram (a holographic recording) of
the object being inspected. Since references 16-17 contain an excellent description of
how holograme are made, this topic will not be treated here. It suffices to aay that
holography is a technigue by which the image of a three dimensional object can be stored
and retrieved from a two dimensional photographic emulsion, A standard off-axis holo-
graphic setup is shown in Fig. l4. It coneists of a laser, a beam splitter to split the
lager light into reference and object beams, mirrors to reflect the laser beams, beam
expanders to broaden the brame, object being recorder, a photographic plate to record
the image of the objeckt, and an optional optical imaging lens. The imaging lens is not
used when making conventional holograms and is only required if the user wants an "image
plane hologram®,

The hologram is such an accurate recording that if two e lures are made on one
emulsion witi a slight distortion applied to the body being reuw ,.2d between the expo-
surcs, the reconstructed light waves enamating from each of the recorded states inter-
fere and profdr-ce a beat frequency pattern called interferometric fringes. These fringes
are like lines of elevation on a contour map in that each fringe represents the locus of
points on the surface of the object that have been displaced in the normal direction by
a multiple of one-half the wavelength of the light used to record the hologram. For a
Helium Neon laser, this amounts to about 06.32 um per fringe. For NDE purposes one is
interested in finding anomaliea (or abrupt changes} in the fringe pattern and not in
actually meaguring the precise displacements everywhere on the object., If the specimen
being examined is free from defects or damage, the fringe pattern will be smooth with
uniform variations. This is illustrated in Fig. 15, which shows the fringe pattern
cauged by an axial compressive load on a fiberglass cylinder with a rectangular cutout.
The fringe pattern is smooth with uniform variations everywhere, except in the region to
tne left of the cutout. In this region; the frings pattern exhibits snomalies caused by
surface cracks induced during fabrication. The anomalies are of two types, namely,
cusps in the fringes and leck of uniformity in the variation of the spacing between the
fringes. The former type of anomaly occurs just above the lower left-hand corner and
approximately two—thirds of the way up the left-hand side of the cutout, while the
latter type occurs near the upper left-hand corner of the cutout.

A number of methods, each of which may produce the best fringe pattern for detect-
ing a given defect in a given material, are available for inducing a change in the
surface of the specimen between exposures. Depending upon the specimen being examined,
these include mechanical, thermal, and acoustic loading. It is difficult to give a
specific set of guidelines as to which technique will work best for a given specimen.
However, some general guidelines are possible. One must always keep in mind that the
qoal of the loading is to produce a localized displacement normal to the surface being
inspected. Thus, the thermomechanical properties of the specimen and the type and
location of the defect being sought must be considered in choosing the loading tech-
nigue, For example, a small crack in a metallic sheet is very difficult to find except
by stretching or bending the sheet and looking for differences in diasplacement across
the crack faces, Thermal loading would produce pract!cally no displacement anomaly
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Fig. 15, Axial compressive loading induced holographic fringe pattern

showing anomalies caused by manufacturing ‘nduced surface
cracka in a fiberglaas cylinder with a rectangular cutout.

since heat flows easily around the crack. In the case of honeycomb sandwich struc’ares
which are perhaps the easiest to inspect, thermal stressing works well since the cell

walls :esBtrain the gurface except where debonds occur allowing relatively large local-
ized displacements of the face sheet to occur.

ikl ki vl

Just as there are many possible methods for loading the specimen, the interfer-
ometric fringe patterns can be observed and recorded in a number of ways. In addition
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to the double cxposure technique mentioned above, resl time holeugraphy can be used. 1In
real time holography, a single exposure hologram of the specimen beino examined is first
made. After developing and drying the emulsion, the hologram is replaced in exactly the
same position that it occupied during the exposure. Xf the hologram and specimen being
examined are simultaneously illuminated with coherent light and viewed through the
hologram, one seed the actual and reconstructed surface of the specimen exactly superim-
posed. If the specimen is loaded to disturb its surface, a fringe pattern ie obscrved
as in the case of the double exposure technigque. This fringe pattern can be recorded by
photographing the specimen through the hologram. If the loading on the specimen is
changed, the fringe pattern moves and, hence, this technique can be used to examine the
transient behavior of the surface of the specimen. Real time holography is often used
in conjunction with thermal loading. In this case a single exposure hologram of the
unheated specimen is made, developed and properly repositioned. Then, the specimen is
heated and viewed through the hologram. By heating to different temperatures, any
desired fringe pattern can be recorded.

As can be seen from Fig. 15, the holographic interferogram has a speckled appear-
ance. This speckle noise can be eliminated Ly uming image-plane holography. In image-
plane holography, a standard camera lens is placed between the specimen and film plane
as shown ih Fig. 14 (Ref. 24). This arrangement produces a hologram from which the
image of the specimen can be reconstructed using noncoherent white light. The resulting
image is of higher quaiity than the laser reconstructed image since it does not contain
the speckle noise that results from coherent light reconstruction.

A typical sequence of interferograms made from image-plane holograms of the speci-
men used in the stereo x--ray photographs in Figs. 4 through 12 is shown in Figs. 16 and
17. Figures 16 and 17 show front and back surface interferograms of the Bpecimen,
respectively, A8 can be seen from views a in Figs, 16 and 17, the specimen contains
fabrication induced damage. The damage consiet3 of a large delamination region near the
back surface of the opecimen {anomalous friages in the vicinity of the hole in Fig., l6a)
and a small delamination near the front surface {fringe anomalies near the hole in Fig.
17a). No evidence of matrix cracking car be seen. Thus, the interferograms do not
grovide the datalled information that can by obtained by using radiography (see Fig.

).

Fig, 16. Front surface interferograms for specimen showing damage
present {a) initially, (b) after static load of 13.3 kN, .
(c) after 50000 cycles, and (d) after 100000 cycles.
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Fig. 17. Back surfua.e irterferograms for specimen showing damage
present (a) initially, (b) after static load of 13,3 kN,
(e} after 50000 uycles, and (d) 100000 cyclea.

The damage resulting from the static tensile load is shown in views b of Pigs. 16
and 17. As can be Been from a comparison of veiws a and b in Figs. 16 and 17, the
delaminations have not grown as a result of the tensile load. The damage resulting from
50000 cycles of constant load amplitude fatique loading is shown in views ¢ of the
figures. As can be seen from these views, the delaminations grew considerably as a
result of the cyclic loading. The delamination indications in Figs. 16c and l7c are
distinctly different in appearance from each other. This implies that different delami-
nations are actually seen in the front and back surface intecferograms. The vertical
cusps in the anomalous fringes near the hole Buggest the presence of surface lamina
matrix cracks. This is confirmed in Fig. 6, which is the corresponding penetrant
enhanced stereo x-ray view of the damage. The damage resulting from 100000 cycles of
constant load amplitude fatigue loading is showh in views d of Figs. 16 and 17. As can
be seen by comparing views c¢ and d in these figures, the delaminations have as a result
of the additional fatigue loading. The delaminations have also caused matrix cracke in
the 0 degree laminas (vertical lines in Fig. 17d) away from the hole.

Even though image-plane holography was used to eliminate the speckle nolse from the
interferograms shown in Figs. 16 and 17, the speckle noise contains information about
the in-plane displacements of the body (Refs. 25~29). Thus, the speckle noise can be
used to obtain the in-plane displacement and strain fields of the surface of the body.
This is done by a process called laser speckle photography to make a specklegram. The
specklegram can be made using one of the following techniques:

{(a) Make a double exposure photograph of the specimen illuminated by laser light.
The specimen is loaded between exposures to produce an in-plane distortion of the
surface. The holography setup shown in Fig. 14 can be used to do this by eliminating
the reference beam and employing the optical lens (Ref. 235).

(b} Make a double . xpogure image-plane hologram using a reference beam with lower
intensity than the object beam. The image may be reconstructed using a laser or white
light reference beam (image-plane holography) or the image —an be treated as a conven-
tional specklegram (Ref, 26-27).
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(c) Make a conventional double expoaure hologram of the specimen. Reconstruct the
image of the specimen using laser light and photograph this image. The resulting
photograph is a specklegram (Ref. 28),

The in-plane displacements are obtained from the specklegram by directing a narrow
collimated laser beam (monochromatic and coherent) through the specklegram. When this
is done, diffraction wodifies the emerging light rays into a cone. This cone or halo is
the result of diffraction from the random distribution of speckles. Since the speckles
are recorded in palre, a parallel fringe pattern (Young's fringes) alsoc occurs in the
halo, The Young's fringes are perpendicular to the displacement vector and their spac-
ing is inversely proportional to the magnitude of the displacement. This provides the
average displacement in an area the size of the beam diameter. By interrogating differ-
ent portions of the specklegram, the complete in-plane displacement field can be mapped.
Since this is tedious, automated methods have been developed for extracting the dis-
placement information from specklegrams (Ref. 29), Thias technique can be used to non-
destructively map the in-plane displacement field of a loaded specimen containing inter-
nal defects and damage, thereby providing information on the location of the defects.
Moreover, it can be used to perform experimental strain analysis.

3.3 lltrasonic Techniques

The parameters defining an ultrasonic {(high frequency sound) beam are affected by
the acoustic properties of the medium that the beam passes through. Any variation of
the acoustic properties of the medium can produce, single or in combination, a change in
the velocity, phase, attenuation (transmissicn amplitude), reflaction amplitude, refrac-
tion angle and diffraction of the beam. These changes form the bamsis of various ultra-
sonic KRDE techniques (Ref. 30). Only the ultrasonic through-transmission and pulse-echo
NDE tecniques are be discussed herein.

The parameters that affect ultrasound propagation in composite materiale include,
but are not limited to, the following. First and foremost are the stiffness properties
and density of the material, which determine the directions and energy partitioning of
the ultrasonic beam within the material. 1In fact it is posaible to analytically predict
what fraction of the energy ls partitionaed into each refracted wave type by using
classical equations developed for wave proupayation in single crystals (Ref. 31~32),
Second, the microstructure features (fibexr volume fraction, porosity, matrix cracking
and delaninations, ply orientation, etc.) affect the ultrasonic wave propagation charac~
teristicas., For example, the change in stiffness with ply orientation resulte in the
reflection and refraction of ultrasound at each ply interface. Finally, such factors as
the condition of the surface, the fraquuncy and type of incident acoustic wave affect
the propagation of ultrasound in the composite material.

Classical ultrasonic inspection of homogeneous isotropic materials is a process
that requires care and precision if errors in the assussment of the ultrasonic data are
to be avoided. The aforementioned complexities can further complicate the mituation,
but accurate estimates of composite microstructure can be obtained with sufficient care.
In fact many of the effects that would at first meem to complicate the inspection
procees can be used to extract valuable information about the microstructure &8 will be
shown later.

There arr twn methods ,through-transmission and pulse-echo, for obtaining ultra-
sound propagation data from composite materials and structures. In the through-trans-
mission method, an ultrasonjc transducer on one side of the material emits an acoutic
pulse which travels through the material and is received by a second transducer located
on the other side of the specimen, It i& common pructice for the two tranasducers to be
coaxially aligned Bo that their common axie iB perpendicular to the surface of the
specimen. With thils arrangement, the amount of energy that is transmitted thxough the
material can be easily moniteored as a func¢tion of position. Regions of greatar than
average attenvation of the ultrasound pulse indicate the presence of microstructural
features that enhance the scattering of acoustic energy. These featureg can be detected
and mapped. It has been shown that the amount of porosity, moisture, and other distrib-
uted properties of the specimen can be easily detected. The quality of the specimen can
be inferred using the through~transmission method provided the effect of all pertinent
parameters can be properly taken into account (Refs.33-34), Unfortunately, this method
is not sensitive to the presence of aubtle flaws such as the presence of pcel plies an
does not provide any information on the depth of the defects that are detected.

In the through-transmigsion ultrasconic NUE method, ultrasound is passed through the
specimen and the attenuation is monitored. The attenuation results from three sources,
namely, viscoelastic effects in the resin matrix, geometric disperasion due to the heter-
ogeneity of the composite laminate, and geometric digpersion due to internal damage such
ag delaminations and matrix cracks. By proper selection of the sound wave frequency,
the attenuation due to delaminations and cracks can be maximized, while that due to
material heterogeniety and viscoelactic effects minimized. The damage 18 recorded on a
C~gcan. The C-scan is a series of equally spaced traverses of the ultrasonic trans-
ducers across the specimen. With the ultrisonic instrument set to produce a dark print
on the recorder paper only when sound passes freely through the specimen, attenuation
due to damage causes a white region within the normally dark image of the specimen on
the recording. The result is a full-scan plan-view recording of the spacimen showing
the planar extent of the internal Jdamage. No information on the through-the-thickness
distribution of the damage is obtained.
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Fig, 18. Sequence of C-scan records showing fatigue induced delamination growth
in [(0/145/90)512 graphite-epoxy specimen with circular hole.

The specimen is immarsed in water to provide a uniform coupling medlum to transmit
the sound waves between the transducers and the speclmen. If the damage reglons extent
to the epecimen boundaries, water can easily penetrate into the damage regions. &ince
the attenuation of sound travelling through an interface between two materials vacries ac
the ratio of the acoustic impedances of the materials and the water/composite impedance
ratio 18 much smaller than the air/composite ratio, water in the damage regions is
detrimental to ultrasonic detection of damage. Hance, special procautions are required.
Normally, the speciman edges are sealed with adhesive tape to inhibit entiry of water
into the damage reglons. bEven with this prcaution, water can penetrate into the damage
if it is severe anough. If this occurs, the C-scana give distorted indications of the
damage in that the C-#cans show smaller damage regions than are actually present. In
fact, the damage zones can be seen to decrease in size as successive C~acans are made.
An example of this phenomenon is shown in Fig. 18, which shows s sequence of C-scans of
a 2.54 cm wide [(0);45/90)5] graphite-epoxy @pecimen with a 0.475 c¢m diameter hole
(Ref. 24). As can be scen ?rom the figure, the C-scan after 50337 cycles shows a
emaller damage region than the C-scan after 46087 cycles.

In the pulse-echo ultrasnic NDE method, a single transducer both sends and receives
the acoustic pule from one side of the specimen after being reflected from the opposite
face. Since the full dynamic range of the receiver is avallable to amplity any back-~
scattered acoustic energy, this technigue can be made quite sensitive to subtle defects,
such as a peel ply. 1In addition the reflections from the front and back surfaces
provide natural time markers that can be used to determine the depth location of the
scatterer, The principle disadvantages of the method are that a flaw which is just
below the front or juat above the back surface can be easily masked by the reflections
from the front and back surfaces. This means that flawe near the spacimsn surfaces can
be easily missed. Moreover, it is necessary to record the returnad echo trace and to
section 1t at various periods of time representing various depths in the material at
each point in the scan of the epecimen in order to have an unambiqguous presentation of
the internal flaws, This im partiocularly important in situations where mevoral small
delaminations or voids on different levels can appear as one largoe one. This type of
inepection is usually performed either in a wataer bath or by using columns of water
sprayed onto the surface of the specimen. The water serves both as a couplant and delay
line for the ultrasonic signals. Information is generally presented in a C-scan format
in which the signal levels at each point and time or depth is printed or diplayed as the
transducer is traversed across the specimen. Various attempts have been made to corre~
late the asignal levels with specific internal flaws, but unambiguous cozrlations have
not been possible because of the large number of variable that affect the signal and
over which the inspector has little or no control (Ref. 34),

When pulses of very short duration (shock waves) are used, considerably more infor-
mation can be recorded.,. The reflected pulses can be recorded on a CRT to give an A-
scan. By comparing the reflected pulues from a reglon containing damage to those from
an undamaged region, information on the depth location of the damage can be obtained.
By traversing the transducer across the specimen and proper setting of the instrument, a
B-scan can be made. The B-scan is a record of the depth location of damage on a line
across the specimen., By combining a series of B-gcans, a complete picture of the damage
can be obtained. An example of a B #can is whown in Pig. 19, which shows the damage in
a quasi-isotropic graphite-epoxy specimen after 500000 cycles of fully reversed fatigue
loading. The upper view in the fiqure igs a conventional C-sgcan of the damage. The
lower views are B-scans showing the dapth distribution of the damage indications un the
threa numbered cuts through the damage shown on the C~zcan. As can be seen from this
example, the pulee-echo ultrasonic NDE technique provides much more information than the
through-transmission technique. Even so, no information on multiple delawminations and
tcansverse matriu cracking is provided.
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Fig. 19. C- and B-scans of 32-ply quasi-isotropic araphite-epoxy specimen
with circular hole after 500000 cycles of fully revecrsed loading
(Ref. 35).

Until recently, it was only possible to unambiyuously detect and image delamina-
tions. However, it has been demonstrated recently that it is possible to use an of f-
axie incidence pulse~echo technique to detect and image matrlix cracks (Refs. 36-37).
The technique, described in Refs., 36 and 37, can image matrix cracks in a single ply.
It hasthe disadvantage that each ply must be scanned at a specific angle of incidence.

3.4 Thermography

Since defects and damage can perturb heat flow in a resin-matrix composite mate-
rial, mapping of isotherms (contours of equal temparature) on the surface of the mate-~
rial can be uwed as a NDE method for locating flawe and damage., In conventional thermo-
graphy (isotherm mapping), heat flow is set-up in tle material and the isotherms are
mapped. Thid can be done by using photochromatic coatings that change color with
temperature or infrared photography. Since the defects affect the heat flow, anoxalies
in the isotherms occur. These anomalies can be used to locate defects.

An alternate technique that hams gained acceptance is called vibrothermography
(Refs., 38-39)., It consiets of monitoring the isotherms generated by hystheresis heating
of the specimen during cyclic loading, The isotherm pattern depends on the internal
damage and, hence, it provides information that can be used to infer the location of the
damage. Morcover, the isothurms provide information on the temperature of the specimen,
which is required for proper modeling of the fatigue failure process. Since Ref., 38
presents an excellent discusaion of vibrothermcgraphy and various examples, I will not
go into details herein,

3.5 [Edge Replication

Edge replication has been proposed recently as an accurate technique for docu-
wmenting the state of damage in narrow resin-matirix composite specimens (Refs. €0-41),.
It is a direct application to composite materials of the replication technique used in
microscopy for duplicating small surface areas that are not suitable for direct observa-
tion.

The adge replica is made by softening one face of a strip of cellulose acetate vape
with acetone and pressing the tape against the sdge of the specimen, After the softenad
tape hardens, it jis carefully removed and mounted for ease of handling. The edge
replica can be examined in a microszcope or used as a negative to maks snlarged photo-

graphs, Normally the specimen, the edge of which is being replicated, is loaded to a
low load to open up all the edge cracks.
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Fig. 20, Edge replica of (0/902)5 graphlte-epoxy specimen after 50000 cycles
at 70% of static fallure load.

As an example, Fig. 20 shows an edge replica of a (0/90/90)¢ graphite-epoxy epeci-
men after 50000 cycles at 70% of the static failure load (Ref. 42?. As can be seen from
the figure, matrix cracks in the 90 deqree laminas are easily documented by this tech-
nigue. Aluwo, there ic evidence of edge delamination. Note that edge replication pro-
vides no information on whether the matrix cracks run all the way across the width of

the specimen, Thus, the edge replication technique is of dubious value as a research
tool.

3.6 gstiffness Change Mondforing

The stiffness of a test specimen depands on ite geometry and internal state of
damage. AB damage accumulates, the stiffness changes. Hence, stiffness change moni-
toring can be used as a NDE tool to monitor the development of damage (Refs. 43-44). It
provides a measure and not a detailed description of the damage. Since modern fatigue
test equipment has built~in displacement transducers, the stiffness change can be con-
tinuousgly monitored during fatigue testing. Moreover, the equipment can be set to
automatically stop the test when a desired stiffness change occurs. The specimen can
then be subjected to complete NDE to document the actual state of damage.

3.7 Asoustic kmission Menitoring

When a material ls subjected to external loading, elastic strese waves are gener-
ated as a result of microcrack development., These stress waves (known as acoustic
emission) propagate through the body and can be detected with the aid of piezoelectric
transducers or similar devices. Acoustic emismsion (AE) in composite materials can have
namy cauuc due Lo the varivus modes of tuiiuiue (Liber fracture, matrix cracking and
delamination) that can occur. Various attempts have heen wmade to use the acoustic
emiseion as a NDE tool for documenting damage in composite materiale (Refs. 42-46).
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Fig. 21. Schematic representation of an AE pignal.

A schematic representation of an AE signal is shown in Fig, 21. The AE signal can
be characterized in many different ways, The simplest characterization scheme is to
count the number of times that a threshold amplitude value, shown as a dotted line in
the figure, is exceeded by the eigrial, Thus, this particular signal gives two AE counts
(number of times the threshold is exceeded). By summing the number of AE counts as the
gpecimen is loaded, a curve of AE counts vs. load level can be generated. By using
different threshold levels, different curves can be obtained. The nature of these
curves can be used to discriminate between the failure events producing the AE, Thig
scheme i8 the first one applied to AE wonitoring of damage accunulation in composite
materials (Refs. 45~46). S5Since major matrix damage events can produce AE signals con-
taining more AE counts than fiber fract: e events, it ims questionable whether this
particular scheme is actually practical.  : .reover, reflections of the streas waves from
boundaries can further cloud the issue. NKote that a sudden reduction in AE output has
been obmerved to ccur prior to tensile fracture (Refs. 49, 3).
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The energy content of an AE burst can be easily computed by electronically squaring
the AE output and summing over the duration of the burst. Equipment for doing this has
been developed and used for damage monitoring (Ref. 45). This AE signal processing
schenme suffers from the same drawbacks as the standard AE counting scheme.

To overcome the difficulties inherent in the two previously mentioned schemes,
sophisticated frequency analysis schemes have been developed and employed. In these, a
fast Fourier transform of the AE burst is performed and the frequency content of the AE
signal ig used to discriminate between the failure events causing the AE signal., For
example, Lloyd-Graham (Ref. 45, p. 107) found that the ratio of the amplitude at 56 kHz
to the amplitude at 556 KkHz can be used to discriminate the causes of the AE signal, A
curve of this ratio ve. time for a delamination is different from that for filL.orx
fracture.

Since the carly days, AE monitoring systams using multiple traneducers have been
developed that can be used to locate the AE aource provided that the effect of internal
damage on wave propagation in the solid is modeled properly. Since the wave propagation
speed in the solid is constant, the arrival times of the AE at the tranmsducers provide a
measure of the location of the AE source. By setting the instrumentation to reject AE
signale with arrival times at the transducers that are longer than the travel time
Letween the transducers, extreneous AE signals can be eliminated. Moreover, the loca-
tion of the AL source can be determined.

Since AE can be monitored continuously during a fatigue test, AE monitoring can be
used to determine when significant damage has occurred. Thus, AE monitoring can be usmed
to determine when to interrupt a fatigue test for damage documentation using one of the
other NDE techniques,

4. COMPARISON Q) NDL IECHNIQUES

The exanples presented in Section 3 were specifically selected to permit direct
comparison of the varlous NDE techniques and to illustrate thelr strengths and weak-
nesses. By examining the different figures, it i& obvious that the deplying technique
provides the mowt detailed information on the spatial distribution of dawmage in resin-
matrix composite materials. Since the gold chloride macrker on the delaminations can
obscure matrix cracks assocciated with the delaminations, this axcellent damage documen-
tation method must be supplemented by x-ray radiography if the damage documentation is
to ba complete,

Qf the NDE methods, penetrant enhanced sterao x~ray radiography provides the most
detailed information on the spatial distribution of damage. It can easily be used to
locate matrix cracks, delaminations, and fiber bundle fractures. If stacked mnltiple
delaminations occur, it is not poswible to accurately document all of the delaminations
because the penetrant in some of the delaminations may obscure other delawminations.
Also, it ig difficult to distinguish fiber fractures frow adjacent matrix cracka. Fi-
nally, it is difficult to obtain prints of stereo radiographs that will reproduce
adequately by normal report printing methods, thereby making dessimination of results
difficult.

By comparigon to deplying and penetrant enhanced stereo x-ray radiography, the
ultrasonic NDE methods provide poor results. The conventional ultrasenic NDE methods
can only find delaminations. If the delaminations are stacked, then iL is questioncble
whether adjacent delaminations can be resolved.

Holographic intecrferometry and speckle photograplhy can datect the presence of
surface matrix crackes and subsurface delaminations. Only qualitative information about
the delaminations can be obtained, Thus, these mathods should not be used ior damage
documentation in damage accumulation studies.

Thermography cannot distinguish damage details unluss they occur on the surface.
It can be used to determine the temperature distribution on the surface of the specimen.
By monitoring the temperature as a function of fatigue loading, inferences can be made
uboutithe occurrance of significant damage. Thus, it 18 a useful supplementary NDE
teckniqgue.

Edge replication provideu extremely accurate information on matrix cracking and
delaminations on the surfaca of the gpecimen. For narrow specimens, it can be used as a
good indicator of the matrix cracvking thraugh the width of the specimen. On wide
specimens, the matrix cracking along the edges dous not extend across the width and,
hence, this tachnique ¢ :in give erroneous information.

Acoustic emission and stiffness change monitoring do not provide detailed informa-
tion on the nature of the damage. They indicate when significant damage occurs. Thua,
one of these techniques should be used to guirde the selection of NDE intervalw during
fatigue tests.

5. CONCLUSIONS AND RECOMMENDATIONS

The following conclusions follow from the discussion in Bectiona 2 through 4:

(a) No single technique, destructive orxr nondestructive, can provide complete
documentation of the spatial distribution of damage in resin-matrix composite materials.
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(b) Deplying, a destructive technigue, provides the most detailed information on
the spatial distribution of delaminations and fiber fractures. To cbtain detailed

information on matrix cracking, it must be supplemented with x~ray radiography of the
deplicd samples,

(¢) Penetrant enhanced stareo x-ray radiography is the best NDE technique for
studying damage accumulation in resin-matrix composite mataerials. It can be used to
obtain an accurate spatial description of matrix cracking, delaminationa (if too many
are not present), and fiber bundle fractures. If multiple stacked delaminations are
present, the information on location of the delaminations may be obscured. Finally, it
can be used in place during testing, thereby avoiding difficulties inhereat in removing
the specimen from the test frame for inspection.

(d) Of the two holographic NDE techniques, holographic interferometry does not
provide sufficiently detaliled damage information to be useful a& a research tool. While
not useful as an NDE tool, laser speckle photography can be used as an experimental
strain analysis tool to determine the gtrain distribution due to internal damage in
loaded specimens,

(e} Ultrasonic NDE mecthods do not have the required resolution to be used as
reccarch tools for studying damage accumulation in composite materials,

(f) ‘Thermography can provide useful information on the temperature distribution in
a specimen undergoing fatigue loading, This information is necessary for rational
davelopment of life prediction methods.

(g) Edge replication is a useful damage documentation technique for narrow test
specimens.

(h) Acoustic emission and stiffness change monitoring can be used to continuously
monitor tests to determine when significant damage events have occutred.

Based on experlence with the various NDE methoda, the following recommendations are
in ordec:

(a) A combination of NDE techniques should be used to document the damage accumu-
lation process in resin-matrix compowite waterials, As a minimum, either AE or atiff-~
ness change wmonitoring should be used to determine when significant damage events have
occurred, Penetrant enhanced x-ray radiography should be used to document the spatial
distribution of the damage just before and atfter the occurrance of significant damage

events. Deplying should be used when penetrant enhanced x-ray radiography cannot re-
solve the damage daetails.

{(b) A technique should be developed to permit use of stereo x-ray photographs to
convey detailed information in report and papecrs. One approach for doing this is to use
electronic image enhancement techniques to increase the co.trast between damage indica-

tions and the background., This would result in high quality photographs that could be
cawily printed.
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SUMMARY

~Z~iAcoustic Emission is a wsuited technique for the characterization of damawe in composite
materials, as also in metallic structures, A lot of tests with different CFRP specimens

make sure Lhat there are correlations between certain AE parameters, respectively their

c:: variation, and PthﬂLteFiStiCs of defects, which are typical for composites. The damage
history or the test specimens can be analyzed with a very good chronolegical resolution,
This includes an exact correlation between acoustic and mechanical parameters, such as
load, c¢ycle number ete., The present resullc demonstrate a potential Por distinguishing
betwcnn some dominani tailure mechanisms, as friber fajlure and matrix cracking, and noluse
generated by internal friction, Locating existing defects and truacking spatial damage
progressiovn is another fricid of application. A1l ALl data are bueing monitored continuoucliy-
in situ- durinpg loading the gpecimen., Post~test-analysis of the ostured data wilh guited
computer programs ¢nableus a more sophisticated evaluatlon, <2 .

P\001912

1.  INTRODUCTION

Acouotic eminsion ahalysis is a NDE technique, which offers the baslce test results in

real time during the actual loading of' the gspecimen, in addition, Lhe datm are being

gtored for a mere sophisticated computer-vased evaluatlon. The AE parameter vilues, com-
posed to varicus graphics, may be preplayed like a movie and thus ygive a pleture of the
damape hictory of the gpecimen, AE analysis is an in-situ=-technique; one doven't get any
information, if the specimen is not being loaded, The methud is basically passive, because
the test equipment does not cmit anything, bubt only receives the acousliv signals generated
insgide the tested object.

—

Release of vlastie energy in solids wenerally leads to acoustic emlssion. Many phenomena
in crystals, polymercs, amorphout materinls and compositues, such as progression of cracks
or dislocations, penerate elastic (i,c. acoustic) waves in & measurable intensity. The
frequency range of these emissions igwidespread (see Fig. 1). Even a slngle acoustice
burst generated by some microscopic failure mechanism may contain l'requencies extending
uv%r several octaves. For the purpose of NDE of composites commonly frequencies of about
107 fls are being used. At lower freguencles the noise level is too hlgh, while for very
high trequencics the damping effects becowe too strong. Broadband measurements are in

use for frequency analysis, However, all Lest resulty discussed in Lthis presentation

are founded on measurements in the 150 kile range.

For the analyzability it is espential, that the emissions arediscrete, 1.0, that they
oseur auv a sequence ol separate events, Only then all measured parameters can be corre-
lated properly, as will be discussed below. Before diuscussing the field of AE applica-
tion or real experimental vesults, the sipgnal processing Lechnigue and the necessary
definitions will be introduced in the foullowing scetion.

2,  ACOUSTIC KVENT DATA PROCLESSING

ALOUHLlO waves penerated by damage progression propagale Lhruugh the specimen and hit Lhe
piezoceramic firansducers (gensors), which are fixed on the specimen surfice at suited
positionu, The transdueers genurato an electric voltage proportional to the normsl eclon-
gotion of the pievoelectric erystal, which is caused by the acoustic wuave, An acoustic
burat, transformed into a corresponding elecirlie signal, is schematically shown in PFig. 0.
The common cxpression in AE terminvlogy appervaining to this is "event™, In the tfollowing,
we will use the word "event" in this and only this meaning. The event duration is defined
ao the time interval bebween the first and the lust intersection of the signal voltage
curve and a given threshold level. All usignals Leiow the threshold are regarded as in-
gigniticant information and being suppressed. The cvent is really terminated, if no pe-
newed cxcecdlng ol Lhe threshold occurs during a given derd-time. (Some AE systems add the
event duration and the dead time, the resulting parameter is sometimes called envelope
time). For information storayge and evaluation the signal is being digitised. Digital
pulucs, so-c called (ringdown-) counts, are being generatced synchronously to each exeed-

ing of the threushold level, The other digitized parameters ares thue peak amplitude,

the rigse time (for both see Fig, ?) and the event cnvergy

. i l"h.i‘ e I~ REALY. Dk N TN

7
E = c f Uz (t) dt
0

where T is the event duration, U(t) is the sigi- 1 voltage, and ¢ is an {unknown) con-
sLTnL factor. The system offers an integer num' a5 a result of the

integration,
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It is croportional to the real signal energy dissipated into the transducer. Each event

is given a "date" on the time axis (cime from start of the test)., This is a most important
value, because it enables the correlation becween acoustic and mechanical parameters. An
arbitrarily chosen example in Fig. 3 shows the complete data set of a single event. The
test hac been done with 4 channels (Y4 transducers) used, In addition to the parameters
which have been menti nrad above. there is a column "timing", Differences in the acoustic
waves' time of arrival at the 4 transducers, deriving from different ways from the source,
are listed here. In the present example transducer C has been hit first; the last one

that has been hit is transducer D, 283 microseconds later. These values contain the basic
information for the location of acoustic sources and for the tracking of the spatial
progreasion of defeqts.

For he analyzabllity it is essential, that the emissions are discrete, i.e. that they
ocecur as a sequence of scparate events, Only then all measured parameters can be corre-
lated properly. If the signal rate becomes 80 high, that the events conglomerate to a
quasi~-continuum in an early phase of the test, during which the occurence of serious fail-
ure processes is not yet to be expected, the gain/threshold-relation ought to be reduced.
The quantity of information obtainable from AE tests depends strongly on the value of

this relation, Large gain values and a low threshold level may lead to system overfeed-
ing. Low gain and a high threshold may cause serious information less. An optimum has

to be found for each type of specimen and loading function.

All test results discussed in the present paper have been obtained with a computerized
s<analyzer system. It is schematically shown in Fig. 4, There are 4 channels, each con-
sisting of preamplifier, filter, main amplificro:  signal processor. The digital sect-
ion i1s 2-80-based. There are 2 rloppy disk i for data storage, a keyboard and
video screan for communication beiween system . . user, A coupie of supplementary tools
enable the user to get either graphic or alphanumeric type hardcopies and to use several
auviliary functions.

3, DAMAGE HISTORY RESOLUTICN

The resolution of the damage progression process relating to time or to synchronously
monitored parameters (as load, cycle number, stress, temperaiure etc.) represents the
specific potential of AE analysis. The number of events per unit time and the correspond-
ing event parameter values per unit time or per event can be combined to various distri-
butions and histograms.

First in this section, the damage bistory of a ring specimen made from a laminate from
MU0/3000 (fibers) and Epikote 162 (resin) will be discussed as an example. Those CFRP
rings have been tested with the purpose of evaluatirg the influence of certain fiber/
resir-combinations on characteristics of the damage progression (in particular on the
energy release rates). Certain problems due to the specimen clamping, which occur with
other geometries, could be avoided with ring specimens. The load has been applied by a
concentric oll=hydraulic tool. The process of defect progression up to failure has been
monitored by various instruments; here we only ask for the contribution of AE analysis
to the resolution and interpretation of the specimen's Aamage history. Source location
has not been used in these tests because of the annular symmetry of the tested objects.
For each event, the parameter values registered in the firat-hit channel have been se-
lected for analysis, We will discuss the damage prograssion using some selected diuvtribu-
tions (Fig, 5a-5f).

The tes' ook aboul 33 seconds. The loading curve was a ramp. The [irst registered events
cecured 4.3 seconds after the start of the test, as to be seen in the "events vs.time"-
diagram (Fig. 5a). The acoustiec activity went up and down during the following 13.5
seconds . followed by a relative maximum and a sharp caesure. During X.3 seconds the spe-
cimer was almost "sileni™. Subsequently, Y4 phases with a very high event rate, declining
towards the end, can be noticed. This diagram(Fig. 5a} shows several remarkable charac-
teristico:

- the maximum al the beginning,

- The maximum prior to the silent phase, which is most probablydue to a considerable
failure phenomenon,
the siient phase itself, and
the slow decay towards the end. This is unusual (the normal case for virginal specimens
is an increase of the evenl{ prate up to failure). The decay indicates, that critical
railure has occured earlier.

The corresponding ampiitude his:ogram (Fig. 5b) emphasizes the maximum prior to the silent
phase. Herc the ratio of events per unit time to event amplitude per unit time differs
from that in other parts of the distribution, The higher amplitudes are assumed t. be

due to "strong" failure mechanisms (fiber fracture), as will be discussed below. Fig. 5¢
(event duration vs. time) shows a distinct difference between the first 18 seconds and

the second half of the diagram. fhe distoibution of the "normal" event durations in the
first part can not yet be resolved because of the large ordinate scele, which is caused

by the enormous duration values in the second half. Since there is no significant differ-
ence between the shape of the distribution in the second half of Fig. Sc and the cor-~
responding sections in Fig. 5a and 5b, one can assume a more or less constant ratio in
event rate, event amplitude, and duration during this phase of the specimens' damage
history (t Z22 sec from test start). Furthermore, the event duration values are absolutely
large, while the amplitude values do not exceed the average. The latter fact becomes obvious
by printing out all th¢ event parameter values one by on2 alphanumerically, which cannot
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be shown here. This leads to the conviction, that all cmissions subsequent to the maximum
18 seconds from start have been generated by internal friction. Comparable tests show,
that strong friction causes such large clusters of weak events. Here the friction noise
has been generated by parts of the bursting ring specimen. The actual failurc is due to
fiber fracture,

To make sure that this explanation is right, we use the hydraulic oil pressure as a dis-
criminatlon parameter: as schematically shown in Fig. 5d, we can set arbitrary threshovlds
ani thus create an acceptance window for the evaluation. For Fig. 5Se we have accepted all
events generated at p 2 0'05pu1ti ated post-failure emissions are now suppressed. This
diagram supports the above interpr§¥ahi0n:U1timate load (p = 186 bar) had been attained

18 seconds from test start, and the specimen failed. The corresponding energy distribution
(Fig. 5f) emphasizes these facts most striking. The distribution of the "normal"™ AE ener=-
gies cannot be resolved graphically, since the failure energy is % 102 times higher (the
energy unit used in these diagrams is a relative one, there is no absolute calibration

in Joule). The example discussed here demonstrates

~ that the defect progression can be characterized by the monitored AL data

- that the accuracy of the evaluation depends on the manifoldness of analyzed diagrams
and that it is important to analyze AE data in their alphanumerical form, teo. (In the
present example, Fig. 5a alone would easily lead Lo misinterpretations).

The correspondence between high AE energy release rates and progressing damage is demon-
strated in Fig. 6a. A ring specimen of the same type as discussed above, but made from
another laminate (Kevlar-fiber=based), failed in saeveral steps. The lower diagram shows
the load (i.e. the oil pressure) vo. timc, as monitored by the AE test equipment. There
are cogenl correlations between the breaks in the p (t)-curve and the energy dictribution.
For Mig, 6b, we have switched over to a smaller acale and better resclution both for the

p (t)-curve and for the energies. The abscissa covers (almost) the first minute from
start. The energy peaks in this diagram, which disappear in Fig. 6a with its larger scale,
must have been generated by the first considerable damage mechanisms. A perceptible cor-
relation with the p ({)-curve cannot be detected any more, even if the graphic resolution
of p (£t} is improved substantially.

Numerous tests give evidence, that damage progression can be "heard" by its acoustic emis-
siong long before mechanical parameters show ahy significant variation (e.g. in the stress/
straln-diagram).

There is a polential to identify (or Lo distinguish among) certain laminates respectively
their behaviour under various kinds of loading using AE test results like those discuassed
above. The cubject of correlations between characteristine of AE results and certain
failure mechanisms and material properties needs further study.

4§, CLASSIFICATION OF SINGLE EVENTS

It may happen that the quantity of information obtainable merely from distributions of
events or event parameters is not sufficient for a reliable characterization of defect
progression. Since all distribution: are composed of separate events, criteria for the
classification of single AE events relating to different failure mechanisms are required
additicopnally.

While discussing Fig. 5b in the last section we have postulated such a criterion: events
generated by fiber fracture have substantially higher peak amplitudes than those generated
by resin-controlled mechanisms, friction etc. Indeed numerous teuts give evidenrce of this
fact. The typical distribution of amplitudes for macroscopic damage progression in CFRP
laminates is shown in Fig., T: The above thesis means that fiber fractures contribute pri-
marily to the tail of the histogram extending to high amplitudes. Control experiments to
estimate the grave influence of damping on that distribution have been mede. Preliminary
results confirm, that the attenuation of the acoustic waves on their way through the mate-
rial is indeed strong and depends considerably on the laminate anisotropy. But 1t is most
unlikely, that "genuine" high-amplitude-events (e.g. in the 80 dB-range) appear in the di-
stribution maximum (60dB lower) boeouuse of atbenuation, and vice versa. Presupposed are
sufficiently limited speclmen proportions.

This amplitude criterion, which is confirmed by numerous experiments, verifies results
gotten by Awerbuch 111 .

Rotem and Altus (2] have emphasized the significance of the AE energy release rate (and

its correlation with amplitudc and count rate), The third parameter to be taken into account
besides amplitude and energy i: the frequency. Mehan and Mullin [3] have evaluated the
frequency, respectively the signature of the signal voltage of single events, as to be seen
on an oscilloscope.

Though the basic significance of these parametera (amplltude, energy, frequency) for a clas-
sification of signal sources (i.e. of the events) is undisputable ser Bardenheier !4 ,

or Schwalbe (5] ), many authors refer solely to the number of counts (positive thires-

hold crossings, see.Fig, 2) or count rate. This is probably due to the limitations of the
respective AE test equipment. Since counts, amplitude, and the Lther event parameters are
connected among each other, models for the characterization of certain failure modes based
on counts and events alone can be developed (e.g. see Harris, Teteiman, and Darwish (61l )},
However, th se models are again macroscopic. A reliable model for microscopic failure mode
discriminat.on, based on the information obtainable from single events, will require all
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measurable parameters. Much work on this subject is to be done.
5. AE SOURCE LOCATION

Spatial damage propagation, in particular crack tip progression, can be tracked by acoustic
emission. Though the source location resolution iz less exact than that of ultrasonic or
X-ray techniques, the results are most useful. They enable exact chronological resolution
of the spatial defect progression.

The principle of linear location is shown in rFig. 8. All acoustic signals being monitored by
the two transducers with a certain transit time differerice must have been generuated by
sources located on a well-defined curve. In the (ideal) case of isotropic veloeity of sound
this curve is a hyperbola; in real laminates it will leok like guite different. But in any
case, its intersection with the axis defined by the transducers in unequivocal. A "loca-
tion value" may be given to this locus. In Fig. 8, this value is "80", i.c. 80% of the
distance betwcen the transducers. A calibration prior (o the actual test is required to

get the transit time of acoustic waves for the whole distance. Thus, a location method for
testing laminate bars has been gotten. The condition which has to be satisfied is that the
specimens are comparatively long and narrow, since only then the location values will in
any case characterize the actual positions of the acoustic emission pources relating to

the two transduccrs.

Fig. 9a=9d showt 4 consecutive location distribution histograms on the 250-, 500-, and
1000-event~level and close to failure. The specimen was unidirectional and center-notched.
The notch location in the middle of the specimen can easily be determined. The ubscissa
corresponds to the specimen length, Progression of axial splitting emanating from the

noteh Lip (first to the right, subsequently also to the left side? is to be seen in Mig. Yc
and 9d. Some detalls are no more resolved graphically in Fig. 9d because of the larger
ordinate scale.

The linear location technique has proved itself to be suited for composite materials test-
ing. However, other specimen geometries require more sophisticated location techniques.
Preliminary experiments on this gubject establish that there are many problems to be solved:
"""" The extension of the linear location method into two dimensions (see Fig. 10a) to planar ’
location is difficult, since for composite materials the triangulation is being complicated
by the grave influence of anisotropy. It is obvious, that plunar location based on transit
time measurements and triangulation is suited for metals, but problematic for laminates.
Application of linear location to ring specimens (perimeter 2w 2 location value 100%) also
creates some problems., The spevimen is endless, and the annular geometry may cause equi-
vocal solutions,
The simplest conceivable location method is the multi-channel technique with atransducer
' network (see Fig. 10b). It has been used fur many years for applications such as hydraulic
vessel or pipeline testing but is of -ourse unsuited for laboratory investigatiovns. The
zone location method (see Fig. 11) ius in principle applicable to arbitrary laminates but
ol requires more circumstantial calibration., Here patterns of transit time differences are
o being stored during calibration. During the actual test they are being re-correlated to
N the calibration loci with more or less tolerance in the case of occurence. For tracking
J of vpatial defect progression in complicated specimens this technique seems promising.

6. CONCLUSIONS

Numerous specimens made from various (mainly carbon-fiber-based) laminates hi ve been
tested using Acoustic Emission. The resulits demonstrate a potential to characterize de-
fect progression in such laminates by evaluation of the monitored AE data. Moreover,
since AK is an in-situ-technique, the data are already available during the test, re-
spectively during the actual employment of the structure, Thus, the loading process may
be influenced or stopped or auxiliary functions may be switched on, if a crucial varia-
tion of AE parameters indicatesimminent failure.

The potential of AE analysis is schematically compared to that of X-ray and ultrasonic
teehniques in Tab. 1. It is evident, that the combination of these NDE mevhods is very
promising. However, the AR techniiue needs further development. Particularly classitica-
tion criteria for single acoustic cvents and source location methods have to be improved.
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Fig.5 : DAMAGE HISTORY OF A CFRP RING (continued)
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LA DISSECTION DES PIECES COMPOSITES :
UNE AIDE PRECILEUSE A LA CONCEPTION ET AU CONTROLE NON DESTRUCTIF

par
M. BOURGEON
Responsable des Etudes de M&thodes de ContrdOles Physico=-Chimiques
S5oclété Européenne de Propulsion ~ Division Propulsion & Poudre et. Composites
LE HAILLAN
Saint Médard en Jalles
33160
FRANCE

RESUME

Cet exposé montre, au travers d'exemples précis, 1l'importance qu'il faut attacher a
la dissection des pidces en matériaux composites, Cette aide se situe a deux niveaux :

. A la conceptlon en apportant des informations complémentaires A celles données pav les
calculs (oricentations privilégiées de fibres, yualité des liaisons fonctionnelles,etc..,)

. en contrdle non destructif par la signification rcelle des défauts mis en @vidence par

ley différentes technigues et l'incidence qu'il peut en résultur sur le choix des métho-~
des.

A SEP et plus particulidrement au département Qualité, la dissection des pléces com-~
pogites est un point important dans notre systadwe de construction de la qualité et nous
avong accumulé au cours dus années un grand nonbre de résultats yui nous ont permis d'd@ta-
blir ce que nous avonse appelé une "défauthdque”. Cette défauthdque constitue un volumineux
docuiment de travail ol sont rassembl&s les r&sultats Jes oxamens effectuds en contrdle non
destructii, le rapport d'expertise et la pldce elle-méme quand cela ewt posuible.

rort de notre expérience, nous allong volr au travers d'exemples concrets tout 1%in-
térét que peut représenter un tel travail et cecl dang trois dowmaines
. la conception et la mise en oeuvre,

. les contriles non-destructifs,
. les expertises watériaux,

1 = LA D1ISSECTION BT LA MISLE EN OEUVRE

Dans le duomaine de la propulsion, les pldces de veine sont soumises -entre autres- A
des wiforts thermomécaniques importants. Lorsgue ces pidces msont en matériaux couposites,
lforientation des; strates par rapport au flux de gaz chauds est 3 prendre en comptue, Cette
orientation est maitrisée par l'utilisation de techniques de fabrication telles gque le bo-
binage de ruban ou le drapaye de strates prédécoupdes.Le probldme est tout autre lorsgue
l'on veut meltre en oceuvre des mutériaux moing ondreux tals que les imprégnés A fibre cour-
te ou les chutes de tissus imprégnés découpés en petits carreaux.

rrenons l'exemple d'une pldce de tuydre d'un petit engin réalisGe par une technigue
dite de surmoulage d'une partie composite (imprégné carbone phénolique en petits carreaux)
sur une pidce graphitae,
La partie composite de cette pidce constitue une protection thermique qui doit également
encaisser des contraintes wécanlgques. Ces contraintes ont dos dilrections paralléles a 1l'axe

du flux dans la partie amont (1) et perpendiculaire dans les partles centrale et aval
(12)

_~ Carboiie phénolique

Flux guzeux i_____u____._______-_.____l_-

Le premier outillage de moulage mi§ en oeuvre pour réaliser cette pladce conduilsait &
des fissurations et des éjections de la partice graphite lors des tirs au banc, Les dissgec-
tions de ces pldces nous ont montré que dans la zone de contrainte E2, le flux d'@coule-
ment de la résine conduilsait & une orilentation des fibres parall@les a la direction de
1'effort donc tout particulidrement propice & la fissuration.

Devant ces observationa, nous nous sommes attachés 3 modifler l'outillage et le processus
de moulage de fagon i conserver une orlentation des fibres perpendiculaires a l'axe du
flux dans la partie amont de la pidce mais parall®les dans les parties centrale et aval

permettant ainsl un fort accroissement de la résistance mécanique dans cette zonc,
Les exemples de ce type sont multiples et bilen souvent la dissection des pidces permet
d'apporter une réponge simple ¢t rapide a3 la solution 3 envisager pour palier a certains
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défauts.,

2 ~ LA DISSECTION ET LES CONTROLES NON DESTRUCTIFS !}:

S1i les dé&fauts rencontrés dans les matériaux métalliques sont aujourd'hui pour
la plupart bien connus et ne posent pas de véritables probldmes d'interprétation lorsgu’
un les met en évidence par das techniques CND, il n'en est pas de méme avec les matériaux
composites.

Nous tralterons ici l'exemple des pidces en Sepcarb (Sepcarb marque déposée des
matériaux carbone carbone développ8s et industrialisés par SEP) nécessitant une misu en
oeuvre lonque et délicate ol le rebut colte donc (r@s cher, Il est impératif pour les can=-
tréleurs CND dc fournir aux ingénieurs qualité un diagnostic précis des défauts rencontrés
dang de telles piloces, défauts qgui selon leurs gravités sont autorisé&s ou non au niveau
des spécifications. °
Des séries de dilssections effectudes sur diverses pildces défectueuses nous ont montré que
les examens radioyraphiques habituellement pratiqués en contrdle pouvalent fournir des
images identiques pour des défauts de jravité tout d fait différente et conduire par 1la
méme 3 des rebuts abuasifs.

Cetie information nous a conduit A mettre en place un contrSle complémentaire dans curtains
c¢as, lci nous avons adopté las ultra-sons qui permettent d'apporter les informations com~
plémentaires nécessaires pour la prise de décision,

3 = LA DISSECTION BT LES EXPERTISES MATERIAU

La détermination de l'origine des défauts permet bien souvent d'apporter les actlons
correctives nécessaires, Dans ce domaine, la dissection est &galement une alde précieuse,

Pour illustrer ceci nous prendrons le cas d'une pidce bobinée en carbone phénoligue
pour lagucelle le contrdle radiographique a mis en évidence deux zones distinctes défec-
tucuses,
Ulle e¢xpertise nous a &té demandée vn vue de déterminer l'urigine de cette non-conformité
tout a4 fait lnhabituelle., A la diesection nous avons pu constater gue le défaut observé
correspondait 3 des zones de fortes porosités, L'engquite a montré gue dans ces deux zones
le mime lot d'imprégné& avait ét6 utllled, Un contrbGle physico-chimique A postériori a &té
pratigué sur ce lot de matidre et les résultats obtenus ont indigué un état d'avancement
anormal de la résine se traduisant par un mangue de fluage et expliquant ainsi le défaut !
rencontré.

CONCLUS1ONS

Nous venons de volr au travemde ces duelyues exemples tirés de notre expérience gue
la dlsscction des pildces puuvait apporter une alde précleuse lors de la conception et de
la mise en veuvre par son action directe sur la conduite du procédé, lors du choix dos
mwéthodes et du dlugnostic en contrSle non-destructif et enfin lors des expertises maté-
riaux, 11 est un quatridme volet que nous n'avons pas abordé et sur leyuel nous concluerons

La dissection est en elle-méme une méthode de contrdle. kEn eifet, au niveau de certai-
nes spécifications 11 est tras difficlle voire impossible de s'assurer de la conformité
de certainsg c¢ritéres par des techniques de contrdle non-destructif, Dans ces cas précis et
gqui reldvent du domaine de la production répétitive le proc€dé de moulage est tout d'abord
quallfié puis nous vérifions qu'll n'y a pas de dérive en prélevant une pidce de temps 2
autre pour dissection,
Nous avons plusieurs exemples de ce type dans nos productions, c'est le cas notamment du
cOne avant du woteur Ci'M 56, pidce composite en Kinel (fibre de verre, résine polyimide)
pour leguel les spécifications prévolent un contrSle de fibrage.

La mellleure connalssance de son produit est un critdre de yualité, la dissecltion des
pidces est un des outils mis d notre disposition pour y parvenlr 5 il ne suffit bien sou~
vent gue d'y penser,
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GROWTH OF DELAMINATIONS UNDER FATIGUE LOADING.
by

R.Prinz
Deutsche Forschungs- und Versuchsanstalt
fUr Luft- und Raumfahrt e.V.
Institut fidr Strukturmechanik
D-3300 Braunschweig-Flughafen
Germany ]

SUMMARY !

:3In order to determine the nature of failure mechanisms a number of fatigue tests were per-
‘formed. The test specimens partly have artificial delaminations between different layers
of the multidirectional laminates made from T300/914C prepregs. For better understanding
of the strength degradation in fatigue a damape model, based on the delamination propagation,
starting from the free edges between the plies of a multidirectional laminate,has been
developed. These defects propagate due to interlaminar stresses up to an area, which is
¢ritical in the case of tension-cg&Pression fatigue against buckling or shearing ot parts
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of the delaminated test specimen.

LIST O RYMBOLS

?
{4} Extensional stiffness matrix, KN/mm 5 Phase lag i
Ay Stiffness of the laminate in €? Midplane strain 1
x-direction, KN/mm v, vy Poission'. ratio
a Strip delaminaticn size, crack g gi? Curvature of delaminated parts (1)
length, mm and (2), 1/mm
ap Platic zone at the crack tip, mm €6, Stress amplitude, N/mm? }
da/dN Delamination growth rate, mm/cycle 6, Calculated lamina normal stress, (
|B] Coupling stiffnees matrix, KN is 1,2,3, N/mm?
b Width of the spucimen, mm 6, Calculated lamina shear stress
¢, Displacement at the edge of the i,j= 1,2,3, N/mm? {
specimen in g-direction, mm 6. 6,8, Laminate normal stress in x-, y-, 5
cm Measured vilue of the crack opening and gz-direction !
displacement at the edge of the 6{ Yield stress, N/ mm?
specimen, mm &! Axial strength, N/mm? i
[D! Bending stiffness matrix, KN/mm t
laminate thickness, mm subseript
E. Modulus of a lamina in fiber - H
direction, KN mm? grltlcil !
€r Modulus of a lamina in transverse amage

Failure hy static loading .

i Vi 2
direction, KN/mm Fabigue feilure

Gy Lamina shear modulus, KN/mm?

A Teman

h Lamina thickness, mm %ggﬁ;i:g;:al
k Plate curvature, 1/mm Residual ,
M Kesuitand moment, acting on the esldua H
laminate Nmm/mm .
N Hesultand force, acting 'n the superscript
laminate, N/mm ul upper, ower
N Numuer of load cycles y Yield A
R Stress ratio, R = &}/ 1142 Portic. , 2

w, Displacement in z~direction, mm
xy.2 Cartesian coordinates

1 INTRODUCTION

In the failure analysis of composite laminates, one of the most seriocus problem has bveen
the propagation of interlaminar cracking, commonly known gs delamination. Delaminations
may he formed Quring manufacture due tv incomplete curing or the introduction of foreign
partiele; they may result from impact damage; and they may result from interlaminar
stresseus existing at discontinuities or at the stress-free edges of a loaded composite
structure, This mode of failure is a major cause for the deterioration of laminate
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strucrural properties, including its strength, stiffness, reliability and durability. K
» Furthermore, delaminations may g—ow under increasing load or cyclie loading. Delamination
&1 growth redistributes the stress in plies of a laminate, and may influence residual stiffness,
- residual strength and fatigue life expecially under compressive fatigue loadz. Hence, a

fatigue analysis for composite laminates should take in to accournt the presence and the
growth of delaminations,

The exact formation and growth mechanisms of interlaminar cracking in laminates are not
well unterstood. The general belief is that a certain distribution of small iaterface
flaws with a size in the order of the fiber diameter exist in laminates prior to loading.
Under a cpritical leoading condition, which include thermal (curing) stresses, swelling
stresses of moist laminates and external loadings, some flaws would grow and coulesce
with each other, forming a single crack of macroscopic proportion. Such an event would
cunstitute the onset, or the initiation of the macro-crack.
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In a fiber composite laminate made of [0/3145/90]s stucking sequence the damage develop-
ment under tension load usuallystarts with the appearence of matrix cracks in the off-
axis 90° -plies transverse to the load direction. As tension load or load cycles
inereases,the matrix cracks in the off-axis plies grow up to the adjacent layer and a
characteristic pattern of matrix cracks forms as shown in Fig. 1., see intem 1. A stable
pattern of regularly spaced matrix cracks develops in each off-axis ply predictaple.by

a 3imple one dimensional model {1] . Riefsnider named this pattern the characteristic
damage state (CDS) for matrix cracking., Where the matrix cracks terminate, local interface
cracks frequently form at the ply boundaries. For the purpose cf illustration a (0,90 s
laminate is presented in Fig. 1. During the cyelic loading localized delaminations
develops in the boundary between the 0°-and 90°- layer (see item No. 2) mainly at the edges
of the specimen, but in the interior also (see for example item No. 3) [2],[3] .

Early investigators focused mainly on experimental and analytical work of free edge induced
delamination in laboratory test specimens. A bibliography of this work is contained in

Ref. {4] . After one has an understanding of the stress distribution near a free edge by
rinite element calculations, the next step in treating tre delamination problem is to ex-
plain the mechanism and the criterion for the edge delamination. One of the most promising
techniques for characterizing delamination growth is based on the strain energy release
rate G during delamination growth. Measured critical values of G have been used to pre-
dict the onset and the growth of edge delaminations in composite laminates [5], (6}

In the present study a technique was developed to characterize the onset and growth of
delaminations in composite laminates. First, the damage that develcped in unnotched
[02/+H5/0 /-45/0/90 ], graphite-epoxy laminates under static and cyclic tension and com-
préssion ioading was determined by nondestructive test methods. During test loading crack
opening displacement was monitored to relate delamination-crack cpening with delamination
size. Nexv, stress distribution penerated from a finite element analysis was correlated
with observed damage. The resulting test data and analysis were used to derive a closed-
form equation for the edge crack openinyg assoziated with the delamination growth.¥inally
# correlation between delamination size und residual compresgion strength of fatigued
specimens was established.

2. MATERIAL AND TEST LEQUIPMENT

Laminates of {0 /+N5102/-H5/0/90 ] . stacking sequence were fabricated from 914C/T300B
graphive/epoxy Prepreg-tape in a c¢8mputer-controlled autoclave according to the manufac-
turers recommended cure procedure. Nominal fiber volume of the laminate was 60gt 2%.

The sixteen-ply laminate had an average ply thickness of 0,125 mm, The 380 by 380 mm
pancls were bonded with fiberglass tabs of 1,0 mm thickness for the clamping reinforcement.
These panals were cut by a diamond saw to specimens of different size depicted in Fig.2.
Some of the type II specimens had teflon tabs or an inflatlon agent embeded between the
bouiriaries of different layers. The coupons were stored and tested under laboratory
conditions (21+ 1°C and 50+ 5% relative humidity) 3 to 6 months after fabrication. Some
specimens were stored in a climatic chamber for different times to obtain different
moisture distributions and moisture contents.

A1l tests were conducted on a closed-loop Schenck hydraulic testing machine. For displace-
ment measurements strain-gauge transducers (SAT) were mounted on the specimens., To prevent
slippage, a rast drying glue was applied on the transducer mount: where touched the
specimen.

For measurement of the transverse contraction and transverse crack opening displacement
(CODD) on some apecimens we used the DFVLK-MDR-Transducer (magnetic tield depending
resistor) (7] . The mounting of the transducer on the test specimen is shown in Fig. 3.

After each step=loading or after certain load cycles, the specamen was removed from the
tester and delamination size measurements (C-tcan) were made by un ul“rasonic testing
unit with a narrow waveband emitter [8] . For an exact ajustment of thLo specimens in

the testing machine, the end of the specimens and the clamping device conbain fitting
holes. Dyec-penetrant-enhanced radiography was not used because of the unknowninfluence

of the penetrant fluid on the crack propagation. A Philips SLM 505 scanning eletron
microscope was used to study and document the topographic features of the delaminated
specimen fracture surfaces, [9] Prior SEM examination, gold was rputtered onto the fracture
surface to obtain optimum resolution of the topografic features and to minimize static
charging by the SEM beam.

3, OBSERVATION OF DELAMINATION GROWTH

During both quasi=-static tensiun tests and constant amplitude tension-tension fatigue
tests on [ 0,/+45/0,/-45/0/90]  1laminates the same type of damage developed. First a few
isolated traﬁzversechacks forfied 1. the 90°-plies. As these cracks grew in transverne
lirection the crack spacing decreased by {orming new transverse cracks, These were

followed almost by the onset of small delaminations along the edge at the transverse crack
tip as seen in Fig. 4. The length of the small delaminations grew up Lo the interconnection
with an other delaumination during increaring static load or load cycles. Finaglly the
delamlnation grew much more rapidly along the length of the specimen. In all cuazs
delaminations on bolh sides of the specimen extended along the entire specimen length
between the grips.
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To illustrate the growth of the delamination a few ultrasonic C-scans were made on type 1
test specimen containing teflon eircles juplants between both of the 90-degree layers

in the central position. Fig. 5 shows 4 C-scans of a stepwise tension loaded specimen.

The rigth hand C-scan was made after final failure. This specimen fractured on the lower
side with a V-shaped (elamination inside the measurement area. Delamination started ata
stress of about 750 N/mm? at both edges in the boundary between the C~degree and 9C-degree
layer and grew slowly.B2cause of the claumping effect the delamination shape was twisted.There
was no delamination growth during tension loading starting from the implants. In the same
way a test specimen with an artificial blowing agent delamination degradated during static
tension loading. Fig. 6. The interral delamination Btarted fiom the sharp crack tips of

the artificial blowing agent delamination and grew very slowly. The specimen failed at a
ultimate strength of 1090 N/mm? after 30% of 90-degree layer were delaminated. There is

no significanc difference between the ultimate strength of artificial delaminated and ho
delaminated specimens. The lcad at edge delam.aation onset as well as the load at dela-
mindation the entire length and the ultimate load depend upon the moisture content and
moisture profile of the specinmen, Fig. 7. The tests were conducted ia all cases at a
temperature of 21°C,

By way of contrast during compresgive loading delamination started from the implants as
seen in Fig. §. No delamination was observed up to the faxiure load at the edges of the
specimen but a small growing of the central delamination was observed.

Thera are no basic differences in delamination growth between static tension test on ons
hand and tension- tension fatigue test on the other hand. Compared to those behavior in
tension-compression fatigue test delaminations appeared between both the 90-degree und

0 degree layers as well as between the 45-degree and O degree laycrs. ¥ig., 9 shows the
delamination opening of a specimen, which was lowded in tension-compression by a stress
amplitude @4 = 5S00N/mm? with a stress ratio R = =1. After %0.000 cycles at the vpper
otress state of @) =+500 N/mm* the delaminated crack between the 0-degree and 90-degree
layer was ovpened.The crack opening size is about 0,21 mm, Fig. %.7The same delaminated
crack is shown in Fig. 9b after unlaoding to a stress of 0 N/mm?. At this louding the
size ot ~rack opening is 0,02 mm because of the curing stress. Under compressive stress
oicl = =500N/mm? delaminations were observed between the U5 - degree and O-degree layers.
Fig, 9Qc.

The delamination progress in the cycling test with a sbress vratio R = @l /a) = -1 i3 shown
in Fig. 10 (Cyelic load, with o) = -6} = 400 N/mm?) by the aid of U-scans which were

taken after various numbers of cycles until the test piece rinally fractured. The
initiation of the edge delaminations in the 90° layers shows up clearly after 20,000 cycles

and also the increase In delamination area at both the test piece e¢dge and at the artifri-
cial delamination as well as al the natural delaminations which happened to be present.

The edge delaminations were 3180 exnmined with a microscope. It was seen that delaminavione
occours in the interface between the O-degree and the U5-degree layers also.

In the next illustrations i shown the planimeterad area of the delamination propagation
during fatigue tests., Fig. 11 and Fig. 12. Both spocimen with embeded teflon tabs or
inflation agent were tested with a rtrecs ratio R = -1 and an upper stress of u,) = 400 N/mw’.
The growth of the difierent delamination modes were planimetered ag the number of load
cycles incrased.

4, DELAMINATION GROWTH MODEL

The monitoring and the accurate descriptlon of the state of damage as a function of staiic
loading ard time or fatigue loading is required for successtul development of procedures
for predicting the residual strength and fatigue life of couposite structures. Most of

the available nondestructive test (NDT) methods, ag ior example penetrant enhanced X-ray
radiography or ultresouic C-scanning, require interruptions of testing. One have io
remove the specimenu out of the testing machine or at least to stop the test. The stale
of Aamape in composites can be measured indirect without interruption during testing by
the measurement of the change of compliance. [5] One of the most promising techniques

for characterizing delamination prowth is based on the rate of slraln energy released,

@, with delaminetion growth. Measured criticul G values huve been used in sophisticated
analyses [6] to predict the onset of edge delaminatlons in unnotched composite laminates.

In our present study, a technigue was developed, employing the simple line-plasticity
model (Dugdale-Darcublatt model).

First, during quasi-statiec tension loadings and during fatigue tests the Lransverse
deforwuation in the thickness direction at the edge of the specimen was measured by a
special home-made displacement = transducer. Next, stress distribution generated from a
#inite element analysis was correlated with the choerved damage. Then, test data and
analyses wero used to derive & closed-form equation for the characterization of the
delamination onset, and the delamination growth in relation to the crack opening dispirce-
ment of the delamination (CODD).

4.4 MEASUREMENT OF URACh OPENING DISPLACEMENT

For the measurement of cransverse deformation in thickness direction or the specimen we
used the DFVLR-MDR-Trarsducer (iagnetic rield depending resistor). The mounting of the
transducer on the test specimen is shown in Fig. 3.Three halve-circle small springs of
srallbmding stiffness were glued in the presenied forw at the specimen. The transducer
wan mounited by a vessel with two incorporated helical springs which supported

.
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themselves et the opposite edge of the test specimen, The tests were conducted in quasi-
static tension and constant amplitude tenaion-tension fatigue. Fig, 13 shows the load-
time-functions. The quasi-static loading was interrupted by unloading-loading interval
to meatsure the crack opening displacement due to curing stresses after unloading. I like
to present our firs% test results of a very extensive test serie.

The [irst quasi-static tension test was run at a constant load rate of 1 KN/min = 50 N/mm? /
min up to & maximum stress of &, = 758 N/mm?. The stress-deformation recording in Fig.14
shows at the left hand side the nonlinear lateral contraction of the specimen in thickness-
or z-direstion (Item 1). The maximum contraction wac measured as ¢m = =Hum. Under the
¢conztant load there was a creep deformation in z-direction. After about 18 minutes the
measured value of c¢m = 1pm was positiv.Then the specimen was unloaded. (Item 2). Now the
specimen start t¢ relax from ¢ = +3,7wm to +3,5um . After 1 minute the specimen was loaded
aice more{ltem 3) and after 1 minute more, at & total test time of 20 mlnutes, suddenly

the delamination crack starts ag seen in Iig. 15a8. The crack opening displacement due to
delamination (CODD) grew duriag constant loading with decreasing rate up to cm = 135um
after 175 minutes. During this period the stress-deformation response oy =f {cm) by unlea-
ding~loading of the spccimen was recorded at various intervals as seen in Fig. 15a.

(Ttem 4 to 10). The tesi wap interrupted for 18 hours. Than the test starts again with

a constant stress of Oy =758 N/mm?. After 20 minutes more the stress was increased at

the constant value of ox =826 N/mm? for 3 houra. After this time the prowth rate was about
zeroc and the crack opening displacement cm = 162um. The size of the delamination was
monitored by a C-scan. Then the apecimen was carefull cutted into two parts to measure
with u scanning electron microscepe (SEM) the distance between the crack tip and the edge.
During constant amplitude tension-tensicn tests the stress-deformation responae of each
specimen was recorded at various oad eycle intervals. Fig. 16 shows a typical stress-
deformation response. The first cycle starts with the increasing of the load up to an
upper stress of &y =650 N/mm? at a otrass rate of 1 KN/min. From this stress state the
sinuvoidsl loading starts with an upper stress of of =650 N/mm* and the lower stress of

al =65 N/mm* (Stress ratio R = 0,1). The stress-deformution response during the first
losding stop and at various load cycle intervals seems to be agqual to that which was
observed in the quasi-static test. From the beginning of cycle loading the original ne-
gative deformation of the edge turn to positive values su shown in Fig. 17. The nean

value of the displacement increaswsd durinyg the total loading time but the amplitude
decreased up to 2200 load cycles and inorsased for higher load cycles. After about

11000 load cycles Lhere was & small mistake in tha load control which leds to larger
dinplacement, At 12100 load nycles the stress amplitude was raised to shortan the test
time. After 13000 cyecles the measured crack opening displacement remain constant. The
region, ir which the free edge delawination wan formed, lay in between 2200 and 2200 load
cyclea., Fig., 18 presents the load history and the displacement history of the GODD-MDR-
gage for 3 different states of the damage. The sinuecidal cycling lateral displacement
response is defined by the magnitude of the amplitude 1/2 cm, the mean value cy and the
phase Jug ¢ between the stress cycling and vhe displacement response. At the first state

I the phusce lag 6 amounts to &1 =1B0Y, At the second state IT the phuse lug ¢ runs
from dz =1B0Y at 2190 load cycles to §;=0° at 2203 cyclecs. Between these cyclie numbers

two displacement oscillations(tiie lateral displacement oscillation and the delamination
cruck opening displacement oscillatlovi, hoth of the same frequency)superimpose themselves
with a phase lag of 47 =180°, Therefore the amplitude of the measured displacement cm/2 is
roughly vere, This state II is the birth of thu first small interlaminar cracks, which
starts atv {he edges of the specimen from the tip of the transverse cracks In the 90°-ply
(sce Pig, 3 Tiem 4). As obgerved with the stereo microzcope those small integrlaminar
cracks grew and met &another during incrsasing load cycles. The union of the interlaminar
ecrecks, the socalled "free edge delamination", eftected the increasingof both amplitude
and m2an value of the diuplacemsnt as seen in Flg. 18 at the state TII. The transition
takes place between 300C and 3010 load cycles. The siue of the delaminalion was monitored
by Ultrasonic C-scan. "The distance between the crack tip of delcmination and the edge

of the specimen was measured by SEM.

4,2 STRESS ANALYSYS

To abtain yuantitative predictions of the onset and zrowth or delaminationg the finite
element program ASKA was used. Because delaminations forin in unnotched laminates as a
result of inteslaminar stressos that develup at the edges, 8 juasi-ihree-dimensioral
finite element analysie was pertormed. Some detailss of the analys - are described in [10].
The coordinate system is shown in Figure 19. Cnly 1/% of the soction avedsbe anralysed
because of its symmetvy. This guarter includes 8 Jayerss and half the width of the test
piece, whizh was set at ', mm under the assumption thet the edge strecses would fall off
very rapidly.

The results are illustroted jn the following rictures. Figure 20 shows the deformation
of a quarter of the teat piece section under a tensile loading of o, = 1 EN/mwm?. On the
lower and right hand side picturc cdge , the displacements of the section in the
direction are indicated., All originally level surfaces exhibit diastortions, in the
vicinity of the edge under tensile stressing; these distortions indicate the presenze
of secondary stresses at the edges. The distribution of tenaile mtress gy in the
individual layerbs of the laminate resulting from an applied tensile stress Oy agree
with Lhe resultc which would also be obtained from the layer theory. Figure 21, The
stresses in the 0°-layers, which carry the main portion of the load, are 40% higher
¢han the anplied meoan tensile load, and do not change markedly towards the edge of tre
tent plece, The stresses o;; arising as a result of the lateral deformation in the
varioug layers are in equilibrium with each other and rall off to zero at the edge, ao
can be seen from Fig. 22. Contrary to this, the peeling stresses @;; in the 90% layer,
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Fig. 23’start from zero in the middle of the test piece in the compressive stress area
They then pass through zerc at about 0.2 mm from the edge and display a stress peak
right on the edge between the 90°-and the 0°-layer, the height of which cannot be
calculated exactly by use of finite element methods. An investigation conducted in the
Institut on the effect of the mesh size of the elements,[10] assuming a linear law of
elasticity, indicates that the peeling stress at this point and at the edge between the
45°-l1ayers and the (0°-layers,albeit here as compressive stress Gj; under applied stress
Gx becomes infinitely high as the edge is approached. The same conclusion is also valid
for the shear stresses 6;; , which are 1llustrated in Flg. 24 whereas the shear stresses
&1 and O3 within and between the individual layers on Fig. 25 and Fig.26 rall off to
zero at the edge. Of course the manufacture-induced intrinsic stresses between the
individual layers are included in the investigation. With the ald of the distribution
deseribed of the secondary stresses 033 and 6y at the edge of a multilayer laminatef

the crack initiation and the crack propagation already described which are observed in
static testing or in fatigue testing on an undamaged test piece can be very well explained.
As in fracture mechanics it may be assumed that no infinitely high stresses are generated
in a real material (in this case the matrix resin between the fiber layers) because

of plastio deformation. I will deal with Lhe possiblitly of using fracture mechanics
method on delamination propagation at a later point.

o t———— "

-

Calculations were also carried out on test pieces with a delamination crack on the edge
between the 90°=-layers. The peeling stress o3 and the_shear stress &y

at the crack tip are of the same order compared with the corresponding edge effect stresses.
These stress distributions and the deformation of the cross-section showed reasonable
correlation with the observed damsge that developed. Indeed, examining ¢33 and interlaminar
shear streos distributions are helpfull in identifying likely delamination sites. However
the calculation of interlaminar stresa distributions by finite element analyois are very
extensive. It is only useful for special cases of modellinyg damage growth qualitatively 3
because Lhe magnitude o1 calculated peak strusses at the edge varied with mesh size. 1
Therefore, an alternative approach based upon the yluld ctress criterion was used to

pedict the delamination size.

4.3 CALCULATION OF THE DELAMINATION OPENING DISPLACEMENT

As known from the resulta of finite element calculations there exisis a stress concentration
at the edge of the considered multilayered laminate in the interface between the 90=~devgree
and the O~depree plies, The behavior of the matrix material in the presence of thia stress
concentration in interface can be egstimated under the assumption, thul the extend of the
nonlinear stress-strain behavior is limited on a small plastic zone arcund the stress
concentration,

In viscoelastic materials cracks can form and propagate with very low velocities and
accelerate slowly [11] . Therefore, estimation of the crack tip velocity and the orack
length at any time become nccessary to estimate the lifetime of a structusy.

A linear elaotic streus analyuis shows thalt stresses at the Y0=-0-degree-interface and at
. a crack tip become unbounded. [10] . However, materials exhibit a yieid stress o} above
g which they deform plastically, and thus there muat be a plastic wone around the stress
concentration which limits the wize of any stresses. One can model this plastic behavior
in a simplc linc-plasticity model (Dugdale-Barenblatt model).

U

\ To analyse the crapek opening displacement ¢ of the delamination (CODD) as a function
of strip delaminallon size a and of the axial stresr 6x of the laminate

"" (1) ¢ =fla,e)

a simple model was used. Consldering a free sdge strip delamination of the size & the
meapured value of the crack opening displacement S consists of {see Fig. 27) #
{2) Cm- Lyrcgecgsn, = C4Cy,

e, is the displacement due to different transverse contractions w; of the single layers
i} botl unbalanced (unsymmetric) delaminated strip induced curvature. c, means the
digplacement due to curing stresses induced curvaturejc, the displauameﬁb due to
transverse contraction vy and <y the displacement due éo yvield str:ss at the vicinity of
the crack tiu.

To caleulate tihe displacement ¢
laminate (see for example [1Z]

SRR R

1,)part:a of the general constitutive equations for the
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have been used, where N and M are the resultant forces and moments acting on the laminate.
A, B and D are called the extensional stiffnessmatrix, coupllng stiffness matrix and
bend1ng stiffness matrix, respectively. € 1s called the midplane strain and k the plate
f curvature. This cvurvature can be expressed for the y-direction as
3w
%) Ky =- L

The main coupling terms of the general constitutive equations (3) for this case are

\ (5) My = Bged+Duky
} where the moment My = 0, Combining Eas. (4) and (5) and integration leads to

: {1 o 2
S m_ Bp& la+as)
(6) W= _-D‘é';_l >
y (1w o BEE foray)?
o2 2

where the subscriptsdenote the coordinate axis and the superscripts (1) and (2) denote
the delaminated parts of the specimen. Therefore the displacement due to different
vranusverse contraction is:

1} (2
o B8 B
(8) corulvul® o £ (guq )’( n .2
2 DIZ DZZ

The displacement c¢; due t0 curing stresses induced curvature can be expressed as

Cy = =~ +Q Q+qg

(9) L ("™ (ava,)?

where d” and ¢”are the individual eurvatures of the delaminated parts of the specimen,
The Lransverse contraction of the whole laminate is

(10) 3 &} wea (dMed!?) = €5 wigd

where d = d(l) +d (2) is the thlckness of the specimen, At least the displacement

due to constant yield stress ¢} can be estimated like a clamped beam with partly uniform
load distribution of the length &y as

1 1 as 3a
(11) ¢ = (_,_ ) af 284
T\ o) e\,

Substituting Egs, 8 to 11 into Kq. 2 yields

{1 {2 2 3
(12) cp = B“T S B ferddl g g e L (g (e - (< ) (s ) S o
Dl 2 Ay 2 RURTE! 3a, /) 8

where &x = O /Ay,

In Eq. 12 all the properties are known exept the 1ene;th of the plasblc LOne gq . Aauuming
that a, is a material propersy, we can estimate the value of 6, by the measuremeént of om
on a virgin test specimen at delamination onset stress ox . ln this case the crack length
is @ = 0 and therefore from kq., 12

(13) ae = flcw.a,).

For the tested laminates of the stacking vequence [0 /+85/0 /~ Hb/o/go] fabricated from
914 C/V300B graphite epoxy prepreg tape the amount of calculated plast;lc zone is g, = 0,5mm. .
The effective modulus properties of cvach unidirectional ply used for calculation are

R Ey = 150 kN/mm?, Ey= 10.000 kN/mm? .
Gy = 5 kN/mm® and v;= 0,30 .
With these properties the extensional stiffness Ay , the coupling stiff, A ﬂ[,';' and Bm
the bending stiffnesses DY) and DY and the curvatures due to cu ing strcsucs g and g i
were calculated by using claus:l.cal lamination theory for both delaminated parts. .

e e ¥

FREY
B

L s




For our example these properties are

107,261 KN/mn @

3,6765 KN BY; = =0,173Y KN
4.5380 KN/mm p1Y] 0,9136 KN/mm
0,005936 1/mm QW 0,000956 1/mm
0,06  KN/mm? &y 0,758" KN/mm?

The curvatures g were estimated for a difference of temperaturc 4T= 100 K between test tempera=-
twre and glass transition point. The strip delamination size a was calculated by the Eg.12 as a
function of the crack opening displacement ctm . The results were compared with the size

of edge delamination for different delamination stutes on several test pieces. Therefore
delamination sizes were observed by C-scans and by a scanning elektron microscope (SEM)

after ending the test and cutiing the specimen transverse to the load direction. A

comparison made between the measured and the calculated stress-displacement curves at
different delamination states isuhown in Fip.28 for a quasi-static-test and in Fig. 29 for

a fatigue test. The estimation was carried out under the assumption, that & ( in the

place of ap at Eq. 12) ias growing linear with the increasing stress oy up to the critical
otress Gxe of the delamination onset. ( @a = 0aB./6xc ). A good correlation was achieved

for the measured and calculated stresg-displucenent curves.

We are still working on the formulation of delamination growth as a funktion of time t,
a =f (ox,t)and a = f (@,,R,N,t ) , and on the problem of sirain energie release rate
associated with the delamination growth also in relation to the change of specimen axial
compliance, (5] .

The objective is to comblne the degradation due to prouving delamination size in tension-
comp§euuion cyeling with the residual compressive strength of fatigued and partly bucklad
specimens.

5. PFATIGUE AND REUIDUAL STRENGTH MODEL

During quovi-static compresslve Lesting or tatigue testing with considerable amplitudes

of compressive stress, fallure ovecurs by the buckling or kinking of individual fibers,
fiber bundles or fiber layerus which are more or less supported by the malrix resin. The
supportive effect i3 reduced #s the delamination progresses, under both tensile and
compressive loading. Yracture oceurs Cinally when a portion of the croes-section buckles
and the remaining cross-section is no longer sufficient for the transmission of the applied
loading., The effect of the antibuckling support which houlds the test piece either over the
entire area, or on a cenber line, or on the 2 edges of the gauge area, must be taken into
consideration. Whilst the delamination state ol a test piece in multi-layered CKRP has no
material influence on the residual tensile strength or on the tensile fatigue strength,
test pleces with delaminations are especially sensitive to compressive loading.

If the delumingtion state of a multi-layered test piece during cyclic loading is to be
describe , a formulation from fracture mechanics muy be used for the purpose 113 , 14] .The
growth of crack length (or in this case the delamination size a)with increasing number

of cycles N is shown by

(14) N " g-8%.d"

where & 1s a reference stress in the vicinity of the delamination crack tip; g, # anc
m are conctants to bo determined cmpirically. By integration and insertion of limits
for N = 0 with a = a, and for N = Ng with a = a4 the number of loading cycles N is
obtained which corresponds to the delamination size ag:

N —+ A T Iolak St ot bt

(15) Ng = {df™-al"™) 7 (1-m) g *

Now we assume that the test pilece fractures due to compressive loading when the delamination
sige a rcaches a eritical value [15) . As shown in Appendix A the critical delamination
size & for a eyclic loaded specimen can Le expressed as

(16) ag= (1- g' ) % ﬁ_

where ¢, 1s the critival compressive stress, 6 the compressive strength of the virginal A
specimen, the cross sectlon, I the thickness of delamination strips, E the modulus of

p the non delaminated and E; the modulus of the deluminated cross section. In vhe case of
fatigue failure the opecimen will fracture after N load coyclis at the compressive cycling
stress amplitude &; =06} when the critical delamination size a4 = ay 18 reached.

R =

In the case of residual strength test of a fatigued specimen,after Ny 1load cycles the
eritical damage size a4 = ay can be expressed by

(18) ag - (1%1:_) % ?E.
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where @, is the residual strength. The damage state D can be formulated as a function of
dimensionless number of load cycles,

NR
() o - f (ze).
Substituting Ni and Ny by Egs. 1%, 17 and 18 yiclds

(20) O = T(gff%g)tm

For our further considerations we will use the simple expreesion for the damage state due
to delamination

.-
(21) D = (M) "
&¢-0;

The valldity of this formula was controlled by fabtigue testo.
6. FATIGUE 'PESTS AND KRESIDUAL STRENGTH,

Fatigue beuls were carrled out on type I specimons with a gauge length of 1% mm to
determine the number of load cyclus bo fracture under constant stress amplitude with the
atress ratios of R = =1,0 and R = 0,1. The reuvults are illustrated in g, 30,

The specimens were supported aver their entire area against structural buckling. In order
to determine Lhe Jdamage state of the test pleces, additional specimens were subjected Lo
fatipue loads at R = -.1.0. Atter certain number of cyclus N {he residual strength werc
checked, The results of the residusal strenglh tests are plotted versus the number of
louding cycles Ny i ig. 31, The residual compressive gtrength fallc off continuously
with the approach to the number of cycles to fracture Ne , down to the ful.igue strecsor.
The residusl tensile strenglh shows no significant change in comparison with the static
ubrength. J

fhe illustrabion of residual strength lnvestigation in thio form is very complex. 1n iis.32
the damuge state D of the test speedmens iy shown with reference to the progress

of delamination, Since the btest resulls are nuturally soattered, the equation (P1) was
expanded Ly a number of terms which take account of this scatterin .

(22) 0 = e {1-w) (n gﬁ_”-:t)‘"‘

where o = «j+of

and o = statistical seatler for a given fajlupe probability P based on statlc strength.

oo opverage damage of a virginal test piece with a failure probability of 50%,

f= statistical scatter for a given survival probability Py based on the load eycles
to railure.

The corresponding scatter distributlons and curves of equal survival probability vy = 90%,
50% and 10% are chown in Iy, 32. The damage D to be determined in the residual slrength
Investipations iy calculated from eguation (20) and entered into Fig. 32. The exponents

m determined trom the test results as m = 0,45, As can be deduced from g, 32, the
delaminabion progress can be deseribed satistactorily with the ald of cquations (17),

(18) an (21), taking account of the scuattering of the test results.

1. SUMMARY

In the present vtudy a teohnigue was developed to characterize the onset and the growth of
edge delaminations in maltidirectionsl compoulte laminates. The delaminabion that rormed
under static and cyelic loading in the interface between the liyers of the laminates

wi,  determined by ultrasonie C-scans. During Leust loading the transverse contraction and
the transverse crack opening displacement due to peeling stresses were monltored. The
observed onset of delaminations wau correlated with the stress distribution genervted
from a finite element analyosis. The test dalw and the analysls were used to derive a
closed=-form equation for the delamingtion vive assoziated with the onset of crazks and

the crack opening displacement. Those defects progated slcwly owing to interlaminar stresscu
up to an aren, which 1u eritical againct buckling of parts of the delaminated test
specimen in the case of tension-compression fatigue. A correlation between delamination
slze and residual compression strengih of fatigucd specimens was derived,
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A delamination propagatlon model under peeling stresses Gy (mode I condition) may be
expressed in a form similar to a orack propragation model in metals and is given by the
Eq. 1l. Let the initial defect characterived by a delamination size a.= 0 and the size
ay after a number of loading cycles Ng. The integration of Egq. 14 yields

(A1) Ng = dd*/{1-mlg5®

]

F APPENDIX A
{

\

|

|

\ Assuming the edge delaminations a; in the multllayex' composite develope symmetrical

} from the edges to the cen oy plamol the specimen as shown in Fig. Al, Than we may define
the delaminated area A" = ajh, and the non-delaminated area A = A - A* , where A =bd
means the total cross sec Jor.. The load distribution on both parts of the cross-section

is
0

(A2) Py = Z‘PA" +Px
A

It was observed in tension~ compx-eunlon fatigue teots and residual sirength tests that
- parts of the ceross section failed by buckling. The buokllng load of the delaminated section
o i which bucklesat first can be expressed by [14] | [16]

.. 2 q¢ 2

3 hi LS hi
(A3) P, m k;AY T Ei (_L) o ki i ( i )
! U2(-v 3] g PO 1201-v{) \a

where ki  io the oompressive buckling coefficient tor flat plates with one single supported
edpe and three clamped edges as shown in Fig. A 2 [16] . The value of the buckling coeffi-
cient is 2,0 »kj > 1, 2" buring fatigue losding the delamination will grow up to the
duldmlu.ﬂ,lun aslue ar . Than the slLrip becomesinvtable. It will be avsumed that the
postbuckling load oi the delaminuted strip remain conutant and equal the buckling load
during incereasing strain (see lllg. A3 and [17] ). withlnu‘(uuinp; number of load eycles

\ B Lhu delamination growth will contliue and the buekling load will decraese after kg. (A3).

g See Mg, AU, When a certain part of all delaminated strips Laecome instable the remaining

” nun-delmninated cross vection will falle because of exceeding its atatic sirength (or the

A fallure strain). Thooe considerations are transterable on the behavior of a delaminated
o lamlnhote on rosidual strengih teot.
oo The residual strengbh at & certain number of lomd cycle N can be expressed from Kg. (A?)

n '. z I
(Ah)  ew = P ey Ll L gy (1_ a, 1.)
i=t A A

where @ = By /o h, and P; are the buckling loads after Eq. (£5). Tu form a very simple
1'(‘labumulup Lu.(.kun vouiduul slrenpth and delamination slze we ussume that by = h = const,
)_,,, o, h, = uy- b (where ay the delamination state after N number of load cycleu),
. I B,-g and Ox = F g . With regard to buckling stress and the above slmplificationy
\ tho vuulduul shrength yilelds

(AD) oy = o ‘:-l"._*— g (-@-J-N- -uN-h) .1]

where ky = 2 was used. Asguming (6816 -1)2 A?/4n?>20? Je¢  Lhe criticeal delamination ulze can
Le expressed for the residual slrength and for the fellure load cycle au
ug = (1 Gr. ) A .t';. and o = (1 “L A b jespectively, (sec Egs. (16) to (18)),
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SUMMARY 3

-7 This report presents results concerning the effect of delaminations on static and fatigue
strength of carbon fibre composites. The delaminations have been introduced artifically N
into solid laminatedy And sundwich structures by meanz of folded teflon patches. Th
effacts of delaminations caused by low energy .lupact have alsu been investigateth:’

R The tests have been carried out both at room Lamperatura and at 120°C in the “as re-
Lo ceived" as well as in the wot condition.

P

For the sandwich structure design no loss in fracture strength could be found even in the
case of fatigue and bullt~in delawinations.

The samg results are valld for tha shdur angle specimens. L

No slynificant loss in compression strenyth caused by 6 X ¢ mm delaminations was found,
although 12 % 12 and 12 x 25 mm delaminations have shown a conasidorable reduction in

R strength.

. The effact of delaminations caused by low enurgy impact was found to be no grewatar than
| that of a 6 mm open hole which is always taken into account in the MBB design philosophy.
P INTRODUCTION

Carbon fibre reinforced plastic (CFRP) materials are playing a mora and more important
"ole in advanced aircraft design due to their high specific strength and stiffness. A
Lot of maechanical values and characteristics are already well known, but there are stlll
gome problems to be resolved. One of this features is the behaviocur of delaminations in }
CFRP with regard to tension and compression strength and stiffness. i

Amongst other manufacturing defects (e.g. porosity, winkles, fiber breakout at drilled
holes), delaminations are contributing to a certain amount of scrap, because of the

stress engineers lack of knowledge about the influence of delaminations wn static and
fatigue strength.

To gain experience it would be desirable to load scrapped parts with natural defects
till fracture and deduce from the test results a tolerable defect size. Unfortunately

in most cases it is impossible to load a single part out nof a complex structure re-
presontatively. Therefore specimens with representative defects and loading are tested
and the results are read across to the structure. Delamlnations can result from miscuring
solid laminates or they can be caused by impact. Anothor type of delaminations i a mis-
bond between solid laminates and honeycomb.

To get information about the iniluence of delamlnations on important mechanical proper-
tios and on typical features of dcoiign the following investigations have been carried out
at MBB:

Effacts of delaminations:

1) in sandwich structure dusign, being i1upreseulative for the interface batween solld
CFRP and honeycomb, where defects are likely to occur.

2) on shear angles, being representative of channel members

3) on the compressive strength of solid laminates

4) caused by low energy impact.

Investigutions have been carried out both at room temperature (RT) on "as received"

specimens and in tha hot/wet condition, since some strength properties of CFRP are
significantly reduced at elevated temperature by absorbed moisture.

|
!
i

e
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GENERAL

The unidirectiona. prepreg materials used for the investigations presented in this paper
were Fibredux ?14</T300-GK and Fibredux 914C/XAS-10K from Ciba Gelgy with efither 34% or
40% resin content. The Toray T300 fibre was used in investigatic~s 1, 3 and 4, whereas
the Courtaulds XAS fibre was used in 2. The difference in the mechanica properties due
to thue two types of fibre is not significant for these investigations, .uerefore the
results are applicable to both prepreqg systems.

In invescigation 1, the woven fabric material Fibrcdux 914C/G8G3 (Fibre T300-3K) with 40%
resin content was used, too.

The film adhesive Redux 3(9A has been used fc. the bonding between solid laminates and
honeycombs.

All tec* pieces have been manufactured in accordance with the MBB manufacturing and
quality assurance standards. Two methodsa aave been used to get the zero-moisture datum
for the test items to be counditioned in the climate cabinet to representative moisture
Irvels.

1resr are:
- trim t.avelley speciwmen after cure and welgh immediately after post cure

-~ recrv traveller speciman with unrduvifined molsture level in an oven 3 days at 70°C,
J days at 90°C and x days at 110°C till coastant weic.:t is r2ached.

.’ wa3 shown thio these procedures are producing an cquivalent zero-moisture datum,

All moisture levels whi:h are quoted in this paper have L -1 recalculated to a fibre
voluwe fraction of 60 Vol.%.

The elevated test temperatures have beesn applied :o :he specimens Ly means of circulated
hoo ar or infrared heaters.

The delemirations winlch have been artificlally incosporated irto the specimens have been
simuloted by folded teflon patches. This method has buwen found to be the 1 :st satisfac-
tory method in comparison with other trials which have been made to simu! e delaminations
by various methods.

TESTING AND RESULTS

ad 1) The three point bending sandwich gpecimen shown in Flg. 1 was designed to represent
a typical (ectior of a spine hood or access door of a fighter A/C. The outer-skin
is wede fror, 16 pays of unidirectional prepreg, the core is Nomex and the inner
skin is manufactur~d from two plvs of fabric.

Into the specimen three delaminations with a size of either 18 x 9 mm or 18 x 6.5 mm
have been incorporated between the solid laminate and the honeycomb core in areas
which are considered to be critical.

All specimens have leen conditlioned at '°C and 70% R.H. to a moisture content of
',24 and tne test temperature for the residual strenyth was always 120°C,

The test programme and fatigue block diagram can be seen in Fig. 2, the individual
test .2sults in Fig. 3. It can be demonstrated that neither fatigue rxepresenti.g
16000 flight ours nor fatigue plus bullt-in delaminations have shown an effect

on the resiJdual f{racture load <r th: specimen deflection at fracture. train qauge
mneasuremenis in the regions of delaminations have shown an increase in local strain,
't this had no significant effect on the fructure load and fuiling mode.

ad Tine <hear angle specinien presented in Figs. 4 and § is ccnsidered to be represent-
tav.ve for shear carrying channel members. Delamination like Jefects have been
fourd to 1 » mo1e frequent in radil than in flat items. Therefore tha delamination

size and gistance from cdgoes has beoen dcfained according to the MBE radiug dofoct
S.2C ana distanCc Irom CUges adas odon QTTLAncd accorauing e FO0 Iadius Qoioct

standard. The test objectiv was ty demonstrate that the effects of Adaslawinations
in radii as shown in Fig. 4 are covered by stressing the part *to carry the bearing
load in the sides of the angle. The defect size and position is shown in Fig. 4.
All types of specimen have been tested in tension at room temperature and in the
as received cond!/tion because . he tensiui. load creates shear stresses in the
CI'RP-anqles,

The s:ecimens with built-in delamineztions have been conditioned to 1% moisture at
87°C and 95% R.H.

Some of the wet specimens were subjected to fatigue wccording to Fig. 6. Within one
blowk of loading vepresenting 20 simula.ed flights the temperature of the specimen
was raised from room terperature Lo a maximum of 90°C and than c¢ooled down to RT
again (Fig. 6). The accuimilated fatigue 1l ad is representative of 4000 flights. A
loauc factor of 1.4 was applied to cover 16.000 flighis. The moisture content of the
CFRP-angles wa« moriturad by a trave.ler specimesn during fatigue and rusoaked to the
1% moisture level if &z sign.ficant drop i1. moisture content occured. The residual
streag.ch tests in test conditions B and C have been performed in tension at u t.ost
temperature of 120°C and a moisture level of 1%
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At room temperuture the results (Fig. 7) show a small drop in strength between the
reference specimen and the specimen with bullt-in defects. The hot/wet tests show,
of course, a loss in strength versus the room temparature values, but the results
are well within the expacted limits. The most suprising effect ig, that the mean
residual strength of the fatigue specimen is even slightly hlgher than the stutic
strangth. PFurthermore, no significant difference in fracture load hetween the
specimen of type 1, 7 and 3 could ba found. The failure mode of some specimens was
filmad by a high spead camera and it was found that the apecimen failed firmt
around the holes in the thinner part of the shear angle. An initlation of feilure
caused by the built-in delaminations could not be found.

The hot/wet compressiva strength is one of the most critical propertieg irn tha
proper desiyn of CFRP structures. Tharefore the effect of moisture was coabined
with the effect of delaminations to look for further loss of strength. After manu-
facture of large panels the location of the delaminations was found by ultrasonic
inspection and a single specimen was machined cut ¢of the panel in a manner such
that the middle of the defect coincided with the middle of the specimen.

The position of the delaminations with vespect to the surface can be sean in rig. 8.
A number of tae specimons was tested at room terparature in e as receilved con-
dition, the rest were rconditioned at 70°C and 70% R.H. to a moisture contant of
1,1%. Buckling of the spucimens was preventad by anti-buckling guides.

The results on 'ig. 9 show that not only at room temperature, but also at 120°C in
the waet condition, thera is a significant drop in strength for the specimens with
the 12 x 12 and 12 % 25 mm delaminations. A small loss of strangth for tnuv case of
the 6 x &6 mm delamination can be seen at room tewperature only.

Tho position of the dolamination, too, 1s an important parawmeter. Equal sized du-
fects thow iems influence towards the center of the specimen.

The test work done at MBB on low energy impact covered a large variety of parameters.
In this paper only the rasults of impact induced delaminations are presented.

The specimen geometry, the impactors and the laminatas used in the investigations
and the test programme can be seen in Figs., 10 and 11. An aluminium honeycomb of

30 mx height was bonded to the impact zone of the tension specimsns to simulate
impact on a sandwich structure. After impact the honeycoudb was removed from the
specimen by means of machining. The laminates used are representative of a tailarxon
for a military A/C.

Impact was simulated by dropping tools like a scraw driver and a hammer with a
waight of 115 g and 300 g respectively. The impact energy was varied by different
dropping heightgs,

Runway debris was simulated by glass wulbs of 22 mm diameter and 14 g waight. The
impact velocity was recorded by light barriere. A part of the specimen was pre-
loaded at lmpact ~ o, 3 and 0.1 times the fracture loed to simulata the efiect of
lapact un loaded structures.

All impact parameters have been chosen in & way that barely visible impact damwge
{BVID) or visible .mpact damcye will occur. This wag done to ensure that iavisible
damage will he cuvered in any case by our design ccncept, The specimens which were
to be tested in the wet condition had been soaked to 1.0 - 1,28 moictuce ‘n 2
constant climate of 70° and 95% A.H. Most of the impact tests have been done in the
wet condition.

The strength tests have been carr.ed vut at room temperature in the as received and
wet condition and at 120°C in the wet condition.

The results of the US-inspection are tabled in Fig. 12. It can he seen that the
specimen were much more insensitive t: .mpact damage in the wet condition, e.q.
the impact of a hammer with 3.0 m im_..ict heignut caured on laminate B in the
received condition a rAelaminacion of 38 mm diameters, in the wet condition the
delanination size is 26 mm only. Pralwading of the gpecimen does not seem to have
any influence on the delamination siza.

The results of room temperature tesatin, «2 tabled on Fig. 13. It can be seen that
results of the tension tests show a lower sensitivity to impact than the results
in compression. This effect can been seen very clear on the preload. d spacimcns,
which show a significant reduction in compression strength. On .azinate A (com-~
pression) and laminate B {tension) the impact by a hammer has resulted in a
considerable reduction in etrength. The tests at 120°C have shown the biggest re-
duction in strength in compressiorn (Fig. 14} . But it is interesting that for
laminate A the effect of a falling hammer (1 m height) is similar to the influe

of an open hole of 6 mm diameter. In MBB philosophy invisible impact damage

is designed like a 6 mm open hole. The impact damage caused by the hammer is already
visible. Therefore the loss of strength in tension as well a= compression is well
within tie design concept and must not be considered with any supplementary knock
down factor.
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CONCLUSIONS

The strain levels used for deaigning a carbon-fibre composite structure 1t MBB incorporate
allowance for low energy impact damage and the presence of bolt holes. These sirain
levels very often cover a certain delamination size.

- It was shown tha. typical debonds; at the intertace of CFRP and huunwycuwwdb didn't have a
significant effact on the hot/wet resid. 1l strength, avan after 16000 simulated flight
hours of fatigue. These results are restricted to the stress levols of secondary
structures.

- In the case of pure shoar - as was demonstrated by the shear angle spacimen - no
influence of the investigated del uminations could be establiished because the part is
designed mainly by bedring strength and all failures occured in the notched ares.
These results can be interpreted to allow greater defects or smallexr edge distances
fer delaminations in radil but, on the other hand, pure shear is unlikely to occur in
real structures, where tha problem of secondary bending has always to ba nsidered.
Therefore our standard will not be released.

Tne effect of highar bearing streangth atter hot/wet fatigue was found on other bearing
strength critical component testing,too.

~ Delaminations in flat items are unlikely to occur frequently. The test results have
shown for the static load case no significant influence of 6 x 6 mm dolamin~tions.
The 12 x 12 and 12 x 25 mn delaminations have caused a loss in strength of about 15%
at room temperature and about 17¢ at 120°C and ),'% mussture. For static load this
reduction in strength could be tolerated because test results with the sawa laminate
have shown about a 35% loss of strength for a 6 mm open hole. 9n the other hand the
fatigue behaviour of delaminations iz not known in detall. Therefore no allowance can
be mad¢ for delaminations bigger than 6 x 6 mm for compression critical items at the
moten t .

The statistical basis of the results un impact damege ara still to weak te make a final)
decisiun. But, never-the-less, some important conclugions can be made:

‘The delimination size found by Us-inspection is asiyniflicaully iower it the impacted
laminate i6 salready in a wet condition., This can be attributed tuv a softuning cffect
on the matrix due to the ingvuss of moisture.

In our design prhilosophy, low energy impact is aiways taken intec account by the
allowance of a 6 mm hole in any part of the structure. The results have shown that this
J allowance is both, necessary and sufficient.

Some of the testwork presently going on at MHB will provide more detsilad iniormation
about the behaviour cf delaminations in structural components and larger structures.
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Fig. 7 Mecan strength of shear angle gpecimen at various test conditions
and three types of built-in delaminations
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360 ‘
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%0/“&5/—MSIUAIO/WE/-U%QO/—ll5/+45/0/0/—u5/+u5/0/0

POSITION OF DELAMINATIONS (FOLDED TEFLON PATCHES)

COI DITIUNING PARAMETERS: 70°C ~ 75% R.H.; 42 Days

THE Y0*-MOISTURE DATUM WAS DETERMINED AFTER POSTCURE OF LAMINATES,
WEIGHT-GAIN WAS MONITORED BY 3 TRAVELLER SPECIMENS,THE MC,STURE
CONTENT AT TEST was 1.1X.

Fig. 8 Specimen geometry, lay-up, size and position of defects and conditiohing
of multidircctional corpression specimens
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10 Lay-up of specimens and test programme for impact ta..ing
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rig. 11 sSpecimen geometry and impactors for lmpact tesoting

TyrE CF TYVE OF US- INSPECT ION-11AX, TYPE  OF PRE- US-INSPECTION
IMPACT LAMINATE | DELAMINATION SIZE (MM) IMPACY LOAD MAX, DELAMI-
AS RECEIVED|1.0 - 1,2% NATION S1ZE
LAMINATE A (M)
MOISTURE
SD 0.25 M A 8 -- SR 20M/s 45* - E 15
D 0.75 M A 13 6 SR 20M/s 45° P.15 Ryt »| 17
A 1.0 M A 27 15 SR 20M/5 45° | 0.3 Ry | £| 16
SR 37w/s 227 A 24 2 Se 37w 220 | - N2
4
Sh 1.0M B 12.5 -- SR 37M/s 227 0,15 RM ' 18
HA 3.0 B 38 26 LSR 3m/s 22703 Ry| S| 19
NOMENCLATURE:
$D 0,25 M: IMPACT BY SCREWDRIVER, WEIGHT 115 G DROPPED FROM 0,25 M HEIGHT,
HA 1,0 M: IMPACT BY HAMMER; WEIGHT 300 G: DROPPED FRoM 1.0 M HEIGHT,
SR 37M/s 22°: SIMULATED RUNWAY DEBRIS; GLASS BULB; WEIGHT 14 G3 DIAMETER 22 MM;
IMPACT VELOCITY 37 K/$2 ANGLE OF INCIDENCE 22°,,
0.15 Ry: SPECIMEN PRELOADED AT IMPACT WITH 0.15 OF FRACTURE LOAD Ry.

¥ig. 12 Resultus of ultrasonic lnspection of impacted specimens

L



e &

604

I800006061006000 8

8006

50 —1
40 -4 .
= Joss]o3 - o5 |u.3
01 prELOAD || PRELOAD
D1 - | - |solualsramsazT] - | - [so]Ha sk 2 sse] ] - | - |so|ua| ]
Wr{o|w|w|w wlﬂw*n wlw|w wIwIw Ao lw]|w|w|
0 N
TENSION LAMINATE A COMPRESSION LAHINATE A TENSTON LAMINATE
SD: H =0,251 HA: =14 {SP 1 =0,25M HA: 1= 1 M |SD: H=1m,
D: NOMINALLY DRY; W: WET, 1 - 101 8TURE HA: 1= 3 M
(@) NUMBER OF RESULTS
e
rig. 13 Influence of low energy impact - mean test results at room temperature
Yo
10 e ——— e ——
1004 N
90-1- - ———— —————
804} - e — =
70 1 A -
60 1 - -
504 E = -
sHololoHe|lo|oHo|o|o |
304 s -
2w04d - {ua ]l oplH - | Ha ] or [ ~ | HA | OP
w4 W w w oLl w w w w w i
0
TENSION - LAMINATE A COMPRESSION - LAM. A TUNSION - LAMINAIL B
A: H=1M HA: H=1H A H =3 H
OP: GPEN HOLE O M4 8 0P: OPEN HOLE 6 MM ¥ it OPEN NOLE b M8
W: WET CoNDiTioN, 1-1.2% noisTure, 70°C, 95% R.i. ]@ NUMBER OF RESULTS
Fig. 14 1Influence of low energy impact ~ mean tesl results at 120°C

. b s,

| e L e . 4




T,

ADPO01915

CHARACTERIZATION OF CUMULATIVE DAMAGE IN COMPOSITES DURING SERVICE
oy

M. E. Roylance, W. W. Houghton, G, E. Foley,
R. J. Shuford and G. R. Thomas

Army Materials and Mechanics Research Center
Watertown, Massachusetts 02172
United States of America

SUMMARY

-~

— An investigation has been undertaken to study the nature of cumulative damage
oceurring in glass epoxy composite test coupons and sub-structures during fatigue
loading, and to correlate the extent of this damage with remaining useful lifetime.
Changes of stiffness in composite laminate specimens loaded in tenslon-tension fatigue
at various load levels have bheen shown to refleot the extent of accumulated damage and
the magnitude of the stiffness change has been used to predict the remaining life
fraaticn of the specimens. Dynamic structural analysis techniques can be used to tollow
these stiffness changes in subsatructures, and should be useful as a fileld technique for
following stiffness 1osses in composite structures. The nature of the damage which
oceurs during fatigue loading has been characterized by a number of nonJestructive
evaluation (NDE) techniques including ultrasonics and infrared thermography.

I. INTRODUCTION

Fiber reinforced materials offer significant advantages over conveni nal metallic
materials for use in fatigue-critical structures. These advantages arise from the
greater damage tolerance and reslstance to high cycle (low stress) fatigue exhibited by
composite materiafs (1). The use of these novel materials in structural applications
requires the use of new nondestructive inspection techniques, since the techniques used

for asscessment of accumulated damage In metals are frequently not applicable to
composites.

The increasing use of composlte materials by the U.S. Army has prompted the
development of such techniques, and also techniques for characterization of commerclally
supplied starting materials, including resins and prepregs. The flow chart in Figure 1
shows the standard methods used and the new techniques available for characterizing
composite materlals, The quality assurance and NDE techniques begin on the left with
characterization of the starting materials and end on the right with in-service
inspection of flelded composite atructures or components,

This paper brivfly reviews some of these new techniques for characterizing
cumulative damage iu composites subjected to fatigue loading. It also discusaes the
results of an experimental study in which these techniques were used. In this study,
glass/epoxy composite test coupons 3nd substructures were fatigued, the nature of the
damage occurring in these materials waas characterized by a number of NDE techniques, and
the extent of damage was correlated with the remaining useful lifatime. Changes of
stiffness in composite specimens loaded in tension-tension fatigue at varluus 1load
levels have been shown to reflect the extent of accumulated damage, and the magnitude of

the stiffness change has been used to predict the remaining 1life fractlon of the
specimens.

II. OVERVIEW OF NDE TECHNIQUES
A. THERMOGRAPHY

Improved thermal imaging systems manufactured within the last few years have
resulted in renewed interest in the use of thermographv as a quality asasurance and NDE
technique {or characterizing composites. Real-time thermography can be used to detect
damaged areas in composites by monitoring the temperature distribution when the soecimen
is heated elthes by an external heal source ("passive" thermography) or by internal
thermal dissipation from applied mechanical stress (“active® thermography). The
interested reader s referred to a recent state-of-the-art review of basic principles of
thermography and application to composites (2).

Passive thermography involves heating the structure by conduction, convection or
radiation. Differences in heat transfer characteristics due to desfects yleld a pattern
of varying temperature on the suriace, The resclution capabilities of passive thermo-
graphy depend on heat transfer properties.

For composite materials, the uctive thermographic technique involves internal

heating by means of viscoelastic dissipative hysteresis, In this case, the
stress/strain level and excitation frequency used are the two most important parameters
affecting heat generation in the material. In vibrothermography, a technique ploneered

by investigators at Virginia Polytechnic Institute and State University, the object to
be examined is coupled to anh ultrasonic shaker and subjected to high-freguency,
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low-amplitude vibration (3). Vibrothermography appears to be a good method for locating
delaminations and other flaws in composites where the surfaces of the flaws can interact
with one another during high-frequency exaitation (4),

B. ULTRASONICS

Ultrasonics, which uses frequencies from 20 Khz to 24 Mhz, is probably the most
valuable and informative conventional NDE technique available for composite materials.
This technique involves the interaction of an ultrasonic mechanical wave with a
material, For example, an ultrasonic wave is passed through a material and energy is
reflected off of a defect. This results in both attenuation of the wave and formation
of a reflected wave which is measured at the front surface. Thus, the reflected wave
and the attenuated wave both contain information about the flaw or defect. Ultrasonic
testing is not a novel technlque for composites, since the methods used do not differr
from those used for metals.

C. DYNAMIC SIGNAL ANALYSIS

Another non-destructive evaluation technique which has been used in the current
study 18 dynamic uytructural anlaysis. Although this technlque has not been used
extensively in the past to characterize the fatigue induced damage in composite
structures, it has been widely used to analyze structural resonances and damping. Since
changes 1in stiffness and hysteresis of fatlgue damaged composite structures are
reflected in corresponding shifts 1in rescnant frequencies and damping, dynamic
structural analysis can be used to assess the extent of fatlgue damage.

Commercially available eguipment for dynamio signal analysis varies in
sophistication and complexity. Instruments range from simple equipment designed to pilck
up a single fundamental resonance excited by a mechanical disturbance such as & tap by a
screwdriver to specialized mini-computers which perform fourier transform analysis to
caleulate a full range of resonant fraquencies and mode shapes 1In complex structures.
Advances in instrumentation in the last five years have produced field portable systems
with these sophisticated capabilities, and one such instrument, the Hewlett-Packard
5423A Dynamic Structural Analyzer, was used in this study.

D. ACOUSTIC EMISSION

When a material 1s significantly stressed, it emits mechanicnl stress waves, These
streass waves are frequently known 83 "accoustic emissions." The obsarved Acoustiu
Emission (AE) event from a composite matsrjial is an exponentially decaying sinusocid.
This signal, or "“Event," is frequently churacterized by its peak amplitude, or the
number of times it exceeds a preset threshold, or possibly ita anarcy, Thie
information, Jhen combined with the stress history, total number of events and their
location can be informative.

Acoustic emission offers the unique capability of characterizing the damage
occuring in composite materials undergoing stress. Investigators have used AE to
characterizy damage accumulation in fiber reinforced composites as a function of time
under load, straln rate, stress level, and fatigue loading. An  excellent
state-of-the-art review has recently been written by M. Hamstad of Lawrence Livermore
National Laboratory (5).

III. MATERIALS
A. CHARACTERIZATION OF STARTING MATERIALS

As Figure 1 indicates, one of the most recent techniques for characterlization of
epoxy resins and prepregs for incoming quulity assurance 1is high performance liquid

chromatography. with proper choice of 3solvent system and detector, liquid
chromatography can yleld a reproducible and easily recognizable "fingerprint® of a given
resin system. Each luwportant componeni of the resin produces a separate peak whose

iiagnitude refiects the quantity of that specimen {raction. Hagnauer (6) and his
coworkers at ANMMRC have published several papoers dealing with HPLC characterization of
e¢poxy resins, including those based on diglycidyl ether of bisphenol A (DGEBA), such as
used in this work. Prepreg material for the present study was screened using the
experimental procedure described in reference 6. The resulting fingerprint agreed
within acceptable limits with the fingerprint In Figure 2 (reprinted from reference 6)
for atandard prepreg.

B. FABRICATION OF TEST SPECIMENS
1. Laminate Specimens
In the present study, three types of composite laminates were evaluated. The [lirst

was a8 crossply laminate with a stacking sequence of (0,/90 /02/90/ ). The second was an
angle-ply laminate with a stacking sequence of (Oq/+%5 /%HSW/QO/S). These were both

fourteen-ply laminates. The third laminate studield was® a afxteeﬁ»ply laminate with a
stacking sequence of (45,/-45.),. This laminate was constructed to be as close as
possible in reinforcement geonet y and thickness to the +45° fllament wound specimens
discussed below.




7-3

The laminates were prepared by hand layup and autoclave cure of 3M SP250/E-glass
unidirectional prepreg. Initial laminate size was 760mm x 1.37m. The laminates were
cut into rectangular coupons 305mm long by 25.4mm wide and machined to their final
configurations by means of s Puntograph-type template-controlled router. Figure 3 shows
the dimensions of tlhe AMMRC-designed Streamline specimen and the standard D-538 ASTM
dogbone specimen.

2. Fillament-Wound Specimens

FilamenlLewound tubes were fabricated from E-glass roving impregnated in line with a
diglycidylether of bisphenol A (DGEBA) reain (100 parts) mixed with methyltetrahydro=-
phthalic anhydride (MTHPA) (BO parts) and benzyldimethylamine (BDMA) (1 part). The
tubes were wound with +U5 degree orientation on 8 25.4mm mandrel. The outside diameter
in the gage section was 31.8mm with a 90 degree overwrap to 38.1mm outside diameter in
the grip area. After winding, the matrix was cured to gelation by rotating the tubes
undey infrared lamps. he tubes were then fully oured in air-circulating ovens at
93,3°C for 1 hour and 177°C for 2 hours.

C. CHARACTERIZATION OF TEST SPECIMENS

Fiber, resin and vold volumes were determined on the filament wound and laminate
specimens using a burn-out technique, The thickness of the laminates varies
considerably from specimen to specimen, and a variation from 40-60% in the fiber volume
fraction results. A nominal thickness of 0.2mm per ply was used for stress
calculations, corresponding to 50% fiber volume. The fiber voiume fructiun of the
filament wound tubes was 72.%% and varied only slightly trow specimen to specimen, The
void volume varied from 1.4 to 2,0%.

The extent of cure of the laminate specimens was evaluated by Jifferential scanning
calorimetry (DSC) measurements of residual curing exotherm using a Perkin-Elmer DSC-II
scanning at 5°C per minute. The DSC results indicated that the extent of cure was
consistent from specimen to specimen.

IV, EXPERIMENTAL PROCKFDURE
A, FATIGUE TEST PROCEDURES

All laminate te.ts were perfurmed on Instron model 1331 servcohydraulie test
systems. Static tests were done at & crosshead speed of 1.77mm/min. Fatigue tests were
done at & frequency of 2 Hz and a stress ratlo of 0.1, Strain measurements were
obtalned using dynamic stralu gage extensometers with a 2%5.4mm gage lenygth, Modulus
measurements were made using a Nicolet diyital oscilloscape and a DEC MIKC-11 computer.

The specimens were placed betwwen the grip faces and carefully aligned to minimize
any possible bending luvads due to load eccentriclty. They were then ramped at
1.27mm/min to the maximum stress level, unloaded to the mean level and cycled at 2 Hz
until failure (see Figure U).

In the laminates containing O degree plies, the initiul loading stress-straln curve
exhibits non-linearity due to failure of off-axis plies, but subsequent stress-strain
curves appear nearly linear until the onset ¢f finul fallure (Flgure 5). The
stress-strain behavior of the +4%5 dJdegree laminates was non-linear throughout their
lifetime. For all types of lamifates, the initial reference modnlus was taken from the
first cyclic loading from minimum to maximum stress (Figure 4). In the +45 degrev
laminates, which exhibited non-linear behavior during this firat fatigue cycle, modulus
was calculated from total stress amplitude divided by the total strain amplitude, and
hysteresis was calculated during this and all aubse ont measurement cycles.

The +45 degree filament wound tubes were tested in tension-tension fatigue on an
Instron 1323 servohydraullc tonsion-torsion apparatus using the aame procedures employed
for the +4% degree luminate specimens. Strsin measurements ‘:ere made using a dyngmic
straln gage extensometer. Modulus, as a ratioc of streas amplitude to strain wmplitude,
and hysteresis were calculated during each measurement cycle.

B. DAMAGE CHARACTERIZATION

During the fatigue tests a thermocouple was attached to the surface of the apecimen
to ncoftor temperature, An Inframetrics model 525 infrared thermography system was also
used to monitor surface tempera2ture distribution patterns occuring as a result of
fatigue. At intervals during the fatigue tests, ultrasonic C-scan, vibrothermograpkic,
and wodal analysis measurements were made on the specimens.

The streamline specimens were ultrasonically scanned using a pulsed echo technigue.
In this technique the specimen 13 {mmersed in water and ultrasonic pulses generated by a
transducer pass through the front surface and reflect off of the back surface. Any
discontinuity in the specime¢n reduces the amplitude of the signal received alL the bhack
surface. A conventional r-scan recording method was used to produce a permanent record
of the signals from the transducer. The C-scan recording i3 produced by automatlcslly
scanning the transducer over the specimen in an X-Y raster pattern. The movement of Lhe
recorder pen is synchronized with the movement of the transducer. When the amplitude of
the reflection falls belogw a preset threshold level, the recorder is =zet to blank or
stop writing. An irregularity or defect is theretore indfcated in the C-scsn by the
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absence of scan lines. The result is a projected true-to-scale reproducticn of the
length and width of discontinuities outlined against the specimen surface. The
equipment used for this testing was a Sonics Mark III ultrasonic flaw detector using a
Panametrics 30 MHz focused transducer,

A schematic of the vibrothermographiec equipment is shown in Fiwure b&. The
specimens were placed in a specially designed clamp and attached to an ultrasonic
shaker. An excitation frequency of 10-12 Khz was used, and the resulting thermal
patterns were recorded on videotape for analysis.

Dynamic structural ar ;is was performed on the streamline specimens using the HP
SLU234A. The specimens w. cycled to various fractions of their fatlgue lifetimes,
removed from the cycler .ud allowed to cool to room temperature. They were then
suspended from one end by a fine denier yarn to approximate a free-free condition and
excited by impulse loading with an instrumented jeweler's hammer (Dytran model S8005L).

The specimen response was measured using a Dvtran wmodel 3101A accaleromater with a
nominal sensitivity of 10 mv/g and a range of +500¢ which was placed 25.4mm above the
aenter of the specimen. For the wmedal survey, seventeen impulse loading points were
used evenly spaced 19mm apart along the sprcimen center line to pick up flexural
vibration modes.

Acoust iz emission measurements were attempted during fatigue loading, but noise
from the servohydraulic test apparatus overwhelmed any damage related signals from the
test specimen. The specimen gripping arrungement precluded gating the AE signals, and
{solating the pump from the 3ystem was de'r mined not to be feasible.

V, KESULTS AND DISCUSSION

Maxlmum fatigue stress versus log life!ime for all materials studied are shown in
Fiyure 7. Only the 0,+45,90 material exhibits apparent non-linearity in its S5-N curve,
and then only et very Tow load levels—Ain to 50% of ultimate tensile stress (UTS). The
+U5 laminates and tubes were tested in 'he range of 60-80% of yield streas (YS) rather
Than UTS, since they have a well defined yleld point as shown in the stress-strain
curves of Figure 3. In this range, both S=N curves appear linear, although at 551 of
yield strength, the tube specimens last at least one milliun oycles with no detectatlce
damuge, and this suggests that he S-N curve may becume nonlinear at luwer stresses.

As discussed in reference .. the 0,90 and 0,+45,90 laminates exhibit clearly
defined and reproducible decreasc. in modulus as a function of fractional 1lifetime,
N/N,.. Although the total change in modulus to feilure 1s different for these two
matdrials, ti.- shape of the modulus decay versus life fraction {3 similar and

essentially incependent of load level.

Figure 9 shows modulus change versua life fraction curves at 60 & h5% UTS for tne
0,+45,90 and 0,90 materials respectively. The initial rapid change in the nodulus in
the 0,90 laminates coincidey with extensive dawcge which occurs in the GO degree plies.
The fibers in the 0 degree plies 1limit the scvrain and atabilize the modulus losa at
about 5% with only about 0.7 of the specimen lifmtime elapsed. In the 0,.4%,90
specimens the stabilization of the modulus loss occcurs after 0.4 of the spoviien
lifetime at a level of 30-40%,

Obviously the +4% degree plies contribute strungly to the modulus decay in the
0,+45,90 laminates, But the restraint supplied by the 0 degres plies prevei:s them from
undergoing the extensive deformatinn that they exhibit in the absence of | einforcement
{7 the direction of the applled load. Thia is illusirated by the stress-astra.n :urves
of the +45 degree reinforced tubes and laminates in Figure 8. As mentioned above. both
spevimen types exhibit yleld-(ike behavior, followed by extensive deformation 4t u1 near
condtant load. The +U5 lamlnuate also exhibits apparent strain hardening and failure at
150~160% of the initlal yleld stress. Th. tubes usuall)y fall at 2 stress which is about
110% of the yield streas. The strain to fallure is 7-B3 for the tubes (detlined as the
point at which the luvad begins to drop rapidly, since the tubes can deform more than
1001 beyond thia point and still carry some load) and 12-15% for the lamina‘es, Yield
straina are 0.5-1% and 2-3% respectively.

This yleld i1ike phenomenon arises from _he deformation and fracture of the epoxy
resin matrix. Since deformstion and failure of thiz polymeric matrix is an activated,
time and stress depsndent process, the modulus change versus life fractiun curves for
the resin dominated +45 degree laminates varies significantly from the laminates which
contain 0 degree pliea and whose properties are therefore fiber dominated.

Instead of heing essentially independent of lcad level, the curves shown in Figure
10 are shifted to the left toward shorter times at higher loads. This shifc i
particularly prominent in the behavior of the +45 degree laminate specimens, shown in
Figure 10a, probably due to the strain hardening which cccurs in this material.

at 80% of YS in these laminates the modulus decreass goes through a maximum of 50%
at about 0.3 of elapsed lifetime., After this print the st “fneas of the test specimen
as measured by stress amplitude over strain awepl ie gredv- .y incregses and levels off
at obout 40%. The hysteresis decreases as the mouuius incr ruex.
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The surface temperature of the +45 laminate specimens reaches GOOC during cycling
at 2Hz and 80% of Y¥YS. To eliminate the possibility thuat high temperatures in the
interior of the teat specimen had induced post-cure in the epoxy resir at 80% YS, DScC
measurements of the exient of cure before and after cycling were performed. No
increases in the extent of cure were detacted, 8o the increased stiffness cannot be due
to increases in matrix cross-link density.

This decrease in modulus followed by an increase appears to be aue to yielding and

subsequent Strain hardening in the specimens under fatigue loading. tvidence feor this
is found in the stress-strain curves of the laminates at varying points in the fatigue
lifetime shown 1n Figure 11. These curves show a decrease in initial modulus and

persistence of an inflection point in the curve before the maximum 8E, and an increase
in initial modulus and disappearance of the inflection point afterwards.

The most 1likely cause of the observed strain hardening both in th2 quasi-stat’c and
high stress fatigue tests is strain induced reorientation of the fibers from the initial
+45 configuration to a closer aligament with the applied 1load. The fatigue-induced
creep strain at the point of maximum 4E is constant from s .mple to sample, further
suggesting that the increase in dynamic moduvlus is due to f{iber reorientation at a
critical strain level. The strain level in these specimens at maximum 2E is on the
order of the yield strain observed in a quasi-~static test,

At lower fatigue stresses the yielding process apparently occurs more slowly, and
fatigue failure occurs before detectable strain hscdening. Significant strain hardening
does not owcur in the tubes, and although the 4E vs N/N. curves are shifted to shorter
times with increasing fatigue stress levels, no maximum 13 observed, even at B0% of YS.
The tubes do show a slight increase in modulus at the very early stages of the fatigue
life in specimens tested at lower stress levels. A similar briel increase has been seen
in some laminate geometries by other investigators (8), and has been observed in the
first few cycles of loading of the 0,90 laminates in this study.

“ince the +U5 degree laminates cycled at higher stress levels had well defined and
reproducible aE"vs N/N. curves, they were chosen for characterization by the various NDE
techniques at differenc life fractions., Both ultrasonics and vibroth:rmography detected
progressive damage in the gage section of fatigued specimens. Figure 12 shows the
C-scan of an undamaged specimen compared with C-scans of the same specim.n after 5000
and 7000 cycles at 75% of YS, or about 0.4 and 0.5 life fraction. DBeyond this point the
damage, eapecially surface damage, 13 So severe that no increase was detectable by
further ultrasonic measurements,

Similar results are obtained with vibrothermography. The presence of damage 1is
indicated, but the specific nature or extent of the damage is difficult to ascertain,
especially during the latter part of the fatigue lifetime.

The results of the dynamic strucbural analysis are more sensitive to the extent of
damage throughout the specimen lifetime. The deformation in the undamaged streamline
specimen auring first mode bending as determined by the modal survey is depicted in
Figure 13. Figure 14 shows the peak in amplitude vs frequency for this resonance as a
function of 1life fraction, and Figure 15 is a plot of percent change in frequency vs
N/N. for the same specimen whosc AE vs N/N. curve is shown in Figure 10a, The resonant
fre&uency continues to decrease throughou€ the lifetime of the specimen reflecting a
continuous accumulation of damage until failure. This accumulatinr of danage is also
reflected in an increase in damping as shown in the Lable of Figure 1L. This technique
clearly promises to be a wuseful technigve in deterting the occurence of in-service
damage from changes in both resonant frequency and damping. A modal survey could also
indicate the location of such damage by changes in measured mode shapes.

VI. CONCLUSIONS
The major conclusions of the experimental work are ag fcllouws:

1. In none of the materlals studied is the presence ot an endurance limit clearly
indicated, although some nonlinearity in the S-N curves is suggested, especially at low
load: .

2. Fatigue-induced damage in the fiber-dominated laminates studied gives rise to a
modulus decay as a function of dimensionless 1ife ftraction which is a characteristic of
the laminate geometry, and essentlally independent of load level. In these materials
the modulus decay curve can be used as an indication of remailning life fraction during
fatigue loading.

3. In the resin-dominated laminate and filament wound specimens, a time and stress
dependent ylelding phenomenon occurs which shifts the modulus decay curves toward
shorter 1ife fractions at higher fatigue loads. Fatigue-induced struin hardening can
occur at high loads, causing the modulus to increase with increasing 1ife fraction.

4, NDE techniques such as vibrothermography and ultrasonics ecan pick up the
presence of damage 1in these fatigue specimens, but are not sensitive to the extent of
damage, especially later in the fatigue life.

5. Dynamic modal analysis is a promising candidate for an in-service NDE technique
which is sensitive to both the location and extent of fatigue-induced damage.
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AN EMPIRICAL APPRAISAL OF DEFECTS IN COMPOSITES
NIGEL PARSLOW
MATERIALS LABORATORY
WESTLAND HELICOPTERS LIMITID

YEOVIL SOMERSET

1. INTRODUCT DN
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The application of fibre reinforced plastic materials in aircraft structure is
desirable because the material exhibits high strength to weight ratio, good futigue
properties and easy formability. Although lhe materials exhibit high strength along the
fibre directlon, the strength across fibre and interlaminarly in the structure is
significantly less. In addition, interference with the fibre/resin bond, interlaminar
adhesion or fibre alignment would leuad to a substantial reduction in the strength of the
structure., Providing these deficiencies are considered in component design, the overall
advantages of manufacturing aircraft structure from composite materials far outweigh the
disadvantages of reduced shear properties,

—= A project was undertaken to develop a helicopter tail rotor blade from fibre re-
inforced materials, The manufacture of eighty biades was ildentified within the constralints
of the project. The objectives of the programme were as follow:- !

\ﬁj To evaluate manufacturing technlques for composiic materials.,

q)‘ To evaluate the small testpiece properties of the constituenl materials in the aged
and unaged conditions,

e) To evaluate the performance of the .ail rotor blade and start a long term natural
ageing programme to assess the effect on blade performance,

a) To finalise design detail, assess non-destructive evaluation techuniques and determine
4 . acceptable standards for the component.

The tail rotor blade was manufactured Irom pre-preg. material in the form of uni-
directional glass fibre, uni-directional carbon fibre and woven glass fabric (two weave
styles) all impregnated with epoxy resin.(ﬁ—

An expanding mandrel technique was used to manufacture the tall rotor blade as
described below,

Plies of uni~directiopul and woven glass reinforced pre-preg. were wrapped around a
rubber tube enveloping an aluminium mandrel, A wedge of uni-directional glass fibre re-
inforced pre-preg. (debulked) formed the uni-directional nosc¢ moulding and was laid along
the leading edge and enclosed in the woven wraps., This tube of pre-preg. formed the blade
spar, The tralling edge was made of + 45° angle plied carbon fibre skins and a foam insert,
the root end was built up with two doubler stacks. Figure (i) and (ii) are schematics
of the construction. The asscmbly was placed in a hinged aluminiwm tool, The (ool was
closed and the blade shape formed by the application oif 90 psi. air pressure, in the
rubber tube, which forced the pre-preg. agalpnst the inside of the aluminium tool, A two
hour dwell at 90°C permitted consolidation of the pre-preg. The component was then heated
to 120°C for one hour to complete the cure and harden the resin, after which the blade was
cooled, demoulded and trimmed. Further nperaticps iavolved bouding up erusion shield, tip
| caps and root¢ end uttachment bushes,

All the development blades were subjected to non-destructive evaluation to develop a
technique capable of assessing the size and location of defects in the component, whilst
maintaining a degree of convenlence to ensure rapid inspection of the component. ;

During the development of the tail rotor blade, various defects and discontinuities
were produced. These can be categorised iunto the following groups:-

resin impregnation,

b) Manufactured defects produced during moulding, e.g., voiding, fibre misalignment,
inadvertent inclusion uf extraneous material.

T

\ a) Baw material defects as supplied, e.g., fibre whorls, foreign bodies, non-uniform
c) Designed in discontinulties to allow more efficient use of the pre-preg. c.g.,
Jointed pre-preg.
Raw material defects were removed from the material prior to lamination and the iun-

advertent inclusion of extraneous material can be eliminated from the component by
thorough inspection methods during lumination,
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2. TESTING
Coupon Evaluation
Fibre Misalignment

The spar element of the tail rotor blade was manufactured from alternate plies of
woven fabric and uni-dircctional glass reinfurcement.  The uni-directional material was
aligoned with the centrifugal forces in the blade. A coupon test programme ev.luated the
ceffect on the static mechanicul properties when two folded plies of woven fabric were
included in a4 predominately uni-directional laminate

Two millimetre thick GRP laminates were manufactured frowm 12 plies of 0.125mm. uni-
directional and 2 plies of 0.20mm. woven pre-preg. Large overlapping wrinkled plies of
woven material were laid into the test luminates, see figure (iii) while the control
laninates were unwrinkled, The tensile and flexural o irength in the 0V (along the primary
fibre direcetion) and 90Y (across the fibre direction), of both laminates were ovaluated,
The tensile specimen was parallel sided, end tabbed and with dimeosions of 150 x 2u x 2 mm.
The flexural specimen dimensions wele 60 x 20 x 2 mm. loaded at a rate of Smm, /minute on
a three point bend rig of span: thickness ratio of 25:1, The results appear in the tuable
below. The value for alrungth i. the average of six specimens.

Test Wrinkled Speeimen Plain Speclmen
O() QOU (]U 901)
Flexural strength/MPa 1560 1083 1870 1233
Coefficient of Variance/% 16 12.7 2.8 7.2
Reduction in strength/% 6.6 12.2
Tensile strength/MPa 984 40.2 1164 47.4
Coefficient vf Variance/% 7 12,2 3 5.8
Reductii n in sirength/% 15.8 15.0

From thils cviivation, it was concluded 'hat the inclusion of the wrinkled plies of
woven fabric in a predominately uni-dircctional luminate aftected the stabllity of the
unli-dircetional materials and reduced the overall strength of the laminate. It was
considered Lhat this large reduction in static strength would produce o signiticant
reduction in the fatigue properties and wrinkling of fibres should be stricily controlled
in composite structures,

Juints in Continuous Fibre Composites
The Principle

The manufacturing technique for pre-preg, materials was to remove undesirable defects
prior to lamination, and produce structure free from raw material defecets.  When considor-
ing the production of helicopter main rotor blades, the requirement of using only nine
metre, defect free lengths in the build would lead Lo substantial material wastage. The
effect of ifncluding a jolnted ply of pre-preg. in a continuous fibre laminate was
evaluited to deicrmine wieiber a more efficiont use of the pre-preg. material could be
achieved,

Scalpel Cut “re-preg.

The effect of including a discontinuous ply of pre—preg, in an eight ply laminate on
thue fatigue properties uf glass reinlorced epoxy was evaluated.  The discontinuous ply was
overlapped by 25mm. in the centre of a 150 x 10 x 2 mm. spreimen, reduced to a thickness
of lmm. in the centre by means of a 1256mm, radius. Figure (iv) illustrates the tost
specimen.  Plain unjointed specimens wore subjected Lo a P2 P loading configuration to
produce u 5-N curve with a range of fuilures between 10 and 107 eycles,  The test
frequency was 20 lig.

A gap of approximately O.5mm., was produced between the plies in the butt joint
Photograph (1) illustrutes the scalpel cut butt joinl. The results were presented wsoan
S-N curve, figure (v) and the endurance limits at 107 cyeles for the plain and jointea
specimens are presented below: -
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Endurance Limit (107 cycles) MSF
Plain 250 MPa 1.214
Jointed 210 MPa 1.414

The enduranze limit at 1G7 cycles was reduced by 16% and the Materials Scatter Factor
(MSF) was increased by 16.5%. Thercefore, the inclusion of u jointed ply in an eight ply
iaminate, not only gave a reduced design strengih value but also lowered the confidence in
achieving this strength. The plain specimens exhibited a more efficient stress system
than the jointed specimens, as calculated by dividing the endurance limit by the number of
continuous plies in each laminate. The plain specimens were stressed to 31.2 MPa/ply and
the juinted specimens to 30.0 MPa/ply. The reduction in fatigue strength per ply was
attributed to slight fibre misalignment in the continuous plies adjacent to the jointed
ply.

The penalaty of the reduction in fatigue strength associuted with the inclusion of a
Jjointed ply in an eight ply continuous fibre laminste was offset by the economic
requirement to use material efficiently. Therefore, the design of a component wouid
accommoduate the lower fatigue strength values for a jointed ply in an eight ply laminate.

Conventional radiography wus able to identify the location of joints in structure and
thus post moulding control was implemented.

Automation

The inclusion of a discontinuous ply in an eight ply laminate was acc: 'ted in
component design.  Automatic cutting of pre-preg. was lavestigated to improve the time
spent in cutting details for component aussembly.

Laser Cutiting of Glass and Carbon Pre-preg.

Ferranti 00; lascr machine was used to cut gleass and carbon pre-preg., at & power of
80 wutts and a cutting speed of 15 metres/minute, The uni-directional pre-preg. was cut
along and across the fibre direction. Sixteen ply laminates were manufactured with a
total of sixteen butt joints, spaced 10mm. apart and slaggered so that the joints were not
coincident in consecutive plies. Figure (vi) illustrates the arrangement.

The following properties were cvaluated:-~
Longitudinal cut: Flexural strength

Tensile strength
Interlaminar shear strength

Transverse cut: Flexural strength

Tensile lap shear strength
Test Hdethods
2.) Flexural Strength (3 point bend)
GRP Specimen = 60 x 10 x 2 mm.

Support roller span = 50 mm.

Cross~head speed = 5 mm./minute,

CFRP Specimen = 100 x 10 x 2 mm.
Support roller span = 80 mm.
Cross-head speed = 5mm. /minute.
b) Interlaminar Shear Strength (3 point bend)
Specimen = 12 x 10 x 2 mm.
Support roller span = 10mm.
Cross-head speed = lmm, /minute.

c) Tensile Strength

Specimen = 150 x 10 x 2 mm.
Aluminium end tabs = 50 x 10 mm.

Cross—ilead speed = 2mm./minute.




84

d) Tensile Lab Shear
as ¢), with jolant at specimen centre.
Results

a) Glass Reinforced Epoxy

Property Strength C of V/% Change/%
Long. Flexural Control 1.73 GPa 4.34 - 6.9
; Long. Flexural laser 1.61 GPa 0.94
' Long. ILSS Comtrol ' 96.8 WPa  4.77 - o.5
Long. ILSS laser 96,3 WPa 4.02
1.
. Long. Tensile Control 1.24 GPa 2.87 - 1.8
Long. Tensile laser 1.22 GPa 4.41
" Trans. Flexural Control 830 MPa 8.00 - 1.2
Trans. Flexural laser 820 MPa 4,56
4 Trans. 1lap shear Control 580 MPa 2.30 _ 5.2
Trans. lap shear laser 550 MPa 6.82
]
Q.
b) Carbon heinforced Epoxy
o
Property Strength C of V/% Change/%
q Long. Flexural Control 1.68 GPa 2.70 _ 3.8
Long. Flexural luaser 1.62 GPa 4,49
b Long. ILSS Control 94.7 WPa 2.69 5.8
Long. ILSS laser 88.3 MPa 1,23
Long. Tensile Contxol 1.61 GPa 4.52 - 3.1
Long. Tensile laser 1.56 GPa 4.42
Trans. Flexural Control 1.26 GPa 6.86 _26.2
0.93 GPa 9.04
Trans. lap shear Control 1.00 GPa 12.41 -35.0
Trans, lap shear laser 0.65 GPa 10.07

The cffect of laser cutting the pre-preg. reduced all the static strengths evaluated.
The fibre/resin bond dominated properties in the carbon reinforced materials were more
affected than the glass reinforced materials.

The transition in the chemical characteristics of the resin watrix was produced by
the laser cutting of the pre-preg. The resin at the centre of the laser beam was charred,
while away from the hot spot, the resin was only cured and Smum. from the laser beam centre
the resin appeared visually unaffected. However, long term storage of the material would
tend to advance the cure of the resin in the heat affected zone and produce a wider strip
of material affecled by the laser beam cut than initially apparent after cutting.

o . The instability of the resin around the luser cut may produce a storage problem.

The charred resin produced by the laser cut acted as an inclusion during moulding,

s restricting the resin flow around the end of the ply and resulted in voiding. The carbon
fibres were swollen by the heat trom the laser beam, doubling the diameter of the fibres
at the cut edge, photograpb (ii). This gross interference with the carbon fibres was
probably the primary cause for the substantial reduction in the lap shear strength. When
the glass fibre pre-preg. was cul across the fibre direction, the heat of the laser beam
was sufficiently fierce to melt the ends or the fibres, forming globules o1 glass along
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the cut edge, photograph (iii). Due to the detrimental characteristics of cutting pre-
preg., the lascr beam was coansidered unacceptable for component manufacture,

&

Wuter Jet Cutting of Pre-preg.
The pre-preg. was cut using a Flo.s /stems Water Knife Cutter with a 102 pump unit.
] The system generated 55psi. through a cutting nozzle of O.2mm, diameter.
A similar investigation into thc effect on the material properties was conducted for
the water cutter as in the laser cutter, with the additional requirement to evaluate the 1
elffect of long term exposure to water and ice on the pre-preg. This requirement was N
identified to allow large number of details to be cut from a roll of pre-preg., which ;
could be stored ul -~ 189 in hermatically sealed bags, until required for assembly., A
storage interval of 1000 hours was assessed. !
a) Glass Reinforced Epoxy }
Longitudinal Evaluation H
Property Conditioning Strength C of V/% Change/% B
Flexural as cut control 1.65 GPa 2.8 H
as cut water 1.63 GPa 3.7 - 1.2% 3
Flexural 1000 hrs control 1.64 GPa 4.5 ]
1000 hrs water 1.64 GPa 1.3 + 0.6%
ILSS as cut control 100.8 MPa 3.0
as cut water 100.8 MPa 2.0 0.0%
ILSS 1000 hrs control 97.7 MPa 2.5 - 3.1%
1000 hrs water 96.0 MNPa 1.6 - 4.8%
- Tensile as cut control 1.32 GPa 3.3
as cut water 1.27 GPa 2.0 - 3.8%
Tensile 1000 hrs control 1.31 GPa 3.0 - 0.8%
P 1000 hrs water 1.25 GPa 6.4 - 1.6%
Transverse Evaluation
Property Coaditioning Strength C of V/% Change/%
Flexural as cut control Q.83 GPa 6.00
as cut water 1.07 GPa 7.22 +28.9%
5 1000 hrs water 1.04 GPa 6.35 - 2.8%
| Lap Shear as cut control 0.58 GPa 2,30
as cut water 0.73 G"a §.20 +25.9%
1000 hrs water 0.67 GPa 5.5 - 8.2%
[5 b) Carbon Reinforced Epoxy
k Longitudinal Evaluation
i Property Conditioning Strength C of V/% Change/%
Flexural as cut control 1,92 GPa 7.9
as cut water 2.01 GPa 3.2 + 4.7%
1000 hrs contlrol 1.88 GPa 4.1 - 2.1%
1000 hrs water 1.90 GPa 3.1 - 5.5% y
ILSS as cut control 92.0 MPa 3.6
4 as cut water 95.0 MPa 2.3 - 3.1%
iR 1000 hrs control 97.9 WPa 2,0 + 6.4%
97.4 WPa 1.8 + 2.5%
Tensile as cut control 1.72 GPa 3.6 .
as cut water 1.74 GPa 6.2 + 1.2% .
1000 brs control 2.00 GPa 2.1 +14.0%

1000 hrs water 1,93 GPa 4.0 + 95.8%
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Transverse Evaluation
Property Conditioning Strength C of V/% Change/%
Flexural as cut control 1.26 GPa 6.9
as cut water 1.36 GPa 7.0 + 7.9%
1000 hrs water 1.22 GPa 7.8 -10.3%
Lap shear as cut control 1.00 GPa 10.7
as cut water 1.02 GPa 4.6 + 2.0%
1000 hrs 0.76 GPa 16.8 -25.5%

Examination of the resulis revealed the effect of water jet cutting of the pre-preg.
along the fibre direction was insignificant but when cut across the fibres, certain
mechunical properties were substantially reduced and others significantly improved.

Cxamination of the water jet cul edge of the pre-preg. revealcd a damage zone of
approximately O.S5Smm. into the pre-preg. The resin had been washed away from the edge
of the pre-preg. and produced resin dry fibres along the pre-preg. edge. When the water
jet cut edges were laminated, resin flowed from the adjacent layers into the butt joint
and produced a well consolidaved joint. This effect was apparent on a matrix material
which included thecrmoplastic additives to control flow during cure, however resin matri es
with different flow characteristics may not exhibit suitable flow around the water jet
cut edge.

Blade Evaluation
Fibre Wrinkling in the Blade Transition Section

During tlhe cure of some of the tail rotor blades, the plies of woven materiul in the
spar became misaligned with the loading direction, producing folds in the plies nlong the
length of the blade. See Photograph (iv). Conventional radiography was able to determine
the length of the fold, and the degree of folding was assessed by comparing X-ray absorb-
tion cuntrust of known samples. Previous evidence from coupon evaluations suggnsted a
significant reduction in sirength of 2 woven/uni-directional glass flbre laminate was
associated with wrinkliag of this type. Therefore it was necessary to substantiate the
performance of a blade which exhibited fibre wrinkling to cvaluate the effect on blade
performance.

The blade was subjected 1o & predetermined programme of fatigue testing, represent-
a.ive of a life of a blade, on a rig to simulate the lag, flap, torsional and centrifugal
loads produced during flight. The blade met the minimum performance standard without
failure. The blade continued testing and failed by a primary crack propagated along the
edge ol the erosion shield towards the tip end and also zlong the leading cdge towards
the tip. During the machine run down following the initial failure, a secondary crack
through the trailing edge skins was produced. Neither of the cracks propagated through
the wrinkled uarea of the transition section of the blade and thus the blade failure was
considered to be independent of the fibre wrinkling in the spar, See figure (vii). The
blade met the minimum performance design parameters, represeuntative of a 1life of the blade.

Tail rotor blades free from fibre wrinkling in the spar marginally surpassed the
fatigue life of ihe wrinkled blade, and failed by the initiation of a crack in the spar
element close to the erosion shield which propagated spanwise towards the root and tip
ends. To verify whether this reduction in sirength associated with fibre wrinkling in
the spar was significant, it would have been necessary to fatigue test at least five
blades exhibiting a similar standard of wrinkling in the transition sectlon, which would
have been prohibitively expensive and outside the constraints of the development project.

Fibre Waving in Nose Moulding

A significant proportion of the centrifugal loads In the blade was carried by the
uni-directional glass fibre/epoxy c¢lement located along the leading edge. It was con~
sidercd essential to ensure the uni-directional glass fibres were aligned with the span
of the blade to ensure the maximum strength efficiency of the elment was achieved.

During the development of the manufacturing procedure for the blade, it was apparent that
the nose moulding exhibited local fibre waving in the plane of the blade. The glass
fibres had waved between the leading and trailing edges over a distance of 2mm. The wavy
fibres were confined to a local area of the nose moulding element and were apparent along
15mm. of the blade. See Figure (viii).

The blade was prepared for fatigue testing by bonding glass fibre doubler stacks
onto the tip end of the blade and attaching a soft, aluminium powder filled silicone
rubber prop across the chord to allow representative bending (flap) loads to be applied
to the test section. Figure (ix) illustrates the arrangement.

An aercfoil seriion of a composite tail rotor blade was fatigue tested and completed
fatigue testing representing approximately 65% of the minimuwm performance standard,
whereupon the titanium erosion shield failed by a crack propagating through its chordwise
section. The blade continued fatigue testing under fully factored flight loads aud
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eventually failed by a propapgation of a crack through the composite uni-directional nose
section. The blade met the minimum performance standerd, in spite of the early crosion
shield failure.

Examination of the fallure showed the erosion shield crack, the compositu crack and
the cdge of the silicone prop were coincident, see figure (ix). The silicone prop
arrangement did produce & stress concentration effect whera the blade ixiled and may have
led to the carly erosion shield failure and/or the composite tallure. Examination of the
composite leading edge section contfirmed the fibre waving in the uni-directionul nose
moulding produced during manufuacture. The mechanical testing caused extcnsive
delamination and broken fibres in the uni-directional nose moulding., Photegraphs (vi),
(vii) and (viii) illustrate the damage. The cracks propagated from the origin along the
nose towards the root and along the edge of the erosion shield towards the tip. The
testing also causec cracking in the trailing edge section which was apparcent in previous
outboard fatigue test blades and was consldered a usual failure mode in this test rig
design.

The evaluation was inconclusive in respect of the prime contribution io the tailed
cerosion shield and the composite nose wmoulding due to the inadequacies of the wetbod of
Joad application tou the test specimen, It was not possible to eliminate non-represent-
ative stress concentration uassoclated with the soft silicone prop.

Specimens with and without fibre waving failed in similar modes, composite faillures
were always preceded by fallure of the metallic erosion shield, its influence on the
subsequent behaviour of the composite cannol be easily determined.

The Lesl was primarily designed Lo establish the capability of the structure to
satisfy minimum performance requirements for development {light clearance, This was
achleved. lowever, the real consequence ol wavy fibres in composite structuras has not
been ascertained.  The performunce requirements are not sufiiciently demanding to
differentiate between the two states of the material.

Notwithstanding the above, cerinin observations on the expected purformunce of the
malerials can be made from the test datu. The magnitudo und the type of damage in the
wrinkled specimen was greater. The accumulated fatigue cycles for the wrinkled spucimen
were less than the wrinkle free specimen., This evidence can be interpreted as indicat-
ing that when compouncen), design demands optimum purformance from the composite then fibre
distortion cancot be tolerated and the munufacturing process musti eliminate any risk of
its occurrciace. Where wrinkled fibre cannot bLe avolded due to manufacturing constraints,
then satisfuctory performance can be uchi.ved from the compunent providing the design
allowables are determined from representative specimen containing the appropriate
fealures.

Voiding in the Leading Edge of the Nose

The development tuil rotor blade exhiblled volding 1n the leading edge at the root
end of the blade, see photograph (xi), The voiding occurred in un dres where lhe
majority of the centrilugal louds were transferred from the uni-directional nuse mould-
ing into the woven spar wraps and doublers. If the volding was situated alung the nose
moulding/sparwrup interface, then the blade would be unable to transfer the centrifugal
loads {rom the nose moulding into the doubler stack at the root end, and may lead to
premature failure, However, it iLhe volds were situated away from the critical interface,
then the centrifugal loads could be iransferrcd, and the stundard of the bladoe would be
accoplable. It was therefore necessary Lo non-destructively determine the precise
locatlion of the voiding.

Conventional X-ray was able to detormine the presence of volding in the compousite
tail rotor blaude but not able to provide 4 complete analysis of the location. Iibre
wrinkling, gross delamination and exiraneous mmterial was ruvoaled by conventional radio-
graphy whereas thu precisc locallion of defocts was evaluated by Computer Aided Tomo-
graphy (CAT).

3. NON-DESTRUCTIVE BVALUATION OF THE TAIL ROTOR BLADE

The system for examining voids in the taill rotor blades was firstly to radiograph
the blade and from the results, if it wus impossible to determine the location of voids
in contentlous areas, Lhen the blade was subjected to CAT using a Type 7020 High
Resolution Body Scanner.

The CAT technique involved taking eightcen X~-ray shots around a one millimctre slice
of the component and transferring the data onto a cowputer matrix of 320 x 320 squares.
The computer matrix represented a real size of 120mm. diameter, producing a resolution of
Q.375mm. The scan speed was 80 seconds, the computer processing time 120 seconds,
giving a component examination turn around time of approximately 5 minutes. The inform-
ation taken {rom the scan was processed in a digital array on a chart in the form of
X-ray absorption values. The absorption value range was +2000 to -1000, with gluss fibre
reinforced plastic and alr registering 1300 and O respectively. The voiding in a
structure was determined by selecting a threshold absorptiun value and joining points in
the array representing air in the structure. The information was displayed initinlly on
a VDU to reveal the size and location of Lhe volding. See pholographs (1x and (>;. By
manipulating the threshold value, it was possible to highlight different aspects ol the
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structure at the expense of losing the detail of other features, for example resin
richness could be highlighted at the expense of losing detaill on volding. The
information could alsov be presented in print out form in an array of absorption values
as described above.

The resolution of CAT was less than that of conventional radiography and the
accurucy was further reduced by the technique approximately circular detalls in the
component into a square mutrix on the computer. The current standard of CAT could not
be used as a routine inspectiion toul because the technique only examines a one milli-
metre Section and a tail rotor blade and would require approx. 600 shois in a full
evaluation giving a total inspoction time per iiem of 50 hours. However, in spite of
the rustrictions of the existing form, CAT does offer a solution for evaluating complex
arrays of defects in structure.

4. FINAL OUTCOME

The data generated from the joints programme indicated that joints in composite
structure would be permissible provided an allowance for the loss in strength was made
in the design. The size, location, quantity and method of cutting of the Joint in &
given structure must be controlled,

From the evidence gained from the tall rotor blade evaluations, the fatigue
performance of composite structure appeared to be more tolerant of fibre wrinkling than
may have been postulated al the early stages of the development project. Thus in future,
designers in composite structures may adopt a less critical approach to defects in
composlties providing sufficient substantiation test datu 1s accumulated on the lowest

acceptuble standard for the component to achieve the necessary confidence for flight
clearance.

Photograph (11) Mag., X100 Laser Cut Carbon Prepreg, Swollen Fibres
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Photograph (1iii) Mag. X6 Lascr Cut Gluss Prepreg, Globules of Glass

[

Location of Wrinkling in Spar Photgraph (iv)
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Photogruph (v) Mag. X4 Spar Wrinkliug io Test Blade

Y Lo
vielikgeido s
R A
AT L

N
I IEi— [UOrvEG

Photograph (vii) Mag, X6 Fibre Waving and Broken Flbres
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Photograph (X) Voiding At Root End Leading Edge
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Photegraph (x1) Mag. X4
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CORRELATION BETWEEN NON DESTRUCTIVE INSPECTION RESULTS
AND PERFORMANCE OF GRAPHITE/EPOXY STRUCTURAL PARTS

br. Ing. Franco Cipri, Responsible
Materials Technology Research
AERITALIA G.V.C.
Corso Marche 41
10146 Torino, Italy

SUMMARY

-;:ﬂ During productiun of advanced composite structural parts, because of material or manufacturing process
anomalies, some typical defects, such as porosity and/or delaminaticuns, may become embodied into the final

product. In order to improve the accept/reject criteria for typical defects, AERITALIA's G.V.C. Laborato-

ries have carried out a slatic/fatigue test program on specimens in which vavious porosity levels were si-

mulated., Further, an attempt has been made to correlate mechanical! performances with the ultrasonic energy
absorption measures «6_

1 INTRODUCTION

In manufacturing of composite aerospace structures the interaction among many process vuriables may
cause the presence of typical defects in final product. Often such Jdefects are a direct consequence of the
deviation occurred on one or more process parameters and may be cunceniratea on small areas (delaminations,
voids, incluscions, etc.) or may spread on large parts of the structure (porosity).

Once manufacturing defects have bean detected, it is necemsary that specialiets, who are charged with
the responsibility of accupting or rejecting the defective parts, may compare the actual situalions with
suitable vuference slandards, in order to foresee the decay of mechanical performances relevant to the do-
tected defectu.

Among the defects thal may affect wide parts of Graphite/Epoxy (GR/EP) mtructures, porosity is a most
typical one, particularly if {ebric material is predominating in the lay-up; further the repair of porasity
affected areas is diffinult and expensive. When porosity is present on a cocured box shape structure, as
for iustance a torsion bex, ss it is not possible to replace defective parts (panels, ribs and spars), it
may occur that the complete structure has to be rejectad.

Deviations in manufacturing process that may cause porosity inside GR/EP laminates sre well know and
the outstanding ones are:

- inadeguate pressur on the laminate, caused by bridging between ply and bsg or between ply and rubber
tools

- low pressurc on laminate caused by a vacuum bag leakage
- phase error between temperaturc and pressurc cycles due to autoclave malfunction
- local lack of resin overflowed out of the laminate or irregularly spread.

Porosity in laminates may be dete. .ed by means of suitable equipments f'or Non Destructive Testing
(N.D.T.); in particular at AERITALIA Combat Alreraft Group many “Through Transmission Ultrasonic" (7.T.U.)
facilities are operating for inspection of manufactured parts.

Detects are detected when some anomalous attenuation occurs on ultrasonic energy (Frequency = 1 MHz)
transmitted through the material thickness whan the structure is scanned. The ultrasonic energy measures
are recorded on a print out paper as attenuation levels, with a resolution of 6 JB and & total dynamic ran
ge of 72 db.

In order to evaluate the influence of porosity on mechanical performances of CR/EP composite etructure,
AERITALIA's G.V.C. Laboratories started a static/fatigue testing program, whose results, even though at pre
sent only on comparison basis, have Lo provide an experimental base for the improvement of existing accept/
reject criteria. .

Furthermore, an attempt has been made to correlate mechanical pertormances with the ultrasonic energy
abeorption parameters coming from N.D.T.

This paper presents the testing method adopted and the results achieved on part of GR/EP materials in
the present AERITALIA composite structures. Static and cyclic fatigue tests I ve been carried out on lami-
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nates msnufactured with fabric prepreg type 3000 yarn, 7 mil. inch thickness, plain weave, 40% nominal re-
sin content and T 300 fibers.

2
In addition the static behuaviour of specimens laminated with unidirectional prepreg type 95 go/m.37%
resin content, T 300 fibers, has been investigated. At present further tests on other kinds of GR/EP mate
rials and more complete load simulation are still in progress.

2 POROSITY SIMULATION

The porosity examples in GR/EP laminates that we have most often found are those caused by lack of pres
sure during epoxy resin polymerization cycle. Within the zim of the present work, we have therefore selec-
ted as porosity sirulation the technique of reducing the sutoclave pressure below the requested velues,whi
le the temperature followed its own cycle within specific-ion tolerunces. The choice of pressure-level in
the specimen fabricated for mechanical testing purposes has been guided by the results obtained during the
preliminary tests; such results were compared with defective situaticn ascertained on actuul structures.

Particularly in Fig. 1 are clearly outlined the panal sections of solid laminate obtained out of the
same material but cured with 4 differcnt pressures; the fig. number 2 shows, instead, a wandwich-panel in
which strong porosity ie evident with delamination trend. Each defect-degree simulaled has been correlated
to the ultrasonic energy attenuation levels (f = i MHz) picked up on the Non destructive Test {N.D.T.) of
the ‘type Automatic Through Transmission Ultrasonic (A.T.T.VU.) operating at ¢.V.C. in TORIMNO - Factories.

The simulated porusily lovel characterization was finally completed with the density measures and the voids
percentage in each lavinate. The average values of the above said measures, over the vhole testing are shown
at table I.

3 TEST PROGRAMME

¥rom the panels, polymerized with forr ‘' Tferent autoclave p.essures, and sfter the ultrasonic absorp-
tion is meamsured, both the specimens fur 1. ' ‘yue .nd stutic teste vere cut. For each material was in such
cay possible to directly relate the fa.igue wnd tis iultimete static resistsnce values, indepentently of the
dispersion factor which must be recs~red : ith o wnever be.ches from different supply sources are used.
llowever, limitedly to the panels ob air * v..'. ~ 1c . terial type 3K70 PW, since the testing took place
in tw~ different stages, the results orij .et.~) it 01 iwvo different supply sources are avallable, which
allows also the counterproof that betwe:n t' . two che behaviour is analogous, both ae concerning the porusi
ty simulation and th physical/mechanicul tist results.

3.1 STATIC TEST

Over a total of 249 specimens, that had not previously abrorbed humidity and under ambient temperatu-
re conditions, the fallowing tests were taken: tensile, compressive, interlaminar shear (short beam) and
flexural. The shape of the specimens and test methoda chosen are identical to those prescribed by the pro-
sent Aeritalia Standards for incoming acceptance of the respective muterlals (see fig. 3).

It has thus been possible to omogeneously compare the static strength of the porous specimens with tho
sy previously obtained both from Aeritalia Laboratory rnd from Suppliers, totalling therefore other additip
nal 80 epecimens. The average values of the obtained results are aummarized in tab. II.

As envisaged, because of the different resin viscosity and its flowing betiween the fibres, fabric lami
nates have showed a higher sensilivity to the effect uf pressure variation, compared to unidirectional tape.
This wus evidenced before by the ultrasonic absorption and veid content measures (Tab. I) and then confir-
med in terms of static performances decay when decreaning the autoclave pressure (Tab. II and III). Further
wmore, ever since the first tests taken on supplier A material, it appeared evident that the mechanical cha
racteristics mure greatly affected by the pressnce of porosity are those "resin dominated" {compression
and ILSS).

From Tab. I1I it can be noticed that all the tested laminates have maintained nearly unchanged their
mechanical performances wlien reducing the autoclavs pressure from 600 KPa down to 300 KPa. Decreaaing from
300 KPa to 150 KPa the fabric laminates have lost in average 24X in compression and 18% in interlaminar
ghear strength. Fabric laminates from either suppliers A and B have behaved statically in an analogous way.
As already mentioned, unidirectional laminates showed a lower degree of wensitivity to the autoclave pressu
re variation. In fact the compression resistance of panels cured at 150 KPa has turned out to be reduced
of only 6% and the interlaminar shear strength of 16%. Also panul polymerized at only 50 KPa have avidenced
a remarkable residual resistance, reduced to 36% undar compreasion and 27X under interlaminar shear.




3.2 FATIGUE TESTS

The up to now performed fatigue tests have been carried out over a total of 120 specimens, laminated
in fabric material type 3K-30-PW, with lay-up 0°/90°. Besides, the same laminates from which the static
test specimens were cut have alsc been used for the comparative evaluation of the porosity effects under
fatigue loading.

In order to submit it to cyclic loads either tensile and compressive, the specimen: at fig. 4 was de-
signed; 1ts profile is derived from that of the tensile one for fabric laminates but thie width of the cen-
tral section with parallel sides has been increased from 12.7 mm to 15.5 mm, in order to obtain a width/
thickness proportion of about 5. Even if with such proportion the uniformity of the stressea in the ugefull
section of the specimen lc afferted by the pressnce of edge affects, it can be assumed theat the validity
of the obtainued results, which are anyhow of comparative type, is raliable. Besides having the advantage
of being worked out in an economical and rapid way, this specimen is emslly coupled to a device that pre-
vents ite giving-in due to instability under comprersion loade (see fig., 5).

Furthermore this equipment, being fastened to the machine frame, assures the reproducing of the asaem-
bling conditions of the upecimens batween the jawa.

The performed fatigue tesits have a sinusoidal wave loads, which are applied at trequencies ranging bet

weoen 5 and 10 Hz, depending on load amplitude and on the lowding frame used. Because the differonce between
ultimate tensile and compressive stresses on fabric laminate has showed to be of the same degree as the ucat
ter betwesn the corresponsing experimental values, the fatigue stresses were calculated with a view to a
single ultimate value (539 MPa), obtnined averaging the results of the ultimate tensile and compressive tests
on laminates cured at 600 KPa.

The section of the specimens have all been referred to the nominal thickness of 2.95 mm, neglecting
thus the fact that final thickness of the polymerized luminates is affectud by the auloclave cure respecii-
ve pressure.

The 120 fatlgus tesim have all been carried out at ambient temperature and, out of these, B4 have been
performed on specimens without any prior aging treatment, while 36 (18 cured at 150 KPa and 18 at 300 KPa)
have undergone an aging for 21 days, immersed in wuler al 60°C. At the end of such pericd, the epecimens
cured al 150 KPa have absorbed the 2,1 humidity in weight, while thosn curad at 300 KPa have sabmorbed 0,9%.

The faligue results of labric laminates are reported in Tab, 1V and in 5-N curves at Teb, V.
From Lhom it seems that for lives, ranging between 5.10% and 5.10° sinusoidal cycles, the peak to peak am-
plitude, both with R = 0 and with R = 1, ls practlcally the same, either for laminates cured at GO0 KPa or
for those at 300 KPa. In the sanu cycle interval, the specimens cured ut 150 KPa have withatood stress le-
vels that, referred to those of the 600 KPa spccimans, at R « O are bX lowur while at R = -1 are only
2 + 3% lower. It ip furthermore noticed that, according to 5-N curves, auch difforences ln strosses tend to
further decrease when the respective lives avercome 10 cycles.

By comparing the results of the tests with I « O to those with R =-1 it is possible alac to remark that
between the applicable stresses, at egual lives, a constant proportion of about 2 is existing and for which
the fatigue 1ife of fabric laminates, weather in presence or uabrcnce of poroslty, scems to dopsnd more on
the peak/peak range of the applied stresses than on their sigu.

The behaviour of the specimens, aged in a humjid enviranment, under fatigue loads R = - 1, has appeared
consistent with that of dry mpecimens. In particular specimene cured at 150 KPa have withstood stress levelna
about 2% bLelow lhose cgred at 300 KPa, which have in turn, exlibited 3% slump in respect of the non nged ape
cimens 600 KPa at 5.10 cycles life.

§ CONCLUSIONS

Comparing the results of static tests with those of fatigue Lesls iU is ponsible to assume that the
presence of porosity in GR/EP laminates causes a decay in mechanical performances which is more sizable in
static conditions then under fatigue loads. The above occurrance makes the results of static teslu appear
more conservative compared to the Tfatigue vnes, conferring them sufficient validity in the characterization
of the porosity effects, expecimlly when suitable fatigue test results are not available yet.

Even if by meana of the N.D.T. system A.T.T.U. type was possible to evidence the presence of porusiiy
in laminates, it appears premature te correlate at this stage such indications directly with the siructural
performances. In fact the effect of porosity on mechanical performances has also showed up on laminaten that
had not previously yelded appreciable variation on N.D.T. resulti..

I Studies are therefore being conducted at Aeritalia in order to imprave the sensibility and resolutions
of the exiating ultrasonic methods, as well as set up new instrumentation endowed with more advanced perfor
mance capabilities.
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,t TABLE 1~ PHISICAL CHARACTERISTICS OF TESTED LAMINATES
|
£ NOMINAL AUTOCLAVE CURE PRESSURE (KPA)
\ LAMINATE TYPES VALUES AT
f 600 kpa 50 150 300 600
|
o THROUGH _70- SUPPL 1ER 10 4 2 2
TRANSMISSION %Agglp” “p" 2
ULTRASONIC [ ¢ [suPPLIER _ s 2 2
AVERAGE M4 THICKNESS| wga
ABSORBTION  J6r,95 u.D. TapE (1,2 M4)
(nR/Ma) (SUPpl JER “A") 16 4 2 1,8 1,5
SLfPLIER
vaiD I 2 Max 10,7 1,7 0,81 0,2
CONTENT 7 %70 pw SUE:%IER - 1,33 0,02 o
(DEN/SITY) FABRIC SUPPLIER - 1,36 1,49 1,52 1,52
GR/CM . I——A—' '
(asth D 792 ) |0 M4 THICKNESS SU!;}F;%IER - 1,45 1,50 1,53

TABLE Il - ULTIMATE STATIC STREMGTH OF LAMINATES CURED AT DIFFERENT AUTOCLAVE PRESSURES

LAMINATE ULTIMATE 50 Kea 150 «kra 300 kpa 600 KI:QJH“G a—
MATERITAL TESTS PBSTRENGS.DEV.JC.V, JSTRENG] 5.DEV.{C.V, hYHElOG. S.DEV.TC.V. [STRENGSS.DEV.]C.V. lCC[Pf. TESTS
(KPa) [(Mpa) | x| (uea) | (MPa) | x| (Wpa) (aeg) 1 x gy Liwead ] 5 (k) § (Npa) f
TENSILE - - - 532 | 26,1 | 4,9] 547 | 19,8 3,6 - - - 570 &6H
-
7 o g | COMPRESSIVE | 335 26,2 7,5] 450 ] 20,9} 4,6] 549 |20,8] 3.8] - -] - 605 | 604
= w
E § IL  SHEAR am | 2.5)a9] 60] 1,7{ 2,01 72] 3,7]s,1] - -] - 69 75
7
x FLEXURAL 374 | 20,5 s,%| 610| 21,7 3,6) 618 {2v,7] 4,8 - - - - -
1
2 e | TENSILE - - - | vu6 | a7,3] 8,5] w80 ]20,9] 3,6| 586 {23,1]3,9 | 563 | s6b
] o
A EJ COMPRESSIVL - - | -1 a9} 46,6] 9,4] o0 |25,4)4,2] 627 ]76,5|12,2[ 593 | 603
o
% IL SHEAR - - - 54 1,3] 2,4 62 4,2] 6,8 66 4,41 6,7] 69 74
Udbe TAPE | coMprESSIVE | 767 | b1,8| 6,8)1118 | 75,3] 6,7| 1160 | 38,5 3,4 - -1 - luso |1zec
et 95 IL  SHEAR 8| a,7) 4,70 90| 3,50 3,9 9| 4,9]s3] - -l -1108 |05
; - - o . -
TABLE TI1 - VARIATION OF LAMINATES ULTIMATE STATIC STRENGTH DUE TO POROSITY
REF ULTIMATE 50 Kpa 150 «ea 300 «kpa
LAMINATE ULTIMATE STRENGTH
| MATERIAL TESTS AT ?SSA')‘PA (MPA) 4 (Mpa) % {(Mpa) p
< TENSILE L6 - - ~ 34 - -~ 19 _ 3
o = COMPRESS | VE GOY - 270 -4y - 155 - 2 - 5 -~ 9
¥ g 2 | swm 72 - 34 - a7 IV o o
| = @ FLEXURAL 618 - 244 - 33 - 8 -1 0 o
o
S . !
= a TENSILE 586 - - - 3 - 5 - 6 -1
4 o
M w e
;3 COMPRESSIVE 627 - ~ - 132 - 21 - 27 - 4
2| s 66 N - R L N N B .
o U.D, TAPE | COMPRESSIVE 1190 - 423 - 36 o T .
A Gr, 95 IL  SHEAR 107 - 29 -7 - 17 - 16 -1 ~ 1
¥ ' I
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;‘I TABLE 1V - AXIAL LOADING FATIGUE TEST RESULTS - FABRIC LAMINATES
FATIGUE STRESS LEVELS
SPECIMEN | LOADING RATIO| FATIGUE LIVES 150 Kkea 00 kea B0 KPA
AGEING MEN/MAX (cveLes) [~STRESS z STRESS — % STRESS %
AMPLITUDE JULTIMATE [AMPLITUDE | ULTIMATE JAMFLITUDE |ULTIMATE 3
(MPa) STRESS (MPa) STRESS (MPa) STRESY
5, 10° 253 78 492 83 492 a3
R =0 10° aas 75 468 79 a74 80
= - = e > -
UNAGED 5. 10 397 G 15 1 423 72
5 10° 225 38 243 a1 243 a1
ro=-l 10° 213 36 225 a8 225 28
5. 10° 190 22 202 34 202 34
5 10t 196 33 208 as - -
AGED R =-1 10° 190 32 196 33 - -
5. 10° 172 29 184 a1 - -

TABLE Y — 5-N CURVES

GURE DRESSURE ZULT STRESS
150 KPa - T

90 T i
2o Kby | }
600 KPa a0 ] z=
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Fig, 1 - MACROGRAPH OF SAMPLES CURED AT 0,5: 1.5: 3: 6 AmM
AND RELEVANT A.T.T.U., PRINT GUR,
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FIG, 2 - MACROGRAPHS OF HONEYCOMB PANEL SECTIONS INCLUDING
POROSITY AND RTLEVANT A.T.T.U. PRINT OUT.
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FIG, 3 STATIC TEST SPECIMENS .
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THE EFFECT OF DAMAGE ON THE TINSTLE AND COMPRESSIVE PERFORMANCE OF
CARBQN FIBRE LAMINATES

by

Sarah M Bishop
Graham Dorey

Materials & Structures Department
Royal Aircraft Establishment
FAHNBORCUGH
Hampshire

SUMMARY

ADP001918

/‘A) The type of defect or flaw produced when CFRP is damsged in uervice depends nn the siructural design

and the conditions of damage such as the energy and momentwn of an impact. These def'ects are stress
raisers which may reduce the strength of the siruoture, There is a need, following non-destructive
inspection, to be able to predict the residual performance ¢o that decislons can be made on whethar to
monitor, repair or replace the component.

Various itypes of damage produced by typioal impaot situmtions have been assessed non=destiructively and
the af'feot on girength determined in tension and compression under both statio and fatigue loading. Ior

example nredy of deluminubion, shown by sectioning to
the compressive strength by looal buckling prooesses.
waohined notches emphasizes {he importance of effeote

be multiple delamination between the plies, reduce
Detailed examination of the fracture mechanioms at
in neighbouring plies influencing the siress

conoontrations in the load carrying 0° fibres. Theso wiudies have given u betbur insight into the factors
which affeot the toughness and etrengthe of CFRP with stress raimess, nnd have helped explain the reaidusl
strengths of damaged carbon fibre laminates. é

INTHODUCTION

Carbon fibrew are sirong, otiff and light making them atiraotive for merospace load bearing siruciures.
The high strength and stiffness is only exhibited in the fibre direction and fer most practioal applioca=
tions laminates are made from layers of fibren lpnid at angles to eaoh other woe that loads can be carried
in veveral different dirsotions in the plane of the laminate. Becmuse there is a marked reduction in
modulus for off=uxiw filres, when a laminate is siressed most of the load is carried by the fibrew in the
loading direction (0° fibres).

Tamage and defecis act as wirews raisers whioh can cause premature fraciure., In homogeneous materials
the behaviour may be predicted by oaloulations of stress concentration or for sharp oracke by fraoture
wechanion; the wain effeot is the propagation of cracks perpendioular tc the main tensile siress.
Comporite waterials however omtain woak fraoiure pathu parallel to the fibres, and oracks oan propagate
- N in any direction and any plane relative to the main applied load, depending on the local streosses and

" locval material properties. Soma of thawe oracks may be detrimental and reduce the material sirength but
gome may be benefioial in blunting notohos and Inoreasing the material toughness. Of wajor concern iu the
"4 of'feot on the loadwoarrying 0° fibren,

When carbon fibre roinforoed plastics {CFRP) are subjected to impaot, the tyqe of damage whioh ooours
depends on the incident energy and mowentwn, material properties and the geometry'. No damage occurs if
the enorgy of the projectilc is acoomaodated by the elawtic sirain energy in the material. Simple
oaleulations have been made of the energies necessary to cause:

(2/9) (+2/8) (we 3 /1)
(1/18) (2 ) (uzt)

a. delamination

L . b

flexural fracture

o+ penetration wytd

through=thiclmess fracture ensrgy, d the diameter of the projectile, and w,# and 1 +the width, longth

and thickness of the flexed pari of the test specimen, Whether delamination or flexural fracture occurs

o dopends on the relafive values of * and o and the epan~to-depth ratio lL/t 3 1mpact damage is less
likely when there ars low modulus layers on the outside such as 345° layers or Kevlar or glass fibres.
Whether penctration ocours depends not only on the incident enorgy but on the wize of the projectile;
pendtration is wore likely for small masses travelling at high velocities,

‘{ where <t is the interlaninar schear sirength, o +the flexural strength, E the Young's modulus, Yy the

compressive) where fibres are broken. In the work now reporied, damage was produced by a weighted

projectile with a 10mm diameter nose dropped through 1 metre onto the laminate supported on a 100mm ring.

§ The effect that such damage has on the tensile and coupressive atrengths of ourrenthiph atrenyih carbon fivre/

I epoxy composites is illustrated in Figure 1 for a 2mm thiock (0°, 245 ) laninate with the 0° fibres on the

. outside2, (In this paper, atrengths are alwaye expressed in terme of the applied siress rcnote from the
damage or notch.) Delamination preduced by 1=2 Joule impaot energies resulted in & 60f corease in
compressive sirength whereae the tensile strength was unchanged, Broken 0° fibres, in addition to
delamination, produced nt{ higher impact energies resulted in a 29% reduction in tensile strength but no

) Dropweight impaot, generally results in either delamination or flexural fracture (tensile or
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further reduction in compressire strength was measured. In this case the impact damage reduced the
compressive performance more than the tensile performance. However in a more brittle composite (see
Flgure 2) the reduction in sirength was slightly more in temeion than compression. In this 1Amm thick
multidireotional laminate the fibre~matrix bond strength was greater and less delamination ovccurred such
that broken fibres had the bigger effect and greater reductions in {tensile strength ocourred,

Thue broken fibres have more effect on the tensile properties and delamination has more effect on the
compressive propertics.

2 NOTCH SENSITIVITY OF CARBON FIBRE REINFORCED PLASTICS UNDER TENSION

An undorstanding of the factors affecting the ienpile behaviour of damaged CFRP where fibres are
broken can be obtained from studies of the failure mechaniems at machined notches and holes.

When 4 tensils lnad is applied o a notched laminate, zones of damage form at the notch tips as a
result of the high stresses in these regions. These damage zones consist of shear oracks parallel io the
tibres, delamination brtween the layers and ocoasionally broken fibres. Uenerally tho effect of a damage
zone is wimilar to that of a plastic sone in metals; released energy is absorbed by the forwation of the
zone and the peak stress at {he notoh %ip is reduced. Effeotively tho damago zone blunie the notch.

In Figure 3, a laser moiré technique3t4 has been usod to show the damage zones produced at the tips
of a gharp traneverse notoh in a (0° 24%°) laminate. The moirs fringes are contours of constant in=plane
deformation with a deformation of 2.5un ocourring between fringes. Shear oracks in the surface layer are
indicated by discantinuities in tha fringes and oracks in the layer below the surface ara indicated by
alosely spaced fringem aasociated with high surface straina.

In Migure 4, surface deformations due to damage wones obtained at sharp notches and ciroular holee
just befora failure are shown for iwo (0°, $45°) laminates with the layere stacked in difforeni wsequences.
Damage zonoec at sharp notchus were larger than at oiroular holes and surface observations consisted of
shear craoks parallel to the fibres in the surface layer, deformations due to cracks in the layers below,
and delamination; at oircular holes only shear oracke in the surface layer were observed, The blunting
effect of the domage woneo at sharp notohes wae such that the failure stresses were very similar to those
for olroular holes.

In Figure 5, the variation of tensile failure stress with notoh size and shape is shown for ancther
(0%, 2459) carbun fibre/epoxy laminate. In this case the failure stresses for sherp notohas (length 2a)

were only 10=20% lower than thouwe for gircular holes »f diameter 2a. In the rangy considered, all

specimens with w notch 4ip radiuc of 2.5 and length 2a failed at streeses within a few percent of those

for oircular holes of diamster 2a. It can he suen that, hecause of the presenve of a damage Zone, the

stress conceniration effeot when m sharp notoch iw present is significantly less than might be expected

from homogenaous anisotropio plata theory. This reduotion in strese concentration will also ocour for

damage involving broken filres in CFHP.

All oracking mechaniwmws in the damage zone absorb energy. Howaver 0° shear cracks parallel to the
load bearing 0° fibres are the mopt Leneficial in that they blunt the notoch in the 0° layur and reduce the
siroou concentration at the notoh tip. Such 0° shear oracking is connirained by the neighbouring layers.
Looal delamination in the danege zone between 0° layers and adjacent layers is Lenefioial in tension in
that it removen these constraints and allows wore notoh tip blunting to oocur.

i The significance of gelnmination in redusing notch sensitivity oan be illustrated by looking at the

. effuct of layer thiokness’ in Figure 6. It can be seen that inoreasing the specimen thickness by keeping
the layers thin and repeating the basic stavcking sequence had little effeot on the notched teneile failure
siresu. However incremsing the layer thicknems Ly four times resulted in almost a 50f increase in failure
streas. This is becaume the interlaminar shear siresw increases with increased layer thicknese, more
dolamination ovours and thus thore is less constraint on O° shoar cracking.

Whon delam%mtion does not vocur, interactions take place betwsen the load-bearing 0° layer and the
adjacent layers?. 1In Figure 7 is shown the effect on the O° layer at the notch tip of 4%° ghear craocking
in a neighbouring 45° layer. Crask opening and shear along the 45° orack results in a high strews band in
the 0° layer. With inoreased mpplied strese the 45° crack growe, the stress in the 0° layer inoreases due
to inoreamed crack opening and shear and eventumlly 0% fibres break along the 45 line. The formation of
0% shear oracks at the tip of this orack in the U° layer mwy wiabilize orack growth. Thus 450 cracking in
45° layers haw a detrimental effect on adjacont O° layers. This offeot is removed if local delamination
oceurs between the 0° und 45° layer.

Thus, %o summarize, at o notoh in a (0%, #45°) laminate under tension

1 0° phear cracking is beneficial becsuse it redusss the strese concentration on the loadbearing
v 0° layers,
2 15° shoar oracking is detrimental because it inoreasen the strems on the 0° layers, ’

3 delamination betwean the 00 and 45° layers is heneficial in that it inoreases the amount of O° ghear
oracking and reduces effeots dus to 45  shear oracking.

The actual failure mephanisms which vcour at the notoh tip depend on the eiacking sequence of the layers.

In Figure B, failed spocimens with (0%, ¥45°) lay-ups are shown. In both cases the proportions of 0°
layere and £45° luyers are the same but the stacking sequences are different. In Figure 8a, the outer 0°
layare have failed along a 45° line from the notoh $ipj no delamination has ocourred between the 0° layer
and the adjacent +45° layor (the delamination seen in Figure Ba is belween the +45° layers and the '
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=45° layers). In Figure 8b, the inner 0° layers have delaminated from the 45° layers and, al ough there
is 0° ghear cracking, ithe main failure direction is along r 90° line from the notch tip.

In Table 1, details of the failures at 10wm notches are relgted 1o the stacking sequence fnr four
Qifferent lap=ups with the same proportions of 00 layers and 345° layers. The direotion of the line of
failure in 0° layers, the delaminations (shown by arrows) and the effect theme had on the failure stress
are shown. In all cases delamination occurred between the +45° layers and the =45° layerss In the first
lay=up the 0° layers failed along a 45° line with no delamination between the 0° and 45° layers. In this
cage it should be noted that the two 45° layers on either side of each 0° layer weve orientated in the
came direction. In %he second lay-up delamination ocourred batween the outer 0° layers and the 45% layers
and these 0° layers failod at 90°. Note the 45° layers either side of these outer 0° layers werg
orientated in different direotions; the immer 0° layers bounded by +45° layers failed in the +45°
direction. The failure stress was g—reater for tho second lay=up where there were more delamination plancs,
delamination ooourred betwesn the 0° and 45° layers and 0° fivres had failed at 90, The types of
fajlures for the third and fourth lay-ups were mixed within the same specimen. In both lay=ups, 45° layers
oither side of 0° layers were orientatod in the same direction but because the 0° layers were thick
delamination, oometimes ocourred between 0° layers and 45° layers. The uean failure siresses were higher
than for the other two lay—ups but there was moie scaiter in the results probably becauss of the mixed
iypes of failure mechanisms.

In Table 2, failure mechanimms at notch +ips are Bunmarized for this and other work6. Delawination
usually takes place between +45° and «=45° layers thus separating the laminate locally into emaller layered
units. Where one or iwo O° layers lie between a +45° layer and a =45° layer, or sometimes when 0° layera
are thick, delamination ocours at the 09/45° interface, O° shear oracking tskes place and the detrimental
offects of 45° cracking are reduced, and the 0% layers fuil along a 90° line. In laminates where the 45°
layers adjacent to 0° layers are orientated in the same direotion and tha 0° layerg are thin, orecking of
the 0° layers along 45° lines ovours. Sometimes thim effect is seen for thicker 0 layers where delamina—
tion doon not tuke place. Tho 45° oracking results in a lower failure stress.

One way of possibly reducing the extent of 45° cracking is o use fibres in the form of waven cloih.
Woven material is an atiractive material for use in aircralt structuros becauwa of its handleability,
Howaver, it is not desirabls to ume wovon material to oarry the primary loads because the fibres will be
distorted, but woven oloih can be used in the 245° layers.

Some work has been carried out! on the effeot of substituting wovem ¥45° layers for nonewoven $45°
layors in {0° 245°) laminates. Cloth with a five shaft wsatin weave was used in the 345° layera. In
Table 3, mean failure stresses for speoimens with 10mm eharp notches are compared for laminates with woven
1459 layers and those of non-woven material for three lay-ups. For the first and second lay—ups, the
failure stresses were similar for woven and nonewoven $45° layers despite the lower volume fraotion of
fibres in the woven material. Comparing lay-ups 1 and 2 it ocan be seen that the gx-eater failure stress
due to thicker 0Y luyers was still obtaincd for the laminate oontaining woven ¥45° layers. The first and
third laywupe with non-woven $45° layers failed by 45° oracking of the 0° layerw as a result of
detrimenial 45° ghear oracking as desoribed earlier, With woven 3459 layers it would be expeotad that
guch 45° shear cracking might be limited by the weave. Indeed for the third lay=up a greater mean failure
gtress wag obtained with woven 3459 layers indicating that this can ocour.

3 THE EFFECT OF DELAMINATION IN COMPRESSIQN AND FATIGUE LOADING

In Figure 9, areas of delamination produced by dropweight impact and detected by ultrasonic Cescanning
. tochniquos are shown for a (09, 345°, 90°) lay=up for a range of inoident impact energies. Elongated
N strips of delamination of the outer 0° 1 yers on the back surfaco are evident for the greater energy levels,

In Pigure 10, a scaled diogram is shown of the damage obtained from a microsoopic examination of a
polished orosp=section of a {0°, 215°) laminate aftor impaot with an incident energy of 2 Joules,.
Delamination ooourred throughout the laminate thiokness Letween +45° and =45° layers and between 0% and
45¢ layors bul was more extensive between layers towards the back purface. GShear oracks in the 45° layers
were evident but no broken 0° fibres were seen.

Delaminated areas in ‘lmpacted (O°, :45°) specimens were ausessed before and after testing in
oompression. Some of these results are shown in Figure 11. During the oowmpression test, an antibuckling
dovice was usod which constrained the specimen along ite edges and at iis ends leaving a central
rectangular area (soe dashed lines in Figure 11) free to deforw out of plana. Small impact areas (~10mn)
nuch as that shown for 1 Joule impact failed in a compressive mode with the area of delawination ween after
teust ropulting from the energy released during failure. Ilowever larper delaminated aress such ae those
whown duc to 2 and 4 Joule impacts produced buckling instabilities upnder compreesion loading and the
delaninations grew iransversgly in the speoimen without extending along the length. Such behaviour hase
been predicted theoreticallyV.

In Figure 12, delaminated areas due to dropweight impact sre oumpared for (0°, 245°) laminates with
non—woven and woven #45° layers (45° layern wore on the laminate surfaces). The laminates with non=woven
459 layers showed extensive delamination in tho 45° direction but this was not seen with woven 245° layers
bocause delaminatinn between +45° and ~45° layers and 45° shear oracking was limited by the weave. Thus
the trancverue dimension of the delaminated area was much narrower with woven *45° layeirs. However for
this luy=up with thick 0° layers, delamination between 0° and 45° layers appeared to be greater for woven
#45° layers. It can be Been that the substitution of woven oloth for non—woven material can have a
significant effoct on the extent and shape of impact damage.

In Mgure 13, tho properties of plain, noiched and damaged specimens are compared in temsion and
oompression for {these 0°, -f45°) laminates with woven and non=soven 345° layers. Generally the compressive
girengtho were lower than the tonsile sirengths. There was litile difference between the properties
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obtained for woven and non-woven £45% layers., The laminate with woven 345° layers had & slightly lower
plain tensile strength, as expected from the lower fibre volume fraction, but had a slightly greater
notched tensile strength indicating that the woven material may have modified the failure mechaniamas at
the notch tip advantageously, The most significant differance was obtained for specimena containing
damage due to 3 Joule impast. The residual compreesive strength was 40% greater for woven }45° layers
than for non~woven £45° layers almosi ocertainly due to ccntainment of shear orasking and delamination in
the woven layers. However no significant difference was found in the residual compressive strengths of
specimens containing da.mage due to 5 Joule impact. Also the compressive strengihs of damaged and noiched
speoimens with non=Moven Z45° layers were similar in all cases showing that broken fibres can also
contribute quite significantly to a reduction in coupressive otrengtli.

A programme of work has been carried cut %o investigute the effect of impact damage on the tenmion=
compression fatigue performance of a (0°, ¥45° 90°) CFRP laminate. The results for specimens oontaining
damag. dus to 3 Joule impact were compared with those for undamaged specimens. In Figure 14, the atatic
sirengths of the laminate are shown for a range of incident impmot energies. The residual tensile
sirength of a specimen with 3 Joule impact damage was similar to that for undamaged specimens indicating
that no fibres had been broken, but the residual compressive airength was reduced by almost 50% due to
delamination. In Figure 15, the effect of this delamination is shown in specimens subjected to fully
reversed oyclic loading (O3P); since wll failures ocourred in compression the values of static wirength
plotted ware only of compressive strength. For undamaged specimene the difference between the static
strength and the stress amplitude for i‘atégun lives of 105 cycles was 200 NPa whereas for the impact
damaged specimens fatigue lives of 10910 cyoles to failure were achieved at wirems amplitudes only
80 MPa less than the static streagth. Thus, although the etatic compressive ptrength was substantially
greater for undacaged specimens, the etress emplitude at which long fatigue lives could be achieved
appearad to be converging for undawaged and damaged ppecimens. The results indioate that in the damuged
specimens delamination did not grow substantislly during fatigue and that any failure proceemes coourring
in the surrounding undamaged muterial did not significantly intersot with the iwmpact damage.

4 SUMMARY OF RESULTS AND CORCLUSINS

When damage ocours in multidirevotional carbon fibrefepoxy laminates, broken fibrasm reduce the tensile
strength whereas delaminations beiween layers roduce the compressive etrength., Studies carried out on
wpecimens with machined notches shiow that notch sensitivity in tenoion depends on the detailed failure
mechanimme ocourring at the noich. Shear oracking parallel to 0° fibres and local delauination is
boneficial whereas shear oracking parallel to 45° fibres can have detrimental effecis. Whether these
failure mechaniems ococcur and to what extent depends on the material properties and the layer stacking
sequence. In (0°, H150) laminates, woven X45° layers can be substitutsd for non=woven 145° layers with
little diffarence in notoh mensitivity bui some modification of failure mechanisme and a reduction in
detrimental 45° shear cracking.

The effeot of impact danage consisting of multiple delaminations has been assessed in compression.
Large delaminated areas produce buckling inetabilities and grow transversely during compression testing.
A significant effect on the extent and chape of impact damage ocan be mchieved by using woven cloth instead
of nonewoven material in the 345% layers of (0°, #45°) laminates. Delemination and 45° chear cracking are
limited by the weave and mome improvement in campressive performance can be obtained. During tension=—
compression fatigue loading, delamination caused by impact doen not eppear to grow significantly, such
that long lives oan be obtained with li{tle further reduction in stress amplitude.
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Table 1

STACKING SEQUENCE KFFECTS Q¥
TEISILE FAILURE OF NOTCHED CFRP

1 LAYUP 0% 5% 5% 0 0% 445° —4y® O°
FAILURE  —45° t +45° f -45° 94 39 MPa
2 LAY-UP =05° ¢ +4v® o® 0° wy® 0° —5°
4
FATLURE 1 9o°t w5 f 90°1 333 220 1Pa
30 e =45 5% 0% 0% 0% 0% 445° 1y’

FATLURE f f 90° f ?

. 370 237 Mra
o AND 45

4 LAY-UP 0

FATLURE -44° f f =45°

; w9 219 MPa
‘ w b I O |

t TELAMINATION
Table 2
SUMMARY OF PATLURE MECHANIGMS AT NOTGH TIPS In
(0°, 245°) CFRP LAMINATES
|
STAGKING FATLURE LINI; DELAMINATION
SEQUENCE o U o, LOTWER
° 0° LAYERS 0° AND 4%° LAYERS
‘T
..A‘_} tds5® 0% 00 agsC.. | w45° NO
|
|
G L5 0% 0% 4g5°..
T and 900 YES
ceemds® 0% 455,
....+450 o’ Oﬂ NO (450)
and +15° or 90°
veeetts® O° o‘ﬂ 1Es (907) i
| ]
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Table 3 N
TENSILE FAILURE OF NOTGHED +°, *45° CFRP*
WITH NCN-WOVEN OR WOVEN Y45° LAYERS
& FALILURE STRESS MPa
LAY-IP
NON~WOVEN WOVEN
s° %5° _
1 E7°, 2a5%, o°:L 334 325
2 [-;45". (0°)2:| 92 390
a
3 E_*45°, o°]s 267 288
#ALL 0° LAYERS NQN-WOVEN
-
RESIDUAL —
i STRENGTH .
i MPa
! _ RESIDUAL
¥ STRENGTH
LAY-UP [(03245°), MPa
& 800} [ L 800
bi
BRITTLE CFRP
oy scoR 600 |-
(-] © A0 + Q 3
: TENSION - [o°9c°o° taseor],
Q
9 400} 400
i i COMPRESSION
200} w0 °
5 TENSION
1 1 1 " e A || 1 } J
o] 2 4 6 8 o 2 4 6 8 10 2
| IMPACT ENERGY, J IMPACT ENERGY, J
’ Fig 1 The residual tensile and compressive Fig 2 The residual tensile and compressive
strengths of a (0°,:45°%) CFRP laminate strengths of a brittle CFRP laminate .
following impact following impact *
&




Fig 3 Laser moiré fringe pattern on a notched
(0°,+45%) CFRP specimen under tension show-
ing damage zones formed at the noich tups

[o°t45° o], LAY-UP

-
LAY-UP [-45% «45® O O° +43° -43°]
SHARP
NOTCH R HIGH
STRAIN CRACK
L HOLE
DELAMINATION
CRACKS
~45°
SURFACE lmm
FIBRES —
SCALE
LAY-UP [0 +45° -45® -45* w3s* O°)
CRACK CRACK
SHARP
NOTCH HOLE
+45° CRACK
AND DELAMINATION
CRAGK
oy
SURFACE
FIBRES Imm
d
SCALE

Fig 4 Surfa_i do"omwuicns due to damage zones at
snaep natces and circular holes in
(U°,+45"; CFRP Taminates under tension

TENSILE
FAILURE
STRESS
MPa
TiP RADIUS p
- NOTCH O.2mm
1 i3 HOLE 2. Smm BASIC STACKING SEQUENCE (-45%+45° O O° 445° .45°)
800
r_ ROUND HOLE a
600 sof
‘ THICK
- NOTCHED LavER vt Lives
FatLURE THICKNESS.# -
STRESs 30O //
400 }-
MPg %2
i wor V e THIN
200 * LAYERS
r- 2000 BASIC SEQUENCE)
3 REPEATED
e L I L i L 1 " N 150 . . -
° 2 4 ¢ 8 ) ) 2.0 1.0

NOTCH SEMI-LENGTH o mm

Fig 5 Varjation of tensile failure stress with
notch size and shape for a (09,+45°)
CFRP laminate

SPECIMEN THICKNESS mm

Fig 6 The effect of layer thickness on thc
failure stress of notched (0°,+45%)
CFRP unde' tension
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+45° LAYER O° LAYER
FIBRES/ FIBRESI

NOTCH NOTCH \
N

W
D SHIGH

STRESS
a5°
CRACKING \

O° CRACKING

74 X

N
NN HIGH
STRESS

Fo

Y

Is

z
«<—

3

&

t
'

45°
¥ CRACKING 0° FIBRES

BROKEN

Fig 7 Layer interactions at notch tips i1 CFRP under tension showing the effect on the
Toad-bearing 0° layers of 45° shear cracking
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i
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% Fig 8 Notched CFRP specimens tailed in tension showing line of failure of 0° layers
| (a) at 45° for [0°,t45°.0°ls lay-up; (b) ot 90° for [4-45“.0"2,—45"1s Tay-up
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Fig 9 Delaminated areas due to drogweight impact detected by ultrasonic C=scanning
techniques in [09,90°,0°,+459, 015 CFRP
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Fig 10 Scaled diagrom showing delaminations observed microscopically in a polished i
crass-section of tmpacted [(U“Z.t%")z]s CFRP :
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Fig 11 Delaminated areas in impacted specimens of [(0%,+45%)7) ¢ CFRP bi ore and after
testing in compression (dashed iines indicate position o?‘ antibuckling guides
along specimen cdges)
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NON-WOVEN t45* WOVEN 245° =
o
- [
»~
INCIDENT
ENERGY
5J ’
SCALE N
ﬂ 1O, -
d
Fig 12 Comparison of areas of impact dama?e for woven and non-woven :45° layers in
[*:45".0"3.145“.0"2]s CFRP (a1l 09 layers were non-woven)
[+45° (0% £45° (0%),]. CFRP
FAILURE S
STRESS
MPa
—TENSION— [JNon-woven :45°
[ woven tas°
1200} PLAIN
r——— COMPRESSION——
1000 -
IMPACT
8OO} !
{ Omm 3J
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|Omm 5l
wol NOTCH
200¢
o
Fig 13 Comparison of the strengths for woven and non-woven +45° layers, of plain,
notched and damaged CFRP with [145".0"3.145",0"2] lay-up (all 0° layers
were non-woven} s
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Fig 14 The static tensile and compressive Fig 15 The fatigue performance of undamaged and
strengths of undamaged and impacted CFRP impacted CFRP specimens in fully reversed

specimens with a [0°,90°,0°,1459,09]

cyclic loading
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ABSTRACT

AP001919

—>jCurrent results of an ongoing experimental program concerning the behaviour of impact damaged CHRP spe-
cimens are presented, The purpose of this ongoing research program is to determine the characteristics
resulting from localized Tow-energy impact damage and also the behaviour of the damaged specimens under
harmonic fatigue loading. Damage simulating a dropped medium weight (3o0 gg tool was introduced by drop
weights with various geometry impactors. Also circular defects were built into specimens as idealized
discontinuities. The damage propagation under static and fatigue loading (R = 0.1, R = ~1) was moni=
tored using NDI methods consisting of US-C-scan, temperature measurements and acoustic emission. The basic
parameters of this investigation included the infliuence of stacking sequence and impactor tip radius, as
well as the degree of local discontinuify in the outer layers of the specimens. The straight sided spe-
cimens with quasi-isotropic lay-up (0/#5/90).are manufactured from T300/Code 69. The feagibility of
sirulating impact damages with this form of built-in idealized discontinuities is shown.
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INTRODUCTION

The key to the reliable and optimum use of composites is to understand their stress and strength charac-
teristics under static and fatigue loading. These characteristics are highly sensitive to ply orientation
and stacking sequence, as well as the presence of holes and {mpact dawage.
Low velocity impact damage may occur during manufacture, maintenance, or in service by accidentally dropped
tool3, runway debris or hailstonss.
The purpose of this ongoing research program is to determine the characteristics resulting frow Jocalized
low=-energy impact damage and also the behaviour of the damaged specimens under harmonic fatigue loading.
To obtain a better understanding of the damage mechanism, the impact damage was simplified as an {deal
discontinuity and the stacking sequence of a guasi-isotropic laminate varied.
The effect of nearly invisible impact dawages and 1dealized discontinuities were studied by measuring

\ strength and damage propagation of various specimens with different stacking sequences.

EXPERIMENTAL PROCEUURE

A1 specimens were fabricated from T300/Code 69 graphite/epoxy unidirectional tape prepregs from Fotherhill
and Harvey. The flat plates (300 x 300 mm) were cured in an autoclave, according to the manufacturers rec-
| s ommanded cure cycle. .

The stacking sequence changes of quasi-isotropic (0/%45/90) laminates investigated are shown in Table I.
Other variations have been investigated in West-Germany by 71,2,3/.

To introduce the idealized discontinuities, the laminates were fabricated in the same manncr as described
above with the exception that, depending on the laminate, the lwo or three outmost sheets were perforated
(4mm diameter) before fabrication, see Table II.

) : A1l specimens were straight-sided coupons 25mm or wider and 90mm in gage section. Specimens were endtabbed
with crassply glass/epoxy tabs.

To determine the effects of impact, idealized discontinuities, and holes on the CFRP specimens, static

and fatigue tests were performed.

Static ter.."e tests were performed in a stroke cc:trolled machine,

Fatigue .2its were performed on a servo-controlled hydraulic test machine at constant amplitude and Joad-

controiled sinusoidal axial loading at a frequency of 5 Hz, Several specimens were tested under zero ten-

sion (R ~ 0.1) for each stacking sequence and damane type. Non-damaged specimens and those with idealized

discontinuities were also tested under one of the most severe loading conditions, 1.e. tension-compression

loading (R = -1}. AIl tests were performed at room temperature. 4 R
i ‘i, On account of the multiplicity of failure mechanisms and the corresponding complexity of damage progres- i .

5_,’ sion in composite materials a variety of analytical tools and experimental procedures is required for

§ characterizing material mechanical propertias and failure mechanisms. Different NDI techniques are needed

for evaluating the degree and the type of damage imparted to composite materials by impact and static lvad-
ing as wel] as for evaluating the damage propagation under fatigue loading.
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Here ultrasonic (US), ccoustic emission (AE), temperature measurement, and microscopic investigations were
used to monitor damage progression.

Our US-equipment consists of a Brandson 3308 and a selfmade scanning mechanism. One of the ‘aracteristics
of the device, which applies the echo method, is that the specimen doesn't need to be imme-sed in a water
bath. A thin water film is used as coupling medium between probe and specimen /4/. Thus it is possible to
choose the "better" surface as scanning surface and avoid water infiltration in the broken parts of the
specimen. Water infiltration would change the registered delaminated area, depending on immersion t1;me.
Some specimens were sectioned at selected locations with a Tow-speed diamond circular saw. The sections
were then polished for examination by 1ight microscopy. These section studies were useful, both for loca-
ting the particular ply or ply interface at which de?amimtion occured, and to locate damages such a.

ply cracking not detected by US inspection. .

In some cases a scanning electron microscope (SEM) was used to examine the fracture surface of the speci-
mens.

Monitoring acoustic emission appears to offer a practical procedure for detecting damage and damage growth
because it {is as easily used in actual service as in the laboratory. For some specimens tested here, acoustic
emission were monitored using a Physical Acoustic Corporation PAC-3400 system. The most pertinent opera-
ting parameters were: preamplifier fixed gain of 40dB; postamplifier gain control 35dB; transducer type
R15; system threshold E‘eve1 of 1 to 3V, depending on test.

Heat generation due to fatigue damage of composites is a phenomenon which has been observed by other in-~
vestigators /5,6/. The temperature on the specipens surface was measured with thermocouples (Cu-Kon}).
Strain gage rosettes were placed on several of the static tensile specimens.

Damage Intraduction

Impact Damage,Parameters were chosen with the aim of generating defects invisible at the front surface
ot the impacted specimen. The plane plates were cut into two pieces, so that they could match in the
impact test fixture shown in Fig.l. The specimen plates were circularly clamped (R=19mm) between steel
plates. A cylindrical weight (m=298g) with exchangeable steel tip, hemispherical with 5mm diameter, and
blunt with De5mm diameter, was dropped from specified heights to achieve the desired damage. An accelero-
meter on top of the fmpactor enabled the determination of force, displacement, and energy consumption, see
Table IIl. More details pertaining to impact procedurg and impact test evaiuation are given in /1,3/.
Idealized Discontinuities. Earlier experiments on low velocity, Tow energy impacts exhibited the presence
of fiber breakage and delamination at the opposite surface of the impacted region. To simuiate this, the
danmage was idealized by perforating the 2 or 3 cuter layers of the specimens before curing, as shown in
Fig.2, The hole diameter of the perforation was 4mm. This diameter was chosen as a representative fiber
damaged region in an impact damaged specimen under the specified conditions. Due to this choice, the
specimens width did not need to be very large. After the curing process the periphery of the idealized
discontinuity could be distinguished as 4 shadow, For comparison purpose some specimens had a central 4mm
diameter hole through the thickness.

EXPERIMENTAL RESULTS

Impact Damaqes. Micrographs and SEM pictures made from damaged spacimens show interply crack, interlaminar
d/elalln}nat;un and fiber breakage near the impact Tocus and beneath the rear surface relative to impact /7,
8/, Fig. 3.

The influence of the contacting tip shape of the impactor on the damage is demonstrate in Fig.4. The US-C-
scan pictures show that the hemispherical tip generally causes a larger damage than the blunt tip. Damage
extension and orientation are influenced by the ocutmost layers at the rear surface of the impacted speci-
mens. Flaws in direction of the outmost fiber orientation could be observed under the impact conditions
stated before. The damage caused by the blunt fmpactor under the sane conditions (m=298g, v=2.21lm/s) has

a more circumfereniial delamination shape and there is no flaw visible along the outmost fiber orientation.
In both cases there is no visible damage at the front surface of the specimen.

Other experimental investigations /1,3,lo0/ showed an increase of absorbing energy with increasing womentum
of impactor until penetration. Internal delamination reaches a maximum and thendrops again to a Timit which
is determined by the impactor shape: the sharper the impactor tip, the more localized the damage and the
more the specimen behaves as a specimen nntaining a hole.

Idealized Discontinuities, Micrographs from idealized discontinuities show a perturbed region where the
outmost layers were perforated, see Fig.5. In this region some of the inner layars are no longer flat, but
have a curved shape. As shown in /11/ the waviness of plics can vreduce stremgth and stiffness of laminates
up to 60%.

Static Vests,

Static tensile test results of undamaged, impact damaged, and specimens with idealized discontinuities
show similar behaviour. The influence of stacking sequence is nutieable in the static tensile strangth
values. Specimens from laminate B, spe Table I, reach the highest values, sgecimens from laminates A
and C have almost the same static strength values. Both stacking sequences show delamisation at the free
edyes prior to catastrophic fa{lure , Similar results were also found by /13,14,15/. This phenomenon can
be attributed to the interlaminar tensile stress 6,. This interlaminar peeling stress s present when the
specimens with stacking sequence A or C are subjected to axial tensile loading, and can be calculated using
the simplified model of Pagano and Pipes /12,13/.

The strain state of the undisturbed regiow of the specimen is compared with the strain state in the layer
opposite the dealized discontinuity in Fig. 6. This behaviour is also representative for other specimens
with this same kind of discontinuity but different stacking sequence. The measured longitudinal strain
(EPSL) and the transversal strain (EPSQ) at the rear part of the discontinuity are larger than in the

undisturbed region. Similar behaviour was observed in the impact damaged specimens with the hemispherical
tip impactor. Stiffness degradation under static tensileloading of damaged and undamaged specimens with
different stacking sequences are given in Tables I,1I and I1I. The highest stiffness degradation occurs
for specimens with a hole, followed by those with {dealized discontinuities (3A,38,3C). The influence of
the impact damage on the static tensile strength of specimens with different stacking sequences is also
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given in Table 1II. Generally specimens damaged with a blunt impactor reach almost the same strength values
as the undamaged. A1l otheir specimens show a static strength decrease, depending on damage, Specimens with
shallower discontinuities (2A,2B,2C) were strenger than those with deeper discontinuities (3A,38,3C), in-
dicating that laminate strength is sensitive to minor variations in the depth of the discontinuity as it
relates to specific orientations. The highest decrease in strength could be observed in specimens with a
hole, as anticipated.

Monitoring of acoustic emission signals during the static tensile loading showed that, after an initial

period of small AE-activity, there is an onset of a large increase in the count rate, coinciding with

the occurrence of tongitudinal edge cracking in laminate A and C. In laminate B in which longitudinal edge

7;a§:7 were not observed, the acoustic emission were much smaller. This is similar to that observed by
14/,

Fatigue Tests

Fatigue test results of specimens with impact damages and idealized discontinuities are presented in Figs,
7 through 10, A11 stacking sequences show a similar behaviour, i.e. a decrease in fatingue strength with
increasing number of cycles, This decrease being larger under tension-compression Toading than in the case
of zero tensile Joading.

A comparison of the non-damaged specimens under zero tension show that the laminate B has the highest fa-
tigue strength. Tiis can be attributed to the fact that specimens with lay-ups A and C show an edge dela-
mination, because the loading stress level is high enough to induce thls kind of failure. With growing

edge delamination the debonded area will increase towards the middle of the specimen and the test is reduced
to a tensile test of 2 nonsymmetric specimens clamped together at the grips. Due to the resulting non-
symmetric bullt-up of the specimen, twisting and bending could occur as stated in /17/ and Teads to a lower
tensile fatigue strength,

Specimens with stacking sequence B also show a free edge delamination after tensile fatigue loading,although
Gz 1s a compressive stress. The delamination enlargement {s much smaller than in the case of the A and C
laminates. The US-C-scan pictures in Fig.1l show the difference in the damage development between laminate
A and B. Although the stress level and the number of cycles are smaller in case of laminate A, the delami-
natad area at the edges is larger than in the case of Taminate B. The development of the delamination in
the impuct damaged ragion is almost the same in both cas¢s and is a very small enlargement compared to the
initial delamination area before loading. This behaviour could be observed in specinens with idealized dis-
continuities, too, as long as their fatigue loading condition was zero tension, Depending on the stacking
sequence of the laminates, the delamination in the damaged region can take place at different locations:
between the 90 layers in case of laminate A, or in the interface between the 90 and -45 Jayars in laminate
B, or between 0 and -45 Tayers in laminate C, as shown in Fig.5 (right hand side).

In some experimental works /3,5/ interrelation of temperature rise and stiffness degradation could be ob-
served. Heat generation 1s the consequence and contributing factor to fatique damage. Delamination and
cracking results in a significant local internal friction which generates heat, The heat in turn rises the
temperature of the structure and reduces its resistance to fatigue, Because of this, the temperature was
continucusly monitored on the surface of different zero tension fatique loaded specimens, For damaged spec-
imens a pronounced temperature rise in the first 103 cycles was observed as shown 1n Fig.12. After this pe-
riod the temperature either stabilized until the onset of failure or continued to climb until catastrophic
failure occurred. If the test was stopped the specimen cooled to ambient temperature. Upon restart the tem-
perature rised quickly to the high temperature attained before, indicating the irreversibility of the dama-
ge, FFor reversible damage tewperature after test restart would rise more slowly, similar to the untested
<pecimen. Many fatique specimens exhibited a temperature rise just prior to fracture, even though the tem-
{ rature had previously leveled off, This observation is consistent with a more rapid accumuiation of da-
mage in the last stages of fatigue, This behaviour can be explained with the sudden death model /16/. Some
other specimens shuwed a continuous increase in temperature until catastrophic failure, fitting better to
the degradation model, The small temperature difference observed between the undamaged specimens with stack-
ing sequences A and B {s due to the pronounced free edqe delamination in laminate A. Similar behaviour was
observed with specimens of laminate C. Rise iIn temperature prior to catastrophic failure was not so pro-
nounced in laminate B as in the case of the other two laminates.

As anticipated, AE monitoring during tensile fatique loading showed a different behaviour depending more
on stacking sequence, than on damage type. Laminate A and C showed very high AE activity dua to edge de-
lamination development. A comparison of AE activity with corresponding load showed that the activity was
not always at the highest fatigue load, pericdical emissions were found at intermediate loads. From this
behaviour it can be assumed, that the damage propagation is probably the result of the aggiomeration of
many small sites to form a dominant damage which propagates more rapidly. The same phenomenon as with the
temperature was observed: thare were cases in which the AE activity increased sharply before catastrophic
failure and other cases where there was no pronounced increase in emission rate before failure. Specimens
with stacking sequence B showed lass activity at the beginning of fatigue life but increased with higher
Toad cycles. With the Ak-equipment used, planar location of the dawage was not possible.

The residual strength data although scant, allows 1t to be noted that residual strength mostly exceeds the
fatigue curve (R=0.1), often reaches the static strength values, and sometimes goes beyond it, as pubiished
elsewhere /3/.

Specimens with idealized discontinuities under tension-compression loading showed a different damage davel-
opment than those tested under zero tensile loading. Due to the compression loading and the stability con-
ditions associated with this phenomenon the damage progression in the region of the  leaiized discontinuity
was much more accentuated /18,19/. Fia.13 shows the delamination development observed in the US-C-scan pic-
tures. The influence of the stacking sequence on the delamination development is noticeable. In laminate A
the damage increases in th - direction of the 0 deg layer, a phenomenon which is currently observed in spe-
cimens with a hole through the thickness and 0 deg outer layer. Specimens with stackin? sequence B do not
show large increase of delaminated area. In case of lTaminate C, the edge delamination is Tinked with the
delamination departing from the idealized discontinuity.




HE

A comparison of the delaminated area development under tension-compression and zero tensile fat1gug Yoad-
ding for laminate A with idealized discontinuity as well as in sﬁecimens damaged with a spherical jmpac-
tor is presented in Fig.14. Here, only the delaminated area in the damaged region and not that at the
free edges was taken into account. Delamination development in specimens with deeper idealized disconti-
nuities (3A) show the same behaviour as specimens damaged with a spherical jmpactor. Specimens with shal-
lower idealized discontinuities (2A) show a smaller increase in delamination area at the same load level.

As matter of fact, the delamination growth of impact damaged specimens under tensile fatigue loading ap-
pears to be reproducible with idealized discontinuities, opening the possibility to treat the influence
of impact damages analytically. :

The steep increase of delaminated area under tension-compression, loading for the idealized damage is also
characteristic for impact damaged specimens /3/. Under compression loading, delamination groyth'and con-
current bulging of the thinner delaminated region occurs as hypothesized by the model of Konishi and
Johnston /20/.

Although no effort was put into relating residual strength to delamination extent during this study, the
process appears feasible.

CONCLUSIONS

CFRP composites are susceptible to low energy, low velocity impact. The damage introduced in the lami-
nates 1s dependent on the contacting shape of the impactor. Blunt impactors cdused less damage .than he-
mispherical tip impactors under the investigated conditions.

The predominant method in which damage grew in two of the investigated laminates.(0/145/90). and
(+45/0/90)5,was the propagation of the delamination from the specimen free edges toward the impact
damaged area. The (0/90/445), laminate did not exhibit this extensive free edge delamination and
therefore had the highest strength values under the specified Toading conditions.

Delamination growth from the impact damaged area was small under tensile fatigue loading.
Due to the stability conditions associated with tension-compression fatigue loading, the damage develop-
ment is the most severe in this case.

The delamination development in the impact damaged specimens was reproducible with idealized disconti-
nuities,

Continuous temperature measurenient was seen to be an adequate method for detecting damage progression.
The interrelation of temperature rise and stiffness degradation will be pursued in the near future.

Acoustic emission techniyues need further development. Classification criteria for acoustic events
along with source location methods will be neccessary.

Further research work is forseen taking into account the details of the local damage propagation.
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) TABLE 1
|

1

I
i
! laminate stacking seq. tensile s%rength stiffness rntia§ net strength stiffness ratio§§ :
t N/ 4 mn hole p
W{ A (0/t4‘5/90)s 872 0.98 360 0.58
B (0/90/345)5 560 0,99 370 0,59
c (145/(]/90)s 460 0.92 360 0.57
§ stiff, before catastrophic failure to stiffness at the beginning of loading :

§% wmeasurcd ot the hole boundary

TABLE IT
‘ |
F Taninate stacking seq. perforated tensile s&rength stiffness ratio
' layers N/mm
2A ((.)/1--‘&5/90)s 0, +45 390 0.89
3A (0/1—45/90)5 0, 45 360 0.80
N 28 (0/90/145)5 0, 90 450 0.88
a (0/90/4_-45)s 0, 90, +44 440 0.87 !
2 (t45/0/90)5 +45 450 0.86 i
3 (+45/0/90) +445, 0 360 0.77 t
= TABLE 111
laminate tip geom. mass abs.energy 'int.de]gm'lnat'ion tensile strength stiffness ratio
Smm diam. g J i N/
A henisp. 298 0.428 184 410
A biunt 298 0.15 123 450 0.95
8 hemisp. 298 0.378 210 410
B blunt 298 0.127 173 530
c hemisp. 298 0.37 196 420 Ct
C blunt 298 0.087 157 450 0.92
3

¥ impact velocity v=2.21 m/s
?d
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INFLUENCE DE DEFAUTS OE FABRICATION SUR LE
COMPORTEMENT STATIQUE ET DYNAMIQUE
DES STRUCTURES EN COMPOSITE CARBONE-RESINE

J. Cuny et G. Briens
AEROSPATIALE
Laborataire Central
12, rue Pasteur - 92152 Suresnes

Aprés avolr examiné les types de défauts apparaissant en fabrication,
ainsi que les moyens adaptds 3 leur detection , nous &tudierons 1'in-
fluence des défectuosités affectant uniquement la résine ou 1'interface
fibre-résine.

Les matériaux 2 couches unidirectionnelles oucroisées seront sollicités
3 1'etat initial ouaprés vielllissements divers, lors d'essais statiques
ou dynamiques conduits & différentes températures.

1 - INTRODUCTION

Dans 1'industrie aéronautique, les structures métalliques secondaires, voire primaires,
sont remplacdes de plus en plus par des structures en matériaux composites carbone-résine
multicouches qui, outre le gain de masse appréciable (10 % & 40 % selon les cas), un prix
de revient parfois attractif, peuvent entrainer un meilleur comportement en fatigue, et
des frais de mainténance réduits en exploitation.

Les piadces en composites sont obtenues & la forme définitive par moulage d'un empilement
de couches croisées de préimprégné fibre-résine, dont les directions sont erientées en
fonction de la résistance et de la rigidite & obtenir. Cette &laboration pose un certain
nombre de problémes car, 3 la différence des piéces métalliques, la conformité de la
structure avec le pian ne constitue plus la préoccupation majeure du contrdleur. Le maté-
riau composite s'élaborant en mlme temps que la piéce, i1 faut en plus s'assurer de la
santé du produit.

La fabrication de piéces en matériaux composites exige le respect de rédgles strictes
telles que :

- utilisation de matériau, le plus souvent nappes ou tissus & 1'&tat préimprégné, ayant
satisfait les crit2res de réception matiére contractueis entre fabricant et utilisa-
teur,

- respect des gammes de fabrication

. conditions de stockage, destockage des produits souvent entreposés i - 18°C et

qu'il faut rvéchauffer 3 température ambiante avant utilisation en évitant la prise
d'humidité,

. découpe méthodique des couches,

. orientation précise des couches en fonction des plans de drapage et compactage des
plis. =
cycle de polymérisation (pression, vitesse de montée en température en veillant au
niveau et 3 1'homogénéité de celle-ci sur 1'ensemble de la pieéce).

Malgré les précautions prises, les structures peuveni présenter des défauts bien souvent
aléatuires d'une piéce & T'autre, ce dont i1 faut tenir compte avant d'acceptrr T2 mon-
tage sur .apparetfl.

dprés avoir abordé rapidement les principaux défauts rencontrés en fabrication, ainsi que
les moyens de contrdle non destructit appropriés 4 leur détection, nous nous pencherons
plus particuliérement sur 1'influence do ces défauts envers les caractéristiques mécani-
ques statiques et dynamiques du matérfau.

L'exposé sera 1imité aux structures fabriquée. & partir de nappes carbone haute résistance
imprégnées de résine époxydique (type TGMDA + DDS) polymérisdes dans les tolé-ances admis-
sibles da la gamme de fabvication. Les Jéfauts etudliés seront particulidrement ceux affec-
tant 1a rasine du composite.

2 - PRINCIPAUX TYPES DE DEFAUTS RENCONTRES EN FABRICAYION

2.1 - Porosités

On entend par "porosités", des cavités généralement de faibles dimensions, réparties d'une

fagon uniforme ou presque dans toute 1'épaisseur du stratifié, entralnant une hétérogs-
néité de la matrice (figures 1 et 2).

Ce type de défaut peut avoilr des origines diverses que 1'on peut regrouper selon trois
causes urincipales : ;

- technique d'imprégnation des fibres,
- humidité excessive lors des opérations de drapage,
- propriétés rhéologiques de certaines résines lors du cycle de polym@risation.

L'imprégnation des fibres en phase solvant {ré&sine rendue fiujde par dissolution dans un
solvant) entraine pius de porosités que celle en phase hotmelt {imprégnation & chaud par
transfert de résine).

En effet, les produits volatils résiduels emprisonnés ddans les couchas compactdes de pré-
imprégné se transforment en gaz lors de la montée en tempdrature pendant la polymérisation,
¢e qui crée plus oumoins de porosités en fonction de la maftrise du cycle de cuisson.
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Le méme phénoméne se produit si le pr&impré&gné a absorbé de 1'humidité lors des opéra-
tions de drapage :

- condensation d'eau si le matériau, sorti froid du congélateur, n'a pas é&té maintenu
dans son emballage étanche pour revenir i température ambiante avant utilisation,

- absorption d'eau si le préimprégné a été laissé trop Tongtemps en ambiance humide
dans 1'atelier de fabrication avant et pendant les opérations de drapage.

1P;Hﬂggr5ﬁﬁun..p'A )

et
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FIGURE 1 ~ Répartition des porosites entre FIGURE 2 - Forme de porosités sur une couche
couches - Vue en bout - apras délaminage du matériau - Vue da dassus -

En dehors du cas de certaines résines visqueuses admettant une pression das le début du
cycle de polymérisation les formulations passant par une phase liquide lors de 1a montée
en température exigent 1'application de la pression pendant Ja phase de gélification. Or
Te principal probléme avec ces derniers systémes est que 1a moindre fuite de bordurage,
ou un pompage excessif de la résine, peut provoquer une migration importante de celle-ci
d 1'extérieur du matériau. La pression n'est plus alors efficace sur la résine, car les
fibres se trouvent au contact entre les plis successifs.

Les porosités observées avec les formulations 3 application de pression retardée sont dQes :
- soit & un flot trop important de résine,

sait d une application de pression trop tardive qui ne peut plus assurer le compactage

correct des plis trop gélifiés (cas d'outillages & fort gradient thermique, dans les
zones chaudes)

2.2 - Manque de cohésion intercouches

Par opposition aux porosités qui donnent une
1dée de répartition homogéne de défauts de
trés petites dimensions, le manque de cohésfon
intercouches que J'on désigne bien souvent par
le terme "délaminage" donne plutdt une idee de
défauts plus importants localisés 3 quelques
endroits bien précis.

Ces défauts, souvent situés dans une ou deux
intercouches, peuvent atteindre plusieurs cen-
timétres carrés (8chelle macroscopique). Ils
sont généralement dus 3 la complexité des
piéces realisees {structures autoraidies,
profils tourmentds) associfes A leur techno-
logie de fabricaticn {figure 3}).

FIGURE 3 - Délaminage dans un rayon

tes difficultés proviennent de trois facteurs, essentiellement :

- utilisation de préimprégné 3 faible taux d'imprégnation (proche du taux final 4 obte-
nir dans le composite) n'exigeant plus la technique d‘'évacuation de résine excéden-
taire imposée par les préimprégnés 3 taux d'imprégnation plus &levé,

utilisation des propriétés thermo-expansibles des silicones pour la mise en pression
des plis, en remplacement de la technique autoclave qui assure une pression pneuma-
tique plus homogene,

suppression dans certains cas de phase "mise sous vide" au cours du cycle de polymé-
risation.

1
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O0n peut attribuer 1'origine des manques de cohésion intercouches 2 deux causes principales:

- étanchéité trop importante des préimprégnés, dle 3 une pégosité excessive. Si des po-
ches d'air sont emmagasinées entre couches, le débullage peut devenir impossible mal-
gré une phase importante de mise sous vide,

-~ manque de pression locale le plus scuvent dans des zones difficiles d'accés (rayons de
profilés). La dilatation thermique des outillages silicone peut créer des arc-boute-
wents avant mise en pression théorique, ou Te temps de gel de la résine peut &tre dé-
p?ise avant application de l1a pression effective ne permettant plus 1'accostage des
plis.

2.3 = Inclusions de_ corps étrangers

La réalisation de pigces en matériaux composites qui, en dehors de 1'enroulement filamen-
taire, est essentiellement manuelle encore aujourd'hui, demande une main-d'oeuvre trés
qualifiée., Les risques d'inclusion de corps étrangers sont minimisés en prenant un maxi-
mum de précautions dans les salles de drapage ; le principal probléme reste celui des sé-
parateurs protégeant le préimprégns avant emploi.

Avec Tas préimprégnés les plus usuels, on trouve deux types de séparateurs : soit du pa-
pier enduit d;un agent démoulant (silicone, ...) soit du film plastique (polyéthyléne,
terphane, ...}.

Mis 3 part 1'oubli de retrait d'un séparateur lors des opdrations de drapage (cas rarement
rencentré),un probléme sournois se pose avec les films plastiques., En effet, des morceaux
généralement de petite taille laissés par inadvertance sur le lieu de drapage peuvent ve-
nir, par électriciteé statique, se coller sur la face cachée de la dfcoupe que 1'on trans-
Tére sur 1'outillage.

Actuellement, aucun contrdle des oublis de séparateurs n'est possible avant polymérisation
s1 ce n'est la reconstitution maethodique des différentes couches drapédes.
2.4 - Défauts de collage
Suivant les types de structures, plusieurs cas de coilage sont 3 envisager :
- composite-composite,
- composite-métal (titane-alliage léger),
- composite-nid-d'abeille.

D'autre part, 1'assemblage peut se falre soit sur matériaux deja polymérisés, soit sur pro-
duits & 1'état préimprégné. Dans ce dernier cas, le collage et la cuisson du compnsite se
fait au cours du méme cycle de polymérisation.

On entend par défaut de collage, les anomalies pouvant se situer au niveau de 1'adhesif et
qui se traduisent le plus souvent par un manque de coh&sion ou d'adhésion de la colle sur
les surfaces & assembler.

Les collages des matériaux composites A& 1'état préimprégné sont souvent réalisés avec des
cycles de polymérisation constituant des compromis entre 1'"optimal adhésif" et 1'"optimal
composite".

Les wangques d'adhérence rencontrés ont bien souvent Tas mdmes origines que les manques de
cohésion intercouches des composites

- etanchéité des préimprégnés ne permattant pas 1'tvacuation de 1'air cmmagasiné au ni-
veau du film de colle,

- manque de pression locale provoqué par un outillage mal adaptd ou un pré&imprégné tra-
vaillant en membrane et ne transmettant pas 1a pression sur le film de colle,

- oubli de séparateurs.

3 - GENERALITES SUR LES CONTROLES NON DESTRUCTIFS

Les méthodes utijisables venant en premier lieu 3 1'esprit sont des méthodes globales per-
mettantien une seule opération d'obtenir une vue d'ensemble de tout ou partie de la santé
de la piéce.

Ces méthodes telles que holographie, thermographie, rayons X deviennent toutefois assez
rapidement limitées sur structures composites-résine surtout au point de vue type et taille
des dommages recherchés.

Le maximum d'informations sur 1a qualité de la pidce est obtenu nar les mbthodes ultra-so-
nores, qui en contre partie sont lentes de mise en oeuvre car basc:s sur 1'analyse panc-
tuelle du matériau.

$1 les ultrasons, dans les fréquences envisagées (1 3 15 MHz) se transmettent trés bien
dans les liquides ou les solides, 11s ne se transmottent que difficilement dans les mi-
lieux gazeux ; d'autre part, le changement de milieu crée des réfiexions partielles ou
totales aux interfaces. Ce sont ces propri@tés que 1'on utilise dans les methodes de con-
trdle non destructif par ultrasons, ces dernidres exigent un miljeu transmetteur, le plus
souvent 1'eau, entre 1'émetteur et l1a place. On distingue alors

- 12 méthode par immersfon : la piéce est enti&rement immeirgée dans un milieu aqueux,

- la méthode par semi-immersion : les ultrasons sont transmis de 1'émetteur 3 la pidce
par un jet d'eau,

- la méthode par contact : réservée aux opérations de contrbdle manuel, ]'émetteur est
mis en contact avec la piece par 1'intermédiaire d'un liguide de couplage.

i o o1 i e, et .
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La détection d'un defaut peut se faire gar “transmission- (analyse de la diminution d'am-
plitude du faisceau transmis & travers le matériau) ou par “réflexion” (analyse des é&chos
réfléchis par les hétérogénéitds du matériau.

Lie au déplacement des capteurs de mesure, un systdwe d'enregistrement par brQlage de pa-
pier plus ou moins important {du blanc ou noir) obtenu en fonction de 1'amplitude du si-
gnal recueilli, donne une cartographie de 1'ensemble de 1'&lément contrdlé.

La transmission peut &tre simple dans le cas de 1a m&thode en semi-immersicn avec un émet-
teur ultrasonore d'un cbté de la pidce, un récepteur de 1'autre codté.

La transmission peut &tre double dans le cas de 1a méthode par immersion ol 1'on dispose
d'un appareil unique émetteur-récepteur. Le faisceau d'ultrasons émis traverse le matériau
puis se réfléchit sur un réflecteur (plaqua de verre) afin d'effectusr un deuxiéme passage
dans la zone A contrdlar, avant d'étre capté par le récepteur :

On mesure ainsi
- l'atténuation dle aux réflexions sur les interfaces,
- 1'absorption intrinsdque du composite,
~ 1'absorption dle aux défauts Eventuels.

Les contrdles par transmission ne sont possibles que si 1'&l&#ment & contrdler est accessi-
ble des deux cdtés.

Cette méthode permet d'analyser la position des défauts situés dans 1'épaisseur du maté-
riau. Elle est surtout employée comme complément de la méthode par “"transmission”. N'exi-
geant 1'accessibilité de la pidce que d'un seul cOté, c'est un moyen de contrdle adapté
au suivi de la qualité du matériau monté sur appareil.

4 - INFLUENCE DU TAUX DE POROSITES

En partant de 1'hypoth&se que Tes porositds se trouvent uniformément réparties sur tous
les interplis du matériau, un calcul statistique permet de traduire ces absorptions ultra-
sonores en pourcentage de porosité syrfacique par pli par rapport 3 1a surface totale du
faisceau ultrasonore.

La courbe suivante donne & titre d'exemple, pour un matdriau carbone~résine constitué de

nappes unidirectionnelles, la corrdlation absorption-taux de porosités surfaciques en

fonction des différentes épaisseurs du composite.

Afin de se rapprocher de la
conception réelle des struc-
tures, les essals mécaniques
cités dans ce rapport porte=-
ront Te plus souvent sur des
T éprouvettes 2 couches croi-

P e e Bt I sées, fabriqueées 3 partir de
=T : ; nappes T300, NARMCO 5208.
|

: |
1 Ted T
4.1 - Influence sur le cisaillement interlaninaire

Deux taux de fibres 51 % et 62 % en volume,
ont &té étudiés avec ou sans purositéds.

Les essais conduits 3 trois températures

-~ 55%C, 20°C, 120°C sur matériau A 1'état
initial ou aprés vieillissement humide
750 h a4 70°C, 100 % HR font ressortir les
conclusions suivantes : (Figure 4)

1'influence des porosités est plus fmpor-
tante sur matériau poss@dant un taux volumi-
quea de fibre @leve (7 % de porosité pour
Vf = 62 % donnent autant de chute en cisail-
Tement interlaminaire que 10 % pour VF=51%)

1'influence des porosités n'est pas plus marquée & - 55°C, qu'd 20°C ou 120°C (on ob-
tient une chute d'environ 50 ¥ de performances aux 3 températures lorsque 1'on atteint
7 4 10 % de porosité selon le taux volumique de fibre).

la présence de porosités n'amplifie pas la dégradation du matériau en vieillissement hu-
mide ; on constate d'ailleurs que 1'effet "plastifiant" de 1’'eau sur 1a résine est plus

important sur matériau sain que sur matériau de mauvaise qualité lors des essais de ci-

sajllement interlaminaire & 120°C.

4.2 - Influence sur le comportement en traction

Les &prouvettes ont &té fabriquées avec deux taux volumiques de fibres, 51 % et 62 %, el
ce avec ou sans porosités.
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Afin de nous dégager du paramétre Epaisseur
des éprouvet.tes constitudes d'un nombre {i-
dentique de plis, nous avons exprimé les ré-
sultats mécaniques en flux {charge supportée
par unité de largeur).

Un taux de porosité compris entre 7 et 10 %
fait chuter le comportement en traction &
20°C sur matérfau a4 couches croisdes de
1'ordre de 15 %.

4.3 - Influence sur le comportement en compr
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Avec les mémes matériaux que ceux utilisés p
de compression conduits & 120°C, entrainent

- 15 % pour 7 % de porosite,
- 20 % pour 10 % de porosite.

On observe qu'aprés vieilliissement humide
750 h 2 70°C, 100 % HR :

= la porosité ne modifie pas le comporte-
ment du matériau par rapport 3 saes per-
formances 3 1'@tat initial,

our la traction, on constate gue les essals
une chute d'environ :

Y

3

: L.

- sur faible taux volumique de fibre (51 %) ' ]

T'humidite fait légérement chuter les
performances & 120°C,alors gque son effet
est plutdt beénefique sur taux de fibre
plus élevé (62 %) et ce, sans ou avec
porosités.

4.4 - Influence sur le comportement des fixa

Tolae_guwe {7 : ¢

tions mécaniquas

Les é&prouvettes ont 8té sollicitées a £0°C :
-4 1'stat initial,
- aprés vieillissement humide et sollicita

250 h & 70°C, 100 % HR
+ 33 000 cycles de fatigue tractio

Ce cycle est repeté trois fois avant d'effac
FR correspond 4 la charge de rupture en trac

4,5 - Influence sur le cisaillement plun

- B

Ko

~—

4.6 - Influence sur le comportement en flexi

tions de fatigue,

n 0,3 FR/compression 0,1 Fp
tuer 1'essai statique residuel & 80°C.
tion de 1'dprouvette neuve non poreuse.

Dans tous les cas, la rupture a lieu par dé-
boutonnage et délaminage d0s au moment secon-
daire engendré par le type d'é@prouvette.

On constate une chute de résistance statique
par rapport aux témoins non poreux d'enviren:

- 20 % nour 5 % de porosité,
-~ 40 % pour 8 % de porosité.

La fatigue et le vie{llissament humide, tels
que définis, n'ont pas plus d'influence sur
ma§er1au de mauvaise qualité gue sur matériau
sain.

Pour un taux volumique de fibre de 1'ordre de
63 % :

- un taux de porosité surfacique de 12 %
fait chuter Ta contrainte de cisaillement
d'environ 15 % lors des essais 3 tempéra-
ture ambiante, et de 10 % lors des essais
& 120°C,

- les porosités n'accélérent pas la dégrada-
tion du matériau expos# en ambiance humide
1000 h & 70°C, 100 % HR.

on

Sur deux taux velumiques de fibre, 51 % et 6
duits sur matériaux sain et de mauvaise qual

2 %, des essafs & 20°C et 120°C ont &té con-
ité (7 % et 10 % de porosités surfaciques).
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1o On constate que :

[.~~_ 'I - 3 1'atat initial, des chutes de 1'ordre
de 20 %1 peuvent &tre atteintes avec les
matériaux &4 10 % de porosités surfaciques,

0/ / - Je vieillissemant humide 750 h & 70°C,
Z/ 100 ¥ KR a un effet analogue sur matériau
1L~ de bonne ou de mauvaise qualité (la poro-
& &7 ] %Sf sité n'amplifie pas la dégradation du
{3

produit).

5 « INFLUENCE DES DELAMINAGES

Les décohésions intercouches ont @&té obtenues artificiellement dans la phase drapage du

stratifid@ par interposition entre 2 plis d'un morceau de VAC-PAK ou de TEFLON detectable
en contrdle ultrasanore.

5.1 - Sur le compertaement en traction avec trou habité

- Le défaut de dimensions 14 x 14 mm est situd
- 4 mi-épaisseur du matériau entra deux plis
disposés & + 45°,

La présence de la décohésion au niveau d'un
trou diamétre 5 mm habité& ne modifie pas Ta
résistance & la traction & 80°C ni & 1'état
initial, ni aprés vieillissemeni plus fatigue.

Cycle de salligitation répété 3 folis
- 250 h de vieillissement humide 70°C,95% HR
- 33 000 cycles de fatigue
0,3 FR traction/-0,1 Fg compression.
FR = charge de rupture de 1'éprouvette neuve sans délaminage.

Aucune propagation du défaut n'a 6té détectée an contrdle ultra-sonore apras les cyclages
vieillissement + fatigua.

5.2 = Sur le compurtement des jonctions mécaniques

Les 4 defauts de dimensions 14 x 14 mm sont
situés & mi-&paisseur du matériau entre deux
plis disposés & + 45°, & 1'emplacement des 4
vis de fixation diamétre & mm.

Les décohésions ne modifient pas le comporte-
ment de la jonction mécanique & 80°C, aussi
bien & T'état initial, que sur matériau ayant
subi un cyclage vieillissement plus fatigue,
comme defini au paragraphe 5.1.

5.3 =« Sur le comportement en comgrassion

Que le défaut 14 x 14 mm soit situé & mi-&paisseur gntre deux plis a + 45°)ou aproés la
sixidme couche an partant de 1a surface (entre deux plis A 0° - 45°)7 on constate la
méme chute de performance en compression & 80°C.

Les bords de 1'é&prouvette sont maintenus la-

téralement pour éeviter le flambage générali- D S
sé de 1'éprouvette. 7
On constate a1nsi que la décohésion étudige "“‘—*jz;7 P
entraine 3 80°C /7 A7 ///f///
- une chute de 10 % de la contrainte 2 }// 512 Z
1'etat initial, "é;é“f:/,‘_‘/_ "_;‘/// -
- une chute de 20 % aprés conditionnement ¥ /;
vieillissement humide + fatigue, tel o 8

que défini au paragraphe 5.1.

5.4 - Sur_le cisaillement interlaminaire

Seul un matériau & 60 plis (e = 0,13 mm) upnidirectfonnels a &t& sollicité en présence de
défauts de dimensions 7,1 x 7,1 mm = 50 mmé¢ positionnés sur 1a fibre neutre.

L L VR
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’ iy by L, Que ce soit 2 1'état initial, ou aprés cycla-
—— P e ge, cycle répéte 3 fols :

7 /7~ /7~ ;Z;, - 330 h de vietllissement humide 70°C, 100% HR
/' / / / sous charge constante 0,3 charge de rupture

A Pt AN/ 4 ! - 33 000 cycles de fatigue & 0,3 charge de

= // rupture,
— ] z
\ { le délaminage eétudié fait chuter la tenue ré-
e [ ___:] siduelle en cisaillement interlaminaire de

! ) T 30 % A tempgrature ambiante.
U2 O LG TURPH SN

5.6 ~ Sur le cisaillement plan

Sur drapage {sotrope 16 plis, deux dimensions de d&fauts positionnés entre les gime oy
98me plis, ont étd sélectionntes:

= 17,3 x 17,3 wm soit 300 wm? ou 0,8 ¥ de la surface
- 64,8 x 54,8 wm solt 3000 mm2 ou 8 % de la surface.

Que ce soit & 1'état initial, ou apras soll}-

o LTI . citation en fatigue 100 000 cycles & 0,5 FR

lA& v e imm | RETENTRY 0,05 Fy (FR = charge de rugture statique du

I O S o

t £ -
. ;

=

\ . watériau neuf sans défaut), la présence d'une
décohésion intercouches, représentant jusqu'a
8 % de Ta surface travaillante, n'a aucune
. répercussion sur la résistance en cisaillement
‘ P plan d'un matériau 3 couches croisges.
| Bien que la charge de fatigue appiiquée dtait
Sl ¢ supérieure & la charge da plissement, le dé-
faut n'a pus progressé.

!

'

]

=
e
- * r
et —y—
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6 - INFLUENCE DES DEFAUTS DE COLLAGE

L'¢tude porte sur matériau constitud de couches unidirectionnelles (T300, NARMCO 5208) & B
1'état préeimprégné assucides par co-cuisson & 1'adhésif REDUX 319 A.

Les défauts sont obtenus par découpe du filw de colle avec remplacement de ce dernier par
un filim séparateur évitant 1'adhérence des parties 3 assembler,

6.1 - Comportanant des Jonctions collées soumises 3 un flux de cisaillement constant.
C'est le cas, par exsmple, d'un collage longeron-revétemants.

Deux largeurs de défauts ont dté sélection-
\ nées : 2 et & mm,
\ Les essais conduits a - §5°C, 20°C, 120°C
font apparaitre que :

. 3 20°C et 120°C, la rupture n'a pas lieu
au niveau des défauts de collage, mais
entre les cuuches do carbone (rmspecti
vement = 80 MPa et = 55 MPa quellas que
sofent les configurations essaydes),

3 -55°C, on obtfent une rupture au ni-

veau du joint collé. Les défauts de lar-
B geur 2 et 6 mm entrafnent respectivament
R une chute en cisaillement de 10% et 30%

par rapport & 1'&prouvetts sans d&faut

de coljage tenant 60 MPa.

Les m@mes largeurs de défauts 2 et 6 mm
sont @tudiées. Toutes les ruptures ont eu
1ieu par cisaillement de 1'adhasif (rup-
tures cohGsives dans le film).

» - On constate que les défauts etudiés n'ont
‘ - aucune influence sur 1o comportement du

0 ? Joint aux trois températures -55°C, 20°C
et 120°C. On obtient respectivement

o115 MPa, == 100 MPa et = 65 MPa, qualles
que solent les configurations.

6.2 - Comportement des jonctions collées soumises & un flux de cisaillement variable. k- X ot

C'ast le cas, notamment, des introductioas d'effort dans un composite par 1'intermédiaire
d'un insert titane.
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Dans 1a zone de cisaillement 12 mm, deux lar-
geurs de défauts sont retenues : 2,5 et 5 mm,
assocides 3 deux positions : milieu et extré-
mité de la zone collée.

Les défauts intéressent toute la Targeur des
éprouvettes. Les contraintes moyennes sont
calculées en prenant toujours pour section
apparente 12 x 25 mm (figure Sg

Vu la rigidite des substrats et la faible
longueur de recouvrement, 1‘'emplacement du
défaut (milieu ou extrémité du Joint colle)
n'a que pau d'influence sur le comportement
de la liaison aux trois tempdratures -55°C,
20°C, 120°C.

51 1'on calcule Tes contraintes de cisailiement (figure 6) avec les surfaces collées
vraies (daduction des défauts), on constate 3u'11 y a proportionalité entre charge et
section collée lors des essais & 120°C (pas de phénomdnes de surcontrainte) alors qu'une

altérution de la tenue du Joint est constatée aux plus basses températures : jusqu'ais5¥%
3 -55°C at 30 & a 20°C.

7 ~ GONCLUSIONS

La maftrise de la qualité des places fabriquées en matériaux composites doit étre un ob-
Jectif prioritaire, car des chutes tras importantes peuvent &tre constatBes sur les per-
formances mécaniques.

On peut souligner que les résultats présentés lors de cet expos® font ressortir que le
rdle néfaste des défauts de fabrication apqarait essentiellement & 1'atat neuf du mate-
riau, et que ces défauts n'amplifient pas la dégradation du matériau Jors d'exposition en
ambiance humide, ou de sollicitation sous charge cyclae.

On veillera donc particuligrement & optimiser la conception des structures (bureaux d'é-
tudes), & appréhender las paramdtres sensibles des matdriaux (Taboratoiresz, 3 concevoir

des outillages adaptés (services meéthodes), & mattriser les gammes de fabrication (ser-
vices production).

Sur pidces finlaes, des moyaens adaptés de contrdle automatisé devront permettre & colt ré-
duit d'obtenir une appréciation réaliste de la qualité du matériau, afin de pouveir appri-
cler les marges de sdcurité sur les pidces dastinges 2 &tre montées sur appareils.

M| cisaillement interlaminaire
) couches croisees
w0 [ atat bl
HIH ys0h.foc , gL%HR
[~a) A20°C
50 FIGURE " 4
L0 |
1
I
3
2q)
AQ.
aQ .

A% A% e 7hy -wborasiis
4% 627 -svoluma fibre
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ABSTRACT

— The applications of cowmposite materials in primary aircraft
structures need deep investigations on the materials themselves
and reliable techniques of control of the products,

The last topic rappresents one of the most weak points in the
composites and adhesives techno]ug{ because there is no one
N,D, method useful and valid for all kinds of defects but a
variety of N.D, methods in order to achieve good results in
the inspectability of the configurations are necessary.

This paper contains, 1n 1ts first part,an overview of some
most popular technigues for maximum sensitivity,determination
on standard defects using a proof specimens, that is :

& X-ray radiography and in-line radioscopy eletronically
supported

& X-ray xeroradiography
- Neutron radiography
~ U.S.investigation

The second part presents some examples of application of the
above nentioned techniques on significant aircraft components
i.e.:

g main rotor spar and blade
4 wain rotor blade grip
and the results are discussed. §E;—'

ADP001920
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INTRODUCTION

This work was carried out without the aim of introducing new N.D. control techniques for
composite materials but the philosophy was to show the possibilities of conventional N.D,
technigues supported by some expedieni to emphasize the resolution and the quality of
controls, To make this we used the faciiities already present in our factory as well as
equipments coming from othar laboratories in the field of Penetrant radiations,U,S,
inspecticns and dye penetrant systewms,

In this work we are ?o1ng to show the improvements of the resylts obtained with these very
common systems optimizing control parameters and procedures and,for radiation inspection,
choosing the best system,to print the X-image,both in the field of standard industrial
materials, and out of this.

The gval was to reach the maximum rcsults,minimizing typical shortcomings of each tuchnigue,

We consider only radiation and U,S.inspections because trom our experience we noted that
dye penetrant systems for finite components were pratically useless because of the
adsorption of the resin (expecially for intermediate components of a structure),and because
of rough surfaces,

GENERAL CONSTDERATIONS

We compare the above mentioned technigues and several sensitive materials,in order te gain
the conditions of maximum sensitivity and resolution on each of them,as well as the best
working conditions of the equipment,for these purposes we prepared a special sample panel,

This sampie panel,made with fiberglass-epoxy composite material,was obtained from a
continuous prepreg tape;alt kinds of standard defects typical of composite structures were
put into the laminate.

The defects were choosen on the basis of our experience of destructive analysis of several
samples and from litevature examples.

In other words we put into the panel the following flaws :

1) foreign material inserts among plies Tike support silicon paper (a) protective tefion
cover (c) and peel ply (b);

2) fiber gaps,between two adiacent tapes in the same ply (g);
3) cutted tibers (f) ;

4) twistad (e) and knots (a) of fibers;

5) delaminations (debonded areas among-plies).
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The above mentioned panel is shown in picture 1.

pjcture N°1: The sample panel

We are quite sure that combining opportunately the techniques of X=ray and U,S.investigation
sufficient information about the flaw conditions of the material under test are normally
warranted,

In this paper we did not discuss the physical rules governing the techniques themselves as
well as all the procedures tollowed in finding the best parameters and working conditions
because ‘hey have been explaned by several authors (1,2.3) but only the resulis obtained
analysin, composite structures,

To analyze the test panel with X-ray we needed Lo use k-voltage as low as possible(normally
arranged between 20430 Kv depending on the X-vay sensitive wmaterial).

for the best results we needed also to use a microfocus X-ray tube with Berillyum window,

For U.5. inspection we used a transmission {mmersed C-scan eyuipment with a characteristic
fregquency of § MHz,

We would like to emphasize that this frequency comes from the industrial system used for
aluminium sandwich panels,

RADIOGRAPHIC INSPECTIONS OF THE TEST PANEL |
We carried out the following tests : {

a) conventional X-ray radiography with standard ASTM class 1 (DIN II®°) films, extra-fine
g:a1n,10w speed :DUPONT NDT 45 and 55, ABFA-GEVAERT D4, KODAK M, example reported in
picture 23

b) conventiopal X-ray radiography with standard ASTM special class EUXN 1) films,ultra
fine grain, very low speed; DUPONT NDT 35, AGFA-GEVAERT D2 double cogled. KODAK R,
an example is given in picture 3; ' ‘

conventional X-ray radiography high definition copiline films AGFA-GEVALRT HO-3p with
a grain dimension of about 1 Mm uitra slow f1lms ( in the following we will name simply
HD T11ms), 4n example is shown on picture 4;

radiographic re-impression 1 chniques for the use of industrial D4 and D2 T1lms example
is given in figure 5;

X-ray very low K-voltage radiography {n vacuum with conventional D2 film; the example
is at picture 6;

X-ray electro-radiography (xeroradiography)by medical equipment Xevoxsystem 125;positive
and negative impression; the example of the positive image is at picture 7;

Neutvon radiography by means of a N- G6d converter (direct impression) with Kodak R
films.cxample in picture 8 ;

industrial X-ray radioscopic investigation with eletronic support and treatment of the
signal: 1ma?e intensifier, TV camera and monitor (image example in picture 9),grey
densitometric analysis and eight colour syntetizer associated video monitor (picture 10)
and defiection mode video signal presentation, virtual 3D image (picture 11).

From the above listed and following pictures it appears that all the mentioned techniques
are useful ; the following consideration must be taken as a guide in the choice of the
most suitable technique,




a) Test: D4 film radiography.

Because of the large use of this film in standard industrial high-quallity inspections
we consider the quality of these image as a reference to quote the quality of the
gthers,

Remark: we cannot see the foreign insert,

Picture N°2: Test a

b} Test: 02 tilm radiography,

We have an improvement in definition and resolution of the same family of defects
detected in a) using a larger exposure time,

This film can be used in challenge with D4 when an higher precision and quality of the
control is required,

Test:; HU film radiography.

The image is more detailed than in a),

The very fine grain structure allows a precise densitometric analysis (i.e. by grey
analysis of the transmitied image with an image analyzer ) or for a projection magnified
analysis._Nevertheless the exposure time becomes too long to be used for routine quality
control.

We remark that the use uf this particular film involves only a longer exposure time but
does nol need particular devices and materials for development; this film can be very
interesting for particular laboratory use.

Picture N°3: Test b

i Lo e
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Ricture W74 : Test c

Test: 02 f1lm (from U4 overexposed radiography).

This technique is useful to improve the “exposure latitude® without utilizing higher

K voltages and can be used for components having different thickness or “blackboxes"
when it 1s impossible to have a precise idea of correct exposure parameters as well as
to recover some information by an overexposed film (or zone of a film) when the sample
is no more available,

The resolution of this techniques is lower than a),any way it {s Tower thanthe correspon-
dent well done single impression radiography (4).

Elcture N°5:Test d

e) Test: HD film vacuum radiography.

The "vacuum radiography" allows the reduction of an absaorbed and diffused radiation by
air ;o that we can reduce the kK-voltage of irradiation with an increase of the resolution
/A of the image.

The necessity of a vacuum light-proof chamber introduces some limitation in the use of
this system, not always payed by the improved resolution,

f) Test: Xeroradiographic positive image.

Frowm our point of view this is the best technique in the field of X-ray inspection, because
the highest quality in resolution is reached (5).
The advantages (6-11) of this technique can be Tisted as follows:

- no time loss for development

- high-1ife tiwe sensitive materials

~ high sensitiivity to fast density variation (edye effect)

- possibility to choose positive or negative final image

- low sensitivity to gradual variation of X-ray density or material thickness,



Picture N®6: Test e

Pictura N°7: Yest f

y, B~

-

The cost of the system is very high but each image is cheaper than a pure X sensitive filim
and the interpretation is not affected by the real qualiiy of the transiliuminator,
A1l the above avguments give an interesting pay uff of the system.

; We paint out that the device till now was developed only for medical use.
’ We are quite surs that if this system will be redesigned for industrial purposes it will
¢ be possibile to improve the results again. ‘
: g) Test: neutron radiography on film by Gd n - converter, é
[ This technique gives interestiny results thiough different information comimg from the .
2 characteristic of the neu:rons, 1
| & in this case differently “rom X-ray inspection the N-opacque material is the resin and 4
ﬁﬂf' fibers are quite not yisible{the sign of fiber directions is due to thé "holes” in the 1
resin): by means of this feature it is possible to see very well flaws in the resin 1ike i
bubbles and anomalous distributions of the resin itself,
» Through this system is pussible to detect the foreign materials inserts, too.
& Nevertheless this technique is quite expansive because it needs a nuclear facility with
obvious problem of carriage and handling of samples,




Picture N°8: Test g

Test: radioscopy.

This is the fastest technique because of the direct imagine of the samples.

The radioscopic image produced on fluorescent scveen, is intensified by & fluorescent
magnificator and collected by a normal TVecamera which sends the image on a TV-monitor,

at this point the resolution is worse than the standard radiographic D4 result,

In order to improve the quality of the image the video signal is electronically processed ]

by :
- densitomatric grey analysis.

Through an eight-colour sintetyzer which converts a certain range of grey levels into
a colour in order to improve the contrast between acceptable areas and defects. Of
course a precise knowledge of the equipment and a good quality of signal 15 needed to
have a warranty of good control,

Moreover the quality of the image 1s sti111 worse than radiographic one,

- deflection mode analyslis.

This system inserts the video signal 4nto the y - amplifier of the CRT: the deflection
of any line given by the different grey level of any puint on the line, allows to
create a virtual 3D 1mage, This quite intevesting image 1s not alway: useful because
its quality is too strongly dependent from the original TV-image from the intensifier
and the camcra.

Anyway all the informatlion are coming from the original black and white radioscopic
image: these twu systems cannot increase the quality.

\X .
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Picture N'9: Radioscopic TV
—— image: section
of the panel,
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Ricture ¥° 10 :

The same panel section that in
fig,9 converted in eight-colour
image in order to improve the
contrast between "adlacent™
grey-levels,

Picture N° 11 :

— el

The virtual 30 image of the
same panel area,

U.S., INSPECTION ON TEST PANEL
For the detéction of delaminations and debonding an wuseful technique 1s the U.S.inspection,

In analogy with U,S, inspection of metallic structures,we think that the best system to
monitor composite components is the fmmersfon transmission U,S. analysis {in this field we
inctude the use of "squirters" governed by the same principles of U.S.transmission in the
water without a real immersion of the structures) supported by an automatic C-scan equipment,
We employed a facility designed for hel inium rotor blades, a fixed frequency of

5 MRz was used.

We could not verify the best frequency to be used for this material and thickness,

Using the immersion system we found some problems in the set up of the equipment,moreover
we found also that the moisture absorption of the material affects the repetitivity of
results., Any way the technigue is tn be {mproved because we found some delaminations not
detectabie by other N,D,test, The C-scan is shown in picture N°lZ.

To be sure of the deiaminations detected a direct contact reflected U.S. inspection by
focused probes with characteristic frequencies of ,75 and 3 MHz,from Gilardoni RG 20 was
used,

The results confirmed the previous analysis, but using this technique it is very difficult
to assure the repetivity of the measurements because they are too dependent on the operator,
We have not found ti111 now a good procedure to be followed.




Picture N°® 12

PROTOTYPICAL. SAMPLES

AfLor the experience on the test panel we could start the investigations on more complicated
structures in order to verify the various techniques and sensitive matertals on thick samples
complicated as the real helicopter components.

We have to remark that the geometry of the samples could be a very difficult parameter to
process expecially for X-ray investigation, and thickness can affect U,S. inspection: in
other words we have to consider very well the lay-up characteristics of any styvuctures in
order to define the control procedure,

In order to perform the above mentioned investigations some different tests were performed
on a thick sampie similar to an helicupter component part but full of defects; than we check
some prototypical components.

Picture N°® 13: Top view of the
eyes™, :

In picture N°13 we show the thick sample N° 2 similar to the "eyes" of the spare root,

This sample is made by fiberglass-epoxy prepreg tapes, the difference between two ‘eyed fis
due to the resin system and its content.

a) Positive (fig.14) and negative (fig.15) xeraradiography,
In bothimages # is possible to see very well the delaminations among the plies; we remark

that this 1s possible only by the particular angle of irradiation.
The images are well exposed for both the eyes.




Picture N°14 : Top view positive

Picture N°15 ; Top view negative:

b) D2 conventional radiography.

By the film is not possible to have the right exposure for both the eyesi;the resolution
is lower than xeroradiography.

Picture N°16 : Bottom view
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¢) Re-impression radiography (D4 and 22 films).

In picture N° 17 we can see that the starting image 15 completely ununderstandable in
some areas, by this technique we can recover the information from these areas directily
by the film, without repeating the examination on the real sample (picture N°18),

The exposure latitude is increased but the resolution is worse than a) and b),

Picture N®17: Overexposed D4
TITw (R1) top view.

' Picture N®18 : R2 on D2 film
THverted VIgw,

d} U.S. inspection,

This is a very critical situation because of material thickness and shapes: pratically
we have no results,

Picture N°19: The C-scan plot:
quite ununderstanding image.




ANALYSIS ON REAL COMPONENTS
Helicopter main rotor blade spare

In the picture two spares are shown,

The spare under test presents some defects {.e. twisted fibers and delamination due to
the crash of the pressure mandrel in the curing cycle. The defect is good resolved by
xeroradiography.

In picture N® 21 and 22 we show the two views of defect.

e )

Picture N°20 : Two spars,

Picture N°21 : Plane view of
gpar.

Picture N°22 : Side view,
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MAIN ROTOR BLADE SPAR WITH TITANIUM ABRASIOHN STRIP

In the picture 23 and 24 the spar section is shown.

Picture N® 23 : Plane view of
e spar wWith a bonded titanium
foil,

Picture N® 24 : The side view

ot the spar section.

The radiograyhic inspection need two different exposures for the complete control of the

sample.

1) A low K-voltage irradiation to examinethe “"free" area, that is the surface not covered
by the Ti sheet,
We can see the fiber orientations and the "tracers" (coloured 1ines in the 23 and 24
pictures).

2) A second exposure at an higher K-voltag: %0 examine the area covered by Ti, we have a
good resolution in this image,too, we sce the fiber orientation and tracers.

Through xeroradiography inspection we obtain the same results ( or better ), with a
single shoot, as it is shown in picture N° 27,



Plicture N® 25: Low K-voltage
frradiation (D2 film),

Picture N® 2€: High K-voltage
? g

Gxposure (D2 f1lm

.

Picture N® 27: Xeroradiography
of the spar .
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Also radioscopy can help the control but only when the deflection mode is employed.
Picture N° 28 and N° 29.

pigture N® 28 : Radioscopy:
TVTiisss does not resolve
fibers orientation and tracers
are quite invisible,

'; picture N® 29 : Kadioscopy i
deflection mode increases the
resglution emphasizing tracers
and fibers orientation.

MAIN ROTOR BLADE (SECTION)
We perfurmed some investigation on blade sections aftev mechanical test,one of these samples
and the testing machine are gshown in picture N°30.

Lo disunid

st In the tollowing picture(N®31 and 32) two images of this samples are presented. A radiograply
(performed before the test) and a xeroradiography (after the test: 1t shows very well crashes

in T1 sheet)are shown:the pictures emphasize the great advantage of xeroradiography that

allows some good resolution all over the blade,

The radlugraphy is overexposed for the honeycomb zone and completely unexposed everywhere:

we can see either the tracers of skins over honeycomb,either fibers orientation under the L
titanium foil.
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BLADE GRIP

Probably this may be one of the simplest specimen to be controlled because of its geometry
(no thickness variations): it is shown in picture N°33,

The radiography allows to control very well the eyes lamination and because of the constant
thickness,gives a good image all over the pilece.

Also U,.S.inspections was employed and the results are shown in picture 35.

By this technigues 1t is possible to detect some debonded areas between the surfaces cover
and internal filler materials (with areas in the picture)but it 1s impossible to find
delaminations around "eyes",

Picture N® 33: Blade yrip.

Picture N° 34: Radiography aof
ade grip: we can see delami-
nations in the eyes zone.
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Picture N° 35:U,S,inspection
.S¢an,

CONCLUSTONS

The defects in composite components built by stack up of prepreg tape piies, is, from our
experience,typically flat,

This kind of defects 1s detectable by X-rays inspection only when its direction {s quite
parallel to the radiations, normally this is a shortcoming of the technique.

In our case, we know the "surface" of lay up and we can determinate the correct direction
of inspection,in thisway 1t ¢s possible to find easily all Tamination defects (Tike
debonded areas, marcels, etc.) better than by U.S. investigation,

Moreover, the geometry of many components don't allow the inspection in the correct direction
(high surface/thickness ratio, where thickness 1s perpendicular to the lay-up plane) and
in this situation U.S. technique became very ureful,

From this consideratifons it appears that in order to control composite helicopter components
we need at least two techniques: the bLest results are obtained combining xeroradioyraphy
and Cescan immersion 1.S. inspection when possible.
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COMPUTATIUN COF INFLUENCE OF DEFECTS
m UN STAT™Z AND FATIGUE STRENGTH OF COMPOSITES
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SUMMARY

-:73 combined analycical and experimental invest.ygaticn has been und.:rtaken to deter-
mine the siiects of flaws on the static strength and fatigue life of graphite/epoxy
(AS1/3%C01-6) law. nates. Both bund-line defects in sandwich beam construction and inter-
laminax digbond flawe were studied. Up to present, compressive scrength teat data have
Leun obtuined for ambient and elevated temperature, molsture-saturated co..liticns,
incliuding results fiom thermal-spike cycling simulating supersoniz (iight., In addition,
baseline data have been obtained to define the strength parameters ssociated wich the
tensor posynomia’ lamina failure criterion. Although this model wa#s originally derived
for static 'unilawed' strenqgth predictions, it is baing extended to include the effect
of hole: and flaws. 'n the latter case, a finite element approack 1s described to {llus-
trate the metiwwdology feoe computing the influence of flaws., Firally, a formulation for
pledicting the fatigue life of laminates is presented based on the experimental evaluati
of fatliyue functlons which are utilized in a form of tha tensor polynomial failure critc
rion, -

NOMENCT.27T1IR

d hole diameter or .law Bize parameter

- modulus of elasvicity of camposite measured in x-direction

Ell' E22 orthotropic modu i of elast!~2ity measured in 1 and 2 directilons, respectively

P sinear modulus of elasticlty neasured in 1-2 plane

ZT,C,S.B charactgristic distances for tension, compression, shear and biaxial loading,
respectively

1 frequency
fatigyue l1%e, nycles

Noo Ny, normal stress resultants

¥, sliear stiess ce.ultant

" ratio >f algebraic minimum/maxinum cycli~ str:sses

s static lamina shear strength measured in 1-2 plane

[N iatigue s'ear ~trength of lamina measured in the 1-2 plane for given N and
R value-

W gample width

X, X' tensile and cowprescive static lamina strengths measured in the l-direction

Xpyr X6 tenstla and compressive lamina fatlgu. streadths weasured in the l-~direction
for given N and R values

Ve X! tenrile and compressive static lamina strengths measured in the 2-~direction

¥, Y6 tensile and compressive lanina fatigue s:vengths measured in the 2-direction
for given & aund R values

Subscript.

b, u burckling, ultimate

X, Y orthogonal in-plane structural axes

1, 7, 3, lamira material aites warallel and orthegonal to the fiber reinforcement,
regpectively

4, 5, 6 irdicates shezar properticc relative t» the 2-3, 3-1 and 1-2 plaaes, respec-

tively
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Greek Symbols

A coefficient of thermal expansion

] fiber orientation relative to the x-axis

v Poisson's ratio

[} stress

A ultimate static, ambient dry, unflawed, specimen strength for a given batch
and manufactu.ing vrocess

Sultg ultimate static specimen strength

axc composite failure stress in x-direction

1. INTRODUCTION

With the advent of graphite-epoxy primary structural components in advanced high
performance ajrcraft, the need for proven predictive formulations to quantify the effecte
of defects in compusite materials hecomes of paramount importance. The determination of
critical crack dimensions in complex heterogeneous composite styuctural components which
are subjected to multimode stresc fields is receiving priority treatment in a number of
countries, including Canada. Efficiasnt systems management programs require the ability
to define accept/repair criterida and non-destructive inspection intervals both of which
iecessitate the development of a methodology for assessing the effect of defects.

in the design of laminatea, one of the major difficulties still confronting the
analyst is that of selecting a suitable strength criterion. This prohlem is of course
turthev compounded by the presence of holes, interlaminar flaws and boundary conditions
which give risge to local stress concentrations and three-dimensional stress flelds.
Suffice it to say that an accurate static strength prediction for a laminate subject to
these conditions represents a considerable analytical task. To extend this predictive
capability to include fatigue loadlng represents an even wore difficult problem. One
can illustrate the various agpects involved by exdamining the [low chart of Fig, 1. For
a yiven external load system (i.c., including temperature), one first needs to calculate
the stress state in each lamuna. If the effects of flaws and boundary conditions are
not considered, than classical laminate theory can be used. Utherwise, recourse to
complex analytical models and fracture mechanics considerations are necessary. \

Classicully, high strength, low strain-to-failure isotropic metals have been success-
fully characterized by linear elastic fracture mechanics techniques. Eince composites
also display brittle-like behaviour, considerable attention has been devoted to extending
the existing fracture mechanics methodology to include anisotropic homngeneous/hetero-
geneous materials.

An analytical foundation fer such an extension was established by Sih et al [1l] who
showed that the crack tip stress fields in anisotropic, homogeneous, infinite plates exhibit
a zingularity of the form r-% and that a stress intensity factor K canbe defined in a
manner analogous to that + - !{c~tropic materials. Due to anlsotropy, complex mixed-mode
displacement-loading interucivions can occur but were shown to disappear when the crack
was confined to a principal directicn of the composite, Furthermore, K values can be
related to the Griftith strain energy release rate 'G' in a monner similar to that found
for isotropic materials.

Most work to date has concentrated on tensjile failure mode examinations of through-
thickness crack propagation. Wu [2] carrled out an extensive experimental study on
unidirectional Scotchply and tfound that fracture mechanics techniques were applicable to
splitting fracture perallel to the fibers in both purz mode 1 tensile opening and pure
mode 1I forward shear loadings, Konish {31 ard Slepetz and Carlson (4] have added
further experimental evidence to the general usefulness of a fracturn mechanics approach
Lo vomposlite failure.

A number of reusearchers have also devisted “-om the classical theory of fracture
mechanics in order to batter explain evidence ‘ non- sclf-gimilar c¢rack growth and mixed
mode failure. Sih's (5] theoretical work estanlished critical crack growth conditlons
baseu on the straia energy density of a small nlume of material in the vicinity of, but
not at, the crack tip. Wu (6] prepesed a somwstatr similar model which predicted both
the criticual load and the direction of cracvk prop. .gation when a stress vector surface
intersected a generalized material failure surt. . The latter was determined at some
distunce away from the crack tip utilizing the cencor polynomial failure criterion and
biaxial test data for the unnotched material. O significance is the fact that both
these treatments are limited to crack propagation in the matrix, parallel te the fibers
in unidirectional material.

The application of any {ailuve criterion tor composlte components flrst regquires a
relatively accurate vvaluation of the stress field., This is not at all a trivial task
as in genheral composite failures result from complex three-dimensional stress states and
the moterials are anisctropic. Thus, .rom an applications point of view it seems that
the assumptlon of laminate homogeneity must be made and this assumption has been deter-
mined to be rcasvnable fur cracked structures provided that the elastic crack tip sin-
gularity contains a sufiicient number of fibers [7]. In addition there are several
other aspects of the probl_a which must be considered. First, is the failure dominated
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by planar or three-dimensional phenomena? For example, if delamination is a predominant
mode of failure then a three-dimensional analysis is a necessity. On the other hLand, if
the failure is planar, then it 1s reasonable to approach the problem from a conventional
lamina-laminate approach.

The second aspect relates to the absence or presence of flaws. In this regard there
are basically three cases; nominally flaw free, sharp flaws {cracks, delaminations} and
smooth flaws {(circular holes, cutouts). The fallure criterion adopted and the correspond-
ing str~ss analysis should probably address each of the above situations individually as
it seems, at least at the present, that it is not possible to encompass all failure
possibilities using a single failure criterion,

The application of linear elastic fracture mechanics concepts for cracked composite
materials was discussed previcusly. In order to provide a stress analysis capabllity for
this situation, a sequence of singular finite elements have been developed for both planar
and banding situations while work is presently progressing on a three-dimensional singular
element., In Refs. 8, 9 a singular finite element was derived for the direct calculation
of combined modes 1 and IT siress intersity factors for planar rectilinear anisotropic
structures subject to arbitrary planar loading, The element was developed based on a
twelve-node conventional element whlch incorporated the appropriate r~} singularity as
dictated by linear elastic fracture mechanics to form an “enriched" element. These
enriched elements are located about the crack tilp as shown in Fig. 2 to form a macro-
element which will typically be contained within a net of conventional elements. This
formulation has been tested extensively on a range of composite material properties and
specimen geometries. Some typical teat geometries are shown in Filg. 3 while typical
results for the evaluation of the mode I stress intensity factor for an orthotropic
centre-cracked rectangular specimen subjected to an axlal load are azhown in Fig. 4. 1t
is noted that the results dug to Bowile and Freese [10]) to which the present formulation
was compared are taken to be exact.

A second development of inturest relates to a singular element with the capability of
providing modes I, II and III stress intensity factors for composite plates. Thls work
[11] makes use of Mindlin plage theory and quarter-point isopdarametric mapping techniques
to provide the appropriate r~? crack tip singularity. This element has alsoc been exten-
sively tcsted and Ref. 11 should be consulted for actails.

Finally, for three~dimensional situations work i progresming using guarter-point
elements,. Two fornulations are baing adopted. One ig based on a fully three-dimensional
flnite elemant while the second involves a pseudo three-dimensional approach based on
Ret. 12 which allows the displacements up to a cubic dependence on the thickness coor-
dinates,

Once the three~dimensional stress fileld is known, it would appear that the applica=-
ticn of a lamina fallure criterion would be appropriate, at each 'point' or 'element'
throughout the laminate. Because of local stress concentrations, one would presume that
failure initiates in the highest stressed region and progresses through the laminate.
However, previous analytical and experimental studies on holes and cracks [Refs. 13, 14]
have shown poor correlation using this approach and recourse to ‘characteristic listances’,
which define elther 'evaluation points' or 'integration intervals' was necessary. These
‘characteristic distances' were obtained from test data on laminates in combination with
the calculated strees fields.

It should alsov be noted that environmental e«ffects can readily be taken into account
by measuring the change in the constitutive properties (such as El1, E22, Gl2, viz, ®T11,
2T2) and strength parameters. In the latter case, however, one requires a strength
criterion before evaluating the appropriate coefficients. Such a criterion should alsc
include three-dimensional stress effects consistent with the stress analysis.

An alternative method to that involving detailed stress calculations coupled with
selected laminate strenyth measurements is a phenomenological approach. Assuming a given
lamina fallure criterion, one can proceed to evaluate the strenath parameters as a func-
tlon of flaw size/plate width, flaw location and eavironment, Thus, a laminate is treated
as though it had no flaw but consisted of individual lamina having strength properties
suitably reduced according to the above parawerers.

Up to present, tha discussion has focussed on static strength predictions., It is of
interest to examine it these methods can be extended to predict fatigue fiilure of lamin-
ates. Previous work by other authors [15-17] has shown that the use of 'fatigue functions’,
basred on simple static, quadratic failure relations, can yield reasonable correlatisn with
test data in many instances. In these cases, only the futigue strengths under tension-
tension and shear loading were required (), ¥, 5) although a delamination wffect was
included. Similar work based on a quadratic Tsai-Hill faillure criterion has also bheen
completed (18, 19], again using only the X, Y and S strength pa.ameters. Although
reasonable comparisons with t2st duta wer( raported in Ref, 18 for S-~glams/epoxy (SP-250-
SFl), such was not the case for graphite/spoxy (E 788/T300) based on limited results
to date [19). However, despite the digagreement, it is falt that this approach should be
pursued utilizing an improved strength cciterion in combination with fatlgue functions
derived from teng.on, compression, toreion and biaxial load tests.

At this point, it 18 worthwhile providing some background on the applications relevant
to this program. It is well known that the combined effects of moisture and elevated
temperature can sariously degrade the strength of polymer matrix composite materiais.
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This is particularly true for epoxy resin systems where it has been found that the glass
transition temperature is significantly affected due to absorption of moisture. When

one conaiders the composite laminates used on modern fightars, such as the graphite/
epoxy wing skin panels on the CF-18 (F-18 Hornet) for example, guestions arise concerning
their strength under elevated temperature-hich moisture (i.e., hot-wet) conditions. This
problem is compounded by the thermal spikes that arise in the structure during supersonic
flight. One parameter that has aroused serious concern is the compressive strength of
such laminates. For example, from a design viewpoint, upper wing skin panels are subject
to compressive bending loads during flighi Thug it is of prime importance to understand
the extent to which the compressive strength (and stiffness) of such materials is affected
during exposura to specified environments such as the ‘hot-wet' case and by the presence
of interlaminar flaws. However, the significance of defects on these compressive proper-—
ties has raceived little attention to date. Unlike isotropic materials, composites do
possess unique failure modes in compression which are sensitive to certain types of
defects. One of these judged to be particularly important is the interlaminar crack or
delamination which has been shown to occur readily under low energy or subcritical
impact. Russell and Street [20] consider that delaminations will be amongst the most
frequently encountered defacts due to the relatively low fracture energies founrl in

their experimental program investigating 'opening' and ‘shear mode' failure. Furthermore,
this is likely to be found in applicatlions such as the CF-18 aircraft whaere approximately
forty percent of the exposed surface area is graphite-epoxy material. A similar defect,
the skin-core disbond, 1s also expected to occur due to impact damage on honeycomb sand-
wich components.

Because of the major interest of the Canadian DND in the fighter program, it was

5 decided to use AS1l/3501-6 graphite/epoxy, &imilar to the skin material of the CF-18
aircraft, as the basis for this investigation. Furthermore, the quasi-isotropic lamina-
tion consisting of (0, 145°, 90°)g plies was employed throughout the study. The major
onjective of the prograim is to develop a methodology for predicting the static and
fatigue strengths of laminates with and without defects, including the effects of moisture
and elevated temperature. Both experimental and analytical methods are being examined
with particular attention to a finite element based fracture mechanics approach and a

& modified phenomenological three-dimensional tensor polynomial failure criterion.

2, LAMINA STRENGTH CRITERION I

The most general failure criterion available for unflawed composite materials iz the
tensor polynomial which was advocated as early as 1966 by Malmeister [21] and developed
extensively by 7Tsai and Wu {22] iu quadratic and higher order forms [23]. The fallure
surface in stress space is then described by the equation,

‘A . p < i rf\oifailure )

: 3 F ). 3 ana = -

I Q hial ’ EiJOLUj }ijkinjUk i . > 1 e:ce:é:d failure * (l
for 4, J, k = 1..6. Fj, Fij and Fj4y are strength tensors of tha 2nd, 4th and 6th rauk,
respectively.

Plane Stress State
Ei: If one restricts the analysis toc a plane strass state and considers only a cubic

formulation as being a reaponable representation of the fallure surface, then Eq. (1)
can be reduced to [17],

2 . L2 2 2 ’
F,u, + F,u, + F,.0 + F,,0 + F__a + 2F120102 + JF112°1

1Y1 * Fpup + Fypy 2272 66%6 ¢

2

2 , 2 - 2
+ 3F)519,0) * Wy671% t Fae672% < 1 (2)
Simple temnsion, compression and shear tests will yleld the principal strangth components
which are defined by

[ T S - .1 _1 = o1 | . s
flExox Fp=g-yr LR a2 = oy Fge = .2 {3)

The remaining interaction strength parameters can be determined from bilaxial streus

tests and constraint eguations, details of which are given in Ref. 23.

At this point it is reasonable to guestion the need for retaining the cubic inter-
o action terms. It has been found that in certain biaxial load casaes, tnase terxms contri-
& bute substantially to the ultimate strength prediction. For example, Fig. 5 illustrates
the calculated fallura strength for (i8) symmetric laminates subject to varying biaxial
loads (2 = Ny/Ny, Nyy = 0) and iie corresponding optimum fibar angles, Included in this
Iy graph is the 'guadratic' prediction, based ua satting the cublc terms tu zerc in Eq. (2).
| It car readily be seen that large differences in failure loads are predicted.

Limited axperimental confilrmation of the cubic strength criterion was obtained fxrom t
internal pressure tests conducted on {t0)g graphite/epoav tubes ([23]. A comparison of
the test data with both quadratic «nd cubic predictions is shown in Fig. 6. It is clear
that agreement with the cubic model is quite good while the gquadratic formulation sub-
stantially underestimates the strength, particularly in the optimum fiber angle range.

e
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However, it should be emphasized that for many load cases, particularly simple
tension and compression, little difference in failure loads is predicted between the
quadratic and cubic mocels. This feature will be implemented later when the quadratic
form is employed to analyse samples containing circular holes as well as predicting
the fatigue strangth of samples subjected to uniaxial cyclic loads.

Three-Dimensional Failure Criterion

The cubic form of Eq. {1) for a three-dimensional stress state presents one with a
virtually intractable problem of delermining the multitude of interaction coefficlents.
However, for laminate stress analysis purposes, the simpler quadratic form could be
readily incorporated to predict ‘'element' failure. This is given by,

F.,u, + F,0, + F,o, + F..0 2 2

i 2 2 2 2
19 ¥ Fplp + Fa0y + Fr0) " 4 F 50,7 + Fag03" + Fuglog® + 0g") + Feeog

+ 2Flzalo2 + 2Fl3°1°3 + 2F230203 -1 (4)

where odd order term: in shoar stress have been set to zero [22].

3. APPLICATION OF SWRENGTH CRITERION TO LAMINATES WITH HOLES

Prior to undertaking extensive tests on laminates with interlaminar flaws in order
to obtain principal strength parameter data, it was decided to apply this methodology
to plates with holes under simple loading conditions. This stems from the fact that
previous investigators [such as Refs. 13, 14] have shown that reasonably good correlations
with such test data can be achieved using a combined fracture mechanics approach and the
notion of ‘characteristic distances', as described earlier. Note that this latter mathod
also relies on test data to solve for the 'characteristic distances'. To illustrate the
difference between this technique and the 'all experimental' method, a flow chart com-
parison is given in Fig. 7.

This phase of the program involved a serles of tension tests on off-axis (0) and
angle—-ply (i0) glass/epoxy laminates (3M, 1003) containing circular holes with d/W = 0.15,
0.25 and 0.40. fTwo or three replicates were tested for varying values of 8 for both
laminate configurations, the results of which are presented in Figs. 8 and 9. Note that
‘firgt failure' was taken as the laminate 'stxength' value. This is consistent with the
tests conducted on 0° and 90° laminates to determine both the tensor polynomial parameters
and the 'characteristic distances' used in the 'point stress' calculations. Ae noted in
Figs. 8 and 9, the predicted curves are based on 'point stress' calculations of the
strangth parameters for varying d/W. In Fig. 10, the curves were obtained from the experi-
mentally determined strength coefficients for d/W = 0.25 (given in Table I). One can
readily see that both methods are in good agreement with test data.

4. APPLICATION OF STRENGTH CRITERION TO FATIGUE LIFE PREDICTION

Let us assume that the fatioue life equation can be expressed in the same form as the
tensor polynomial failure criterion [Eq. (1)]. However, in this case, the fatigue
strength parameters are not constants, but rather are functions of the frequency of
loading (n), the number of cycles (N) and the stress ratio R = oyyn/t ax, i.e., F=F(n, N, R).
The stresses in Eq. (1) shall be regarded as the maximum cyclic prind .pal lamina stxesses.

Under simple loading conditions when n and R are constants, then the fatigue strength
paramatecs are only a function of the number of cycles, N. As stated earlier, the quad-
ratic formulation provides good strength prodictions for such load cases as uniaxial
tension and compression, Conseguently, for this limited set of conditions, which are
typical in fatigue tests, then the fatigue strength functions necessary to characterize
a lamina, are given by,

D SN o 1 1 - 1
SRR Y (R Y ) B By ) B Y ) ) SR £ AT )

Yoo " T (w -i N Feg = 1 2z {5)
D D s

To determine the remaining quadratic interaction term would require a blaxial fatigue
test. However, for non-biaxial loading, it has been found that F); contributes little
to the static strength prediction. 1In any case, fatigue tests must be conducted on 0° and
950° samples for given R values to determina the fatigue functions contained in Eqs. (5).
This involves tension and compression fatique tests in both the fiber (1} and transverse
(2) directions, as well as pure shear in tha 1-2 plane.

5. DESCRIPTION OF TEST PROGRAM
5.1 Aubient Fatigue Tests — 'Unflawed' Specimens

At the outset, it was decided that to minimize bending stress effects, a sandwich
beam sample would be emp;loyed to determire static and fatigue tensile and compressive

popers=ipan s g
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P strength properties in the fiber (1) and transverse (2) directions. Using a four-point
load system and thin laminates, a relatively uniform in-plane stress field can be achieved
in a central test section. Shear fatigque data are currently being generated using cir-
cular tubes mounted in a torsion fixture. b

As noted earlier, the primary material under conslderation is graphite/epoxy prepreg
1 tape (Hercules, AS1/3501-5) requiring a 350°F cure temperature at ~ 85 psig. Flat sheets
: of 11" x 24" were initially laid up and then cut into samples 1" wide x 22" long. These
strips were then bonded to aluminum honeycomb core of 1/8" cell size (Hexcell, 1/8 - 5052 - i
0.003) using FM 300 adhesive with BR 127 primer (American Cyanimid Co.). Details on the .
fabrication and testing procedures can be found in Refs. 24 and 25.

To accommodate fatigue tests ueing a four-point beam bending set-up, a special load
fixture was designed and fitted to a Sonntag SF-IU fatigue machine (see Fig. 11) which
g provided 30 Hz sinusoidal excitation., It was observed from bonded thermocouples that the
’ specimen surface temperature reached an cquilibrium value about 10°F above ambilent at this
fraequency.

A ‘'pure' compression fixture similar to that of the IITRI design was also constructed ’
to provide both static and fatigue data comparisons. Figure 12 illustrates the set-up
for a short coupon with aluminum end tabs.
5.2 Flaws and Environmental Testing

Flaws

To provide specified delaminations, Tuilon discs were inserted either into the lamin-

ate or, for the case of Bandwich beams, at the laminate=-core interface. The purpose was
to obtain static and fatigue strength data as a function of flaw size and lacation.

Two environmental parameters were investigated — temperature and moisture absorption.
Molsture Control Specimens "
Two sets of control specimens correegponding to different test wsample thicknesses were ] ?&

used to provide a measure of the moigture content in both the sandwich beams and pure
compression coupons. In addition, to study the effect of the bondad composite face shest, t
N each beam specimen had two controls; one baing a 'plain' unprotected composite coupon, B
. the other having thin aluminum foil bonded to one side with the honeycomb/facing adhesive. -

The control samples were subjected to the same environmantal cond’tions as the speci-
mong for which the wolsture content was evaluated.

Environmental Chamber

An environmental chambevr was designed to provide controlled elevated tempurature and
humidity levels for in-situ compression testing (Fig, 13). This chamber was constructed
from aluminum shcets which were welded to form the box structure. A pair of heating
coils ware attaclied to the lowexr surface of the chamber to provide the appropriata test
5 temperatures. Saturated molsture conditions were obtained by bolling distilled water in
> the chamber during testing. TInstrumentation leads (strain gauges and thermocouples) were
passed through the chamber 1id opening and connectad to a vishay automatic struin record- $
ing system and an X~Y plotter.

A support fixture was constructed within the chamber to test standard, 22 inch long,
four-point beam bending specimens. Each of the load application points on the beams
consisted of one inch square pads which were designad to provide simple support boundary
conditions (Fig. 14).

Envicronmental Conditioning
Specimen Dry-Out

1o eliminate any initial meisture content, all specimens wera subjected to a drying-
out perlod of six days at 200°F and a pressure of about 1076 torr.

During the dry=-oui, the temperature, total pressure and partial pressures of the
various conatituents in the vacuum chamber werc monitored. Based oun mass spectrometex
e - data it was dotermined that water vapour was the dominant species of the outgassing
products., Thus, when the outgassing conditions in the vacuum chamber atabilized after
about three days, it was concluded that the test specimens were essentially devoid of
water moisture.

The percent moisture loss was found by weighing the control specimens before and
after being subjected to the dry-out., The averaye mass loass fur 8-ply specimens without
backing, 8-ply spacimens with aluminum backing and 16-ply specimens without backing was
0.13%, 0.10% and 0.008%, respectively. D

Water Bath Soak .

A subset of speclwens to be tasted with high moisture contents were &ubjected to a
long term water bath aoak in an attempt to reach saturation leveis. Several control
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specimens were weighed periocdically during the : to obtain the rate of mass gain. Of
all the specimens, the control samples with a baci .ng absorbed more moisture than the
other specimens. This can be explained by noting that the adhesive also absorbs moisture.

Thexmal Spikes

Each specimen selected for thermal spike testing was first exposed to the long term
soak and then subjected to ten spikes over a period of five days. The ‘'spikes' were
obtajned by placing each specimen in the environmertal testing chamber along with a small
amount of water. The chamber was then heated at which point the temperature rose Lo the
boiling point whare it stabilized until the water was completely vapourized. The temper-
ature then rose to about 300°F, after which the heat was turned off and the chamber
allowed to cool. This procedure ensured a very humid atmcsphere and thus the moisture
éiss §§om the specimen was minimized, A typical temperature-time profile is shown in

g. .

6. SUMMARY OF RESULYS
6.1 Ambient Fatigue Tests — 'Unflawed’ Specimens

Up to present, fatigue functions hava baen nbtained only for 0° tension and compres-
sion, the results of whichi are presented in Figs, 16, 17 for R = 0.05 and 20, raspectively.
Note that after ~106 cycles, the fatigue test was terminated and the spacimen statically
tested to failure. It was observed that only about a 10% reduction in strength occurred
{relative to the N - 1/2 value).

Based on least squares fit to these data, the following fatigue functions were de-
rived:

=0.0462 ~0.0348

X, = 0.918 X N

D (6)

' - '
XD 0.972 X'N

Although it is premature at this stage of the program to apply the strength crxiterion for
fatigue predictions, one can illustrate the methodology. Fur axample, assume the remain-—
ing fatique curves assoclated with shear and transverse tenslon and compression loading
have the same general form as ¥g. (6). Based on Lhe manufacturer's specified static
strength values of Y = 9,5 KSI, ¥' = 38.9 KSI, § = 17.3 K5I, one can then obtain the
following fatigue functions:

4 ,~0.0462 ~0.0348

X, = 33.36 x 10

o N

xy = 23.18 x 10 §

¥, = B.72 x 107 §70-0462 vy = 37.81 x 103 y70:0368 7

L] -
Sy = 16.35 x 103 §70-0405
These values are then substituted into the guadratic form of Eq. (Z) and the fatigue life
equation plotted for any laminate configuration. Note however that this analysis must be
applied to aach lamina to determine which ply (or plies) fail first in fatigue. Assump-
tions must then be made ragarding the residual laminate stiffness, and Eq. (2} is sub-
sequently applied to the remaining plies until overall laminate failure occurs. One
conservative approach that can be employed is to remove the failed plies entirely when
re=calculating the modified laminate stiffness and corresponding lamina streuses.

To demonstrate this method, the comprassive fatigue curve for a (0, t45, 90)g laminate
was calculated with the predicted S-N curve being shown in Fig. 18 together with test data
obtained from the sandwich ‘:eam samples. As noted earlier, it Is premature to make such
comparisona with confidence, however, the favourable agrecment provides sufficient impetus
to warrant continued study.

6.2 Effect of Flaws and Enviromment on the Compressive Static Strength

It was observed over the course of this investigation that the static strength values
varied not only with material batch {(~15%}, but with manufacturing method us well. Al-
though the cure procedure was maintained constant, expediency led to fabrication of
preprey laminate sheets fro. which the samples were cut. Earlier work involved the
individual preparation of the strip samples. Interestingly enough, the former method
yielded specimens having subst:ntially higher strengths, although the stiffness remained
the same. Thus, the test data describaed in tha followiny sections have been normalized
by the average static, 'unflawed', ambient strength values (o*) which are listed in the
approprlate tables and yraphs. Again, it should be noted that both sandwich beam and
coupon samples were studied, the results of which are summarized in Tables 2 and 3,
rampactively.

The effact of mid-laminate flaw size is shown in Figs. 19-21 for ambient, hot-wat and

thermal spike conditions, respectively. In some cases, local delamination produced
buckling failures prior to ultinate 'racture of the laminate (smee Fig. 22, for example).

*Baged on average numerical coefficients.
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6.3 Effect of Flaw Size on Ambient Compressive Fatique Strength

Table 4 presents a summary of the compression sandwich beam fatique tests, the results
of which are shown in Fig. 23, Note that the stress levels have alsc been normalized by
c*. One interesting observation was that the fatigue failure modes corresponded to the
equivalent static fallure modes for a given flaw size.

7. CONCLUSIONS

{a) There is reasonable cause to conjecture at this time that the tensor palynomial
failure criterion can be modified to incoxporate ‘fatigue functions' which will permit
preliminary estimates of fatigue life to be made for a given material laminate under
uniaxial load conditions.

(b) The application of the tensor polynomial failure criterion to the strength analysis
of laminates with holes has been shown to provide the same degree of correlation with
test data as the method of ‘'characteristic distances', Both approaches work well for
uniaxial loading but insufficient evidence exists for biaxial load cases,

(a) It is proposed at this point in time to incorporate the quadratic form of the tensor
polynomial fallure criterion, including three-dimensional stress components, into a
finite element-fracture mechanics analysis to treat the problem ¢of laminates with
flaws.

(d

Elevated temperature (~212°F) combined with the 'dry' state produces nc significant
change in compressive stiffness or strength relative to the ambient values.

(e) klevated temperature {“210°F) combined with high moisture content (v1.7% H,0) results
in no significant change in compressive stiffness but a large reduction in compression

strength (21% ~ 43%), relative to ambient state values.

(f) The superposition of ten thermal spikes (up to 300°F) in combination with high moisture
content (v1.6% H,0) produces a small increase in compressive stiffness and strength
relative to the elevated tewmperature values obtained without therral spikes. Howevar, I
the strength is still substantially below the ambient state value.

(g} The sandwich beam test method yields cumpressive stiffness values consiatently higher

than the 'pure' compressiuvn data for all environmental conditions studied.

(h) High moisture content (estimated at > 1.7%) affects the fallure mode under mtatic
compregsive loading. Both test methods showed delaminattion as being the primary mode
tor high moisture content.

(1} Buckling occurs for large delamination flaws, relative to the specimen dimensions.
This phenomenon can be predicted reasonibly well [Ref. 25],

3

Small interlaminar flaws caused a reduction in compression strength, probably dus to
interlaminar stresses near the flaw,

(k) The endurance strength in fatigue was relatively unaffected by the presence of delam-
ination flaws.
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Table 1. Comparison of Principal Tensor Polynomial Strength Parameters
for Glass/Epoxy Material (3M, 1003}
Strength Parameters
* Fl Fil F2 F22 F66
-1 -2 -1 -2 -2
Case (KS1) (KSI) (KSI) (KSI) {KS1)
No hole -3.076x1070  9.398x107%  2.3dax1071 2.270%107%  2.142x1072
{(d/W = 0)
£ ad/W = 0,25 -3 -4 -2 -2
Experiment -8.013x10 4.045%10 0.382 6.090x10 8.000%10
only
a/w = 0,25
Point stress -3 -4 -2 -2
=-characteristic -6.520%1U0 3.397x10 0.386 7.500%x10 8.300%10
distance* from
tests
* = " - " = "
£T 0.07%, lc Q.09", ZS 0.10".
Table 2. Static Sandwich E2am Tests ~ Sumnary of Averaged Results
Fiaw 3 5 m ’
Diameter oncl(ksi) |0xc‘(kli) ub Jao* o Jo*
Condition {in) {x10%psi) Buckling Ultimate Xo Xg o
75°F, 1981 0% H,0-Scrip 7.34 66.2 1.00
75°r, 1982 0% H,O-Strip 7.5% 76.4 1.00 ¢
75°r, 1882 0% H,O-Sheoet 7.41 111.9 1.00
75°F, 1982 0% H,0-Sheet 5/32 Mid 6.78 102.9 0.92
75°F, 1982 0% H,0-Shaet 1/4 Mia 6.84 96.4 0.86
75°F, 1982 0% H,0-Sheet 3/8 Mid 6.78 65.8 70.6 0.59 0.63
/5°F, 1982 0% H;O0=Sheet 1/2 MNid 7.19 55.3 58.5 0.49 0.52
TE°F, 1982 0% H,0-Sheet 3/4 Mid 7.45 20.9 49.6 g.1l9 0.44
75°¥, 1982 0% H,0-Sheet 1/2 Dond 7.39 105,5 0.94 i
75°F, 1982 0% H,0-Sheet 3/4 Bond 7.20 109,58 0.98
75°F, 1982 0% H,0-Shset 1/2 Quter 0.70 88.0 0.006 0.79 T
212°F, 1981 -.05% H,0-Strip 6.98 73.7 1.11 }
209°¢, 1981 1.69% RH,0-S8trip 6.91 52.8 0.80
212°F, 1982 1.67% H,0-Sheet 1/4 Mid 7.25 70.0 0.63
212°F, 1982 1.63% H;0-Sheet 1/2 Mid 6.87 36.4 46.4 0.33 0.41
212°F, 1982 1.62% H,0-Sheet 1/2 Outer 0.8 58.7 0.007 0.52
210°F, 1981 1.29% H,O-Strip .
Thermal Spikes 7.14 55.5 0.84
212°F, 1982 1.09% H,0-Sheet
Thermal Spik;s 1/4 HMid 7.79 7l1.8 77.5 0.64 0.69
212%F, 1982 1.12% H,0-Sheet Not Not i
Thermal Spik;s 1/2 Mid 6.14 Heasurad 40.5 Measured 0.36
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Table 3. Static Coupon Tests — Summary of Averaged Results

R

b u c
Flaw Exe |°"c l lc'ult:| luult l ob o°
Diameter (ksi) (k8i) (ksi) Xe  “ult :
Condition (in) (x106psi) Buckling Uncorrected Corrected! To% g% i
75°F .022% H,0 ]
1981 Strip 7.00 69.0 74.7 1.00 [
)] 751 0% H,0 M
[ 1982 Sheat 7.18 88.3 92.5 1.00 ;
ot 75°F 0% H,0 ) ! !
’ ( 1982 Sheet /4 6.14 68.6 73.5 0.7y :
F 211°F  .001% H,0 3
1581 strip 6.72 66.1 72.2 0.97 .
210°F  1.75% H,0 ;
'1 1981 Sheet 6.93 41.3 42.8 0.57 i
Z12°F  1.61% HyD i
1582 cheet 7.25 a2.8 46.0 0.50 i
212°F  1.59% H,0
1982 Sheet 1/4 7.30 25.4 42.6 0.27 0.46 1
210°F  1.81% H,0
] Thermal Spikes 7.28 49.8 53.3 0.71 3
1981 Strip 3
212°F  1.59% i,0 l
Thermal Splkes 1/4 6.58 30.9 59.9 0.33 0.65% :
1982 Sheet "

tcorrected for banding stresses.
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Table 4. Beam Fatigue Tests — Experimental Results
a [+]
lo | min Number of o lo | _ule
Spec. min 9ult Cycles to nin ult 9.1t ult
No. (ksi) 8 R Failure Tov_ (ksi) 5 __o%
24 52.6 0.69 43 727 0.69
25 45.5 0.0 59 7,879 0.60
28 39.0 0.51 71 7,165,0001 0.51 44.1 ©.58 0.58
29 46.6 0.61 20 46,250 0.6l Unflawed strip
30 42.7 0.6 20 15,315  0.56
n 3.4 0.50 20 1,705,000 0.50
.
47 56.0 0.50 20 100,000 0.50
57 58.6 0.52 20 105,000 0.52 Uaflawed
s 0.55a .
EE 53.3 0'30h 20 262,000 0.48
e 0.55a
FF 53.3 0200 20 144,000  0.48
0.642 1/4" mid-lam flaw
GG 61.5 3505 20 44,636  0.55 s wdce !
0.592 ) .
i 7.0 o33 20 477,000 0.5l N
0.723 .
1 68.9  o'gdy 20 2,197  0.62
w 5.0 0.58 20 88,000 0.50
v 51.1  0.53 20 121,30 0.4b . ia
2 60.0 0.62 20 26,160  0.54 1/47 mid=lsm flaw
AA2 55.0 0.57 20 188,000 0.49
1 53.4 0.91 20 16,633, 0.48
J 334 0.57 20 9,880,0001 0.30 3.2 1.08 0.5
X 45.1 0.77 20 2,447,0001 0.40 1.3 1.05 0.55 N o
L 53.5 0.92 20 288,009 0.48 1/2" mid-lam .
M 52.7 0.90 20 851,000 0.47 K
N 49.3  0.84 20 575  0.44 v
_ .
45 68.3 0.65 20 14,212 0.61
46 08.3  0.65 20 10,633 0.6l
49 58.6 0.5 20 371,482 0.52 172* bond line
50 S8.6 ©0.56 20 816,820 0.52
58 63.5 0.60 20 96,000 0.57
62 58.6 0.54 20 52,757 0.52 .
63 53.7  0.49 20 437,240 0.48 3/47 bond line

lgpecimen did not fail under fatigue loading, test termination cycles shown.
40ylt, used was that for centred flaw.
b“u]t. used was that for flaw near edge.

a® ambient unflawaed averaye for the batch and manufactu: ing method used. .

o
ult
a S0 static average for environment and tlaiw condition, batch and manufacturing
1t 4
ultg ult
method used.
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FIG. 15 TYPICAL THEAMAL SPIKE CYCLE (#9)
¢
w
[
2
<
@
)
a
=
ui
-
s 1
o] 20 40 60 80 00 120
TIME (min.)
Fig 1?7
30 2100 $-K GURYE FOR CONPRE SSIVE FATILUE LOADING IN FISER

~ DIRECTIOM (0%, GRARHITE /EPOXY AS)/ 3501- 6}

w

o

-

g 8 Rx20

E Linear

n~
g
[+3

lig, I¥ ATATIC COMPRESSIVE STRENGTH vy, FLAW 81°C
MIO-LAMINATE FLAW, ARBIENT CONITION
SAHOWICH WEAM BPECIMENS
.
.
.
o
.
.
™
L 8
9] oa -
Ty
. N
* .
os
.
o
02
6
© Uitlnata Btress 1562 rip Method, ¢ ¢ v 667 K1
rves 3960 Stely Methal, orf o 7g.4 ca
Stress] €2 faeet Mathed, or® = 2119 PE)
3 Teixdieg pereey
R X} B BL% R

FLAW DIAMETER {IN)

STRESS {PSi)

STRESS (PSI)
o

Fig 16

4 ‘[05 5-M CURYE FOR TENSILE FATIOUE LOADING IN FIBER
[‘ DWRECTION (0%, GRAPRITE / EPOXY A$1/3501- &
o

o
O
Fit 5 E
Powar

Law
[ S 1 ) 1 I L A J
< C ! 4 3 4 5 6 7
LOG N

Fig 18
> APPLICATION OF FATIGUE FAILURE CRITERION T¢

1201 %10 “RAPWTE 7EPOXY LAWINATE |ASI/ 3501 81 |

U CONFIGURATION (0% « 45%/- 45%/90° /%7

~4%%/+40%/0°} \INDEN COMPAESSIVE LOADING
100F
80
60
40 S S 1 1 " n U

-1 Q | 2 3 4 5 6 7
LOG N

Fig. 20 STATIC GOMPRESMVE GTRENGTH ve. FLAW SIZE
HD-LAMINATE FLAW, HOT-WET GONBITION
sol BANDWICH BEAM SPECIMENG
.
oar *
-
.
oel r
-
o4} =
°
@
°
o8
® U imes Sireed] 1981 Birty Wetdd, ¥ v &7 MBL
& Pukling Vire
* lileate “""J 1902 Shagy Mprbad, % - 1119 T3
0 pkling 3tress
he X (X1 089 ora T

FLAW DIAMETESR (IND




04

w Ulttmate Siresi) 1982 Bhewt Fethod, G0 = (11,9 181
e

14-17

Fig 2| BTATIC COMPRESSIVE STHENQTH v FLAW 312E
WO-LAMINATE FLAW, THERMAL G@PIKE COMDITION

SANDWICK NEAM BPECIMENS

& Uittmte Bizeaf) 1601 Oursy Cetned, ot < 66,2 ASL
U Pwekling Strea)

O Buhling

1. b S
0.0 a.zs 0.80 78

FLAW UTAMETER (IN]

FIG. 22 COMPRESSIVE FAILURE OF GRAPHITE/EPOXY
LAMINATE UNDER HOT-WET CONDITIONS.

Fig. 23 COMPRESSIVE FATIGUE STHENGTH

SANDWICH BEAM SPECIMENS, AHBIENT CONDITION

Tz
e
Q
—* [ NORMALIZED WAT UNFLAWED DRY JTATIC ULTIMATE STRENGTH
.
1.0 Y
g0
L
.\ — ntawed
08 " - — 114 W Dia Mid-Laminate Flaw
- — ke )R 8 Dl M!iLymicale Flaw
% =~
]
061 .
Y
———
A e e Lo ol
A
0.4} el
® Unflawad )982 Sheet Mothad, oY - 111.5 K31
0.2} © Wnfloved 1907 Strip Mothet, 0% = T6.L K3T
® 1/4 Inch Mil-Lamin~te Flav, 0¥ « 111.9 KSI Q’@ ytatic Vitimate
© /4 Inch Xid-Laminate Flav {Hear Lige) o® = 111.9 KT
& 1/2 Ench Hid-Laminate Flav, o" = 11%,9 KST @yR)>—e D14 Not Fail
4 172 Inch Bond Line Mlav, o% v 111.9 K31
x 34 Inc™ Bond Line Flaw, o =119 KT
0.0 by e, 3 vt N " N
107" 10° 10! 10! 10? 104 10 10 107

CYCLES TO FAILURE




FRACTURE MECHANICS OF SUBLAMINATE CRACKS IN COMPOSLTE LAMINATES

A. S. D, Wang
Drexel Univeraity
Department of Mechanical Engineering
Philadelphia, PA 19104

"SUEEARX.\VThis paper presents an overview of a fracture mechanics approach to some of the most
Ereauently encountered matrix-dominated, sub-—laminate cracks in epoxy-based composite laminates,
By "“sub-laminate', 1t is meant that the cracks are internal to the laminate, generally invisible
macroscopically; but are much larger in size than those microcracks considered in the realm of
micromechanics. The origin of sub-laminate cracks is agssumed to stem from the coalescence of
natural material flaws (also microcracks) which occur under a ceilasn favorable laminate stress
condition. Thus, the modelling of the mechanisms of sub-laminate crack initiation and propaga-
tion {s essentlally mechanistic and probabilistic in nature. Some specific results from several
analytical/experimental investigations using graphitc-epoxy laminates are presented and dia-
cussed in this paper, ¢

ADP001922

INTRODUCTION

Failure mechanisms in structural composite laminates have been viewed at several dimensional levels.
Consider, for instance, the curved lamipated panel shown in Figure 1(a). Failure of this structural
component may be caused by a loss of the global atiffness when the applied load reaches a certain critical
value. To describe analytically the associated failure mechanisms and hence to determine the criticel
load, structural mechanice methods such as buckling and post-buckling theories are employed, which relate
the change of the structural geometry to the applied load. In this type of analyais, the stiffness of the
laminated panel and the kinematics of its displacements sre awong the most predominant factors,

On the other hand, the same panel way fail due to a loss of strength at a local defect; for example,
at a bolt-hole, Figure 1(b). In this case, rupture of material will begin at the hole and may propagate
into a large crack whenever a certain load condition is reached. But in order to define che conditioms
for rupture initiation and propagation, a knowledge of Lhe actual stress field around the hole, and the
physical mechanisms of the material rupture process is essential, To this end, it will be necessary to
focus further on the local defuct area at a much smaller dimensional level, As illustrated in Figure 1i(c),
for instance, tlie lamination details of the panel, such as layer interfaces and the stacking sequence are
now ldentifiable. Consequently, quantlties of size comparable to the layer thickness become ilmportant;
the influence of an interface defect (i.e. delamination), a translawinar crack, a fiber gplit, etc. are
new factors to be considered. For it is believed that the development of rupture around the hole is pre-
cipitated by these sub-laminate cracking activities, any faillure analysis performed at this dimeasional
level must first address the individual mechanisms of the various sub-laminate cracks, and, then their
interaction and coalescence mechanisms when they occur simultaneously and/or sequentially.

It is well known that the formation and propagation mechanisms of a crack are governed by the condi-
tions that erist in the close vicinity of the crack front. In the case of the sub-laminate cracks men-
tioned above, further focusing of the crack front region will reveal the microstructure of the compoasite
system, Figure 1(d). H.re, a clear distinction can be made batween the fiber and the matrix phases of
a the material, At this dimengional scale, one also finds a random distribution of material microflaws, be

it volds, broken fibers, matrix crack, debonded fiber-matrix interfaces, juat to mention a few, see
Figure 1(e).

Although the inherent microflaws are small in size, usually on the order of the fiber diameter, they
may behave as local stress risers under the applied load. Vhen a certain local condition 18 reached, the
microflaws interact and coalesce to furm an actual crack, much larger in size, and identifiable at the
sub-laminate level. Hence, a proper analysis of the mechanisms must be capable of delineating the indi-
vidual behavior of the various types of atregs riscrs, and their interactions when one 1s located close to
another. All these depend profoundly on the pro-
babilistic nature of the microflaws in terms of
their size, location and density distributions.

B The physical procesa of material failure as

At .
portrayed in the proceeding discussions 18 seen to e %
span a wide r.nge of diwensions. Though the en- . A

tire process lu essentially one continuous event,

failure analyeis could be conducted only within ;
isolated dimensicnal regimes. As 1llustrated imn .
Figure 1, the entire dimensional spectrum is sepa— "
rated roughly into three analysis regimes; namely *
P the structural mechanics, the macromechanics and 4
the micromechanica regimes. Within each analysis S TRUGTURAL f%
regime, the wmaterial fallurc process involves a MECHANICS MACROMECHAN.CS NICROMECHANICS )
distinct set of material and geometrical para- - —afe
QEOMETAC:  LOCALIZED-  SUBLAMMNATE- MICRORLAW- INTERF ACE-
meters. MPOWECTION DAMASE IONE CRACKING DSTRBUTION  MECHANCSNS
Analytical and experimental treatments un SuckLINs Show e Tiom, m:ana E!rc. owwee,
laminate failure at the structural mechapics lavel ta) [(] ta} ()] O]
have generally been approached, using the classi-
cal lamination theory (see [1]). Stiffness- Flgure 1 Dimensional Regimes of Failure Analysis in

predominant structural responges such as panel Couwposite Materials
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buckling and pest-buckling have been successfully analyzed [2]. The effect of local material damage (e.g.
from a bolt-hole, a delamination caused by impact, etc.) upon the global response can also be evaluated
[3]. But, a more detailed description about the damage formation and propagation mechanisms always re-
aquired separate treatment.

For a class of epoxy-based composite laminates, e.g, graphite~epoxy systems, material damage mechan-
isms around a bolt-hole or mear the tip of a line-notch have been modeled by an empdrical formulae which
is derived from the classical fracture mechanics for structural metals [4 - 6]. Essentially, the notched
laminate is regarded as a 2-dimensional body, and the crack growth from the notch 1s assumed self-similar
and catastrophic. In order for the fracture formula to correlate with a body of experimental data, the
notch size parameter must be adjusted to include an ewpirically defined "intense energy region" at the
crack tip. Thus, together with the laminzte's fracture toughness (K. or G.), yet to be determined experi-
mentally, the model consists of two disposable parameters which must be sdjusted to fit a given set of
test data.

Clearly, the empiricism in this approach is less than desirable. As was discussed earlier, the de-
velopment of material damage, say around a small bolt-hole, 1s precipitated by a multitude of sub-lauinate
cracking activities in that reglon. The term "intense energy region' is in fact a gross representatlon
of these activities at a larger dimensional scale. It would be ideal, therefore, to carry the analysis
across the dimensional boundary into the macromechanics regime (see Figure 1), so as to understand how
sub-laminate crackings lead to the damage development around “e hole.

Early studies on fibrous composites dealt mostly failure mechanisms in the micromechanics regime.
For instance, a considerable amount of theoretical and experimental treatments was given on the subject of
the fiber-matrix interface mechanics [7 - 10]. Fracturc wodels for various microcracks such as depicted
in Figure 1l(e) are rhavacterized in tevms of energy absorpticn processes, including interface debonding,
fiber pull-out, matrix crack bridging [11], ete. Although the wodeling of thease various microflaws is
basic to the strengthening mechanisms uvf the composite system at the fiber-matrix level, it remalns to
incorporate these "micro" models into some analysis which includes the wutual interaction and the coalea-
cence wechanisms of the microflaws. Indeed, it would be ideal, again, to have a fracture modal which
accounts for both the mechanistic fallure behavior of the microflaws and the probabilistic nature of their
existence; the analysis can then be carried into the regime of macrowmechanics,

Several mechanistic/probabilistic failure models have been attempted in the past. Zweben and Rosen
[12] studled, for example, the tensile strength characteristics of unidirectional composites, assuming
the microflaws a distribution of local broken fibers. The basic concept can be extended to multi-
directional laminated systems, but the complexity in geometry as well as the multiplicity of failure modes
make this type of effort so far unproductive.

In recent years, increased attention has been given to fracture modeling within the general confines
of macromechanics, as illusctrated in Figure 1(c). At this analysis level, the individual material layers
in the laminate are approximated as being homogeneous and anisotropic, where no distinction of the fiber
and the matrix phases need be made. Essentially, the stiffness properties of the material layer avre re-
presented by some "effective" values characterized experimentally as basic material constants, but failure
in the material layer i1s not governcd by a set of strength conatants. Rather, it 1s determined by a
certain tracture event which occure at the "sub-laminate” level. Since by a homogeneous approximation the
identity of the inherent material microfluws alan becomes lost, only their gross effects upon the forma-
tion and propagation of sub-luminate cracks can be retained. Thus, an empirically defined "effective"
crack size is introduced.

As 1t will be discussed in detail later in this paper, the macroscopic view point allows a rational
formulation for a general fracture model for a class of sub-laminate cracking in epoxy-based composite
laminates. Early studies, notably by Corter [13], Wu {14], Kanninew, et. al. [15], have articulated the
viability of such an approach. Major advances have since been made, due wainly to the ever-expanding
computational capabilities and ever~revealing NDT wethods. These wmodern facilities have provided a means
for a more rational correlation between experiments and analysis.

In a series of papers (16 - 22], Wang, Crossman, ct. al. developed a unified energy model within the
context of macromechanics. It describes the growth mechanisme in a class of matrix-predominant sub-laminate
cracks. The specifiz cracks considered included interlaminar (delamination) and translaminar (fiber-gplit)
crackings, found mest prevalent in graphite-epoxy laminates.

This paper is a summary of their major findings obtained during the course of several analytical and
experimental investigations,

FRACTURE CONSIDERATIONS IN MACUROMECHANICS

The energy model developed by Wang and Crossman is formulated on the energy release rate concept of
the lineur elastic fracture mechanics (LEFM). All variables in the model are defined within the context
of the macromechanics. Since fibrous composites possess svwe unique characteristics, special considera-
tions had to be given to definlng some of the variables.

Application of the Griffith Criterion

The essence of the LEFM is that material failure is not defined from the stand-poiut of strength as a
constant waterial property. Rather, it is determined by an analysis of the kinetics of the actual procuss
of fracture propagation., The classical result of Griffith [23] pertaiuned tv an elastic plate which 1s
uniformly stretched in one direction by o, The plate has a through crack of size 2a, orientated nuimal to
the direction of o. The length of the crack is assumed small but finite; and, the material is homogeneous
and isotropic, Griffith postulated thet at the instance of crack extemnsion, a loss of the stored elastic
straln energy near the erack-tip region lv resulted; this energy is converted into the surface energy of
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the crack. A balance of energy during a virtual crack extension leads to the criterion
auU _ 38
2 " 7a W

Equation (1) defines the general condition under which the existing crack begins to propagate in
self-similar mode.

For the plate problem, the critical stress at the instance of crack extension can be derived from (1),
giving

RV
o = G2 @

where y 1s the free surface energy density of the materfal.

When applied to engineering problems, the Griffith theory is often modified for practical consider-
tions., For instance, Equation (2) becomes unbounded as a + 0. Certainly, no real material can sustain an
infinite stress. This iimitation, however, can be circumvented by invoking the existence of material
flaws. That 18 to assume for the material some characteristic distribution of flaws; the worst of which,
having a size of 2ay, acts like a real crack. It then dotermines a finite critical streses according to
Equation (2).

Of course, flaws do exist in real materials, especially in fibrous composite systems. But the physi-
cal identity 1s lost at the dimensional level where the analysis is performed. The quantity a, can be
defined oniy empirically as an intrinsic material property. As it will be discussed later, the value of
a, can be orders of magnitude larger than the fiber digmeter in, say, graphite-epoxy systems.

Another practical consideration is related to the definition of y, the free surface energy density of
the material. For crack in brittle materlial such as glass, then Yy is as defined. For moust other engin-
eering materials, crack extension is found to associate a certain degree of inelastic deformation near the
crack-tip region. Furthermore, the crack extension path, ov the erack surface, shows a certain degree of
ruggedness, depending on the heterogunelty of the material viewed at a microscale. Early studies by Irwin
[24], Orowan [25]) and others om structural metals considered the right-hand side of Equation (1) th. dr-
reversible work required to create a unit crack surface area. Hence, the quantity y can be interpreted «s
the energy dissipated in the crack-tip reglor during crack extension, Clearly, y will then depend on the
inelasticity as well as the micrescopic heterogeneity of the material locally (near the crack-tip). It,
therefore, wust also be regarded as an intrinsic property of the material to be defined at the macromech-
anics level, Conceivablv vy has to be an averaged value over a ruvlatively large crack surface area for
fibrous composites in vr - for it to be a material comstant.

These considerations are of fundamental importance when a crack-like failure is wodeled at the mucro-
scople dimensional level, Fosr only in this context can a mecroscopic fracture model Le drveloped along
the rational arguments of thsa clagsaical fracture mechanics.

In commou practice, the right-hand side of Equation (1) is replaced by G, (=2Y), known as the criti-
cal energy release rate of the material. The left-hand side 1s a function of the applied load, the geo-

metry of the body and the size of the crack. Thus, for a crack undergoing self-siwilar extension, the
Griffith criterion is expressed as

G(s,a) = C_ (€))

Accordingly, the development of the fracture model for sub-laminate cracks rests upon the calculation
of G(o,a) and the physical measuremen: of Go. The latter is regarded as a material property.

The Calculation of G(o,a)

In the theory of the LEFM, the singular stress field near a crack tilp in a homogeneous, ilsotropic
elastic body is represented by analytical functions in the theory of complex variables {2€]. The near-
field stresses are obtained for three particular modes of the crack opening., These are known as the open-
ing mode (I), the slidding mode (II} and c¢he anti-planc sheai ing mode (III}, For each mode, the stresses
are expressed in terms of the associated strens intensity factor K [27]; and consequently, the assaciated
G(o,e) 1s computed in terss of K. Since the relation between K and G 1s one-to-one, Equation (3) reduces
to the form

K(o,a) = Kc [€Y]

Similar relations between K and G for orthotrcpic media having a crack orientated along one of the
major axes can elso be obtained [28]. But the analytiral solutions for the gingular stress field often
require tedious mathematical derivations.

Direct solution methods for G(o,a) have been available; among them are the well-known J-integral
method [29, 30] and the method of virtual crack closure technique by Irwin [31].

Irwin [31] observed that the elamtir strain energy released during a virtual crack extension Aa is
equal to the work done in closing {t egain. The inverse problem provides the solution for the surface
tractions u over Aa. The crack-tip energy release rate {s then represented by
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Aa

Ho L (-45)da (s

® ha+0 2ha

where Au is the crack opening displacement vector over Aa.

If the crack extension {nvolves all three modes (I, II, III), the vector product in Equation (5} will
give a sum of three scalars, assoclated respectively with Gy, Gry, and Gryy.

The virtual crack-closure representation is particularly adaptive to machine computations. Rybickl
and Kanninen ([32] suggested a 2-dimensional finite element technique to evaluate G for a line crack in a
plane, The crack-tip stress vector o and the displacement vector Au in Equatlon (5) are approximated by

the nodal forces and displacements respectively, in a finite element representation (for detail, see [1B]).

Wang and Crossman applied this technique in a generalized plane strain finite element routlnr {331,
which can similate a line crack propagation in the 2-dimensional cross-section of a lamlnate. Since a
general laminate under load may suffer cross-sectioral warping, the routine actually computes 3-dimensional
stresses and displacements [33].

If 2 laminate is subjected to the far-field stress ¢, and a sublaminate crack is to be simulated, the
crack-tip energy release rate can be expressed in the general form

G, = Ce(a/t)'t'(OO/Eo)z (6)

where E, is laminate stiffness in o, direction, and t is the linear scale between the actual mwodel and the
finite element model. C, f8 a function dependent only on the crack size a, which 1s routinely generated
for a given type of crack in a given laminate.

Similarly, 1f the laminate is subjected to a uniform temperature load AT, and if a thermally induced
crack opening 1s resulted, then the assoclated cnergy release rate at the cvack tip is expressed by

G, = Calt) e (4D ')

Generally, the laminate ia prestressed by a -AT due to curing, so & cowbined effect is resulted when
% 1s applied;

G- [(Ce)llz_e° + (CT)I/Z-AT]Z-t 8

where eo is the far-field strain (= UO/EO).

It 1s seen that the finilte element technique is extremely versatile, and can be efficiently executed
for simulating complicated sub-laminate crackings such as delamination.

Nonetheless, the accuracy of the techunlque has been a subject of concern of many analysts, because of
its approximate vature in representing 4 mathematlcally singular streds fleld. As has been demonstrated
by Raju and Craw: [34], Spilker and Chou [35], and Wang and Choi [36], the finite element stress solutions
could lose significant accuracy in the small vicinity
of the singular point; the regilon Iin which the stri-ss e
becomes inaccurate i3 generally much smaller than, MET L UNDER UNIT STRAIN
say, a fiber dlameter, due to the very nature of the IXACT SOLUTIONS
singularity [36]. However, it can alsv be demoustra- & F E.M.RESULTS
ted that the stregses in thal small region do not 1ondt 2
contribute significantly to the crack vpening energy G(a)= Cg.ej.hy
releage rate, especially for a crack size much larger 4 o
in proportion.

s-

Figure 2 shows a close comparison between the
finite element computed G and the elasticity solu~ e
tion counter-part, for a transverse crack located
in the mid-layer of a 3-layer laminate (see inget ™~ Gl H
of Figure 2). The extreme layers are desipnated as < i_
materfal 1 and the mid-’ayer as material 2. Hoth ; Cl o)
had to be assumed elastic isotropic materials. The L
exact aolution for G as a function of the crack size 4k
a is given by Isida [37), using complex strass po- S B 0z -
tentials; while the finite clement solution 1s cum~ 3r j-
puted using a rather coarse constant-strain, tri- " O ¢
angular element mesh., It 18 seen that the finite er 'r

element solution for G(a) compares well with the
exact solution. To obtain accurate stress closest
to the crack tip, one can still resort to the finite —
element wethod using elther a finer mesh or a higher- B
order clement formulationm [38). But, such exlreme
neagures are often unnecessary for the cowputation
of C.

—— e
2 3 A 85 65 I 8 9
¥igure 2 Comparison of the Exuact and Finite Element
Solutions for G(a). EI/EZ = 5; hy = hys vy = vy = 1/3,
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The Evaluation of G,

When fracture ovccurs in the material, the energy released in the process 1s expected to depend on the
morphology of the fracture surface, which must be examined at the microscale. Fibrous composites are known
to possess complex fracture surfacc details, cven in wmatrix-predominant cracks. The vbserved delamination
surfaces in graphite-epoxy composites show, for instance, a congiderable raggedness because the crack must
pass around the reinforcing fibers. But, at “he macroscopic level, the crack surface detalls are ''smoothed
out"; ard their effects are reflected in the measured quantity of the fracture resistance Gc.

For this reason, G_ measured for some matrix-predominant fractures in epoxy-based composites has been
found to depend on the direction of fracture propagation. Cullen [39] and Williams [40] considered two
different cases of delamination as illustrated in Figure 3. The first case is 0°/0° delamination in which
the erack path is in the fiber direction, while tho second is 90°/90° delamination where the crack path is
transverse to the fiber direction. The experiments were performed using a graphite-epoxy unidirectional
laminate, subjected to wmode-I cracking condition. They found that the microscopic morphology of the 907/90°
delamination gurface exhibited considerably more ruggedness than the 0°/0° delaminatioun surface. This re-
sulted in marked differences for the measured G,. Note that these two fracture events occur essentially
in the same interface when viewcd macroscopically. Yet, the respective G, values can differ greatly de-
pending on the direction of the crack propagation.

Hence, when the Griffith formula (3) is applied for cracks in composites, the term G, requires a pre-
cige qualification. Similarly, when a test method is devised to measure G,, it is also necessary to con-
slder the dimensiounal and directional characteristice of the measured data.

Mode-T interlaminar Gy.. A commonly used test wethod to determine interlaminar Gy, is the splitting
cantiliver heam. Cullen [39] and Wilkins [41] have used this method to determlne the interlaminar Gj,
when the crack is propagating in Lhe direction of the fibers (0°/0° delamination). For some graphite-
epoxy aystems, they found that Gy, at room temperature is about 0,45 1b/im, or 130 J/m?. This value is
about twice the Gy, measured for pure epoxy resin. Williams [40] used a compact specimen which simulates
roughly a 90°/90° §elnmination. He found, for the same material system, a Gy_ value of 1.3 1b/in, about
three times that of the pure resin. Williams explained that the fracture aur?ace in his specimens showed
fiber breakage as well as fractured epoxy debris; this had resulted in a higher value for S1e than that
found for 0°/0° delamination by Cullen [39].

In another paper by Wilkins, et. al. [42],
it 1s reported that Gj. in delamination of 0°/90°
interface is also higher than that of 0°/0° de-
lamination. These findings veaffirm the direction-
al dependent nature of GIc'

Mixed-mudr interlaminar G 1, 11, IID)e* The
splitting cantlliver beam method has also been
used in mixed-mode cracking experiment. In this
case, it is necessary to apply different loads
at the top and the bottom parts of the split so
as to create both an opening (I) and a slidding (a)

(IT) action. Vanderkley [43] and Wilkins [41)

conducted tests on the same graphite-epoxy sys-

tem (used for their mode-I vests), and found the

total enorgy release rate Gy e = Gre + Grge Figure 3 Mode-I 0°/0° Delamination (a); and Mode-I
which exhibited a strong dependeite on the 90°/90° Delamination

GII/GI ratio.

This phencumenon is not uncommon in mixed-
mode fracture. Similar observations were re-—
ported for brittle metals as well as puve
epoxy resius [44]. Tt is, perhaps, more pro- 1b/in J/mz
nounced in {ibrous composites, Generally, {t
is thought that the increaved fracture resist— 3.0
ance is the result of excessive matrix yield-
ing under shear, as well as crack-closure
friction due to the slidding action.

500

In an experiment on double-notched off-
axis unidircctional graphite-epoxy laminates,
Wang, et, al. [45] measured the mixed wode
6(1,11)c 48 & continuous function of Gr /G,
see Figure 4. It is seen that G( e is
monotonically increasing with Gli}dl'

But in the same experiment, it shows alsao
that the opening part G;, reriins roughly in-
dependent of G /GI' Tﬁis suggests that mixed-
mode ¢rack is essentially controlled by mode-I.
0f course, such a suggestion is only temporary;
more study is needed to fully understand Lhe GII/GI
true nature of the wixed-mode crack mechan-
isms.

4300

TOTAL ENERGY RELEASE RATE

100

Figure 4 Mixed-Mode G (-GI + CIIc) As a Function
of GII/GI Ratio, ¢ ¢




MECHANICS OF TRANSVERSE CRACKS

Physical Mechanisms at the Macroscale

Transverse cracks are found in epoxy-based laminates, even at s low loading level. When viewed at
the macroscopic scale, the cracking action is simply a sudden separation of fihers by breaking the epoxy
bond, To illustrate, consider as an example a [0/90]S type laminate such as shown by the inset in
Figure 2, There, materjal 1 is the 0°-layer and material 2 1s the 90°-layer. luder the far-field tensile
load, material 2 could suffer multiple transverse cracks. Generally, the sequence of events is as follows:
A single crack forms first when the applied load reaches a certain critical value, which defines the "onset"
of the events; as the applied load increasea, more similar cracks are formed. If there is no other failure
mode setting in at high load (e.g. 0°-rupture, delamination, etc.), the number of transverse cracks will
continue increasing, until {t reaches a saturation density.

oz Figure 5 shows a load-sequence x-radiographs taken for a [0/90]S graphite-epoxy laminate under ascend-
ing tensile load. Transverse cracks in the 90°-layer are seen to form in increasing numbers. From these
photographs, a plot of crack density (e.g. cracks per inch of epecimen length) versus the applied lead can
be obtained. Figure 6 shows a family of such experimental plots for a series of [0/90,/0] laminates,
n=1, 2, 3, 4.

Examinatign of the plots in Figure 6 reveals several interesting features. First, the onmet load for
I.J the first transverse crack seems to be influenced profoundly by the 90°-layer thickness, expecilally whea

/ it is very thin., Take, for example, the case of n = 1 in Figure 6, the onset load is almost twice that

of n= 2,

Secondly, the crack density also shows dependence on the same thickness factor, Gemerally. the lami-
nate with thinner 90°-layer is capable of ylelding a higher crack density. (But, for the case of n = 1,
failure of 0°-layer at high load interrupted the development of more transverse cracks),

The 90°-layer thickness effect on transverse cracking was first documented experimentally by Bader,
et. al. [46]). They attributed the effect to the constraining actions of the adjacent 0°-layers. Obser-
) ving that a transverse crack can be no larger than the 90°-layer thickness, the energy release rate which
drives the crack 1s thus limited by frhe mame factor. It is the total strain energy trapped in the ¥0°-
layer which determines the onset of the cracking, not the in-situ tensile stressd.

As for the effect on crack density, it has been explained by the existence of a "shear lag" zoue at
the transverse crack root [46 - 48], That is an interlaminar shear strees is developed on the 0/90 inter-
face where a transveise crack terminates. This shear strese is singular at the crack root, but decays
exponentially a distance away [20]. Similarly, the in-situ tensile stress in the 90°-layer ia nil at the
transverse crack, but it regains its far-field value outside the shear-~lag zone. Thus, ideally, any two
™ adjacent cracks should be gpaced bv the shear-lag distance. Since this distance is proportional to the

. 90°-layer thickness [20], hence the observed tidckness effect on crack density [46].

*;

Although the shear-lag concept is ideally covcect, the so-called "characteristic" apacing of trans-
verse cracks does not occur exactly in practice, due to reasons to be discussed later In this section.
Often, transverse cracking leads to other failure modes, and/or vice versa [21].

At the microscopic level, the mechanisms of a transverse crack are much more perplexed. For example,
the sxact kinematicms of crack formatilon is not fully known. Post-test SEM examination of the crack sur-
faces generally gives a very ragged appearance; tlay wpoxy debrlo and somcilwes vrolen fibers ave also
seen [40). Figure 7 shows an »-ray plane view of a [1-25/902]s laminate after tramnsverse cracking, left,
and an edge-view micrograph on the right. It 1s seen that the transverse crack is practically a plane
crack of a rectangular dimension, which is bounded by the width of the specimen and the 90°-layer thick-
ness. There 18 no evidence to indicate that the crack formation ia progressive in nature. In fact, all
experiments tend to scggeat a gudden dynamical formation.

a b ¢

Figure 5 X-Radlographas of Trausverse Cracks Formatiom

Figure 6 Tranaverse Crack Denuslty Vs. Applied
5 Under Increasing Loading, T300/934 [9/90]  Laminate. Y 7P

Load, [0/90,/0).




. =
RN My

|

15-7

This dynamical nature, though still conjectured, has been qualified by many who monitored the acous-
tics emitted during the crack formation (see, e.g. [49]).

While it is difficult to reduce these physically observed facts into a general law, they nevertheless
provide the necessary rationale for the formation of an analytical model. In what follows, ag energy formu-

lation is presented, which describes the most essential observed characteristics of the transverse crack-
ing phenomenon.

The Energy Formulation

For purpcse of clarity, consider a [0/90]q type laminate, as shown in Figure 8. It will be assumed
that, in the 90°-layer, the mater al has a random distribution of microflaws. The gross effects ot the
microflaws at the macroscopic scale are represented by a characteristic distribution of "effective" flaws
which cannot be physically seen. But, under stress, these effective flaws are capable of propagating
suddenly into transverse cracks, which are physically rveal. [fhe individual size of the effective flaws is
denoted by 2a; and any two adjacent flaws are spaced by a distance S, see Figure 8.

Given a unit length of the specimen, there is a probability density function £(a), and a probability
denaity function f£(8). For sake of no evidence to suggest otherwise, the two functions are assumed to
take a form for normsl dlstributions [50];

£Ga) = = exp [-(a - u %20 %) ©
£65) = 5= exp (-(s - w /20 F) (10)

“
3
B

t
o SCot Mg A
]

!
!
) |
Figure 7 Micrograph (right)
Showing Two Trunsverse Cracks ‘ -
In a [ﬂj/%z]s Laninate. :
' VIEW AT
t RIGHT
; 00X

where u and v are the mean and the standard deviation
of the respective distribution functions.

Among the effective flaws, the size of the "worst" woam 5 -
one is denoted by 2a,. For definiteness, assume a .- a i
the 99 percentile of f(a). That is 99% of the flaws Pyp— A‘§ + _‘._. _z Oh. -
are smaller than 2a . o ;- ,—' *’— + 2 o
v -t S e
Then, under the far-field load, say e,, the —— T ———

"worst"” flaw 2a, will become the first transverse
crack. The erftical value for e, at the onset is cal- £(a)

culated by substituting Equatden (8) into the Griffitch
criterion (3):

e e+ @pttoamte e - g an A\L

where ce and CT are evaluated at a = a-

As has been detalled earlier, the energy release
rate coefficients C_ and C_ are generate:d numericaliy A,—’//”T‘\\‘\\,
by the finite elemefit crack-closure routine, given 3
the geometry and materinsl moduli of the iaminas. Thus, i
in Equation (11), all guantities except e will be

given: AT is the temperature load due tOOCuuLLng;
t is the linear svale between the finite element

vigure § Effective Flaws; 5ize and Spacing Dis -
tributions,
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model and the actual mod:l; and G, takes the value of GIc which is measured for mode-T 90°/90° delamina-
tion.

Now, the difficulty rests upon the chofce of a,; or for the same matter, the cholece of u, and v, in
the distribution function (9).

Clearly, 2a, must be smaller than the 90°-layer thicknesa. But the latter can he made arbitrarily
large. Hence, a finice bound on a, exists even If the 90°-layer thickness is unbounded.

As an example, consider the experimental results reported in [21]. The rensile strength of T300/934
[905] laminates averaged o, ~ 7000 psi. If the same "“effective" flaw concept is assumcd, then the "worst"
flaw in the lamlnate (para%lel to fibers) determines the strength according to the Griffith formula (2),
yielding

2 (12)

a =G E/rg

o [ u
with E = 1.7 X 106 psi and G = 0.9 1b/in for 0°/0° mode-1 delamination, Equation (1?) determines a,-0.01",
or about 2 times the ply thlckness of the T300/934 systems.

It may be assumed that for the 90°/90° mode-I delamination in an unbounded 90°-layer, the "worst"
effective flaw size should be no greater than a, - 0.01". 1Indeed, in several experimental correlations
conducted by Wang and Crosgman [19, 20, 21], using the same material system, a  is found in the order of
0.0075", or 1.5 times the ply thickness. ¢

Numericul Examples by Monte-Carlo Simulation

In what follows, the transverse cracking phenomenuvn will be simulated numerically by the su-called
Monte-Carlo random search techufque. The considered laminates are in the form l02/90n]g, n=1, 2 and 3.
The material syster ls the AS-3501-06 graphite-epoxy system {for the materiul wudull, see [51]). The
nominal ply thickness of this system is 0.0052".

In order to define the parameters p and o in the f(a) and f(S) distribution functions, the followinyg
values are chosen for the laminate n = 2 and 3:

p = 0.0036", o = 0,0013" (13)
a a
p_ = 0.0125", o = 0.0046" (14)
L] a
These are chosen to reflect the fact that ., being over 99% of f(a), wmay take a value (see [50]),
4 = u + 3~ 0.0075" (15)
v a a

and that for ug = 0,0125" it implies 80 effective flaws to the inch. The chaice of the standard devia-
tions 18 a matter of adjusting to tire actual data scatter [51].

As for the lamlnates of n = 1, the thickness of the 90°~layer is only 0.0104" or a
this case, the chofce of v, and o, are as follows:

< 0,0052". For

V]

w, = 0.0021", o_ = 0.00075" (16)
so that

a, = u + 30 - 0,004 (17)
The choice of the spacing purameters remains the same for n = 1.

The Monte-Carlo simulation procedures start with the generation of a set of N (= 80) flawe whose ran-
dom sizes and spacings are represented by the respective denwity functilons (9) snd (10). This is done by
generating first a eet of N random values in the Interval (0, 1). Then, by equating the cumulative fune~
tiou of f{(a) to each of the random values, a random set {aj}, 1 = 1, N is computed. Among the values in
{ay}. the probability of the largeet to bc cqual or greater than 8, ag defined in (15} or (17) is about 993.

Similarly, a random set {4}, 1 = 1, (N - 1), is also generated by the random number scheme. 8y 18
then assigned to be the wpacing between the ith aud the (1 + 1)th flaws.

Thus, a computer research follows, which determines the flaw wost likely to become a transverse crack.
The {irat to occur, clearly, is the worst flaw in the {a;} set, and the corresponding applied load for the
onget of the first crack is then determined using Equation (11).

After the first crack is formed, another flaw in the {a;} set will become a crack at a slightly iigher
load. But this flaw is lucated at a random distance from the first crack. Aud the presence of the physical
(real) crack has a stress reducing effect on the rest of the flaws. Thus, 1f the second flaw to become a
crack is located outside the shear-lag zone, it will not feel the presence of the first crack: and hence,
ity azailable energy release rate at the instant of cracking is given by Go(°' a), the same as in Equa-
tion (8),

On the other hand, if the second flaw is located inside the shear-lag zune, then the available energy
release rate 18 reduced by a factor depending on its distance from the first crack.
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Generally, for the flaw to hecome the kth crack,

h e must osearch to the left and to the right tor the
nearest cracks. if 9o,

the ener;y relcase rate at the instance of the kth vrack [~ mliven by

f:k(.x_,-l) - H(S.,) 1:“(4_,.) H(Hr) (18)

whire -‘;2 {4 the distance to the left crack, SI the distance to the richt cravk,

In Eguation (18), R(5) is the energy rate retentlon

tactor whiich {s generated by the inite element
routine for a flaw of 2a

(- .’an) and I8 placed at varving distance 5 from a transverse « rack, sco Flxure Y.

For the laminate tamily (0»/9“"]9;» a single R(S) curve can be generated ft expressed o terms ot S/nt,
t belng the thickness of one ‘fl)”—plv, nee Flgure 9,

Hote that 100Y energy rate reteation {s expected b
yond 5 = Ypt; the latter is actually the <ize of

he-
the shear-lag zone {[19].

The applied load, corresponding to the kth crack is determined trom

(E,'((n,.l) - Gv (1v4)
The search egseatlally simulates the cracking process as {t would occur naturally.

latlon represents an actual ¢est case; and repeated sirulations represent actual
A illustrates the flow-chart for the Monte~Carlo simulation.

Eaclh vrandom simu-
tests on replicas,  Table

Figures Ly, 11, and 12 show the simulated crack-density versus load plots tor respectively, [u,/ﬂu]q.

[07/‘”) ] and {0,/90,] tuminates, Ta the simulatfons, the guantlitics appeariok [n Equatlon (11) are”
astiignéd as folfous?

AT w 205°F, t = 0,0052", ¢ =~ .3 Ib/fn (0)
.

The shaded band (n edach of these plots s the corresponding experimentsl data band trom 4 test speci-

These taut data were reported earlier in Refercence [52]¢ and the details tor the simulation compu-
ter routine are reported in Reterence [S51]).
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+ABLE A FLOW-CHART FOR MONTE-CARLO SIMULATION

Uniferm Random Number Generator
N random numbers (f£laws)

Define Crark Spacings Define Crack Sizes |
vy = 1/8, Assign L Assign LG -
- . 1o
l Reorder crack sizes in descending
order. The largest defines the onset
of Transverse cracking. Determine o(l).
o i=il, a1
. . ) - - -
Energy Release ] Search right and left of next f
Retentlon Coeff.l —-r— largest flaw, and define the
R{S) ] zssociated G{J)

1
If
J<m-n_wﬂiuMﬂ_J

SO Wlic

The largest G(J) defines> tﬁc ;'rext

i
{
Ltransverae crack. Determine o(I + 1)

o‘; Ultimate B If s
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I =

T
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order of occurrence.
List the corresponding o(K), K = 1, (I + 1)

" Another
Specimens} yes . B

no

[‘ ' List allmc.ransverse cracks in
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MECHANICS OF FREE EDGE DELAMINATION

The Classical Free-Fdge Problem

The free edge delamination problem has attracted increased research interests ever since the advent
of composite laminates. The phervumena are frequently observed as the most damaging sub-laminate failure
mode. Gemerally, 1t is a plane crack which forms along the laminate fre: edge and propagates inward along
an interface of two adjacent layers.

Figure 13 shows an x-ray plane view of a [145/0/!‘0]s graphite—epoxy luninate under uniaxial tepsion
(left). Delamination 18 seen to occur along both edges of the luminate, with essentially uniform growth
toward the center. An edge view of this crack is shown on the right, which indicated that the crack is
basizally contained inside the 90%~layer, not necessarily in any one given layer interface. Moreover, the
cracked plane ip quite zig-zagged along the length of the free edge.

|

VIEWAT
RIGHT
80X

Figure 13 Micrograph (right)
Showing Free Edge Delamination In
A [+45/0/90], Laminate.
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Ffigure 14 Micrograph (right) Showing Free Edge Delamination of a [125/901“]s
Laminate After Failure,

Similar photographs, taken for a [+25/90; 2] laminate after failure, are shown in Figure 1l4. Heve,
the edge crack is seen to have formed inside tée 50°~layer, but branched to the 25/90 interface as it

propagated, The branch-out is due to the skewed cracks which occur in the 90°~layer ahead of the edge de-
lamination front.

Note that both laminates have a 90°-layer; aud they rould suffer transverse cracking under the tensile
load. But, because the thickness of the 90°~layer is thin, a high load is required for transverse cracking

according to the energy theory earlier. 1In-cead, Iin this case, edge delanination is induced as the first
event of sub-laminate fallure.

Analytical studies of the free edge delamination problem have originated from the much celebrated work
of Pipes and Pagano [53], who formulated and computed the boundary-layar interlaminar stress solutloans fer
a long symmetric laminate under tension. The furuulation 1s based on the macroscoplc ply-elastieity
theory, which regards the material layers as individually homogeneous media; material and geometrical dis-
continuities exist only across the layer interfaces.

Generally, the free edge etress fileld i3 three-dimensional, and is singular at the intersect of the
free-edge with the layer interface [36]. Hence, interface delamination 1s caused by the highly concentra-
ted edge stresses, especially the interlaminar normal stress az.

In a series of tensile strength tests, Bjeletich, et. al. [54] examined the failure modes of s&ix
families of quasi-lsotropic laminates by alternating the stacking sequence of the 0°, 90° and +45 layers,
Edge stress analysis indicated a compressive o, along the free edge of the [0/90/+45], laminate, while a

Figure 16 Delamination
Under Compression,
[902/02/14521q.

Figure 15 ‘iypical Shape of Energy Release
Rate for Delamination
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tensile 0, for the [+45/0/90), laminate. The latter developed prematured delamination; and the growth of
it had led to a much lowered tensile strength. Clearly, knowledge of the free-edge stresses can provide
an explanation why delamination occur; but a quantitative prediction for its occurrence requires a more
precisely defined criterion.

In a study on delamination fo' ‘imilar graphite-epoxy laminates, Rodini, et. al. [55] determined
experimentally the critical temsile .oads at the onset of free edge delamination in a [+45.,/0,/90,]¢,
n=1, 2, 3 family., They found that the critical laminate tensile stress 0, varied greatly with the value
of n. Specifically, the critical G, decreages at the rate of about /n, even though an edge stress analysis
yields identical o, for the same Ty for all values of n.

Such a 90°-layer thickness dependent behavior is similar to that found in the transverse cracking
problems, suggesting the observed phenomenon is again fracture in natuze.

The Energy Criterion

In the work of Wang and Crossman [18], it is assumed that material flaws exist randomly on any one of
the interfaces between the material layers. Those flaws which are located within the free-edge stress
zone form an "effective" flaw having a size a, at the instance of onset of delamination, see insef in
Figure 15, Following the finite element crack-closure procedure by allowing virtual extension of a, along
the layer interface, an energy release rate curve is generated, such as shown in Figure 15.

It is seen that the energy release rate G increases sharply with a, but reaches an asymptote at
a = aj., Generally, the value of is al.out one-half the layer—thickness which contains the delamination
{18). Thus, the layer thickness atfect the value of an, and also the value of G.

Expressing the computed energy r~lease rate, Equation (6),

2

G(eo, a) = CE(a) Tbee 21

and applying the Griffith criterion (3) for the onset of delamination, one obtains the critical far-field
strain.

1/2
(eo)cr = [6./Cxa) » 177,

a=a (22)
o
Note that in (22), the thermal rasidual effect is not included. In most laminates, thermal effect on
delamination 1s mimimal (56].

The problem comes down to two important questions; namely, what value is s and which interface iu
likely to delaminate?

To answer the first question, recall the earlier discussions about a, in unbounded 90° laminates. As
inferred fro« the Griffith's criterion, a; 1s in the order of 0.01", or 2 times the ply thickness for
commercial graphite-epoxy systems. It is belleved that a, for delamination 1s at least of this magnitude
if not larger, because of possible additional cutting flaws along the free edge. In any event, 1f a_ in
Figure 15 is less than 3 times of the ply thickness, one simply uses a = a, and predicts from Equation
(22) the minimum possible load for the onset of delamination, Thusg,

/2

(e)) o = [6/CsGa) » 1t (23)

The an:wer to the second question, however, is complicated, if not inconcise. Consider as an example
a [907/0,/445)]; under uniform compression. Interlaminar tensile ¢, is developed in this laminate and edge
delamination is induced before global buckling, see Figure 16. A 3-dimensional through-thickness display
of ¢, {s ghown in Figure 17(a). It is seen that the largest o, is located on the 45/-35 interface (in
fact, this o, 1s singular at the free edge). On the other hand, o, along the mid-plane (z = 0) is
finite at the free edge. 1In uddition, there 1s also a singular interlaminar shear stress Tyy along the
45/-45 interface. Thus, the stress analysls suggests the 45/-45 interface as the most probable delamina-
tion site.

However, according to the energy release rate arguaent as well as the "effective' flaw hypothesis, one
must caleculate the energy release rate curves along all pnssiblce Intcerfaces in order to determine the in-
terface most energetically favorable for delamination.

The finite element crack-closure results of the G(a) curves for this example problem is shown in
Figure 17(b). Indeed, the interface that yizlds the highest energy release rate is the mid-plane (z = 0),
no' the 45/-45 interface, Furthermore, a delamination in the mid-plane is in mode~I, while it is wixed-
mor (I, III) in the 45/-45 interface. As has been discussed earlier, mixed-mode G_, is usually higher
thaa Gj.. Thus, the mid-plane is the predicted delamfuation site, not the 45/~45 interface.

This conclusion is confirmed by experiments conducted by Wang and Slomiana [57], who aluo investiga-
ted compression-induced delamination in [05/90,/+455]  and [0/90/0/S0/445/445]1  laminates. 1n sll cases,

mid-plane and mode-I delamination was predicted and ogserved. Using the energy criteriom ¢l Equation (23),
and setting G; = 1.3 1b/in, their predicted minimum onset loads (ax) compared well with the experimental
findings (average of 3 specimens). The following table lllustrates the closeness between the prediction
and the experiment:
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Laminates Predicted onset of Gy Experimental Finding
[902/02/145215 43.9 ksi 45.7 ksi
[02/902/1-452]E 50.9 52,0
[0/90/0/90/145/i¢;5],i 59.1 62.0
z
5 Y
FREE EOGE
1‘“[
A
=l
s il
“ 3 FH 1 FREE EDGE
(a) o, bierribution Undec Compression
o
d, mid-plans
(38
8 G, 45/-a5-plane
2,
- 190,10, 745,145, 1,
- G=¢c c ¢ ;‘2
2k
t = ply thickness
!
9 e A
0 1 2 3 é a/c
(b) Energy Relcase Rate Cceffs.
Figure 17 o _ Distribution and Energy Release Figure 18 Dalamination Induced
Rate Coefficfents for [902/02/1052/—452] Under Transvarse Cracks (a). [+25/90 ]5.
Compression. 8 Transverse Cracks Induced Delami-

nation (b). [125/90613'

Edge Delamination and Transverse Cracking: Their Iuteractions

Ia the previous examples, edge delamination {s the first and only sublaminate failure mode before
laminate buckliug. The onset load for delamination is synonymous to the final laminate failure load. In
most other cases, edge delamination and transverse cracking are oftem two cowpeting failure modes, which
interact each other through a complicated mechanisms.

Examine sgain the photomicrographs shown in Figure 13 and 14, where a [+45/0/90], and a [+25/90y/3],
laminates ware loaded by axial temsion. The thickness of the 90°-layar in both laminates is so small that
trausverse cracking is possible only at a high load. Instead, an edge delamination is induced as the
firet aub~laminate failure mode., Nonetheless, the stress field in the 90°-~layer, which containa the de-
lamination, appears to be axtremely complex. The skewed cracks shown in Figure 14 are indicative of the
complex stress field ahead of the delamination front. But, just how profoundly these secondary cracking
events influence the delamination growth is far frow known.

On the other hand, Figure 18(a) shows an x-ray plane view of & [+25/90,] laminate after delamipation.
Actually, this laminate suffered first transverse cracksa in the 90°-layer; augsaquent edge delamination in
the 25/90 interface developed at a higher load. It 1s seen from the picture that delamination actually
cuuged many more trangverse cracks because of stress concentration along the curved delamination frout.

In the area where delamimation had not occurred, only a few transverse cracke are vieible. This phenodenon
has repeatedly bean chserved in experimeuts [21]; but no serious account has been attempted to analytically
wodelling it,

Law [56] asaumed that when transverse cracks occur in the 90°-layer, the tensile modulus Ep and the
Polsson ratio vqy, of .he 90°-layer both reduce to nearly zero. With reduced moduli in the 90°-layer, the
overall laxinate becomes energetically delamination prone in the 25/90 interface, resulting in a mixed-
wode cracking (I, II). Law was able to predict tha onget loads for this and other similar cases in an
approximate manner. Some details of his work will be discussed later in & case study.
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Figure 18(b) shows an x-ray plane view for a [+25/90;]  laminate soon after transverse cracking took
place. In this case, scattered transverse cracks appenreﬁ ?irst, #hich immediately caused delamination

on both 25/90 interfaces in the area where they occurred. The delamination is, in fact, a combined effect
stemming from the transverse crack-tip and free edge stress concentrations. Figure 19 1llustrates this
combined effect in an isometric view. The interface shear stress fxz» which is developed at the transverse
crack root, tends to delaminate the 25/90 interface in the x-direction; and the interlaminar normal stress,
0z, which is a free edge effact, tends to open up the same Interface iu the y-direction. The combined
action gives rise to 3 mixed-mode, delta-shaped delaminatvion. Evidence of this type of delamination can
be found by examining Figure 18(b).

Law [56] approximated the combined effect by
first computing G, for the x-direction delawination
by a 2-dimensional analyels, and then by computing
G, for the y-direction as in the case of free edge
delamination. Since both G, and G, are considered
crack-driving forces, their vector’sum 18 used to
predict the onset of the delta-shaped delamination.
Obviously, such an approuximate approach is only
tentative; the problem remains to be treated more
rigorously by a 3-dimenslonal analysis which can
simulate a contoured plane delamination. But, as
it will be shuwn in the next section, Law's approach
was at least qualitatively correct.

It ir now apparent that sub-laminate crackings,
especially delamination, are physically complicated
even under simple tension. The energy model pre-
sented earlier way be applied only in cases where
a single failure mode is present, Intaractions
amongst multdple failure modes are yet to be in-
vestigated more extensively.

Figure 19 Transverse Crack/Edge Delamination

An _Experimentsl Case Study Tnteraction.

An experimental case study on transverae
cracking, free edge delamination and their mutual
interar :lon was conducted by Crossman and Wang
[21). They chose a family of graphite-epcxy
laminates (T300/934) in the form of [+25/90,],. 7

" Tooaioen (1351570 ni v LAMINATES
By varying the single parameter n = 1/2, 1, 2, 3, %_ © OWEAT TRANSY. CRACKING
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Figure 20 Schematic of the Fracture Sequence in
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the laminates when loaded in tension. Both x-radiography and microphotography were used to monitor the
sub-laminate cracking development as a function of the applied load. For clarity, a graphical summary of
their experimental findings is shown in Figure 20. For n = 1/2 and 1, the laminates are classitied as
having a “thin" 90°-layer. Transverse cracking 1s suppressed due to the lack of sufficient atrain energy
stored in the 90°-layer. Hence, free edge delamination occurd as the first sub-laminate fallure mode.
For n = 1/2, a stable mode-1 delamination 1s produced during the loading until final failure. For n = 1,
however, transverse cracks are induced in the area of delamination. Because of thease cracks, the delami-
nation plane is often branched Lv the 25/90 interface. This latter appearance is lundication of an inter-
action taking place betwean the two failure modes.

When m = 2 and 3, the laminates are denoted as having "thick" 90°-layer. In both, transverse cracks
occur first long before delamination. It may be thought that the onset of transverse cracking is an in-
dependeut event, while delamination 1s caused, at least partially, by the presence of the multiple trana-
verse cracks. Indeed, the delamination plane in the case of n = 2 resembles that for n = 1; and the de-
lamination plane in the n = 3 laminate is entirely in the 25/90 interface. Also, for n = 3, the growth of
delamination becomes more tapid.

The laminates with "very thick" 90"-layer are those for n ® 4, 6 s2ud 8. In all cases transveraee
cracks cccur first followed immediately by delta-shaped delaminations emanating from the transverse crack
roots. Thewe soon coalesce to form large scale 25/90 delamination, resulting in prematured laminate
failure.

Figure 21(a) summarizes the various onset loads for each of the laminates (signified by the value of
n). Since the laminate stresg-strain response for all cases is essentlally linear until final failure, it
i8 convenient to use the laminate tensile atrain, € as A wmeasure of the applied load. Note that except
for n = 1/2 and 1, tramsverse cracking is the first sub-laminate fallure event. Generally, growth of
multiple cracks is fully developed, followed by interlayer delamination. Howevar, as n > 3, the lvad-gap
between the tranav.rsge cracking and delamination events grows closer. In fact, for n = B, these two
evenlts are closely linked to final lamiuate fallure,

Note aldo that except for n = 1/2, 1, and 2, onset of delawluatlon and final tailure are separated
only by less than 5% of loading.

By means of the energy model presented earlier, Law [56] conducted a computer simulation of the trans-
verse cracking and delaminatlon processes in the [i'_25/90n]8 family. The numerical results are shown in
Figure 21(b), which 18 superscribed on the experimental results shown in Figure 21(a).

Law lias conducted four different types of crack simulations: (u) onset of transversa cracking in. the
90°-layers for all values of n} (b) mid-plane (z = 0), mode-I delamination for n = 1/2, 1, 2 and 3; (c)
25/90 interface delamination for n = 2, 3 and 4 (the 90°-layer is saturated with transverse cracks; and is
represented by reduced moduli); and (d) transversa crack root/free edge delamination of the 25/90 interface
forn =3, 4, 6 and 8 (as illustrated in Figure 19).

It i5 seen f{rom Figure 21(b) that the predicted onset loads for transverse cracking agree well with
the experiment, while the predicted delamination loads (repremented by 3 curves) form an envelupe to which
the experimental points fall below. Although the predicted delamination loads for n = 6 and 8 are off
considerably from the experimental poiuts, the eueryy analyeis seems to capture the physical wmechanisws of
these various failure wmodes; the analysis gives correctly the trend of the fallure loads.

Final Failure Mechanisms

In the case study discussed above, the sub-laminate fallure sequence is deen to lead to the final
rupture of the laminate., It is generally thought that final faflure is determined essentially by the
strength of the load-carrying plies; 1.e. in the case of the [i?5/90n]s family, the +25-pliee should carry
practically all the load. But, what determines the strength of the +25-plies? And, is it adversely in-
fluenced by the sub-laminate cracking eventu that proceeded the final laminate rupture? These questions
relate to the final failure modes and their associated fracture mechanisms.

Crossman [58] conducted recently an extendive experimental investigation intu the failure sequence of
several famllies of laminates under uniaxial tension. Some of his results way help to answer the above
questions.

Ccnsider firust the effect of thickness of the load-carrying plies by examining the results in Table B.

It is noted that the final failure mode of [j?S/j;S]. ig due simply to fiber breaking across the lami-
nate, while the final failure mode of [25;/-25;] luvolves 4 major transverse crack in the center core
(-254°-1ayer) followed by multiple fiber-splitting in the 25;-layer. In particular, there 18 no fiber
breakage involved in the latter case, see Figure 22,

Figure 22 Final Failure Modes: (a) Cross-
sectional ¥Fiber Break; (b) 25-layer Tranaverse
Cracks; (c) O-lmyer Fiber Splits over 90-layer
Transverse Cracks.

(+25/325] [0,/904)

(a) (c)
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Laminate

[125/12515

[252/—252]s

[+25/425/90,]

[252/-252/902]s

Laminate

(+25/90,)

[+25/90,)

[02/902]-

[02/908]'i

[£30/50,1,

[+30/904)

TABLE 3

Sequence of Failure Modes

no transverse cracking
no edge delamination
crosg~gsection fiber break

single transverse crack in
-25~layer, followed by
multiple traneverse cracks
in the +25-layer

final failure involved no
fiber break

trangverse cracks in 90-layer
stable edge delamination

cross—gection fiber break inm
the 25-layers

traneverse cracks in 90-layer
rapid edge delamination

fiber-split in 25-layer

TABLE C

Sequence of Fallure Modes

trangverse cracks in 90-layer
stable edge delamination
cross-section fiber breuk in
25-layers

scattered transverse cracks
local delamination from T.C,
tip; combined with edge delam.
fiber split in 25-layer

few fiber break in 25-layer

transverse cracks in 90-layer
no ¢dge delamination
croga-section fiber hreak of
O-layer

scattered transverse cracks
local delamination fiom T.C.
tip;

local fiber-split in O-layer
above tranavarse crack
coalesance of fiber-splits in
O-layer

final O-layer faillure

transvarge crack in 90°-layer
@table edge delamination
crosg-section fiber braak in
30-layer

transverse crack in 90°-layer
local edge delamination from
T.C. tip;

fiber break in 30-layer

Total Load in lbs.

3103(2895-3243)

occur at 982 Pu

2272(2001-2480

occur at 802 Pu
occur at 90% Pu

3040(3001-3250

occur at 90Z P
occur at 982 P:

2648(2500-2830)

Total Load in 1bs.

occur at 85% P

occur at 95% PY

u
1802(1747-1893)

occur at 952 Pu

1606(1500~1660)

occur at 80% Pu

5163(4600-5730)

accur at 752 Pu

occur at 85% P
u

4220(4120-4320)

occur at 80% Pu
occur at 95% Pu

1650(1625-1670

occur at 80X P
occur at B5X P:

1622(1620-1625)
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An energy analysis of the respective failure modes Indicated that the transverse cracking wode in the
[125/1?5]5 i3 suppressed by the actual thickness of the 25°-layer; there is pot enough strain anergy to
cause this failura mode at a lower load level. Hence, it forces a fiber breakage instead. However, by
doubling the layer thickness, in the case of [253/-25,5]4, the transverse cracking mode emerges at a much
lower load. The difference in the failure modes results in the difference in the applied ultimate loads.

Clearly, the strength of the so-called "load-carrying" plies in & laminate depends also on the par-
ticular fracture modes that cause failure. In the examples above, the ply-thickness factor is seen again
to pluy a profound role im the final faillure mechanisms.

When the respective load-carrying plies are laminated with a 90°-layer, such as in [+25/+25/90 1q and
[257/-257/90,]5, transverse cracks im the 90°-layer and edgze delamination are found to proceed any %ailute
in the 25°-plies. From the results displayed in Table B, it is seen that the sub-laminate cracking events
neither changed the failure mode of the +25°-plies, nor decreased the final ultimate loading, although

the presence of the 90°-layer in [25;/-25,/90;], slightly increased the laminate load~carrying capacity.
The reason is that |252/-253]g has four (4) 25°-plies in the core, while [255/-25;/905]}, has only two (2)
25°-plies scattered by the presence of the 90°-layer in the core.

However, adverse uffects of sub~laminate cracking on laminate final fallure modes are seen from the
test results displayed ‘n Table C, Here, the faillure modes in [10/902]B and [19/90 ]s are compared. Note
that the 90°-layer thickness in the latter le exaggerated in order to separate wide?y the respective gub-
laminate crack modes,

In the cases of [02/908]g and [+25/90glg, the final fallure mode in the load-carrying plies involves
multiple fiber-splitting, which ov-tur along the root of a 90°~layer transverse¢ crack; see Figure 22, On
the other hand, there is no fiber-splitting in the [U/707]g or the [+25/90;]4 laminates.

A threc dimensional strees analysis wil) show that there 18 a stress concentration at the 90°-layer
transverse crack root; both the applied tensiun and thermal cooling contribute to the stress concentratilon,
In particular, the size of the stress concentration zone is proportional to the 90°-layver thicknesa; which
explaing why the considerable difference in the firul loads between [02/902]H and [02/90813; and between
[#25/90,]4 and [+25/90g)g, <ee Table C.

Fiber-splitting seems to be the triggering fallure mode in the [02/905]s and [+25/90g]; laminates.
The gplitcing mechanisms {s due to the existence of the tensile stvess normal to the fibers, which is
magnified in amplitude by the 90°-layer transverse crack root.

Simllar stress condition also exists in the [+30/90g], lamtnates. But iu this case, the tensile
stress (normal to +30°~fibers) is not large enough to cause fiber splitting; see also Table C. As a
reult, the final failure modes for [+30/90,1, and [130/9081s all ianvolve fibar breaking; and theirxr final
failure load are essentially the same., Thus, a mere increase in the angle from 25° to 30° changes the
fallure mode,

Clearly, the final failure modes in the 'load-carrying' plies can be influenced by nature from the
gub~laminate crackings. Moreover, there are probably u host of other possible modes that are competing
for dowinance. The specific failure vccurrence in 8 given laminate is generally determined by the lami-
nation geometry as well as the lntrinsic material properties. A4nd, of courde, there are always the
statistical uncertainties in the "intrinsic" materiul properties.

CONCLUSIONS

This paper has attempted to gilve an overview of a fracture mechanics apprvach to some of the freguently
observed sub-laminate cracks in epoxy-based composite laminates. The laminates discussed in the paper
served mainly to illustrate how a certain failure sequence is developed and how the predictive modal is
copstructed. They are certainly not the ones which may be used in practical design applications. The major
objective here 1s to enable tu see through the various fracture mechanisms and try to understund them; to
this end, one often had to exaggerate the geometric parameteruy (e. y. the thickness of 90°~layer) in
order to ascertain their full range of influence.

Indeed, the field of fracture in composites seems infinitely complex. Yet, numerous past and present
investigators have toiled the field with wany successes, And, new discoveries are being contlnuocusly made
to further its advancement, The results reported in this paper represent but one effort to fill the dimen-
gilonal span from micromechanics to structural wechanics in cowposite failure analysis.
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SUMMARY

— - P The significance of defecis and damage in fibro oomposite mtructures depends upon a wide range of
docibions iakan at every stage ol thy life of each parliculur structure, {iow Luv initial design
conception, through detailed design and manufacturc, to inspection, maintenance and repair procedurus,
Since many of these decisions interact, there is a nced for a coherent overall philosophy for the
management of defects and damage if fibro ocoumposite siructures are to Le efticient and cost—sffective,
In the present Paper the general requirements of such a philosoply sre oonsidered and it is seen that
further research is required particularly on the intoraction of defects and dauwange with structural
features, Somo initial pesults and observations from the RAE propraume deviscd to study such inter—
actions are presenied.—

L} 1 INTRODUGTION

No matter how carefully designud, munufactured and maintained, tib:s composite aerospace
structwres will always be subjeot W Dboill manulacturing and service=induved damage, As in metallio
structureu, the more severe defuois may reduve lhe slrenglh or sndurance of the structure and thn
efficiont expleoitation of tibre ovmposile materials will require a rutional approach to ihe
E management of defects and dumapgo. Although defects of any mugnitudv wre undesirable, many of the
o miorosiructural dofects such as the ocousional Lroken or misaligned Pibre, will be of litile
significance, COleerly, attention must be foowssed on those defecis which may affect the performance ‘
of' practical siructures, and to this end it io necessary to define the siruoctural wipnificance of the
variow types of defects and damuge ihat are oconsidered likely to ocour, |

For the purposes of' this Paper, a defeet will be defined as any uninteniional looal variation in
physical or meohanioal properties. Thus, the general term defeot will relate to all forws of local
manutaocturing defects and servioe=induved damage. A wstructurally sigrificant defect can be defined
P arbitrarily at this siage as {that whiol;, within the expeoted lifeiime of the structure, will reduce
7 {the load oarrying capacity ot the uiruciure 1o a leval l¢ss than or equal to the dewign ullimatc load )
(DuL). Sueh a definition doeu not direotly inolude losr of stiffness as a criterion of failure bul,
in relation to the defects vonsidered here, loss of siiffness will nol normally be wignifioant,

In the present Paper, ihe meihod by which the effects of defects wre accommodated in ourrent
carbun {ibre reinforoed plastic (CFRP) designs is briefly described and the limitations of this approach
are discussed, By oonsideration of the ruquirements of a more oocherent approaoh tov the management of
defeots and demage, it is uveon that further work ie required particularly on the interaction of defucts
with structural features, Some inivial results and vbservaiions from an AB progrimme devised to study
suoh intcraotions are described,

{3':5-"

2 CURRENT DESIGNS AND THE MF'RCTS OF DEFECTS

To illusirate tho current design approaoch, conwider the design oi wing skin panels, Juoh panals
arg Lbe primary load oarrying members of a wing and wsually contribute more than half of the lotal wing
structure mass, They must react direot loads dus to wing bending and sheur loads due te wing torsion
and, in addition, they must react the out—of-plane loads dus to serodynamio efteois, internal prewsure
und tho inertia of the fuel,

Congider the denign requirements for direct loading dus to wing bending. Figwu 1 shows a fypical
elemont of & wing skin panel which contuins o row of bolt holes used to attach tho skin to the
pubstruoture, The primary function of tho attachments is io prouvide panel stalility in cowpression and
to react tho aforementicncd owi~of plane loads, The in-planc bearing loads on these bolis is generally
smull and, to first approximation, we may coneideor the clement to conlain a series of filloed but ,
5 unloaded holes, Tosis on composilte wpweimens containing holes show that, in tenuion, room temperalure .
gtalic strength will be orilical, whilet in compressiou,clevuted temperaturc fatigue loading in the
g presence of moisturce will limit purformance., Quasi-siatic tensile tesis on carbon fibre—epoxy resin
composites tend to show thal the overall tensile strain slons the row of bolite must be limited to about
4000 micronsirain, Similarly, elevated tewperalure compresusive fatigue tesis on environmentally
conditioned specimens indicate an overall compressive sirain limitation of aboui —4000 microstrain
alonyg, the row of bolts, Strain compatibility requirements of the cvomplete element impose the same
tensilo and compresuive strain limits on the materiul remolc {rom the row ol bolts even though the
unperforated materiul could generally susiuin strains of more than twice that magnitude,

Designu incorporating features such ag sof'tening strips along the line of bolts have buen H

. proposed to overcome this limitation but it is recognised that some allowance must be wmade for the : .
\ eftects ol defecty und demage and, in the absence cf sufficient data to justify the use of higher i

strain levels in the unperforated material, such techniques have not been vigourowsly pursued,




The design allowable strain limit of about #4000 microsirain has been widely adopted as the
primary method of accommodating dofects and damage in those areas of C¥RP structures subject to near
uniform in-plane stress. However, whilet recent experimeats un the effecis of typizul defects on
material propertics suggested this limit to be of the right order, it should be noted that it was not
derived from consideration of the etfects of defects and damage and is not tlierefore dircctly reluted
to the probability of ocourrence of defects or damage of any particular severity.

In areas of non=uniform stross induced by structural foatures, the situation is woro complex
since the significance of a given type of defect is likely to vary according to its location with
respeet to the perturbed stress field, Currently, quantitative prediction of the interaction of
dofects with structural features can not be achicved by analytical methods and such irteractions must
be cvaluatod by experiment, For the more common struotural features such ns bolied and bonded joints,
angled goctions ete,, data on the effects of commonly cccwrring defects is pradually being accamulated,
llowever, the interaotion ot defects with features whose gecmelry tends to be specific to a particular
design, or features which give rise to only limited etress concentratiomns have received 1little atteution.
In consequence, there i8 no welleeniablished design procedure and ecach design authority tonds to apply
different rulcu derived from the looally available data.

3 REQUIREMENTS OF A GENERAL DESIGN PHILOSOPHY
3.1 General Raquircments

From the above desoription of the ourrent design approaoh, which has of neoessity been of a brief
and generalisod nature, it is evident that thore is owrrently wo coherent overall design philosophy tor
acvommoduting the effects of dufectu and damuge in composite structures., Apart from the general wse of
@ dowsign allowublo slrain limit in areas of uniform wiross; tho approach has gencrally been of an ad-hoo
nature, TIndeed even tho design allowable strain limit has not boun decived s;ecifically from the
consideration of defecly and damoge, Thus for currenl designa, the types and svverity of defvots and
domage which are sbructurally significant are not dircotly rolated to theoir probubility of ocourrence,
Jurthormore, many of ihe experimontal programmes aimed at evaluating the effects of def'ects have boon
concerned mersly with demonwirating the adequacy of oxisting designo to tolerate the types of defeots
und dampge whioh wighl be ~xpeoted to occour, This approach is unlikely to lecad to the most efficient
usy of {ibre compouites materials in asrospace siructures. In soms areas, current designs may be too
conservative and henve inefficient, whilst in othor arcas they may be uwnconservative and nocessitate
frequent inopeotion and repair,

Tho priwmary aim of future work on ithe effecius of defvols should be to gonerate the duta and
wnderstanding that will allow the formulation of n ooherunt overall design philosophy, Such a
philosophy would incorporate the following elementss—

a, Avpousmont of the probubility of ocourronce, the probable severily and locubionn of the
various types of defwctu and damagoe.

b, Prediotion, or if' nocessary experimental measursmont, of the offects on the performance
of' materials and struciures of thoce dotevis vomsiderod likely to ocoour, including consideration
of' duanage growkh,

c, Avseusmont of inupeotion and repair oupabilities in roelation to these defeots,

d. Derivation of dusign allowable siresses or girains in malerials and structural elemants
to achievo a balance betweon maximwn structural cfficioncy and minimws inspeotion, maintonance
and repair requirements.

Gloarly, some of ihe intormation required to develop and implement such o design philosophy is not
cwrontly available, Mircover, it mighi be argued that, at certain struvtural loocations, the stresses
may be ultimntely limited by factors other than the offectis of dofuots, Neveriheless, the pertormance
ol ntruotural featurou generally will be limited by defects and the approach advocuted above should be
considered in the formulation of future redearch programmes, Detailed discussion of the various elewonty
of this approach is beyond the scope of this Paper, but the extent vl available data related io this
philosophy iv oonsidered briefly in the following seotions,

3.2 Gommon Defeot Types and Locationu

Reliuble data concerning the probabilily of ocourrence of pariiculur iypes of dofccts and damage,
including informefion on the likely severity and location, will be wccumulated only through an inedepth
evaluation of manufactwing and sgervioce expericnce, Initial experience of oarbun fibre/npo:qr resin
compositen suggesis that there is a limited range ol commonly ocowrring defects and these are often
associsted with partioular structural features, FHor example, vuids often ocour ai anglod pections due
to inadedquate oomdolidation in tue conocave corners of moulds. Fibre kinks also ocour at these locations
due ko Lhe folding of the proimpregnato. Machining und assembly danage mosi frequently ocour at
fealures suoh as out=outs and bolted joints whilst rough handling wiually results in damage to the froe
vdges, Servicewinduosd damage puch as that duv to local impacts way ocour at wany points on the
structure, but the rogions around access panels and attacohment points are particularly prone to low
velocity impacts whilst external lower surfaces and leading edges aru prone io higher velocity impacts
from objects such as runway stones, Local heating damage is clearly wost likely in regions of the
slruoture surrounding cngines or in ureas affected by offlux from engines or weapons,

Tho above lini of defeots and their likely locations is not exhaustive bui it does contain many of
thooe that are ourrently comsidered most likely to oocur and whose significance should be considered,
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3.3 The Effects of Defects on Structural Performance,

In flat structursl panels under uniform in=plane loading the structural significaace of defects
way be determined without refurence to the particular siructural form simply in terms of the known
effects on material properties, Thve, a method similar to the current sirain limit approach will
almost certainly continue to be used for the accommodation of defects in these areas. As indicated
above, the significance of defects adjacent to particulur atructural features is more difficult to
aspens, their cffects being dependent upon a number of factors such as the location and relative size
of the defect with respect to the feature, There is a wide range of poiential dafact/feat\u'e inture=
actions and those that are likely to be structurally significani may generally be deduced from -
condideration of the stresses induccd in any given featurc and the known effects of defecta on the
material properties, Some of the more common interactions, such as those of defects associated with
mechanical joinis, have bheen investigated in particular research programmes, gee for exumple References 1
and 2. However, defeocls associatod with structural features thai tund to bo epecitic to particular
depigne or with minor features that give rise to interlaminar stresses or to out—of-plane bending moments
have received littlc attention, Clearly, these latter features could be partioularly sensltive to
dei'ects affecting interlaminar integrity and further work iuv required in this area,

3.4 Inspection and Repair Considerations

Lwpection of oomposltc structurcs during manutfacturs is likely to be mor. thorough than that
which may be achicved 1u sorvice, and it seems likoly that the routine use of technigques such as ultra=
sanic soanning, perhapu baocked up by other technigues which will yield information on complex shaped
components, will allow the identification of most airucturally signifiocanlt manufaoturing defecis,
BExperimontul evidenco dorived from eamsentially flail coupon specimens suggests that current manufucturing
acoeptance oritoria, whioh were largely determined on the bLasis of the manufacturing qualily that could
readily be achieved and the defeots whioh oould be reliably detected, appear to be sufficiently
conservative to virtually eliminate tho majority of structurally significant manutacturing defoots in
most gurface structure. There is less data applicable to oubstructure, but it is possible that, at
owrroent deeixgn levels, any requirement to accommodate manutaciwring defeots in donign could be based on
tho cowl effeciiveness awsocluted with the acoept/ ve jecl /recover by repair oriieria applied to the
manufacburing procusues,

Cluarly, service—induced damage oannot be eliwminuted in the same warmer and the minimum design
requirement must be thnt ihe damage should not become structurslly sBignificant before it can be
detected by routine imwpevtion, Thus, ineservice inspection methods will form an integral feature of
any ocolerent philosophy fur the wansgement of defcots and damage, Of oowrse, there will be several
lovels of inspeotion, frow the frequent visual check of the externul wurfaces, through the more thorough
ingpeotion during rouline maintenanve, to the doiailed inspection possible during & major overhaul, It
follows thut for o given type of defeot, ihv designer must allow ior a waxiltun acoepiable size whioh is
defined by the demmge growth rate, the frequency, sensitivity and reliability of inspection ai ihe
various levels, Sowe areas of ihe struciwre wuy bo more highly stroessed or more oritical ihan otherw
so that defeot avceptance oriteria and inspection requiremonts may vary {ron one region to another.
In-sarvioe ingpeotion mothode are disvussed in detail by Stone and Olmrke” but, in general, inspection
will bo a two stage proowvs#t, The primury inspeciion will vauble the rapid scanning of the structure
{to localu defeote above a certain predetermined size., Tho socondary inspeotion will employ techndque:t
ocapable of more detailud unalywis Lo oharacterize and moasure both the arcsa and ihrough=thickness
location of the defucts and damage identified by the primary inwpeotion, This data may then be
compared with the defeot acoeptance criteriu for the partioular area of the vtructure,

A deuign philosophy basod upen tie ability to relilably detuvot dofects and dawage before they
become giruvoturally significent iwplies thu reudy uvailability of suitable repair teclmiques. Some
tochniques, ouch as adhesive injection to ropnir delaminations, may prove to be sufficiently simple
and reliable to be wsed relatively frequentily, Bui in genoral frequeni repair is unllkely to prove
a cont effrctive way of comtrolling the offects of defects and damage and the design aim should be to
koep the frequency and complexity of repairs to a minimus,

4 RAE EXPERIMSNTAL PROUGRAMME
4,1 Guneral Objsolives,

Av indicated in Scetilons 2 and 3, it is observed bthat there iv little datu conoerning the
interaction of defoctu with certain structural featurcu aid that design for theuse effects tends to be
of an ad~hoo nature, One of the major problems is that many wiruoturul features tend to be specific to
purticulur dosigne so that the applicability of the available daia is often difficult to ussess, The
abjective of the RAE programme iu therefore to investigate w limited range of dei‘aot/t‘ea‘;urn interactions
and io asweus tho extunt to which such interactions muy bo reluted to the offectn of similor defcotu in
plane panvls subject to unitform siress.

Two types of structural foature which commonly ocowr in skin vtruciure were pulected for
evaluation and lhuse were tapered-thiokness elements and. outmouts, The first of these features givea
rise to inteclaminar siresses and the vucond goneratos substantial in~plane sirces oconcentrations.
These {eatures were subjected to impact dumage since this is 2 primmy voncern for skin struoture,
Compogiic subsiructure was represented by an I=boum element loaded in 3=point bunding. For thlu type
of element, damago growih from manufuciuring defeots will probably be more significant since, being
internal, it io both lons prone to impact and more diftficult to inupect,

4,2 Tapercd Thickness Klemenis

The topered-thickness specimons wore manufacturod from Fibredux 914/XAS proimpregnate with a basic ply

vtacking sequence [ (0,445, ~45, 90)“'.| . This lay—up was selocted sinoe it contained the four
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commonly used ply orientation in proportionn which were not untypical of structures such as wing skins,
The bagic laminonte contained 32 plies, plies 9 to £ and plies 9 to 28 beiny ilircontinuows ind therefor
viving rige to the taper.  The laminates were cwred on a flat plate so that, as will generally occwr in
practice, one face rrmained plane, o plics were dropped every & mm to give o taper which was
considered to represent abovt the most sovere taper likely to be used in practice and which is
congiderably more severe than that used in wing skin designs such as that of the AV=ip,

Specimens were subjected to b Joule impacts tvom a 6 mm steel ball projected from a compresari nir
funy the eneryy level being appropriste to a typiral runway stone impact, The ball vas fiped
perpendicular to the flat face producing damage which was barely visible from the impacting surtuce,
Tne internal dwnuge was roughly conical in shape as illustrated in Fagure 2, The maximum area of
telamination oceurred neur lhe rear face of the laminate and was about 30 mm diameter, Froctugcaphic
aualysiu of the Jwuayed region showed that the shape of the delominabtion .t oaech ply interface was a
function of the fibre orientation in the adjacent plies, Delamination tended to spread along the uow
of maximum ytiffness so that the yreatest area of damuge tonded to oceur between orthogonal plies, Th-
impacting sphers produced a small indentation on the surface which was visible to the naked sye but
fibre tractures werv nol obviows. Microvoopir examination pevealed howe y that there werve a
gipniticant number of broken fibrew, suay o tutnl of o fen hun.h-nd, in the =it tWo op three plione,

The initial results, presented in Table 1, cthow that under quwsi=ctats tensile loading the
undidnaged taper has little offect on the strength of the specimen; the strese achieved in the material
at the thinner »nd of each specimen reached about % of the muterial wtrength, The impact=dampaged
spreimens achieved only about 8% of the material strength but it was obacrved that, in the absuncs of
the taper, impact domoge alone produced a similur drop in strength,

To ensure damuwte growlh in the temsile tatipue teats, a high peak loid waa chotien, the aim Yelng
cimply to compare damage prowth frum the impact at the tapered scotion with thal from the impart in the
thinner, plane uveclion, A peak load equal to B0% of the otatic stromyth of the laaged spocimony waw
therefore chosen, Only two specimens huave oo far bueen tested, one of which contained impact damage,
After 10,000 cyoles the unimpucted specimen uxhibited dwmagee in the region of the taper across the
full width of the spreimen, Ultravonic Descans showed that most of the damage ocewrred at the ends of
the divcontipuous plics, After 100,000 cycles the damage had uxtended considerably towards the thicker
end of the spocimen as shown in Figwree 3. Similar fatigue damage was otoerved at the taper of the
impact=damaged sproimen, as may Lo seon from Fiyure 4. liowever, there was no evidence of damage growth
from wjbher dmpuct,  Indewd a thrve=dimengional image of the damage at the taper after 10,000 cyclus,
which is illuwsirated in Figure 5 and way generated from about 50 separate Bsvans, indicates et the
presunce of the impact domuge may evon have lended to inhibit t! - fermation of fatiyue damage at the
ply disvontinuitics since Lhe two forms of’ Jdamige do not merge into vach othur, The most likely
axplanation for this effect is thal the impact damage cawod o local deorvape in axjal stitftnees and
that the axisl slress at the cenire of the specimen uas thererore reduced. Penetrante=enhancod Xe=pruay
imaged tend o contirm this hypoilhesis since ihe cracking of tho 90 degrue plies, which is known® to
be a pood indicator of local sirnin level, wus considerably more severe at thy frev udges of the
impucted speoimen than at those of the unimpacted specimen whilst the cravking at the centre was much
lowu,

The peak loads usud in the above tomis were autticient btu induce a wirain of about 7900 micro=
utrain in the thinner end of oach opecimon, & lovel which corresponds to wbout twicu the currently
acceptod DUL. A turthor impacted specimen was therefore vubjected ' 100,000 ryclee at 4000 miaro
strain after whioh no damage could Le drtectod by ultragonic C=scan, On the basis of the present
evidence, it would thercefore appuar that under purely tenwile loading to current design lovela there
is unlikely to be any structurally significant interaction betwoen baruly visible impact damage and
tapered thickness scvotions, The siatic performsnce was limited by the impnol damuge but was not made
worse by lhe presence of the taprr, wherews the fatigue pertormunce was limited by the taper and this
was not made worse by the prewonce of impact damage.

In compregsion, it was necessary to stabiliue tiw pincli »nd 6o Lthey wero bondad to nn aluminium
honcycomb coro to form colwmn specimens as shown in Figure 6, The puuely were orientod so as to keep
the lat faceu on the outuide av would generally occw in practiou, 1n order to maintain a conubant
vore thicknuss, and hence vimplify specimen manufaciure, the face panels wure rotated so that the
thicker section on one foce was opposite the thinner seotion on tlie other., Messurements of the latoral
displavement under load demonstrated that the specimen remained stable up to failure und that the
reversud orientation of the face panels did not give rise to any undesirable bending effects, Impact
dimirge was produced in the same way as tor the tvnsile @pecimens and, although tho wvupport conditions for
ihu ovwposite wers slightly modified by the presence ot tho honaycomb, the daluge was observod o be very
siwilar, Tt was noted that tho impact caused some locnl disbonding of the honeycomb core over an area of
about 29 am diameter.

At the tiwe of writing there aru few results available but it has been obworved that impact damage
ruduced the compressive sirength of the tapersd specimen io ubout G66% of the wirength of the undamiaged
specimgn, This reduction in strength is consistent with the known effects of impaocts on untapered
pinels® and resulted in a vtrain at tailure of about 4900 microwtrain in the thinmer end of the
speoimen, Fatigue loading was again carried vut ut a peak stress of B0Z of the strength of the
impacted specimen 80 a8 to enable thue comparison of damuge growth in the plane and tapered sectionu,
Thig load 'ovel gave rise to a strain of about 3900 microstrain in the thinner veolion which
correspone d approximately to values currently assocviated with pUL, Figure 7, which has buen
prepared from a series of ulirusonic C-scans, shows the cxtent of damage both in the tapared and plane
dections at various numbure of oyolew, Porhups surprisingly it may be seen that the danage at the taper
appears to have grown less than that at the thinner section, During loading, out=of=plune duflection of
the surface plics wis monitored using a skadow moire techrique and this proved to be a very et =2ctive
indicator of the area uf damage, This technique will therefore be wsed wmore extensively during tho
remainder of the programme to reduce the amount of effort deployed on ultrasonin AcArming,  After %000




cycles the loading was terminated to allow detailed fractiographic analysis, The damaged areas were
studied by removing individual plies and recording ihe damage at each interface., An exwmple of the
damage observed by this mcthod is presented in Figure 8, from which the area of delamination may be
clearly seen., It was deduced that the damage growth occurred primarily between the +45 and =45 degree
plies nearest the outer surface, Farther from the surface there was very litile evidence of damage
growth due to fatigue; the damagr at cach interface was observed to be remarkably similar to that of a
specimen which had not been loaded, It would seem therefore tha, the damage grew only where significant
out~of=plane deflection was possible and that the stabilising effect of the adjacent plies or the
honeycomb was sufficient to prevent damage growth in the body of the laminate even though the original
delanminated area may have been considerably greater than that near the outer surface, & second specimen

also exhibited damage growth at both the tapered and the plane sections but failed at the taper after
only 622 cycles,

To asgess the oxtent to which the honeyocomb may have inhibited damage growth in the above
specimens it is proposed to test tapered-thickness panels using a panel buckling rig, Initial trials
have bean carried out on panels measwiing 350 mu by 110 mm in which the ends were fally clamped and the
8ides were simply supported, giving a free area of 300 mm by 100 mm, The out=of=plane bending moment
due to the presence of the taper caused significant lateral deflections as soon aa load was applied and,
whilst it is believed that the panels did not suffer conventional instability, there is little doubt
that the deflections were sufficient to significantly affect looal strains and panel strength, Quasi-
static loading resulted in failure at an effective mid=plane strain in the thinner section of about
3700 microstrain. The significance of this single resuli is difficult to assess at this stage of +he
programpe partioularly since the lateral deflections were larger than expected and could be untypical
of practical structures, but it is evident that further work is reguired.

4.3  Cut=cuts

The panels used in this part of the programme were again manufactured from Fibredux 914/XAS
rrelmpregnate and had a fibre laypwup [{0, +45, =45, 90) Ig. The panels were itested in the buckling rig
briefly described above, Measuremenis of lateral deflec‘?wns showed that the panels did not buckle but

the limited free area belween the supports prevented the evaluation of cut=outs greater than about 25 mm
diameter,

Panels with 25 mm circular cut-outs were subjected to 5 Joule impacis from a drop-weight having a
6 mm p radiue. This energy corresponds spproximately to that of a heavy spanner (500 g) dropped
through about a metre, the type of impact considered quite likely in the regiom of an access hole, It
wag Yound that if the specimen were supported on a solid block of CFRP ihe damage was concentrated
within an area of abeut 10 mm diameier. Although such a test may not be regarded as fully representative
indeed the damage only spread half-way through the laminate thickness, it was thoughi that the small area
of damage relative to the out=out would allow a better evaluation of the significance of damage location.

Under quasi=static loading the undamaged panels failed at a field strain of about 5800 microstrain.
Impact a} the point marked A in Figure 9 resulted in no _eaduction in panel sitrength, At this impact
location the primary stress is a lensile stress tangential to the edge of the hole and, in view of the
limited effect of impact damage on tennile strength this result is perhaps not surprising, Impact damage
at the point marked B in Figure 9 reduce? ihe sirength to about 90% of that of the undamaged panel., The
limited magnitude of the effwct is prooably due Yo tue aforementioned fact that the damage affected only
half of the laminate thickness.

Compressive faligue loading of damaged panels was carried out at a peak stress equal to 80)6 of
the static sirength, For the specimen impacted at point A (see Figure 9) the p load gave rise to an
overill strain of abovt 4600 microstrain but there was no damage growth from the ..pact. Instead,
fatigue damage spread from the sides of the notch until after about 4000 cycles a relatively large
delamination occurred near one face of ihe panel over the area indicated in Figure 10, A penetrant
enhanced X-ray image confirmod Lhat the impact damage and the fatigue damage vere physically
unconnected,

Impact c{amage at the point marked I' in Figurce 9 initiated fatigue -lumaze growth (at an overall strain
of about 4200 microstrain) as indicated in Figure 11 and after 1000 cycles there were also the first
signe of fatigue damage on the opposite (unimpacted) side of the cut—out, It i8 of interest to note
thet, whereas in the tapered specimens the damage grew laterally under fatigue, damage growth from the
impact damage at the compressive siress concentration due to the cut—out tended to grow zlong the

specimen axis, This effect is almost certainly due to the localised nature of the compressive stress
concentration,

The few results generated so far confirm that the significcnce of defects and dumage associated with
cut—outs is sirongly dupendent upon derect location, Due to *est limitations the data are not
quantitatively relevant co siructural design and it is likely that the effects couvld be mor: pronounced
in thinner panels, or with larger ocut—outs, or with more severe damuge.

4.4  I-beams

The I-beam specimen, which is illustrated in Figure 12, was manufactured from two Fibredux
914/XAS channel sections hasing at 445 degree fibre lay=up, The rcinforcements at Lhe loading points
were co—cured with the channel sections and the channels were subsequently bunded back-to-back before
finally bonding the taperecd caps,

Undes quasi-static loading failure ooccurred in the defect-free I-beam when the shear strain at the
centre of the .eb was aboul 7500 microsirain, The measured straims indicated a small stress
concentration at the point marked A in Figure 12 such that the shear strain reached about 8000 microe
strain, These strain levels are considered reasonable since, in ast.umpts to measure the shear properties
of +45 degree CFRP, strains significantly greater than this are difficuli to achieve due to the stress
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concentrations agsociatcd with the method of load introduction, The failed beam is illustrated in
Fibure 13 from which it may be seen that damage ccourred both in the shear web and in the cap which was
subjected to compressive siress, Fractographic analysis revealed that failure was initiated by a
bonding defect between the channel sections and the tapered cap, This defect was located at the mid=—
length of the beam at a point where the tensile stress across the bond would be high. In view of the
relatively high shear etrains measured in the web the reduction in failing load due to this defect may
not be large. Nevertheless, the resull emphasimses the significance of defect loocation,

The defective beam contained artificial delaminations at the mide=plane of one of the two Gwply
channels used to form the I section, The defeot locations are shown in Figure 12, This beam was
subjected to fatigne at a load which generated a shear strain of about 4000 microstrain at the centre
of the web and after 10,000 cycles ulirasonic scanning indicated no damage growth either from the
artificial delaminations or in the region of the shear stress concentration., The load level was there~
for increased 80 as to produce a shear sirain of abcut 5000 microstrain in the web, After 10,000
cycles at this level there was still no evidence of fatigue damage either from the delaminations or
from the shear stress concentrations, Clearly the defecte considered here were not sufficiently severe
to produce a significant effect suggesting that, where the composite element gives rise to a complex
three~dimensional stress distribution, only a small proportion of the material may be oritically
siressed and therefore defect significance will be highly dependent upon location,

5 CONCLUDING REMARKS

Th: accommodation of the efferts of defects and damage in current designs has not been achieved
as a result of a coherent overall phileosophy but through an ad—hoc approach necessitated by the lack of
adequate data and wnderstanding on the effects of defects on struotural performance, The requiremenis
for a mors ooherent approach have been briefly conmidered and some experiwental observations related io
the interaction of defects with structural features have been presented. In general, it is observed
that the eignificance of defect location increases with the complexity of the sirssa field, and that the
most significant interactions are likely to occur due to impaot demage or delaminations in regions in
which interlaminar integrity is important, Typically, these regiona are likely to be in areas Bubjeci to
high in-plane coampreseive or shear siress, or in areas subject to interlaminar siress or out—of-plane
bending moments,

For experimental purpoees, compomite Bpecimvis and structural elements are usually subjected to
oarefully aligned uniaxial loads, but in actual struciures pure uniaxial loading is relatively rare,
In practice, wos} structural elements are subject to a variety of secondary loads and these will often
give rise to interlaminar shears and out-of=plane bending moments. Even in defeot—free siruotures it
is poweible that these secondary loads may cause discrepancies between the structural performance
achieved and that predicted on the basis of data from acourately loaded test picces, From the limited
experimental evidence prescented here it seems possible that in the presence of defeots the significance
of thuste seoondary loads oould be considerably increased,

In conclugion, it is evident that considerabie research remains to be done before sufficient data,
analytical techniques and general understanding have been generated to fucilitato a fully coherent
policy for the management of defecots and damace in composite structures,
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Siress in thin end Coefficient of

Specimen type at failure (MN.m) variation (%)
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Damaged control

(no taper) 463t .7t

# Bused on & specimens
t Based on 3 specimens

Table 1 Tensile Teat Results

Spanwise

Fig 2 Impact damage

Fig 1 Typical wing skin element

~105 cycles

—\__,—ﬂ"‘:— 10° cycles

?m‘ cycles

“[>10 cycles

Thin Impact -

damage ‘J
e e e ity ™l ot

Fig 3 Tensile fatigue damage - unimpacted specimen Fig 4 Tensile fatigue damage - impacted specimen




17-8

Applied
load axis

| —Al alloy e
( — honeycomb
B | @ i
(e
Fig 6 Compression col pecime

Damage contours at 0, 500,
1000, 2500 and 5000 cycles

Fig 7 Compres.ive fatigue damage - column specime




specimen mount

delaminated area

undelaminated arca

Fig 8 Delantination due to compressive fatigue

Applied
load
axis

Fig 9 lmpact locations

Applied
load
axis

1000 cycles

Damage contours at 0, 100
and 1000 cycles

Applied
load
axis
Impact
damage

Fatigue
damage

Damage contours at 0, 1000
and 4478 cycles

Fig 10 Fatigue damage at cut-out




l
|
1
{ 17-10
|

[ evavmm— '
e A A | r-r—
O O
o= [ =

Defects located at B,C and D

Fig 12 I-beam specimen

Fig 13 Failed I-beam

S

g




-

ADP001924

18-1

IN-SERVICE NDI OF COMTOSITE STRUCTURES:
AN ASSESSMENT OF CURRENT REQUIREMENTS AND CAPABILITIES

by

D.E.W.Stone and B.Clarke
Royal Aircraft Establishment
Materials and Structures Dept.
Farnborough
Hants GUI4 6TD

SUMMARY

===’ Practical demign critcria and the structural significance of defects and damage in carbon fibru
compopite compouonts are brietly reviewed, Consideration in given to the principal sources of in-service
damage and the possibilily of the interaction of damage mechanisms, The concept of providing a map of
damsgre acceptability for a given ntruclure is thon dizcusued,

An auseusmont iv made of the probable cwrent requirements for in-gservice ND1, the capabilitics -
and limitotions of currcently available NDI techniyues ars roviowed and somme recent developments duucribud./(

1 1INTRODUCTION

Although the great majority of aircraft in service today were designed on & safuv=lif'v principle
the ability to imupect for defvciu thot have arisen in service is siill a vital part of the airworthiness
cloearance provedurc, ‘Thiv is becuuse many componenis have boen shown, by dervice cxperionce or by
ulruvtural fabipue tewting, to be vunpect and have $o be troated on a damage tolerant (Blow crack growth)
bavis, larthormore, wodern damage tolurant design philosoply requires a known inspeotion cupnbility,
uince this forms an inbogral pari of the vlearance proocedure, and considorable cfforts are currenlly being
expendod on trying to quantify the probability of variouws dufuels being missod by inspevtion. All of this
hag, howover, buen developed for utruclures fabriocated from metallic materialu in which the failure
provessud uroe pgenorally woll understood, In addition there is a vost fund of tervico vxperienoce will .
motullic structured whivh can be drawn upon to angiut in aswessing the inlegrity of a given vomponent,

Purihormory, alihvugh defeciu caused by mechanisms such ag corrosion or whress corrosion are of course ’
important, in the majority of vovuu it iv a faligue orack that is sought, Indeed 1t hos been suggested
thal Lhose fabigue eracks that initlabe wround highly uiresved tasienvr holos are alone rospondiblu tfor
more than 0% ol &ll airoraft uiructural faeilures (ic dwnage involving nignificant maintenance and rupair
penallios), Thuo in browd bepms the inspeotor knows what he io looking for and, ot Teanst for military
aircrufi, he is told where to look,

With wleuobtwres fabricoeted frowm vomposiie materinls the pituation dittoru in n number of
iwporlunt wiyu: 3
i fosonbially Lhe mabeeial and Ll compotient aro fulricated in the swau operation uo thad
nol only iu {hore ofton a graalur probability thual ivhorent flaws of n wignificont size will
be present, but aldo any inupuction will have io be pertormed vn the fipished component which .
may be of complox geomolry., ;
ii The types of defvet inducod both at Lhe fabrioation sluge and in sorvioe huve no direct :
counterpart in tho metallic vomponont.
iid The vignificance of theue drefeets in terww of their eff'vet on the pertformanve of various .
vtruclural features is only now vtarting to be quantifiod. <
iv Thore is only a very limited amount of' morvice cxperience on advanced compositos in
primury obructwre.
\ Arising from (iii1) and (iv) there could Lo a reguircment for gonural survey techniquus
(in coniront to the pust practice of only inopeocting specified arens),
vi Airworlhineus certification procedurvs arce still being devclopod.3'4.
In the light of the above it might Lo suppoused that the introduviion of composites into primary
virorafi wtruvtwr hes rosultod in some rather daunting WDl problums, It in of courde difficult to
ganeralive, and ihig paper will only address the problems of organio matrix composites, but it will be
chown that the problomu of imspecting these muiorinlo do appear at present to be much loou perious than
had Leen feared,  Nonetheloss conusiderable areas of uncortainty remain, and it io the object of this
papour briotly bto cxamine practical deuign criteria and current knowledge on bthe structural significanco
of defeets, and in tho light of these to consider both tho possible, demand, for in-gicrvice NDI ond the
wayws in which Shese demonds might be met,
2 1YPES OF DBRECY BNCOUNTERED
2.1 Manufacturing Del'ecis
It is possible at the manufacturing stage Lo iniroduce a number of anomalies which may or may not
be regarded wo defecty,  Soveral of ihiesce muy be shown to affect the busic mechanical properties of the .
material, bub deopite this they often have little effect on the stvuctural performance because the offect
of ihe various structural features tends to dominate. For practical purposes, only the void content and f .

degree of delaminalion need o Le yuantificd. It has been suggested that fibre kinking may also need to
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be detected, particularly where kinks in a number of plies are coincident (as may ocour in the fabrioation
of angled sections), but the usual rondom distribution of fibre kinks would not appear to be of conorrn,

There is, however, one other important feature for which inupection procedures are required at
this stage, and lhat is the integrity of adhosive bond=lines, First consider the adhesive bond between
laminates; small delaminations are covercd by tho exioting inspection procedurcs, but there is also the
poBsibility that a complete rclease film could be loft in place, The thick treated paper is readily
detectable bul the thin film (usually & polyesier such as !Melinex') is much harder to find, especially
in thick sections, When condidering bonds between Bub-components there are really two situations, For
co=cuved components bond failures are of ocourse effectively the same as delaminationa, but when oomponents
are initially curcd and subsequontiy bondod together the bond=line inevitably vories somewhat in thickness
and wsually some form of filled adhesive in employed, Therc is sloo the pousibility of surface contamination
or ihe use of different surface preparation procedures, Thus inspection procedures are rcquired to detecd
bond faoilures und if possible to check that the bond strength is adequate.

2,2 In=Service Damage

In=service damage may rooull from statioc overload, fatigue, environmental effoeots, overhoating
(trensient or combinuous), impact or simple purface scratching; 4huse effects may act singly or, an is
more likely, in some ocomplex oombination, The resultant defceots are, however, comwidercd to by
cppentially straightforward and may bu listed aw follows:

Hy Suriwoe Scratches

Those can of course have a variety of forms bui tho csponlial feature is thal they break the
ribres in the ouber laminae,

b, Delaminations

These may oocour undor normal servico loading ai fealwres where large glresses are guenorated
noriol to the plone of the laminateo, but tho ususl cause of in~worvioe deluminations is impact
damapo;  thie may or may nobt Lo avcowpanicd by swluce dumoge, 1f therc is littlo or no
surface damasge thon tha term DVID (barsly vieible impact dsmage) is ofien wmployed; typiocal
BVID is shown in Mg 1, It is mlsu possible for overheating to cvause delaminulion; thermal
opiking of a luminute thot has previowsly abuorbud moistwre iuv onc oxample of this,

o, A High Denwity of Traawlumingr Crucking

A Lranslwsinar orack will bo vonwidorsd 1o be any crack runuing in the matrix, or fibre-to—
matrix interfuce, puralloel to the fibres, Il will usuually be confinced to one ply (or block

of plien having e similar orientation) and will be aligned approxiwabely normally to the

plune of {he laminate, 1% iv not comsidored that isolated trunslewinar oracks are structurally
wignifioant; here we ure converned with a high donpity ol orucks,

d, Bouring Dawagy

This iu local damosgo at fugtoners which im of a complex nature but includes, fibre fracturo,
It will reuwult in o roduction in wiifluuwsuy of the joiut,

C, Motrix Crusing
Thio iu pounible with oome organic matricos bub in net usually cncountored with epoxy resins.
i, Bond j'niluron

Weak bonds may not bo deteoted at the manufcoiuring stoge but tail under survice loading.
Such bondy could be compuito/composite, compouite/melul or composite/sandwioh core.

14 rhould be noted, howover, thut when damage of types (o) and (d) is severc enough to be
struoctwrall wuvignificanl it will probably be acocompanied by somo Jegree of delewination, This io
important bronuse it mokou the deteotion of such damsge a great deal capior,

Thu above commonts are intended to relute to localised arvuws of demage that could coocur during
normal Aervioa and might need to bo deteoted, There is, however, the powmoibility that a wilitary
airorait could suffer much moro serious damage, priwarily from battle damage or from a saveru lightning
strike; wsuch damage would of coursc bo olearly appuront and the role of NDT would then be to delineate
the aroa of non~visible damage in order thut a repair schome could ba devised, It is not, howaver,
envisaged that the NDY methods required would be wignificanily difforent from those considercd for
louwlived areus in Section Y, so $hat aspect of in-service damuge will not bo pursued further here,

3 PRACTICAL DESIGN CRITERIA AND THE STRUCTURAL SIGNIFICANCE Oi DEFECTS,

Ao nolod by Pottorz much of the design to date has been somewhut ad hoo in nature and a
considerablo amouni of coupon and struoctural element testing has boen nocessury in order to sube
stantiute tho dusign prooedures, I{ is helpful to examinc the buuic dosign criteria for a component
such ay u wing box, in order to demonstrate the role of defects and to conmider thosu that may noed to
be detected; +{hese criteria aro:

i Toom temperature statioc noteh tonsile utrength,

1i Wluvated temperature notch cvowpressive fatiguo sirength,
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iii  TLocal buckling,
iv Overall buckling.

In order to select the potentially most adverse condition critoria (ii)=(iv) are ususlly applied
to material in an envirommentally degraded oondition,

Criteria (1) and (ii) are deali with by defining an allowable oversll strain of, say, 4000 micro-
strain, It is anticipated that limiting the overall .irain in this way to accommodate notch effeots will
also enable quite large defects to br tolerated, There is only limited data available io support this
but at present such evidence us is available indicates that areas of essentially uniform overall stres:
van indeed tolerate defects of a typc and sigo that would present no diffioulty {o NDI, Take for example
gurface soratohes, It has been demonwtrated” that the major effect of a sorateh on the static strength
propertics is wimply to reduce ihe tonsile strungth approximately in proportion to the number of Q° plics
that have becn oul; & Beoratch 3 plies deep ocutting two of the eight o° plics ina 0 + 115° laminate still
exhibited a failure strain of nearly 9000 #€ . What has yet to be demonstrated, however, is whether wuch
a geratoh could, upder fatigue loading, generate dolamination damape which oould result in an unacceplably
low compressive strength, If thie werce the oase then soratohod aress would require more detailed
menitoring in service,

The effoct of impact induced delaminations on the sirengths of uniformly stressed panels hai been
quito widely investiginted but, beocausa of the range of typem of damage induced, and tesi specimens and
materialo eumployed, it im diffiouli o make a general statement on the size of delapination thai cun de
toleraled in thio situation, Howovor, as & guide, onc may usa the results of Labor?, who investigatoed
the effecis of impact damage on opeoimons subjeoied to fatigue spectral loading. For sandwich specimens
both fatigued and residually strength tested in compression he found that severe (olearly visible)
damage grew under fatijue loading, and some specimens failed within the two lifetimes of tho tewst,

Damsgo stated to be marginally visible, however, did not grew under fatigue loading, and specimens
containing such damage exhibited rwciduwal strains of about 5000 miorostrain, Ultrasonic inspeotion showed
the damaged orea to bo about 1% wo diameter, He slvo tested some box beam speoiweis, however, and showod
that even severe danags did not grow significantly under & lo&d specirum having maxima olose to the
theoretioal buckling loed, 'Thewe specimens again exhibitod residusl sirains of aboub H600 wiorostrain,
even though the duwage zones were ubout 2% mm diameler,

In Lheir considerations of statle strength requirements for airworthiness Guyelt and Cardriok4
puggest that for uniformly utressed areas of carbon fibre cowposite it msy generolly be agsumod thai:

i thu viTect of BVID is ocowparable to that produced Ly a notch;

ii ihe insertion of such u noich or damage produves proportionally no greater reduotion
in fatiguv vtrength than in static strongth (io the intersotion between mooidental damage and
futigue dumage is nol wignifiount),

Probably wore impurtant, however, thun the effuol of defeots in uniformly stressed areas is their
eftvot when locatud at veriows siruoiural foatures, It veeums likely ihut thuy would be luss itolerable at
such looalions nnd RAE has recently begun a programae to investigute this, Some data has alre been
produced? on tha effwct of impaot induced deluminations on itwo Btructural features, omo (u taper) giving
rige to interlaminar otresses, and the other (a hole) generating in=plane stress oconcentrations. With
womo resorvationus it was demonstrated that the defuots were tolerable, but it was emphasized how the
presunce ol oul—ofwplane bending momentn could drasticully alter thiu., This has been confirmed by somo
recent tosts eluawhere! which showed how impaot damuge on o taperved section of & wing box wkin reduced
the static vompreosive strength by wome 204,

In the latter caue the fallure mochanism way in fact have been by loval buokling, If ro, then
it might be an indication ihat the significant amount of pootebuokled sirongth that iv exhibitod by
compopites, und whioh inbroduous a degree of comservatism into the overall buckling oritcerion, may not
extend the same degree of proteotion to the local buokling cusge,

Clearly a great deal wore nveds {0 be done before it im powsible to mpeoify with confildonce
exaoily what effeot defeots oan havo on the veriows gtructural features, At this stage theretore it
can only bo wuid that thorve way well be & need Yo monitor certain features with particular ocare, nnd
this should bo borne in mind wher sssessing the probeble requirements for NDI.

fhe role of tranviaminar oraocks is again not entirely clear, Isolated oracks muy appear from
timo to time, but they have little mirucvtural signifiocanve. The case of posuible concern is whgn
concentrations of such oracks appear, wwually at a sirens oconcentration suoh as a notch or hole™!’, In
such a situation they are only part of a complex damage wonu also involving delaminations and it iu
likely that only o goneral delinu. idon of the extent of this damage zone will be required. However,
examination of a radiograph enhanced by the use of a radio—opaqua penctrant (Fig 2) shows that
extensive translaminar oracking may extend beyond this zone or even appear independently, Such
cracking may not be vory signifiocant struoturally at thie stage but its detection wmay nonetheleou be
desirable, since iranslaminar oracks are often the precurgor to more seriouws delamination damage,

A somevhat similar situation ocowrs at fastencr holes except that, additionslly, beuring dunuge
is possible, "There does not appear ag yet 1o bo any evidenoe that such damage needs to be quantified
veparately, from the point of viow of maintainirg adequute structural strength; jusl as for the ouse of
a simple hole, it im unly the overall ares of damage that will probably require to be known. It is,
however, important to note that beuring damage will signliiocanily reduce the stiffness of the joint and,
should bearing damwage ocour at a number of fastener holes in one area, then the overall stiffness of the ~
structure could be affected. This oould result in an unaceeptable change in the dynamic or aercelastic | '
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propertics of the structure, The possibility of a requircment to provide a means of deteciing such
changes in service does not appear to have received much attention as yet, but it should not be ignored =
particularly in view ot the incrcasing impertance of acroelastic tailoring techniques.

4 REQUIREMENTS TOR IN=SERVICE NDI

The major function of all structural inspection procedures for aircraft is, of course, to assist
in enswing airworthiness, but it has to e recognised that the prooess of airworthinemss certification is
not fully established at present. Ii{ ie therefore noi wise simply to aseess NDI requirements in the
light of the clearance procedures curreaily being applied. It la quite possible that an increased under=—
standing of the signifiocance of defecls, especially at struwotural features; may require these prooedures
{0 be modified quite significantly,

Now to apply strict damage=iolcrant design prooedures to composiie siruciures would require
vonsiderably greater knowledge than exists at present of the degree of damnge that can be deteocted, of
the rate of growth of damage, and of residual sirength in the presonce of damsge, Thus, at least for
military airoraft in the UK, certification is done on a safe~lifo basis, but incorporating as wany
features es possible of the damugemtolerance concept3, In practice this means that the following sources
of degradation have to be taken into suoount:4

i Baraly=vioible impact damage (BVID);
ii The pousibility that repair patches may have to be bolted on;
iii  The reduction in residual strength due io fatigue,

These effecis are combined in setting the design allowable Birain and each siructural mewber must
be druignoed to thie level, and thus be capable of sustaining BVID, losd of strength due to fatigue wnd
the addition of fastener holes, ocowrring together in a realistioc way. Some relaxation is posgible if
one or more ol these effects could not oocur in practioce,

The aocceptance standards applied for inspection al the wanuiaciuring stage should therefore be
Jesigned to wnsure ihat no delect im initially present thai will prove more structurally detrimentel than
the utoendard notoh (usually teken as about 6 mm diomeber), or than BVID, It was, however, neoessary in
1he past o set acceplance piandards in the aboence of much information on the signifioanoce of dofeots,
and the standards which smerged were based largely on thoso defeots ithat ceuld be found with a reasousble
(albeit unquantified) level of confidence by the available NDI {vchriques,

Thoso standsrds vary frow organisation to organiuation Lut they ooncentrate almost entirely upon
an assossument of the local void ocuntent and degree of delumination, together with an allowable spucing
between defeotive arvas, or beiween such arvas and struotural features or free edges, Presenl evidenoe
would suggest that, for areas ol reasonably wuiform wtreus, thesv sitandard’ are proving more than
aduquate. 4s noted in Section 3, however, the eituntion with regard to thu acceptability of defeots as
siructural featuree is wuch losy olear; in partioulmr the rolo of fibro kiuking roquires turthor
investigation,

Thus if oloarance is oblainud on & saf'e~lif'e baplu therv is, sirivtly speskiiy, no requicrsmont
for further monitoring of these initial def'vets, What needs to Lo found sre those defuctu that are
oreatod in wervive and which have a dolrimontul efisot wqual to or greater than the wxisting notches or
BVID, ‘Tho mature of theuse defvots was conmidered in Sectlon 2.2 and it was suggesied that from the
point of view of det'wut detectability (as opposed to defuut charaoteriwation) only surfave soratohes aml
doluminations nood bo sought, Furthormora Section 3 has vhown thut it iw probable that, if improil=—
induced delamination is Bovere onough io be structurally significant, then it will alse bo acocompanied by
purfuce=viciblo dumago, Thug it is clear that o great deal cun bo achioved by wiraighiforwurd visunl
examination of wovessible surfaves; onoe the prudenve of a defeot has been detected viher means may be
employed to characterive it further. It hus in fuot been suggested that, for accvesuible componontu,
visuul exwminution alonn may be sulticient to emsure the detvotion of' all structurally signitf'icant
defeoty that arivo in wvervioo, It must, however, be rucoguised that delawinations can be generated by
meohanivms which arc not accompanied by surface damage; thermal spiking of environmontally degraded
materiul hos already been mentioned and fatigue loading vould well cause delaminations to be initiated
al olher dof'eots suoh ad translaminar oracks, Indoed it hag alroady boen sfuted that transluminar coracks
are wost readily detccted by means of the delaminations that thoy generatc.

The cextont to which thooce othor mechaniusme will ocew in practice on a puorticular componcnt im
hard to quantify. Clearly therv are wony compononts to which thuermal dewage iw most unlikoly and it
could woll be that the other mechanisms will ccowr only rarely, A% present it oan only be stated that
such gituations could arise and that, even fov uniformly dircssed areas, thn developmeni of appropriate
NDI toechniques would be prudent. Such techniues would bLe complementary to visual inspection and would
be dusigned to provide a meano of rapidly scanning large areas of acoesgible structure with tho primary
aim of detocting quite large areus of delemination damuge (say > 20 mm dismater).

Areag containing structural features, howover, camiot bo rogarded in the same light, ‘Thore io
01ill cunsidorable unoertainly as to the role of dofecty sl many features and thceue whould thercfore be
inspected much moro carefully, In particular thore iv a need to know whether cuch defeots are siable or
wholher there is a tendoncy for their weverity to increasc dwring swivire, Not only i8 such information
required in order to engurv the safety of ihe partiocular component invelved, but it can also provide an
invaluable complumuni to the various programmes aimo. st undervtanding bthe role of such detectu, It is
posglble that the rosulic of thowe programwses may indiocate that wore preoise characterisation of the
defects is requirud, such as the through—lhickneus position of a delamination, but at presont some
indication of defect magnitude should be sufficieni, It should bes a taek of the dwwign authority to
identily areas or features that are regarded as being of primary strvctural signitficance.
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Equally, wntil more confidunce has been gencrated by testing and by service experience, thore
may ba a case for designeting certain arcas as being of svcondary structurval signifiocance. In this
category would come, for example, arnss containing known defects which had met the initisl acoeptance
standards (or been granted concessions), or known arcas of BVID. This damage would not be expected to
grow, but it would ba valuable to have confirmation of this, It is unvisaged that the best way of
documenting this for the inspector would be to prepare a defect map at the manufacturing stage, which
could be modified am regquirced in service, The relcvant NDI techniques would, of course, be accordingly
either less siringenl than those for the primary arcau or would be applied at lesa frequent intervals,

Thus on the evidonce available it would appear thai the NDI requirements will vary quite widely
from area to area and a briefl sumnary of theoe requirements is presented in Table 1.

5 GENERAL INSIICTION TECHNIQUES FOR COMPUSITE MATERIALS

Before connidaring techniques upucifio to in=service requirements it may be useful to review those
that have been, and are currently boing, used to iwwpect vomposites, Initially *wo conveniional
techniques, ultrasonic inspection and x=radiography, were applicd with differing degrers of sucoess,
Although radiographic inupection is the preferrcd ieochnique for GRP, its use on OFC fabricated from
pro=preg material is uwsually limited to those goeumetriecs whare the def'eet orientation can bo presented
parallel to the X=ray beam, Inoufficient changes in density rosulil from defects prosented normal to the
boam and thervfore in muny cases the inlerlaminar defuots (delaminations and interply porosmity) of CFC
arce not dotected by conventional X~radiography.

Ultresonic teohniquos, however, are partioularly sensitive to duefecis aligned normal to the
interrogating bewn and as a result are the most widely used inspection methodu for produciien inspection
of' CFC components, Of the many options for presenting the ulirasonic response io anomalies at intuertaces
the moot common method is tho now familiar O<Sean, This method prevents a plan-view display of defeet
arca obluined by selectivoly gating the timo domuin signal of a convenlional ulirasonic flaw doteotor aund
monitoring the amplilude .{ a specific echo, If {the back=wull c¢cho ig monitorcd thon delamination
produces a morked reduction in signal wmplitude as shown Ly the light orea in Mg 3(a), IT however, the
gato iu posltionud betweun Lliv front and back cchoos then there iu only a wignal within tho gate when
delamination i proesent. Higher frequenvy intorrogation iu wuwally ncoessury in order to obtain lhe
roquired resolution; the delamination ic now revealed as a durk area and Fig 3(b) shows thu incresse in
disorimination, The {total attenustion through the thickness of il ocomponent may bo displayed in ithie
way, or selectod depths may be pnted {0 imgpeot a partioular bond line to» example, Howover, to svalusle
thvough thivkness defrot posibion for the mulii=layor defeots such as Lhose associated with BVID would bu
extremoly tedious and difficult to interpret Ly this method; for this reason o vompleuwentary presuntation
of data iy prelerred, The B=Geun (Mg 4) presunits through—tbicknoss dofced posltion in the torm of a
orosug=gectionnl #lioce through the composite, A vombination of both B & C=Soan information can be parti—
oularly advantugeous as has been shown by Polter? for a upecimun subjecled to Fatiguno loading following
impaot dawsge, Othor ultrasonde techniquen in Loth the time and the froquoncy douain sre currently in use
and thure are various pouuibilities ot combining complomontary duta to provide fur more informatiou than
is obbainable {from any uinglo tochnique,

Thode then, briefly, are lhe two prineipal inspeciion toohnigues lor cvmposile quality coulrel and
produciion component monitoring, Othor techniques vomsidered and applied with varying degrees of succoas
have inoluded:

1 optical holography

2 Roaonance/Impn(um(:u planc bond togtery

-

‘Vibzation ;md/or machanical damping methodu
4 Acoustic omiguion

5 Thuermogruphy

6 Bdy owrrunts

1 Noutron radiogruphy

8 pPositron annihilation

Cloarly thero would be practical diffioculties in applying some of these mcthods in service, but it
will b shown in the next swoiion that others Jdo show promise,

6 IN=JBRVICE INSPECTION METHOLS

It has been Buggosied in Table 1 ihut tho inservice NDI requirements may conveniently be divided
into threc taske, Thove tasks will howover, probably only require two different standards of NDI equipment
because the differcnoe betwuen tasks 2 and 3 lies not in the wensitivity or diccrimination capabilities of
the technique, but the siruciural significsnco of the Peaturv and hence in the roquired frequency of
ingpsction, 1n uvorviece NDI methods way therefore be considered under two broud headingu:

i Rapid survey methods;

il  lLocalised inupeotion methods,

It must however be reoognised that the second heading potentially cover: a wide runge of methods
varying frow gimple defect detcection to sophisticated characterisation, 1t is to be hoped that the former
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will be sufficient for airworthiness purposes bul the latter may nonetheless be desirable from time to time
since it can provide veory valuable information on the true behaviour of defects "1 service., In this way
information gained from the firsi generation of composite military aircraft structures may be used to
optimise designs for senond generation aircraft,

Some of the mest promising methods will shorily be discussed in more detail, bul Table 2 is an attempt
to summarise the capabilities of all those melhods that are at present considered capasble of in~service
application, 'he defects considered are those lieted in section 2,2 and it is important to note that the
detection of defcots (c) and (d) (high density translaminar cracks and bearing damage) it taken to be
roquired at a gtage when they are not yet structurally significant, and hence not acoompauied by delamination
damage,

6.1 Rapid Survey Methods

Here we are primarily looking for quite largo areas of delamination; this will inolude BVID but
damage may also be induced by othor means. The most likely current options are the following:

6.1.1 Roller Probes

The wse of ultrasonic techniques employing roller-probes has tho great attraction that no vouplani
i# required, One such {echnique which appears promising is the Balteau-Sonutest “shadow technigue" in which
two ulirasonic roller=probe transducers are wmechaniovally linked, one a broad~band transmitter, the oilher a
seloctively filtered narrow=band receiver., The use of adjustable filtering allows various defect types to
be detected (and possibly identified) over a range of component thiocknessew, The system is oapable of
deteoting what is currently regarded as signifioant BVID at a ressonable scanning speed but the technique is
unlikely to deteot single delamination or ekin=io-substructure disbonds,

6.1.2 Malti=element Transducers

A unit derived from the medical ulirasonics field has been developed by Diagnostio Sonar Lid at the
request of Bie (Warion); it is comprised of' a hand—held transducoer contsining 84 orystals which are
sequentially pulsed, the response being displayed in the B-soan format on a storage oscilloscope (Fig 5).
This unit is ourrently undergoing evaluaiion at Warton whore it haw demonstrated a capability 1o detect the
minimun defceot size (3 mm) simulrted in samples of CFC used as C~dcan production inspeotion standards,
pecause of ite higher operating frequency (5 Miz) this technique offers improved ruvsolution compared to
roller=probes and is capable ol resolving and positioning a single delamination or disbond., It does however,
. ave the disadvantage of requiring sowme form of couplant,

6,1.3 Thermel Pulse Video Therwography

This technique al;lxioh is #till in the research stage at AMHE Harwell, offers the possibility of
providing a repid, contact free, couplant free wethod., Essentially it displays the rate of thermal difiusion
in the composite when subjected to e fast high intenwily therml pulse, An image of the thermal pattern at
thu surtace of thu component iz diupluyed on & monitor and wtoroed ¢n video tape, The lutter is a very
important teature beoause the responwe 1o tramgion? anl a ¢1rw poeploy #2ri1u0, sllows the teohnique to be
upod more effectively, 1n addition image processing prouvvdurss may be used to cnhwanoo the method, Defcects
in the Loz of intorlwainar BVID have already been shown to be deluutable but the resolution oapability of
the tochnique at variows dopths romuing to be evalustud, Preliminary resulto on representatiive CiC spucimon
soum 1o indivate & sensitivily to neoar ourfaco (ic ¢? m) defecto cyuivalont to production ultrasonio O=ucun
capability (rig 6).

G.1.4  Impact=Sonsltive Coatinge

A8 wag dideuwssed in seclbion 3, sub-gurfave damagoe produced by ascoidental impacto i often sccompanicd
by @ dogroe ol surface damage. This is of course oxtremely helpful becouse it gives a roudily deteclable
indication uf’ those arcas rogquiring clover inwpection, Il iu, however, not yet pousible to be vertuin thut
impact damage thab i0 sovere cnough to be slruoturally signlficant will alwuyu be accompanivd by such u
puriace indication, 1t iu therefore very sttractive to consider the posuibility ot providing some form of
impact=ucnsitive "witneos coating" which would cloarly indicata that an impact had ocowrrod., 1% might oven
be pousible Lo relatu the indication to the degree of BVID, but this i less likely because the demage
resulting from o glven impacl is wlrongly dependent on factoro such as ckin thickncus and the nature of
aupport provided by the sub-ustructure,

2 : s .
Some preliminary work has becn done in the UK uning a coating gontaining o micro-~encapgulated dye,
but the results no {far are rather ipconclusive,

6.2 Loczlised Inopoection Methods
6.2.1 Mencawonios ln~titu Ultrasonjo Scanner

Tor known defective arowy, or when en area of possible IWI1D or delaminalion has becn doteoted Ly
ona of Lhe rapid scan techniques, a smoll portable U~gucan {ramu o8 shown in (Fig 7) may bo used, Thiu
cuan by fixed to Lhe sbruoture in any plano by mesns of wuction pads and wing a gimballing contact
tronsducer iu capable of following acrofoil ourvatures and producing a hard copy U=ican, 'The unit which
ig light, portsble and compatible with existing RAF uitrasonic oquipmeni is vapableo of producing a scan
approximately 20 cm x 30 em and, wing o 5 Miz transducor hoas u resolubtion equivalent to that of production
inupeotion ultrasenics. Ono drawback it Lhe requiremenl for o thin gel couplant bul, wince this would only
bo nocvssnary over rolatively omall areas ul delined lovulions, it i not ovxpecled to cause any diftieulty.
Data could bLe slorod on a pmall computoer if desired, thio could then be wcceoued during uubsequent
inspections so thet any defect growth would readily be oppurent. Such @ unit could +luoo bo uged to record
ropair integrity.




6.2.2 Penelrant Enhanced X~Radiography (PEXR)

As previously stated the use of vonventional radiography is limited to gross areas of damage or
defects in preferrod orientations, By using some form of radio=opaquc penetrant, however, radiography
can be made to be probably the cingle most sensitivo inspection technique for composites, Iig 8, shows
the detail of damage in composites obtaincd by this teclinique using zinc iodide as the heavy mutal in an
iso=propancl solvent carrier, A range of poseible organic and inorganic penetrants is also currently
being assesced for RAE to find the best compromise of genwiiivily, cave of handling and chemical incriness
in the presence of matrix resins, Of the techniques evaluated so far PEXR offers the most promise for
the detection of matrix cracking; high density translaminar oracking and bearing demage that precveds
delamination, Detectability of courpe depends on access for the peneirant through o free edge, The
requirement to deteot thesc minor forms of damage is, as stated, verhaps dvbatable. Howover, if the
objective of assessing the significunce of defects is to be realised, ther it is through techniques such
ag PEXR that most information will be obtained,

6,2,3 Eddy Currcnto

Some provious work has indiouwlod that the use of high froquency (12 Miz) Fddy owrrents could be
informative on CFC components, Mesd and Dingwall'l found that mntorial up to & mn thiok could be
inupeoted and they demongtrated an wbility to deteet through thioknvss cracku which had previously been
monitored by Avowstic Emission and which weru subsequently confirmed wiing high frequency ulirasonics,
The attraciion of the eddy ourrent melhod io thot, like PEXR, 1t gives information on det'ects uligned in
the throwgh=thickness dircotion (iranslaminar cracks) but does not require acoese from a free cdge. It
io hoped that further work in the pear future will establish the viability of this technique,

6,2,4 Dond Testors

Gommercially available bond lesters vuch as the Inspection Instruments Acountic ¥law Detector are
ourrently used on U1K production vomponants. In thiu tochnique the amplitude and phase rosponse of a
resonant tranwducer arce monitored and it hus proved partioularly wseiul for cheoking the intogrity of the
bond batween composite skinu and lioncycomb sub-gtruoture, ‘the main aliraction of this form of bond tester
iy that there it no reguiroment for couplant and thorce is alge the pussibilily of producing a (=8oan
preventation in & scannor purhups similar to that montioned in weotion 6,2,1. Disadvantoges seem to be
the limitations au to thicknews that oun be ingpeoted in CFC and the inability to detecl delumination of
the BVID type,

1 BFIECT OF PAINT SCHUEMBS

The possible offects ol paint achomes on the ability to debeot BVID is curronily being evaluatbed,
Care nust be fiken not to allow conventional paint utrippers to dograde the vompowite mabrix therefore it
will probubly Lo necessory o ingpect without removing tho paint layer. Tests wo far have involved thu
ultrasonio inspection of compouilo sampleo with BVID; wome untreatod, wowe painted and some painted and
woathored,  No wignifiocant difforence in response wou found, the gVID wou readily detectod in all three
ougen,  Howover, yet to be establishod are the effvots of impact on tho painted wurlove, Certain queytions
remain Lo Lo anuwWered:

i, Doew the puinbed suriaee degrade or onhoance the obility to visuelly imspeul
for impact dwange?

b, If o paint divbend is ocsused during impaot will thiv or sulbuequent degradoation
of the bond croate vignificant difiiculiies in interprobution?

3] CONCLUS10NS

8,1 For Uniformly Siresucd Arous
n, 10 dmpact=induced damege to severe cnough to be structurally signiticoant then it will
wiually be accompeniod by vigible surface damage, but NDL may otill be reguired o avciot

ar confirm visible indications,

b, Other sources of dumugy are pousible; these will, in general, not be accempanicd by
vivible sarface lamage and ND1 would be reguired if ihoue meohoninms are considercd likely,

B.2 For Structural Featurces

a, The role of defecty ut suoh loonbions is lust well umderstood and thuy chould
thersfore be ingpectied more varefully,

b, The design authority should be culled upon lo idenlify arcag or fualurceus that are
regarded ag belng of primary structural significance,

Yor ALl Aroas

Until more zonlidente hay been pencraled by tosting and Ly we rvico vxporichnee:

ite Areas of decondury structural sipnificance should be devignated.  Thete would lovgely
agongiot of arcas containing known defeots that cree considered acceptable, but ouvciional
NDI would be advigablo to conlimn Uhis,

b, A detfeet map nhould bo provided and updatoed,
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8.4

8,9

o

. Bvery opportunity should be laken to use WDI ‘o monitor potential damage growthy ever

when this is not a safety requirement,

There is & need for two main types of NDI:

a, Rapid swevey methods primapily to deteeot large delaminations (Z‘O mn din_motnr)_

b. Tociliged inspection methods to provide mor de-tailed characlisation,

guipment is already available that can largely satlely the above requiremednts although for the
former an increase in both the spred and convenience of operation would be an advantage,

The possibility of a future requirement for NDI equipment that is capable of more detailed
charasberisalion than is currently demanded should be borne ia mind.

8.6
REFERENCES
1 P J Klasu

-

6

13

it T potienr

I R Guyett
A W Curdrick

It Guyetl
W Cardriok

el

¢ S Framy

J D Labor

R T Potter
Sarah M Bivhop
J Dickuon

W N Reynolds
¢ Wells

A T Johnoton

1 I Pulerson

N Bvang

P ¥ Dingwnll
D L Mead

ACKNOWLIEDOBMINTS

fipguren:

Non—desiructive Evaluation Eftort Grows.
Aviation Weck and Space Trchnolugy 59-65, February 1976

The Significance of Def'ectu and Damuge in Composite Structures,
AGARD Spsoialistu' mecting on characlerivalion, analynis and signiticance
of defects in composite materinls 12-14 April 1983,

The Certification of Composite Airirame Jtructures,
The Acronautival Journal of the Royal Acronautjicil Socicly
188-203 July 1980

Desipn Philosophiecs with Nop—metallicu = The Airworthincus Viewpoint
RAE TM Structures 1017 (1982)

The Bitecls of Surtace Soratcher in ClG Liwinates.
British Acrospace (Warton) Keport SON(P) 131 November 1982

impact Damape Eifects on the Strongth of Advuanced Compouiteas
Non=dupiructive Mvaluation and Mlaw Griticalitly for Composiie Mutcerialw,
ASTHM STP 696 Bd R B Pipen, 172184 (1979)

British Aerospace (Kingston)
Privale communication

On the Mcohanisom of Tensile Fracturs in Notchud Fibre Reinforced Plaustios,
RAE Technival Report 17023 (19771)

Deformation near Notches in Anglepli-d Carbon Fibre Composites,
RAlL Technical Roporl 77093 (1‘)'{'{)

General Deucription of ihe Jonatest Shadow Technique
NTIAC Newsletter Vol | No 9 March 1980

Video Camera Thermography
AU Harwell Technical Report to be published,

A witness coating for carbon tibre reinfureed plastic tubes
fech Roport No BAJV-TR-927~1981
BAY Vickera Ltd

Non Destructive Ingpection and Volume PFraction Determination of CHRP using
an Bddy Current Method
HAE Technical Roport No 16078

The Authors wish to ecxprass bhanko to those Concurns vupplying material for bthe following

BAc Warton (Fig H), AFRE Harwoll (Fig ) and Meccasonics Lid (Fig 7).

Cupyx'ir,ht@Controllm‘ HM5G London 1983




SUMMARY OF CURRENTLY SNVISAGED NDI REQUIREMENTS

AREA REQUIREMENT

All accessible areas Rapid survey methuds, primarily to detect dclaminations |
< 20 mm diamcter '
1
i

Arcas of sccondary Intermittent monitoring of either
structural significance i
i defined features to detect defects :
i
and/or i

ii  known defects to deteot growth,

Areas of primary Regular inspe~*ion uf defined features
etructural significance
i to detect defects

ii  to assess dcfect magnitude and/or to monitor

growth
{The possibility of a fiture reguirement for more '
detailed characteriso’ should be borne in mind, ) ;
Table 1

A SUBJELITVE ASSESCMENT OF TECHNIQUES FOR THE IN-SFRVILE INSPECY10N OF CARBON FIBRE COMPOSITES

Ultrasonics
o g g @
Preferred . S, g 2
Technigques ;‘: ) @ 2l % .2 S % -\g b ] a
2lale |88l E o |5 (8|98 g
% o l8 = | ® 3 E, o B ] 8=
I3 ol |8 |z oL g Wl g.h
18| & g lalklx ol +9 P L N o8
Ii=Gervice 518 8 s i |8 E] 53 3 3| &9
RN S8 8] ¢8 dl %8 §
Defuct p o | @ 8 al 8k o & § % g -9
BlEiT & |55 Bk S5
Lo |8 " 5 a Fad |
\ . ] ~
<
a. Surface scratches ani O . R O - - _
cracks \/ L/ \/ \/ ‘/
b. Nelaminations BVID VIV VIV = | V] Ve 7 el = -
c, High densi* irans— | _ - 1l _ _ _ _
lar nar cracking ? V/* ?
d. ‘Bearing damage - | - - “Jalz ==l v* - S P -
e, Matrix crazing — | - - - - -] — ¢ - \/* — —_] - -— —
e
f. Adbesive bond defects
i Failures Vv \/ VAT P e 7 V* VAR S B B -
ii Quality =] = IV]|=]=]=1~] - - -1 = —

* Dependc it on access to free cuge,

7 Possible but unprovsn,
Po provan, Table 2




FIG 1 SCHEMATIC OF BVID SHOWING MJLTIPLE DELAMINATIONS

FIG 2 TRANSLAMINAR CRACKS REVEALED BY PENETRANT ENHANCED RADIOGRAPHY
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a, GATE POSITIONED ON BACK WALL ECHO

-

-

b, GATE POSITIONED BETWEEN FRONT AND BACK ECHOES

FIG 3 C-3CANS OF BVID SHOWING DIFFERENT METHODS OF DATA FRESENTATION
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TOP SURFAC): LGIIQ

BOTIOM SURFACE ECHO

B=SCAN ALONG LINE A=B

FIG 4 COMPLEMENTARY PRESENTATION OF ULTRASONIC DATA FROM
IMPACT DAMAGE AT A TAPERED SECTION
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B=5CAN A-SCAN

FIG 5 DISPLAY OF BVID BY DIAGNOSTIC SONAR EQUIPMENT

FIG 6 THE USE OF THERMOGRAPHY TO REVEAL BVID IN A
3 mn THICK LAMINATE
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LG 7 MECCASONICS IN—SITU ULTRASONIC SCANNER

FIG 8 THE USK OF PEXR TO REVEAL DAMAGE IN A
SPECIMEN IMPACTED AND THEN FATICUE LOADED




EFFECT OF DEFECTS ON AIRCRAFT COMPOSITE STRUCTURES
by
R. A. Garrett
Branch Chief, Technology
McDonnell Aircraft Company
P. 0. Box 516, St. Louis, Missouri 63le6
USA

SUMMARY

This paper describes the effects of manufacturing and service-induced damaye on the
) static and fatigue strength of aircraft composite structures.

Seven manufacturing defects associated with mechanical fasteners were invastigateag;
out-of~round holes, broken fibers on the exit side of drilled holes, porosity, improper
fastener seating depth, tilted countersinke, interferenge fit, and multiple fagtener
installation and removal cycles. Both static and fatigue ffest results are described, along

with correlation with analysis techniques. The interactionjof tbe effects of theee defects
on hole wear, measured in fatigue tests of structural joinfs, is described.

The effects of two types of service-induced damage are also described; low eneryy
impact damage and 23%um HEI ballistic damage, The relative sizes of visible and non-visible
damage as determined by visual and non-destructive inspection techniques are compared. An
evaluation of stitching and the inclusion of glass or Kevlar fiber buffer strips to lmprove
the damage tolerance of carbon/epoxy structures is included. Results of tests of carbon/
epoxy panel structures are discusged. Correlation of experimental results v th predicted
residual gtatic strength is good.—

LIST OF SYMBOLS
compression
diameter
edge distance
extensional modulus measured in the "a" direction due to "b" loading
elevated temperature test with prior speciwen moisture conditioning
ultimate failing bearing stress
shear modulus
low eneryy impact damage
number of fatiyue cycles
nondestructive inspection
shear load intensity
—-shear load intensity at initial buckling

fatigue load ratio; minimum load divided by maximum load

RT - room temperature H
RTD - room temperature test with no specimen moisture conditicning

RTW - room temperature test with specimen molsture conditioning ,
T - *ension '
w ~ mspecimen width :
5; — strain measured in the "a" direction due to "b" loading i
g4 - ultimate failing strain ;

-

AS/3501-6 (typ.) — material system nomenclature for type AS carbon fibers in a 3501-G epoxy
resin matrix

50/40/10 - lamipate nomenclature in which the three numbers describe the percent of plies
oriented in the 0°, +45° and 90° directions, respectively; i.e., 50% of total
nuiber of plies are oriented in the 0° direction, 40% of the plies are oriented
in the +45 directions and 10% of the plies are oriented in the 90° direction.
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1. INTRODUCTION AND BACKGROUND

Future aircraft will require airframes that are lighter weight, easier to maintain and
more durable than current construction approaches and materials. The use of composite
materials in primary structures offers promise of significant weight savings, due to their
greater specific static strength and aven larger improvement in fatigue strength. However,
proof of the ability of composite structures to be tolerant of both initial manufacturing
dofects and damage induced by service usaye was necessary betlore thcir application to
aircraft primary structures.

Prograis to evaluate the damage tolerance of composite structures have been initiated
by several different agencies under the Department of Defense. FEach of these programs have
been directed towards a different aspect of the subject area; this paper suwnarizes some of
the work performed by the Mcbonn~ll Aircraft Cowpany in each area.

The effect of manufacturing defects on the static and fatigue strenyth of laminates
with loaded and unloaded fastener holes was conducted in Reference (1) program and 1is
described in saction 2., The effect of low energy impact damage on composite structures was
included in several programs with the United States Navy (References 2, 3, and 4); the
results are described in Section 3. Finally, the effect of ballistic damage caused by 23
min high-explosive projectiles conducted in conjunction with Reference (2) program is
described in Section 4.

2. MANUPACTURING DEFLCTS AT PFASTENER HOLES

the effects of several types of manufacturing defects commonly found in aircraft
structures were investigated under Reference (1) program. Thie investigation was performed
using lawminates with loaded fastener holes, a common critical structural design feature in
aircraft composite structures. In many cases, tests were conducted with specimens in which
the defect or anomaly wa:: more severa than expected from current wmanufacturing processes.
In all cases, defacts which resulted 1n strength reductions greater than 15% would have
been detected using current industry inspection techniques and would have been rejected or
repaired to meet current acceptance criteria.

Tests were performed to determihe the effects on static strength, compared to basaline
specimens, and the effects on fatigue strength and hule wear.

(a) Static Strength - The effect of seven manufacturing defects on static strength
was evaluated by comparing static strength of Jjoints with a particular defect with the
static strength of baseline joint speclmens with no defect. fThe test matrix is presented
in Figure 1.

Number of Tests
Par Enviranment Total
Anomaly nacl
RT (Dry) [ AT (Wet) ET (Wet Tests
Tenslon | Compression | Compressiun
1. Qut-of-Round Holus
1" Laminate {50/40/10) 4 - - 4
_ "2 Lamingte (30/60/10) 4 — -~ 4
2. Broken Fibers un Exit Slde of Hole
Severe Dulamination 4 4 4 12
Muoderate Delamination 4 4 4 12
3. Porosity sround hole
Suvere Porosity 4 22 % 4 12
Moderate Porosity - 2.2 4 a
4 Improper Fastener Seating Dapth
80% of Thickness 4 - - 4
100% uf Thickness 4 -~ -~ 4
b, Tilted Countarsinks
Away from Bearing Surfsce 4 - 4
Toward Buaring Suriuce 4 - 4 8
6. Interference Fit Layup
0.003 In. 1 4 - 4« A g
2 4 - 4 8
0.008 in. 1 4 - 4 8
2 4 - 4 8
7. Fastenar Removal and Reinstallation
100 Cyclus 4 - 4 B
Total 116
araolira

A Alter fregze-thaw cyeling & Tenslon tasts

Figure 1. Evaliuation of Manufacluring Anomailes - Test Matrix
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Specimens were tested to failure in tension and compression at three envirunmental
conditions: room temperature dry (RTD), room temperature wet (RTW), and elevated tempaera-
ture wet (ETW). ETW tests were conducted at 250°'F with specimen moisture contents of
approximately .80 percent by weight. Hercules AS/3501-6 carbon/epoxy was used for fabrica-
tion of test specimens.

Results from tests are summarized in Figure 2. Indicated percentages of increased or
decreased strength arc based on a comparison with baseline specimens. Detailed results are
discussed below.

RTD COMPRESSION
TENSION AT AN | 2500F Ay
OUT-OF-ROUND HOLES
* 50/40/10 LAMINATE N - -
® 30/60/10 LAMINATE ] - 48 - - :
BROKEN FIBERS EXIT SIDE OF HOLE ;
® SEVERE -7.3 -84 -92 i
® MODERATE 14 -32 -42 i
POROSITY AROUND HOLE
® SEVERE . -10.3 -304
® SEVERE WITH FREEZE-THAW - -11.8 -
® MODERATE - -7 -133 :
® MODERATE WiTH FREEZE-THAW - -84 - '
IMPROPER FASTENER SEATING DEPTH
® 80% THICKNESS -18.4 - -
® 100% THICKNESS ~343 - -
TILTED COUNTERSINKS
® AWAY FROM BEARING SURFACE . - -16.7
& TOWAHD BEARING SURFACE ~21.4 - -18.7
INTERFERENCE FIT YOLEIVANCES (INCH} '
© 50/40/10 @ 0.003 ‘ - +0.1 % ;
@0.008 . - +0.1
® 30/60/10 € 0.003 * - N :
- ©0.008 ¢ - * !
FASTENER HEMOVAL AND REINSTALLATION :
® 100 CYCLES . - -8.3

QriIsNi1G-i0e
A 0.8B6% moisture content ﬁ}. Tunsile logding  *Less than 2% changs - Nu test i

Figurs 2. Strength Reduotion Sumnigry

out of Rround loles - Lffects of out-of-round holes on joint strength were evaluated by .
drililng offset (.UU4 inch) holes aa shown in Fiyure 3. Test results of apacimens .
from twe laminates (50/40/10 and 30/60/10, where $0°plies/$+45°plies/$90°plies are .
denoted in that order) indicated little sensitivity to out-of-round holes. .

Bruken Fibers on Wzit Side of Hole - Specimens were tested for two conditions;
"noderate™ deulaminations and 'severe" delaminatious. In order to obtain the various

degrees of dulamination, drill procedures included use of dull bits without backup
materiel, and lwproper drill and fued speeds.

¢

Nute: Dinepsion in inches

ar13011818

Figure 3. Out-of-Round Holes - Specimen

Delaminations were detected visually and with ultrasonic C-scan. Delaminations were
, de’ined as "moderate” when they extended 10-20 percoat (2~4 plies deep) into the lami-
nate thickness on the exit side. Delaminations were defined as “severe" when they
extanded 20-30 percent (4-6 plies) of the laminate thickness on the exit side. Non- ¥ .
destructive C~gcans in the area of the fastener holes with moderate and with severe :
delaminations are illustrated in Figuve 4 and comparad with a nominal condition.

e e L
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araauiiry
Flgura 4. C-Scans of Laminates with Delaminations at Fastener Holes
Joint tension strength was evaluated by tests of dry laminates at room temperature.
Because of its sensitivity to environment, joint compression strangths wera evaluatwd
al RIW and ETW test conditions.
&
Test results are sumnarized in Yigure % along with beseline strength data. Straength
reductions of 1.4 percent and 7.3 pexcent occurred in RTD tension tests for specimens B
with moderate and severe delaminations, respectively. Savere delaminations caused a
9.2% reduction of compression strength at 250°r.
1 d=0.250—\
Ptotal I Py Py W
== | <9 &
| |
- :
I | I .
*gross 4 ad
Specimans with Y%
Tes! Condit Baseline Data Delaminations Change
(50/40/10 Layup) Fbu & b & Loading
‘2 Yaroms 2 Xgtons [l €yrone
(kel) fluinding 1 kel | (uin.ding
Moderate
. RTOD +140 +3,980 +138 +3,790 -14 -4.9 Tan
RTW - 166 —-4,740 —160 —4,450 =32 6,2 Comp
ETW -120 -3.790 -116 -3.810 —42 +0.6 Comp
Severe
]TD + 140 +3,980 +130 +3,610 -73 -85 Ten
RTW -155 -4,740 - 142 -4,b80 -84 35 Comp
ETW 120 —5,780 | -109 | -3,330 -92 | —122 Comp
aronTe
Figure 5. Eitect of Delaminations on Joint Strength
Porosity - Two levels of porosity were evaluated; "moderate" and "severe". Desired
levels of porosity in the 50/40/10 laminate were obtained by using the altered colla- .
tion and curinyg procedures summarized in Figure €. Specimens were located within
panels such that fastenar holes occurred in areas of desired porosity levels as indi- .
cated by photomicrograph and nondestructive inspections (@igure 7).
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Process Used ta Produce
Curing Procadure P'm g:::].""
Modetate Porasily (| Severs Porosity

Vacuum Dabulk Yas None None
Iintermeniate Temparalure Hold | 1 hr @ 275°F None None
Bag Vacuum 0.05 In_ Hg 0.8 in. Hg 1.5n, Mg
Autnclava Prassure 100 psig §0 psig 50 palg
Added Motsturs AN None Every 7th Ply Every Ply

aras1I7-27
& Fine mist apraysd vsiwesn plies

Flgure 8, Pansl Fabrication Proced Used ta Prodi Panel Porosity

Gl

C-Scan
Heglon

——— —

g
'. '“Mm “mh l

B
"I,

—_—

(b) Severs Porasity arP3IDIITE

Figure 7. Exan:plen of Panal Porosity

Strengths of baseline specimens and specimens with porosity are compared in Figure 8.
Little gensitivity to severe porosity was indicated under tensile loading. Under
compressive loadings, strength reductions ranged from 7-13.3 percent for specihiens
with moderate porosity and 10-30.8 percent for specimens with severe porosity. The
greatest reductions occurted at 250"} test condition.

Improper Fastener Seating Depth - LEffects of excessive countersink depth on joint
strongth were avaluated by testing composite joint menbers having fasteners seated too
deeply in a typical laminate (50/40/10). 1Two conditions of countersink depth were
evaluated at room temperature in tension.

Strengths are compared with baseline strengths in ligure 9. Strengths for joints with
excessive countersink depths (80% and 100%) are compared with strength of specimens
with nominal countersunk depths (52% of laminate thicknegs). Joint strengths for
countersir’ versus noncountersink laminates indicated no significant reductions
occurred w 4n fastener seating depth was nominal. The relative amount of cylindrical
bearing area as cowpared to countersink bearing area may account for the demonstrated
logs in strength. Earlier tests have indicated that the maximum cylindrical bearing
capucity is nearly 160 ksl for large edge distances. An analysis of the forces in the
regicn of the countersink indicates an effective bearing capacity of 110 ksi, when
friction is accounted for and when sufficient head bearing area still r« wains. Using
these capacities results in predicted reductions of 14% and 30%, to be compared with
the demonstrated reductions of 16.4% and 34.3%, respectively.
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aa—r
1 d= 0.250—-\
Piotal | Py Py T
—— | —_—£ - od
| N
—T—
| AR DU |
Xgross 4d M
Specimens with Y%
Basaling Data
TestCondiion | _ Poraslty Change
{60/40110 Layup) pom eV Foru A Loading
* Sgrose = aross For ™
(ksh) | windn) | (kel) | &indn)
Moderate Poroa!ty
RTD +140 | +3900 - - - - Ten
RTW ~ 185 - 4,740 — 144 | - 4,480 -71 ~54 Comp
RTW (F-T) - 156 - 4,740 - 142 | -4,370 -84 -79 Comp
ETW ~120 -3,790 -104 | -3,110 | -133 -179 Comp
Severe Poroslity
RTD + 140 + 3,980 + 140 +3,840 1] -1.2 Ten
RTW - 1565 - 4,740 - 13D - 4,170 -103 ~121 Comp
RTW F 1) A - 155 - 4,740 ~-137 -4110 | -1i8 -133 Comp
ETW -120 -3,79¢ -83 -2550 | -308 -326 Comp

& {F1) - expossd 10 [resze-thaw cycies PRGN

Flgure 8. Eflect of Porosity on Joint Strength

J‘ d= 0.2501 )
Ptatal | Py 91\ “t
-— I ) —e\ o
| il
P e
| el
“0’0" Ad 3
Countersink Depth g &Y % Change
(50/40/10 Layup) X AGross
RTD, Tenslon s} | (uindiny | FPTY | €Gross
Nominal 140 3,000 - -
80% 17 3,240 ~18.4 -18.8
100% {Knife Edge} 92 2,540 -343 -38.3
arisonz

Figure 9. Effect of Countersink Depth on Joint Strength

Tilted Countersinks - Countersink perpendicularity was investigated for two condition:.
of misalignment.  The misaligned countersink was tilted 10°® away from the beariny
surface for one condition and tilted 10° toward it for the other. Tests were con-
ducted in tension at RTD and in compression at 250°F after specimen moisture condition-
ing. Experimental results are sumnarized in Figure 10,

Intexrference Fit - The effects of fastener interference fits on joint strength were
Investigated In two different laminates (50/40/10 and 30/60/1V0). fTwo=-fastener-in-
tandem specimens were tested to fallure in tension at RTD and ETW conditions.
Specimens with both .003 and .008 inch lavels of interference fit were tested.

Regults (Figure 11) for both layups indicate an insensitivity to interference at room
temperature. Joint strength of the more fiber-dominant 50/40/10 layup improved under
ETW vconditions for both lavels of interfaerence. However, joint strengths of the
matrix-dominant 30/60/10 layup showed no change at the ETW test condition.
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it d:0150—\
Protal | P2 Py —l
—_ | o9 |
| N
—l—— ' -
"‘grosa 4 3d
%
Baseline Dsta Tiited Caunteraink Change
Test Condition ~ Loadi
bru u zbru u ng
/ F F
(60140110 Layup) X2 XGruss x2 XGron gbru {Gros
(ksi) {winfin,} (ksi) {win.Jin.)
Away From Bearing
ATD +140 +3,9490 +140 +3,910 a -20 Ten
ETW -120 - 3,750 100 ~2,990 -167 -20.2 Comp
T Toward Bearlivg N
RTD +140 43,990 +i10 +3,030 -214 ~24 Ten
ETW 120 3,750 -100 —-2,898 -16.7 -22.7 Comp
ari3or1e
Figure 10. Etfect of Tilted Countersink on Joint Strangth
| d=0250—
Protal I Py Py 4}
—_ | o€ |w
! N
—t L
—— '
(3 | I
Xgross “Yowu
.
Basaline Dats terance Fit Change
Test Condition Fhra u g | U Loading
x2 *Gruss %2 XGross Fhru 1Grom
(kaf) [ {eindingd | tksi) | duindin))
60/40/10 Layup 0.003 nterlerence
A1) 140 3,980 140 4,000 Q +0.4 Ten
ETW 1o 3,080 120 3,630 +8.1 +14.7 Tun
| 0.008 limerference |
RTD 140 3,990 140 4,030 0 +00 Ten
ETW 1o 3,080 120 3,420 +9.1 +11.2 Ten
30/60/10 Layup: 0.003 Intarterence
RTD 140 5,470 140 5,460 0 -0.2 Ten
ETW 120 4,710 120 _4,820 0 +24 Ten
0.008 Inlerterence
RT1 140 6,470 130 5,490 0 +03 Ten
ETW 120 4,710 120 4,620 [} -1.8 Ton
araQuriy

Figure 11, Effact of Fastener Interfersnce Fit on Joint Strength

Laminate damage due to fastener installation at interference fits ranging from .Q02 to
.008 inch were further evaluated for fasteners reguiring pull-through installation
techniques. Represantative photomicrographs are shown in Figure 12. Little or no
damage resulted from a fagtener interference of .0035 inch or less; however, damage is
indicated at the fastener exit side as well as along the entire fastener lenygth for
interference fits from .004 through .008 inch.

Fastener Remwval and Reinstallation - These tests were used to evaluate whather
repeated installation and reinstallation would locally damaye the laminate hole area,
and/or affect joint strength. Fasteners were installed, torqued to 50 inch-pounds,
and completely removed. This procedure was repeated 10U times prior to strength
testing. specimensg ware tegted to failure in tengion at RTD and in compression at
LETW.

ik i
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|
Ex|t Slde
Picture Area
Ical
Interference Fits: Typloal)
0.0010 In, 0.0034 In,
|
Exlt Side orsagtaras
Figure 12. Photomicrograph Examination of Laminates with
.-ﬁ Interfarance Fit Holes
Vigual appearance of all fastener holes after installation and re-installation
cycling was unchanged. Strength data listed in lPiyure 13 indicates little
sensltivity to RID tensile test conditions. Cowpressive strenyth values indicated an

¥ increased sensitivity (8.3% reduction); however, test scatter for the compression
tests was large.

(b) latigue Strength and Hole Wear - Tests were conducted with specimens with and
without internal porosity to determine the effects on joint fatiyue life, hole wear, and
failure modes. jnphasis was placed on generation of hole wear data and its relation to
joint fatigue life.

Aflar 160 Cycles %

Change

Test Condition
5 bru u tau u Loading
(60140010 Layup) F‘? 6‘gmn F"Z “won gbu €xrons
(ksl) | (uinfin) (ksh) | (uindin)

Haseline Data

E ARTD 1140 13,880 +140 43,900 0 -2.2 Ten
i ETW 120 3,790 § - 1D 3.510 -83 7.4 Comp
aPI0I 713

Figure 13. Eflect of Fastener Removal and Rel stallation on Joint Strength
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A pure beariny test specimen was used (Figure 14). Tension-tensicn (R = +U.1l) and
tension~compression (R = ~1.0) constant amplitude testing was performed at room temp—
erature with specimens in the as-manufactured condition. Hercules AS/3501-6 carbon/epoxy
was also used for fabrication of all fatigue and hole wear test specimens.

7.50
l— 1,126~

0°* Strain Gage /
=] —g-— _— 2.25

]

+0.0022 ,/
0.3745 ¥ 09022

Protruding Head Countersink Head

Loading Configuration aPasenire

Figure 14, Fatigue Speciman Configuration

aAll constant-amplitude fatigue specimene were cycled to failure, or 10° cycles, which-
ever occurved first. Specimens which did not fail in 109 cycles were tested to determine
residual strength. Congtant amplitude fatigue testiny was performed at three stress
levels for «ach specimen type. Selection of the strass levels for fatiyue testing was
“used on load-deflection data obtairad from static tests. Duriny fatiyue testing,
load~deflection data were also obtained each time a specified hole wear level was reached.

The evaluation included three layups; the fiber-dominated layup 50/4U/lU, and two
matrix-dominated layups: 19/76/5 and 30/60/10.

Residual strengths were, in general, equal to or greater than nonfatigued specimen
static strengths; however, in most cases, these specimens had acquired hole wear of .02
inch ©- greater during fatigue testing. For structural applications, hole elongations of
.02 inch exceed the usual yield criteria for metallic joints which may also represent a
tentative criteria for composite joints,

Results of tension-tension (R = +0.1) and tension-compre ion (R = =-1.0} cyclic
loading on each lawminate at room temperature, dry (RTD]) test cu iong are summnarized in
Figures 15, le, and 17, in terms of fatigue cycles required to ;- duce an 0.02 ipch hole
wear in the fastener hole. The results indicate similar static and fatigue strength for
all layups for tension~tension (R = +0.1) cycling, as summarized in Figure 18. For
tension-compression (R = -1.0), the 19/76¢/5 and 30/oU/1l0 matrix-dominant layups sustained
fewer load cycles prior to developing an .02 inch hole wear, as compared to the 20/40/10
layup (Figure 19).

Tests of specimens with mxlerate porosity were conducted to evaluate the effects of
this anomaly on joint durability. Earlier static tests indicated that moderate levels of
porcsity had a minor effect on static joint strenygth at room temperature. Specimens with
moderate porosity in regiong of fastener holes were tested under R = +0,1 and R = =-1.0
fatigue loadings at room tempesature dry conditinns. Life data is compared in Figure 2u
with baseline daia. No reduction of static strenyth or joint fatigue life was indicated.

The rate ol hole wear in other tests of composite joints wilhout porosity at R = +0U.1
is swmmarized in Figures 21, 22, and 23 for threes levels of wear (.U0U5, .010, and .02V
inch). These data indicate that tle matrix-daminant 19/76/5 layup exhibited earliaest
initiation of hole wear, but had the wmost gradual rate of accumulation. Conversely, the
fiber-dominant (50/40/10) layup exhibited the most-delayed initiation of hole wear, but
had the most rapid accumulation. The 30/60/10 layup exhibited an interinediate
performance.

The apring rates of the teat specimens for the 50/40/10 layup were also determinod at
various times in .he constant amplitude fatigue testing to determine correlation with hole
wear data. Hole wear data for this layup at RTD, shown in Figure 24 are similar in
threshold points and trends to joint spring rate data summarized in Figure 25.
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Figure 25. Effact of Fatigue Loading on Joint Spring Rate
50/40/10 Layup R= 0.1

3. LOW ENSRGY IMPACI DRAMAGE

The effect of low energy impact damage on the static and fatigue atrength of carbon/
epoxy wing cover skin structures and of integrally stiffened panels typical of postbuckling
fuselage structures was evaluated.

(a) wWing Cover skin Structural Panels - Effects of low-energy impact to an upper wing-
skin were evaluated in static compression and fatigue tests (Rafarance 2). Specimens incor-
porated epanwise rows of Kevlar stitches simulating the patterns proposed for rzinforcing
cocured skin-to-stiffenaer joints.

The specimen configuration is presented in Figure 26. Various impact enorgiss were
evaluated to determine the energy level representing the threshold between visible and
nonvipible impact damage. A .50-inch diameter indenter was used while aspecimens werae
supported over a 3-by-3-~inch opening. Aan B-~ft-lb energy level was determined to be the

minimum level to produce visible surface damage. The 8 ft-lb energy level was also
considerad to be representative of expected damage from dropped tocls and damage from
runway stones. Remulting internal damage detected in ultrascnic inspection of the four
specimens ranged from l.2-inch to 1.5-inch diameter.
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Figure 26. Specimen Contiguration - Skins with Nonvisible impact Damaege

The setup for these compression teste is shown in Figure 27. Each end of the spacimen
was bolted to a loading adapter which fit within hydraulic grips in the upper and lower
platens of the test mashine. Back-to-back channels having access holes for instrumentation
were clamped onto the specimen for skin stabilization. The area between the two central
rows of stitches in the specimen contained the damage and was not stabilized by the
channels. The column composed of the epecimen with loadiny adapters on each and waa
suypported at two locations by additional fixturing which was attached to the test machine.
gtrain data from back-to-back gages on the specimen indicated little bending. Measured
strains in the stabilizing channele were negligible.

CLIPRC S}

Figure 27. Siructural Test Setup - Compressive Strangth .
of Darmaged Specimens
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Results of static compression tests indicated that stitches were not sufficient to
prevent damage propagation and overall failure at strain levels above =-4500 pin/in. Strain
data indicate local bending in the damaged area at low loads, possibly contributing to the
failures.

A fatigue test of the remaining specimen was conducted to assess damage containment
features of the stitch pattern. A compression-dominated spectrum was used. Damaye
detected in ultrasonlc inspection was initially l.6-inch long and l.4-inch wide but grew to
l.7-inch long and 2.7-inch wide after 24,000 equivalent flight hours of spectrum loading.
For the one specimen tested at the reduced strain level, damage was contained by parallel
rcws of gtitches which were spaced at 2.75 in. In residual strength tests of this
speciman, the far-field strain at failure was -4200 W in/in.

These test results are sumnarized in Figure 28 in terms of far-field failure strains
as a function of damage sizes detected in ultrasonic inspections. Test results for coupons
with a .25-inch diameter hole are also shown in Figure 28. The praedicted strengths,
presented as a solid line, were determined using the methodology of Reference 1 and the
material properties shown in Figure 29. These predictions correlate well with test results
for specimens having a .25-inch diameter hole. Predictions for specimaens containing impact
damage were made for damage modeled as open xround holes.
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Figure 28. Residus! Strength of Spec! with Nonvisible Impact Damage
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Test results indicate that impact damage produced an effective strain concentration
greater in magnlitude than a round hole of equivalent size. Strengths predicted for an
equivalent hole size were unconservative by approximately 30%, possibly due to local struc-
tural instability of delaminate plies within the damaged zone.

Test results are sumarizerd in Figure 30, where strain data are shown for a nominal
applied load of -~20,000 1lbs, the limit load level used for the fatigue test, and the
failure load levels. Sizes of nonvisible impact damage were determined by ultrasonics and
are also shown in this figura. A typical strength failure is shown in Figure 31. No
fatigue failure occurred in four desiygn lifetimes of spectrum fatigue loads.
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Figure 31. Typlcal Falled Skin Spsclmen a

(b)  Integrully sStiffened Postbuckling Juselage Panels - The effects of low enaeryy
impact ob the structural integrity of two types of fuselaye panels were evaluated: .
fuselage compression pwnels and fuselsye sheur panels. F

I'uselage Compreggion lanels - Tests were porformed to evaluate the effectiveness of <
Keviar stitches for containing nounvieible low-energy iwpact damage in cocured skin- ’
stlffenor joints of buckled composite panels loaded in cowpresgion. sSuch  damaye
nucleates disbonds which yrow under cyclic loads end lead to panel fullure. One B
method for containing disbouds and improving the durability of skin stiffener joints
i# to reinforce such jolnts with Kevliar stitches. *

Thi bageline behavior of curved stiffened panels under conpression postbuckling loads :
wap determined in a previous taest proyram (Reference 3). Fatigua failurcs were f
precipitated by local disbonds occurrcing in undamaged skin-stiffener jolnts.

Cyclic load tests were conducted on a curved stiffenoed panel ldentical to thosc
previously tested except that each cocured Jjoint was reinforced with two rows of
Kevlar gtitches. Low unergy impacts were made to produce internal damage in two areas
of high peel stresm areas (ligure 32) where disbonds had occurred in the earlier
cyclic load panel testas (Reference 3). 7The damaye shown in kFilgure 32 (white areas of
C-gean) was produced by a spherical indenter with 10 £1 lb impact energy.

Disbondig were detected and growth was wonitored by periodic ultrasonic inspections. .
Cc~gcan inspection records for the center stiffener of o bLaseline panel (3F) are shown .
in rigure 33, where sound attenuation occurring from disbonds and from air trapped \
within hat stifteners is indicated by a black area. Disbonds in baseline panels t
initiated and grew from the base of the flange with increasing load cycles. An identl- '
cal panel with stitching survived 1,000,000 cycles and showed oniy minor evidence of
disbonding.

The damage containment capability of Kevlar stitches was significant. An unstitched,
undamaged baseline panel suffered failure after 3,500 load cycles where the peak load
was -55 kips. A stiltched, undamaged parel wag cyclizally loaded without failure for 1
280,000 cycles to ~50 kips followed by aph additional 280,000 cycles to -55 kipm. This ’
test sequence using a stitched, damaged jpanel wae repeated; again the reinforced panel
survived both groups of 280,000 load uvycles. In additiun, ultrasonic inspections
conducted after each block of 140,000 cycles indicated good contailnment of the impact
damage with no disbond yrowth. Reinforcement with Kevlar stitches wal, in this cass,
an affective neans of assuring durability of cocured joints having nonvisible impact
damage .

Fuselage shear Panels - Tests weore also performed to determine the effact of low
energy impact dawage on the sta..c and fatigue strength of integrally stiffencd shear-
loaded panels operating in the ;iostbuckling reglime (Reference 4). The as~manufactured
ultimate strength of the baseline test panel was 829 lb/in. A typical panel under
postbuckling loads is shown in Pigure 34. Maximum mid-panel lateral deflection for
the static panels was in order of 0.2 inches.
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Figure 34. Buckisd Shear Panel

The panel configuration and the locations of low energy impact damage is shown in
rigure 35. An impact apparatus was designed with the capability of impacting the
panels from either side. A slotted metal impact tube was used to direct the impact
waight tu the desired impact point. The 1/2 inch diameter round ball impact tool,
Figure 36, rests againgt the panel and is centered inside the impact tube by a toul
guide. All damaged panels were impacted on the skin side.

Panels were first lmpacted in the center bay using decreasing energy levels etarting
at 10 ft-lbs. The threshold level at which full penetration was achieved was in the
range of 4.0 to 4.5 ft-lbas. Impact ensrgy levels up to 4.0 ft-lba have been estimated
for fuselage lower surface for foreiygn object damage such as ice and gravel impacts
during landing and take-off situations and for fuselage vertical sides and corners for
ground handling impacts from hard objects such as tools (Reference 5).
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Figure 36. Impacling Yool and Guide

A test panel after being gubjected to wultiple strikes in the range of 4.U to 4.5
ft-1bs is shown in Figure 37. It was observed that while damage on the skin outer
surface appeared different at different wenergy levels, the damage on the inner
surface, in the form of delamination of the outer #45° ply, was similar for all
strikes. A second impacted panel showed similar behavior.

Enhanced radiographic inspections of the strikes at 4.25 and 4.3 ft-lbs are showu in
I*igure 38. An enargy level of 4.30 ft-lbe was adequate to achieve broken fibers
across full 1/2 inch diameter. Internal damage was diamond shaped, probably due to U,
+45, 90 ply orientations. Through-the-thickness damage a& indicated by ridiographic
Inspection was similar for both wnergy levels, although visual appear.uces were
different. Delamination on the inner surface of the skin (stiffener sid:) in the
outer +45° ply extended to the adjacent hat flange (both sides).

Pive additioual panels were damaged using an snergy level of 4.30 ft-lbs. Three
panels were lmpacted at a buckle crest location in the center bay of the panel. The
remzining two panels were impacted at a location where faillures occurred duvring
fatigue loading of the baseline panels. These impact locations are shown in
igure 35, All panels were impacted on the skin side.

0f the three panals ilmpacted in the center bay, one panel was statlcally tested to
failure; the remaining two panels were fatigue tested at a load level to preclude
stiffeney disbonding. The two panels impacted at the critical stiffener/skin intar-
face region ware fatigue tested to a load which produced stiffener disbonding in the
baseline panels.

The damage sustained by the panel for static testing which was subjected to a center
bay impact of 4.30 ft=lb is shown in Figure 39. The radiograph of this area is shown
in Figure 40. The degree and type of damage was similar to that obtained in the
axploratory tests.

Initial buckling for the impacted panel occurred at 104 lb/in and panel static failure
occurred at 771 lb/in, compared to an average of 829 1b/in for the undamaged static
test panels. Strain data was similar to data obtained in tests of undamaged panels;
however, the maximum strain magnitudes achieved were less due to the lower failing
load. This panel failed across the tension diagonal through the impacted region,
preceded by stiffener separation similar to baseline static test panels.

The two fatigue test panaels which were subjected to center bay impact da je were
tested to a maximum fatigue load of §N% Af nltimate atrength (Nxymax = 41, 1b/in).
Previous tests showed this level to be the undurance limit of the as-manufactured
panels.
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All panels were subjected to constant amplitude fatigue loading at a stress ratic R =
0.1 for two blocks of 50,000 cycles each for a total of 100,000 c¢ycles or failure,
whichever occurred first. Strain surveys were taken prior to teseting, and after each
black of cycling to determine the effect of fatigue on panel performance. DPanels
surviving 100,000 cycles were subjected to a residual strength test. A summary of all
fatigue res: 'ts is presented in Figure 41 and in Figure 42.
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Figure 42, Panel Fatigue Perlormance

The impact damage sustained by the first fatigue test panel was sBimilar to that
observed both in the exploratory tests and in the static test panel. This panel
survived 100,000 cycles with no visible stiffener separation or significant decrease
in initial buckling strength observed. Radiographic inspections of the impact region
prior to fatigue tiesting, after 50,000 cycles, and after 100,000 cycles are shown in
Figures 43, 44, and 45 respectively. The damaged region did not grow during fatigue
loading. Residual strength for the panel was 778 1lb/in with sheet rupture occurring

across the tension diagonal through the impacted region similar to that observed for
the static teset panel.
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Figure 46. Radiegraphic Inspection of impact D ge After 100,000 Cycles

Two other panels were iwpucted at the critical frams flanye/skin location and
subeeguently fatigue tested. These panels were tested to a waximum fatigue load of
55% of ultimate strength to assure frame flangye/skin separation. Both panels survived
100,000 cycles with visible stiffener separation occurring at the inpact location at
950 and 2300 cycles regpectively. UBaseline panels tested to this level separated at
4500 and 33,000 cycles, respectively.

‘'he frame flange/skin separation in the impacted region became extensive for both
panels during the first 50,000 cycles. The frame flange alony the iwmpacted side of
the center bay became nearly totally separated from the skin, causing a shift in the
center bay buckling mode. Mid-panel stralu response, Fiygure 46, indicated that the
majority of separation occurred during the first 50,000 cycles causing a shift in
buckling mode as indicated by the chanye in strain data for ecycles 50,000 and 100,000.
Buckling strengths of 115, 63, and 53 1lb/in prior to fatiyue testinyg and after 50,000
and 100,000 cycles, respectively, also indicate that the wajority of damage occurred
during the firat 50,000 cycles. Residual strengths for bLoth impacted panels was
greater than the baseline panels, with sheet rupture across the tension diagonal.

4. BALLISTIC DAMAGE

Tests and analyses were performed to evaluate the effects of damage frowm ilwpact of 23
mm high-explogive balliutic projectiles on the residual strenyth of cowmposite structure
incorporating various damage containment features. Various test setups were used to
simulate air-to-alr and ground-to-air ballistic threats to upper and lower wing skins.
Good correlation was obtained between measured residual strengths and predictions made
naing the maximuw sgtrain failure criterion in conjunction with peak strains calculated
about a hole in an orthotropic plate.

Carbon/epoxy specimens representative of mouolithic wing skins and, for comparison, an
aluminum specimen were damaged using 23 mm HE1 projectiles. All specim s were flat,
unstiffened plates.

Three damage containment features were incorporated in some composite specimens and
evaluated relative to the performance of baseline cowposite specimens. These features,
Figure 47, included parallel rows of Kevlar stitches, closely-spaced parallel rows of
iwbedded glass/epoxy buffer strips, and wider-spaced parallel rows of wide glass/epoxy
buffer strips.

The stitched specimens utilized Kevlar thread having a breaking strength of 120 lbs
and installed at four to six stitches per inch. Improved dur.bility and damage containment
were previously demonstrated in structures where cocured skin-to-substructure joints were
reinforced with Kevlar stitches. In the specimens which incorporated glass/epoxy buffer
strips, the 0' plies of graphite/epoxy were locally replaced, through the thickness, with
0° plies of glass/epoxy on either 3.5 inch centers or 13.5 inch centers.
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Figure 47. Ballistic Test Specimens

The test setup ix wshown in Figuxe 44, Projectile velocities, measured with photo-
aelectrlc screens, ranged from 1773 fps to 1891 fps. The 23 mm projectile available for use
in this program incorporated a "quick fuze" which was armed by inertial furces and,
although triggered upon initial impact, featured a delay to allow 2-3 inch penetration
prior to detonation. In this wetup, the performance with a "msuperquick" fuze
(instantanecus detonation) was simulated by positioning a striker plate in front of the
specimen. Specimens were positioned normal to the trajectory. A water tank with deflector
plate was used to capture fragments.

Damage from ballistic umpact, }Migure 49, ranged from a wmmall, rel.:ively clean, hole
to a large diameter hole surrounded by delaminated plies, to a large multiple-penetration
zone. Delay-fuze projectiles penetrated thae entranca-side skin, leaving the small hole
shown in Figure 49(a), detonated in the wingbox, and sprayed fragments over a wide area of
the exit-gide skin, (Figure 49 (b)). oOther projectiles, when a sgtriker plate was posi-
tioned to simulate effects of superguick fuzes, led to the damage shown in Figure 50.
Delaminated areas of tert panels, detected in ultrasonic inspections, are identified by the
dotted lines in rigures 4y and 50.

[—

Ultrasonic inspection records presented in Figure 51 illustrate the extent of delamina-
tion in specimens incorporating the various containment features. Relative to baseline
composite epecimens, delaminations in stitched specimens were limited in width to the rows
of stitches adjacent to the fragment-penetration hole. Ability of stitches to contain
delaminations has been noted in other investigations. Damage in specimens incorporating
buffer strips was also limited in width by the imbedded strips; however, some additional
laminate damage was noted along the strips.

The relative behavior of carbon/epoxy and aluminum skins having the same flexural
stiffness was also evaluated. The test setup was for simulating damage to the exit-side
from a projectile with a delayed fuze. Test rasults are shown in Figure 52. The
plasticity of the aluminum permitted to the blast/impact energy to be absorbed by perianent
deformation of the metal. The composite specimen remained flat; however, it exhilhited
numerous penetrations and delaminations throughout the damage zone.

The residual tensile strength of damaged specimens was determined in room-temneruture
static tests and correlated with analytic predictions. Specimens with buffer strips,
particularly the wider strips at spar locations, exhibited significant improvement in
strength relative to bareline specimens. Stitching had no effect on residual strength.
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Flgure 62, Typlcal D g9 of Composite Speci Compared to
Mets! Specimen

Residual strengthe are tabulated in Figure 53, along with the maximum vieible damagyc
and the maximum delamination damage detectsed by ultrasonice. Statdic tailures were sudduen
with little time after failure injtiation, except for those panels witb buffer setrips.
Wide buffer strips stopped cracks from propagating across the width and turned the cracks
lengthwise to propagate along the iwbedded strlps. Narrow, closely spaced buffer strips
generally slowed to the propagation across the width. In general, use of buffer stripa
increased residual panel strength, except for specimens with a multi-penetration "shotgun
blast"”) type of damage (Figure 49 (b)).

Residual tensile strengths are presented in Figure 54 as strain-to-failure for
corresponding damage sizes. Strain-to-failure was calculated on the basis of the applied
load at failure and gross-section properties. The range of damage presented for each
specimen covers sizes from tbe maximum visible damage to the internal damage detected with
ultrasonics. Specimens with buffer strips (shaded) exhibited significant improvement in

residual strength relative to strength of baseline specimens (unshaded) haviny similar
damage.
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Two analytical procedures for predicting residual strength were evaluatad. aAll
predicted strengthe were corrected for a finite sepecimen width (20 in.). Linear elastic
fracture mechanics analysis tecbniquas (Reference 6) were used to predict a lower bound.
Projectile damaye was assumed to consist of through-the-thickness defects equal in width
to the maximum visible and maximum internal danage.

In the second approach, tbe damage was assumed to be a circular hole in an
orthotropic plate, and the methodologyy of Reference 7 was used to predict strain
distributions about the hole. These #trains were used in conjunction with the Maximum
Strain Failure Criterion o predict far-field strain to failure as a function of damaye
(hole) size. Good correlation waa first obtained batween redictions and test results for
a U.25-inch-diameter fastener hole followed by extension of predictions to laryger damaye
sizes. The residual strength of specimens with buffer strips compare well with these
predictions.

5. CONCLUSIONS
Several conclusions were drawn frowm results of the programs described above.

First, it was concluded that manufacturing defects which produced the oxe
significant strength reductions were easily found by current NDE technigues and would have
ba2en rejected or raepaired by current acceptance criterila. ‘Polerances and controls beiny
used in fabrication and assenbly of cowposite aircraft structures are adequate to assure
uniform strength and structural performance.

Second, the propagation of damage from low energy iwpact is dependent on type of
loading and setrain levels. The strenyth loss of the damayed lawinata can be approximated
on the basis of an "eguivalent" round hole. The propagation under repeatea loads is
relatively slow and can be confined by relutive simple reinforcement techniques such as
stitcliing.

Third, the damage caused by 23wn 1lEJ ballistic ° ract is more significant than LElL.
The luss of laminates strength due to ballistic da je of a yiven eize is greater than
from LEID of the same apparent silze. To reduce the strenyth loss, more siynificaut
reinforcemwent twchnigues such as buffer strips are required; stitching is not adequate.
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SUMMARY

T3 The signiticance of defcecls in composite aircraft structures is described frow @
broad, practical viewpoint. The deseription is organized by concentrating on  three
generie defect types (cut fibers, watrix cracks, and delamivations) and ou simple load
components  that can  be gencrulized to the most complex loading cuses. Methods lox
evalualing monufarturing and in-service damage in terms of Lhe resulting local damage arce
revicewed, In addition, the possible benelits ol wore damuge lolerant forms ol vomposite
materials are cxplurud.<f%—

INTRODUCTTON

Recent wark in the arco ol damage tolurance of composlites has stimulated o new level
of understanding uf the etfects of defects in compnaites,  The subject is developed hare
by fiist discussing  the loading conditivns. The classitication of dumage inle  three
genevic  types  thea  sets  the stage lor descriptions of hovw the damage types  cau he
Lreated, Finally, the dwpllceations of different forms ol compesite waterials  are
explured.

LOADLNG

This  discusston s intended to cwcompass all types of loading conditions to  which
composile  alrcerait  structures may be subjected.  Both static sad  cyclic  lovadings are
spueciflcally addressed. To simplify the discussion, Jloads caused by thermel and/ov
moisture sources ore  assumed to be included ws  equivalent wmechanlcal loadiags, 1w
addition, the dilscussion is redtricted Lo envivonmental combianatlons of tempevature and
meisture  at  which the mateix behaves ag o brittle, gloassy sollid. in  other words,
viscoelastle etfects are asgumed Lo be negllglble,

Becnuge  of the overwhelming domlnance of the fibers in Lhe struclucal behuvior,
fibrous composite laminsles are most useful in wembrune uppllcations. Consequently, they
arce mosl often intended to carvy i1u-plane tension, compression, or shear loads. In-plane
shear will be assumed to wlways be resolvable dnto tension and compression components, so
will not be gpeeiidcully addreussed,

Londings  that  put  the tibers in tension bring out the best  features ol {ibrous
composites. The fibers tend to strulghten and approuch Lheir theoveticul stiffuvas  and
strength potentlal. 1o futipgne, tension-loaded composites sre superior Lo virtually any
muleriul of equal weight., Ouw he other hand, the noteh seusitivity ot the best structural
flbers  is o driving conceruw for enginecvring applicstions, und merits considerable
atlentlon from desliguers and gnulysts, as desciolbed later.

lu—-p e compression  of laminates s greatly complicuted by Lthe tendency ftor  the
fibers to bend osud buckle. Because the fibers within a ply are not rveally strabght, axlal
compression produces shear components ob lond between the {Iber and matvix, These vub-vf-
plane  components  ean lead Lo tension loads in the macvrix  that may  cause  premature
stiructural follure. Cyclle compression load upplications are cespecially likely Lo trigger
unwanled matrix  effecus, Iy compression, wotches olso aggravale Lhe sensitlivity by
producing urcas of concentrated loud.

Englacering applications of {ibrous composites on alrcratt have almost olways had to
consider the most general possible loudliag conditlons, Some combinutlion of cyclic tenslon
and compression, in the presence of silructural penetrations, 1s the Lyplical case.

LOCAL FAILURE MODES

Becouse el the distinct wature ol defects und  damage  in cowposite lnminates
constructed {rvom uni-directional tape, three definitions are established to describe
these damage states,  Figure 1 illusilrates the cut fiber, watrix crack, and delamination
damuge  types  Lhot may occur in composite lawinstes, Cut {fibers occur at every hole,
cutout, and tLarough-crack 1in a laminate. Matrix cracks are characlerized as  partlal
through-cracks that are constrained to osrrest inside the laminate and do not  break
fibers, A delawinplion Is a crack that occurs between the plics of a laminate.

Yhe relatiopship between varjous threats of structural damage and the resululog
local damege in o composite laminste is illubtrated qualitatively in  Figure 2, The
threats wre llsted in increasing order based on the extent of damage Lo the laminave, 1t
is seen Lhat winor threats cut or break few fibers and cuwse only miuimal delamlnation,
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Conversely, severe Lhreats cul many fibers and may cause extensive delaminations, Since
malrix cracks gepecrally occur under fatigue luad conditions, it is apprepriate Lo assume
that a characteristic spacing (References 1-2) ol these cracks exists in the laminate,
Cut Tlibers vrepresent an important damage mode becuuse the tibers elearly control the
stifiness and  strength  of  the lawinate., When cut-fiber damage occurs as a  hale or
through-notch, it is gencrally detectable by visual meuns, This damage does uwol  grow
under  fatiguer loading, bul rather causes u one-time reduction in the static strenglh.
Although delaminat fons cause reduced stiifness and teasile strength, their mujor etiect
ts to significantly lower the compressive buckling load of a composite laminate,
Delaminations are generully not detectable by visuul means. They often grow as  stable
cracks under continued cyclic loading,

Lxpauding on these ideas with the aid of Figure 3, we ask the quesvion of how cach
of the three types of domage is atfected by tatigue loading. For example, consider the
cut-{iber form of damage. This is superficlally the same as o flaw or crack in a metal
structure, But unlike the flawed metallic structure, the cut-fiber damage does not grow
nnder  fatigue loading, IFurthermore, Llhe vresidual Lensile strength ot the composite
laminale hus been observed in many experiments Lo increase when a small notch is  present
(Reference 3).

Matrix cracks gencerally form under fatiguce load conditions, Although they ure not
identiliced directly wog a structural Tfailure mode, the matvix vcracks may provide
initintion aites for delaminations as shown by Jamisoun, et ul, in Refercnce 4. This
intevaction between matrix cracking and delaminalion deserves careful scrutiny duriag the
degign  and qualjfication test phases to ensure that a delamination-prone laminate is not
pul into service,

When subjected to fatigue loading, deluminations tend Lo Lollow growth luws thal are
similur Lo those observed for metals, However, two unique leatures of delaminations arve
that they can exhiblt slow, stable, subcritical flaw growth Lo structural  applications
(Wilkius, Reterence 5), and thut buckling failvre wnder compressive loading is  quite
seuslitive to the size of the delamination (Whitcomb, Relfcerence 6). A frusliating teature
ol delaminatjons Is that they sre nol usually detectable by visual means, aud  generally
require sonle methods of inspection.

ror the simple case ot u single-load-path structure, the efiect of the local damsge
wodes  on the vesldual strength s ouwtlined In Figurve 4. Although the cut=fiber/Uhrough-
crack damange does not grow under fatigue Joading, the static vesiduanl streugth  muy  be
redoced by the number ol flbers cut (the size ol the through-crack). The damaged laminate
must therefore be checked against the in-service rvesidual strength requivement,  which is
generally sowe percenlage above design limit load.

The matrix-cracking form of locel dawage has ne real elfeet on the residual streagth
ol the component, HMHotrix cracking is only relevant as 10 relates to dnbtiation sites fu
delamination,

Delaminatlon is  the {law type bto which dumuge growth  provisions will typicully
apply.  The compredsion residual strength of Lhe composite structure may be controlled by
the size and location of the delawminativn, Thus, it ix imperative that the design ol the
composbte  structure nol only ve resistant tu Lhe Lormatlon ot delaminations,  but  also
control the grovih of delaminations, Since it is virtually lmpossible to coutrol the low-
cnerpy  iwpsctg that  can initiate delawinations, the designer must  gassume  that  such
delaminations exist o the lamlnale a priori and control theiv growth by design,

CUT-FIBER DAMAGE

As  discudgscd above, cut-Liber damage is insensitive Lo fatiguse and 1s one  of  the
strongeat  veasons for applying composite structeres to alrcraft,  An analysis benel it is
also reulized becuuse only the resldual stalic streangih of the cut-fiber-damaged Jaminote
needs Lo be predlicted,

An approach advanced by Waddoups, FElseamaun, and Kawinski (Reference 3) 1s bascd an
the postulation that linear clostic fructuve wechanles deseribes the notel size eflect on
stutic strength, Further, the fracture toughness of Lthe laminate is based on the (racture
toughness of the individual plies, Vo) example, 1n the case ol a circular hole in a
lawminute, a fracture analysis can be pevformed o the element of the laminate contaiving
the hole, ns illusvrated ion Figure 5. 'n all but the simplest cases, this element is
lovsded Dby a general set of jn-plane stresses consisting of  tensile  (or compressive)
normal stresses  aond a shear stress. The magnitudes of Lhese stresses can be  obtalucd
either from a finite-element anclysis of the struclure ou from a hand calculatfon for
simple confliguratlons, The element loads can be broken down into a set of simple loads,
as  shown din Figure 6., Anisotropic solutions, developed by Lekhnitskii (Reference 7)),
provide the stresses acting atoug the hole boundary for theae load cases. The solutlons
may be superposed to determine the stresses scting du the composite taminate aloug 1he
hole boundary Lor the general loadiug case.

Because in-plane frocture is controlled by the fibers, attention may be resiricted
Lo thosge locations where the tibers become tangenl to the boundury ol the fhole., As 4
tesull, fracture anolysgis solutions are only ruguired for three cases, as shown fu Figure
7. Stress-intensity-factor solulions have been numerically determined by  Hisenmann
(Reference 8) tor these three load cases in ortholropic laminatoes,
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The wvalue ot «he 4-1rcte tracture toughness can also be calculsted tollowing the
work of Konish and Crusr (Refercnce 9). This calculation requires only that «critical
strain-energy-release rates for the constituent plies of tue laminate are known,

While conuilcrable controversy still surrounds the application of linear elastic
fracture mechaunics to cowp site laminastes, this method has proved its worth for
enginvering predintions of structural behavior for over 10 years at Geaeral Dynamics (See
Figure B). Although tthe colincar crack assumption ot classical fracture mechanics is
clearlv violated by cracks that cet {ibers, the strength of notched composites ippears to
be adequately described Uy such a fracture approach when the notch dominates the
respaon. .

PELAMINATTON

Some insight into the nature of delamiuvatioa in jraphite-epnxy can be obtained by
exploring the toughuess of some typical laminates in all three directions, Figure 9,
adapted from the results of Konish and Cruse (Reference 9), plots fracture toughness as a
function c¢f the nurcentage of O-degree plies in a luminate containing only O-dogree and
wh5-degre plies. The data were obtained wi:li 7 je-notched beams and center-notched
coupons, The trends are typical of the Thornei “00/Narmco 5208 class of graphite-epoxy,
but the absclute numbers are not strictly valid oecavse no ASTM standards have heen
developoed for fractwre toughness of corposites. wevertheless, we would agree that an all
+45-desrre lamirate has a ressonable toughress sl ght'y less than aluminum., As t45-degree
pltier are repiaced v O-deyree plies, the toughness in the x-direction would be expected
te incresse uwntil il was ubowt dowbled. On the oiher hand, as +45-degree plies are
ruplhced by 9u-degrec plies, the toughness 10 the x-direction is expected to decrease
uncal 7+ reaches @ minimum repreagented by a cieck sunming comp’etely in the resin between
the f[ivers The rteal po’nt is that in the interlawminar wmode, the toughness in the z-
direction is alwa's at the minimum, regardless vf the laminate aoricntations,

Theoe  low volues of interlawipar Loughness are only xig. ficant as they relate to

the magnitude of typical out-of-plance load saurces, as shoo in Figure 10, ¥Five of tae
most commor. Jdesign devails from which real hardwezic Js constructed are shawn
schematically., Fk.-ch of these details, c¢cvea under in-plune 1loading, gives rise to
intzslasicar  woral  and  shear stresses.  Direct out-of-plane loads come ftrom fuel
pressures, air pressmies, and from structural mismatehues sssociated with  assewmbly  of
detall  parts, ‘These Jdirvect losds combins with those already presenr trom 1: r'nation
etfects, The dintertaminar forces acl directly or the plane of minimum toughres:.. As a
resuy'r, declaminations wmay torm, and it the in-plane torces are compressive, buckling

becewsy a pertinent issue,

1t tradicional solution to this iateraction ol defecis and compressive buckling
woulsd 2 an extensive test program. livwever, creation nf a compression coupun data base
is  Vr _,ractical Dbecause interlamiunar tcension and shear interact with local and overall

buckling, Consequently, qrestionr of speciwen sise, cnd condltions, and lateral support
make scaleup to reul hardware almost impoussible,

A simpler, woure direct approuach, as depicted in Figure 11, is to use an analysis 1o
dufine the transfer function between applied loads and local rupture forces that tend to
coarentrate  al lamigsate defects. Then Lhe experimental etfort can focus on tension and
ghe. » failure mechanisms in the matl-ia,

Thz capability is avallable f{rum adhesive fracture technoloygy, as described by
Ard..son, Jenneet, and PDeViies (ReYereere 10), for computing the profiles of strain-
» orgy release rare around a delamination 1n g laminated plate under gepveral loading.
‘splications of the te:hnolopy to composiite laminutes have been reported in  References
11-14, As schematically depic .d in Figure 12, the profiles can be broken iato compo, ents
for us ‘n g fracture-mechanics--based fallure theo:v swch as proposed by Wu (Reference
15). The strain-.nergy-release-rate cslculations can be performed with tinite-element
methods coupled with  the virtual-crack-closure techniqus us described by Rybicki  and
Kanninen (Retereozo 16y,

Trese techniques were successiully used by Geneval Dynamics Lo predict the eftcects
ot delects in the F-4u horicontal tail fov the U. S, Air Force fleet manugement progr.am.
Varivus aspecl. of the program have been reporved in References %,17-18. Wilkins,
Eiscnm an, Cawin, Margolis, and Benson (Reference 17) discussed the drvelopmeni of
metheds tu  characterize delamination growth by creatin, a coupon data base. Wilkins
(Reference 3} presentad the full scale verification of tbe methodology as outlined in
Figure 13 to cvaluate damage tolerance of composite hardware. 1n Reference 18, Wilkins
discussed the neo apnalvseis approu-h in terms of its iwplications ftor design, analysis,
and testing of compos.te Structnres,

in  conlrast to Lhe comments previvesly made about the controversy surrounding ihe
applicatior ot tsacture mechanics to the cet-fiber problem, fractrre mechanics should be
much more appropriatz for desciibing not only the streugth bul also the grewth behavior
ot delaminations, Bec~use no fibers are cvt Jduring tiue delawinstion process, the colinear
~vack growth assumption is ~¢. violated.

IMriL, LCATTONS OF DIFFERENT COMPOUITE ¢ORMS

Up te now, only composites coastructed witih wnidirecvionul tapes have Dbeen
discusacd Laminates made {rem tazs have been preferied at General Dynamics because of
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their struclural efticiency and the economy with which they can be laid up with tape-
laying machines.

In view of the preceding discussion of the effects of defects and damage, it s
apprupriate to generglize the treatment to include other common fovims like labries, and
even uncommonr forms like braided or 3-dimensionally reiniorced composites. Such torms can
provide damage tolerance berefits beyond their proven manuiacturing utility tor parts
with complicated shopes.

Referring back to Figures 1 and 2, it is clear thst woven fabrics remave the matrriz
cracking damage from consideration. Recnawse motrix crack damnge is relatively benign, and
was  only of concern as it provided initiation sites tor delamination, the tene{it ot
tewoving Lhe matriz crack dumage mode is relatively small, At some expense ot in-plane
sLifiness and strength, only cut {ibers and delamination, rewain Lo be interrovgated with
regard to the eftects ot detects in fabric laminates., According to Bascom, et al,
(Reference  19) the inicerlaminar toughness tov tabrics has been shown to te higher than
that for tape of the same coustitucnls because of the component of {ibers  in  the
thickness direction and the larger resin pockets between the plies. However, fabric
famingtes still exhibited only @ traction ot the toughness of the bulk resin,

The remeval of delamination as a failure mechanism by sclective placement ol fibers
through the thickness ol o luminate could drastically simplify the structural  dntegrity
evaluation of laminated composite structures. At least two techniques tour achieving 3-
dimensional composites are possible. From the world of textiles, procedures tor braiding
are rather well-advanced. The swccessful braiding of detail parts secems only a  question
ol how large & part cun be economically manutactured.

From the worid of shoemakers, the technology of stitcehing is readily avairlable, Une
impediment to suctessful stitching of compusites scems to be modifying existing equipment
to handle stift threads such as graphite, which would bhe preterved for most cfficiently
Lransferring interlaminar sbresses.

Whichever method  is  eventually pertfected, a pruperly designed 3-dimensional
composite should be completely inseusitive to all torms vl matrix damage. Thus, 1eterving
back to Figure &4, the only remaining damage Lype would be the cut fiber., As mentioned
previously, the cut fiber damage requires only a static slicagth analysis, and vaisual
inspection methods can usuvally discover the damage. The overall payott is a  level of
structural  etticiency, damuaye tolerance, inspectability, and reliability that should
pas:ly offset the inciease in design and manulasctluring complexity,

CLUOSURE

The aim  of this discussion has been to review an approach  tor  evaluating  the

siguniticance ol detects and dumsge n structural composites, The approdieh is based on
segregating the possibilivies into a practical, workable set of problems whose sulutirons
can be worked out by structural engincors., Aduption ul such prucedures can lead tov more

ctticicnt and wsetul applictations of (umpusite materidls 1o eng.neering structuies,
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DEFECT OCCURRENCES IN THE MANUFACTURE OF
LARGE CFC STRUCTURES AND WORK ASSOCIATED
WITH DEFECTS, DAMAGE AND REPAIR OF CFC COMPONENTS

BY

C S FRAME & G JACKSON
British Aerospace PLC
Aircraft Group
Warton Division
Preston PRU 1AX
U.K.

SUMMARY

st

—éyCurrent activities in a Ministry of hefence funded research investigation into the
affects of defects and damage, and tiheir repair, are reviewed. Future work in this
field is also discussed.

AWPO0O1927

The occurrences of defects and damage in large CFC structures (eg. Tornado taileron,
Joguar wing etc) are then presented and comments made on experience gained from
flight and ground testing.

Current NDT detection and characterisation methods are presented together with an
outline of the work proposed to overcome existing problem areas and limitations. <?:

INTRODUCTION

R

Since the early 1960us CFC has increasingly been considered for use in aerospace
structure *. As usage and confidence has increased over the years, the trend has
been from lightly loaded secondary structures, through stiffness designed items,
towards more highly loaded strength designed primary structures. As the performance
requirements of CFC have increased, s0 too has the demand for improved quality
assurancc and more detailed knowledge of the effects of defects and damage. The
inerease in utilisation is dramatically illustrated in Figure 1.

. —r T

Ideally the effects of both manutacturing and in-service defects and damage should
be established by manufacturing CFC items, putting them into service and examining
I +d the eft'ects of' any naturally occurring instances of detectu and/or damage. This, i
however, can only give an insight into one defect in one specific item and is

totally impractical. ,

Ly BAe Warton is galning valuable, practically derived information via 3 separate
routegs., The primary source of information is a Ministry of Defence funded "Defect,
Damage and Repalr Programme" which is a multiphase ilnvestlgative project which
simulates natural defecty and damage by artificial means and is also being used to
5 assess efficlent, viable in-service repair techniques. Secondly, several CFC items
have been manufactured and put inte service enabling any naturally oceurring
defects/damage to be monitored and, where necessary, repaired. Finally, several
demonstrator programmes have been embarked upon, some of which will be fllight
tested. This again allows examination of naturally occurring defects/damage.

In parallel wlth these activities, the specialist N.D.T. group are cnsuring that

defects can be succesafully located and defined, damage arcas accurately mapped

and that repairs are of high integraty; again the prime aim is that all equipment
and techniques are eventually suitable for in-service use.

" DEFECT, DAMAGE & REPAIR

This multlphase Ministry of Defence funded programme is being used to gain essential
= information on the effects of Uyplcal defevis and Jdamage and alsc to examine
repairsa.

Phase 1, which is currently in progress, takes a spectrum of typical defects and

damage and will glve an initial insight into the effects of these on parent "undamaged"
strengtha. At the same time, repairs are being investigated tc establish efflcient
viable repairs which can be carried out in an in-service environment. Lessons

learned, or questions raised, by this phase will be addressed in Phase 2,

Since many of the test results presented here have only recently become available,
full analyses and definitive conclusjons cannot always be presented.

DEFECTS AND DAMAGE
Surface Scratches

The effects of .wurface scratches are shown in Figure 2 as they apply to one basic
layup, ambient conditions and static test. A prediction method ba=zed on scratch *
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depth and remaining net layup was used; these predicted values are shown and compare
reasonably well, if a little pessimistically, with the test mean results.

Bolted Joint Defects

The effects of several different defects in bolted joints are shown in Figure 3.

The defects had little, if any, effect when tested under ambient conditions and

even the effects of temperature and moisture reduced the bolted joint strength by
only 15%. The fatigue specimens were subjected to the equivalent of 30,000 hours

by spectrum loading and showed a 3light increase in strength when residually tested.

Bonded Joint Defects

The effeacts of a disbond type defect in bonded joii .s is shown in Figure 4. At
room temperature the disbond specimens showed a 22% reduction in strength for an 8%
reduction 1n bond area but no difference in strength was evident under hot/wet
conditions.

An increase in strength was observe% in both no defect and disbond specimens when
residually strength tested after 100 cycles of fatigue loading.

Corner Radil Delaminations - Tension Cleats

The effccts of delaminations in corner radii when tested as tension cleats are shown
in KFigure 5.

A large amount of scatter in results was evident in the statiec tests where neither
the delamination location (between plies U4 and 5 or on layup centre line) nor the
variation in percentage length delaminated showed any clear trend. The effect of
tfatigue loading for 100 cycles did show some reductions in residur’ -.trength for
delaminated specimens.

Skin Delaminutions

Thesc tests werc conducted using honeycomb sandwich beams which were initially
curved and designed to be esscntially flat at failure under U-point bending.

The results of the 07/+45° ukinned specimens are shown in Figure 6 and the 00/1950/900
skinned specimens in Flgure 7.

The delaminations on skin centre line of the UOI:PbO skins show a maximum effect of
reducing the failure sgrainolevel by 50% whercas the delamination 2 plies below the
outer surface of the 07 /+45 /90% skins reduced the tailure atrain level by ouly 30%.

Although the results and failure modes have not yet been fully analysed it is
interesting to note that the greatest reduction in failure strain usually ccceurred
in the 150mm wide specimens.

Impact Damage and Skin/Core Disbonds

Will be carrled out on curved honeycomb beams following completion of skin
delaminations,

REPAIR COUPONS

The aim of these tests iy to derermine the most cffective bonded repair configurations,
The testing 1s initially being carrlied out at room temperature In the "as recelved”
conditlon under tenslle loading. Any joints performing well under these condition:
will then be consldered for testing hot and wet.

The configuratlions evaluated combine 3 different resin systems and cure temperatures,
cre-preg tape and woven f{abricas, varying acarft angles and step geometry, pre-cured
and co~cured inserts and different ways of applying the repair insert material.
Figure 8 .shows the various contigurations and asusociabed tesat number, the room
temperatur e results for these being shown in Figure 9.

Initiul conclusions are that a scratfed Jolnt 13 more efflcient than a stepped one
and that hot curing adhesives are better than those which cure at voom temperature.

Since all the repnir configurations were a simulation of a heater mat and vacuum
bag techniguc, a varying a.unt of bond line porosity was cxperienced. This meant
that several specimens were shown to be very poor by ulbtrasonic NDT although they
performed well under test which highlights the need tor an NDT technique to cope
with this problem.

MAJOR BOX REPAIR

A major test box with CFC skin and metallic sub-structure from the Jaguar CFC Wing
Programme was made avuilgble followlng its test to failure. The box had been tested
in 3-point bending at 87°C/1% moisture with the CFC skin In compresslon. TFallure
occurred at 113% Design Ultimate Loading. The dimensions of the box and lacation

of the failure site is shown in Figure 10, '
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The CFC skin was repaired in-situ on the test box in a typical service hangar
environment using hand held tools, electric heatar mats and vacuum bags only. The
damage was removed by hand scarfing, new CFC skin insert material was cured and
bonded, followed by an external reinforcing strap. The total repair was based on
the configuration and materials of Test 9A {see Figures 8 and 9) which had the
highest test mean strength and least amount of variability.

The repair was ultrasonicezlly inspected by both hand-held probe and through
transmission C-scan which correlated extremely well; again a large degree of bond-
line porosity was present.

The repaired box was re-tested in the original rig, but, to reduce costs/timescale,

at room temperature in the as received condition. Compreasion skin failure occurred
in the repaired section as shown in Figure 11 at 145% Design Ultimase Loading. From
an examination of a variety of data, the compression strength at 87°C and 1% moisture

content would be some 20% below that in the room temperature, "as received" condition.

This would indicate a failure at 145 x 0.8 = 116% compared with the original 113%
D.U.L.

The next step is to carry out in-situ repairs to both CKC sub-structure and CFC skins
and test these under hot/wet conditions.

FURTHER WORK IN PHASE 2

The content of Phase 2 of the Defect, Damage and Hepair programme is at present under
discussion but, besides considering any further work requirement arising from Phase
1, will probably include evaluation of bolted and metallic repairs to CFC; EMC and
lightning strike requirements and performance for repairs; delamination growth;
effects of contamination on bonded repairs and alleviation of moisture pull-through
from adherends; the problems associated with damage size and laminate thickness;

and multiple damage sites in close proximity.

Throughout this work, NDT techniques will need to be developed to cope with any
encountered problems. All NDT methods and cquipment must ultimately be quick and
easy to use in a service environment.

STRUCTURAL ITEMS

SERVICE EXPERTENCE

JET PROVOST RUDDER TRIM TAB (Fig. 14)

These items first entered service in early 1970 and of U4 aircraft still fitted with
these items the leading aircraft has flown in excess ot U500 hours without occurrance
of either defect or damage.

JAGUAR ACCESS PANELS (Fig. 1B)

The underwing, lap shroud and the spine acceas panels were first flown in early 1978
and 30 aircraft sets were delivered to the services in 1979 of which the leading
items have flown some 300 hours. Some panels have suffered bolt hole elongation due
to repeated removal and refitting and are repailred by filiing and re-drilling. If
these items were to be productionised, the core ingert material at the bolt positions
would be changecd to a morc durable material or have metallic ferrules fitted. Flap
shroud panels whilich have suffered leading edge delamination have been repaired by
adhesively bonding a wrap-around of GRP cloth. One panel has suffered skin fracture
and honeycomb core dumage whilst removed from the aircraft and was repaired as zhown
in Figure 12.

The spine cover panels ocraslonally receive impact damage to the inner skin when
being refltted. When necessary this 1s repaired as shown in Figure 13,

30 aircraft sets of the rear tank access panels have recently entered service and
to date no reports of defects or damage have been received. 50 aircraft sets of a
Turther T Jaguar panels are currently being manufactured prior Lo delivery to the
RAF .

DEMONSTRATORS
TORNADO TAILERONS (Fig. 1C)

The taileron programme has demonstrated the capability to manufacture large Class 1
or Primary CFC structures to flying standards. One pair (left and right hand} have
been manufactured for static and fatigue purposes respectively and another pair for
tlight trials. Very few manufacturing defects of any significance have arisen and

also very little damage. A typical repair to one of the few occurrances of damage

is shown in Figure 14,

The static and fatigue tests are currently proceeding and the flight test tailerons
were successfully flown in late 1982, The few defects and instances of repaired
damage have shown no detrimental eftect on the testing achieved to date.

A




A further five pairs of production standard tailerons are scheduled for the near
future.

JAGUAR WING (Fig. 15B)

The Jaguar wing programme, which includes the largest single item so far manufactured
at Warton with each wing skin being approximately 5.4 meters long, was originally
planned to be for static and flight test. The programme has since been reduced to
atatic testing only.

Again very few instances of significant defects or damage have occurred; the two
main instances are shown in Figure 16 which -have been repairea as shown in Figures
17 & 18.

Due to the location and nature of these repaired areas, no detrimental effect is
anticipated. The areas will, however, be monitored during testing.

JAGUAR ENGINE BAY DOOR (Fig. 154)

BAe Warton has collaborated with Grumman Aerospace in the desizn and manufacture of
a palr of CFC engine bay doors for the Jaguar. The manufacture is virtually complete
at the time of writing and the posuibility of a test programme is being considered.

DEMONSTRATOR FRONT FUSELAGES

Two complete front fuselages have been built to gain manufacturing experience,
improve expertise and demonstrate ap2cific design and tooling concepts. One right
hand half fuselage has also been bullt to evaluate the all co=cured/co-tonded
concept. There were very few manufacturing defects but this was the biggest test
for the NDT team, where some difficulty was experienced with the in-situ scanning
nf some of the bond lines.

One of the complete front fuselages has recently been subjected to bird strike
testing and performed very well, the worat damage belng a permanent "dent" in the
honeycomb sandwich construction side skin. This is now being considered for an
in=-situ repair, to be fFollowed by further bird strike tests.

NON-DKSTRUCTTIVE TESTING

The productlon NDT inspection of components manutactured trom Carbon Fibre Composites,
ia performed at BAe, Warton Division using automated ultrasonic scanning. Facillities
Ircelude both immersion tanks and wiater jet probe (squirter) systems. In both casen

a raster motion 1s generated, and linked by variable ratioc devices to a platten
recorder, in order .o produce a hard copy 'C!' scan, on electrosensitive paper. The
normal techniques of through-transmission, rcflector plate and pulse echo, are uased
as appropriate. Naturally, through transmisslion is preferred, since many of the
problems associated with probe characteristica, near and far zonea, and signhal

gating problems are avoided. More recent developments have led to the introduction
of' computer controlled data aquisition and procesasing systems.

Radiography is also an important NDT technique lor composite components. iHowever,
until recently, there have been limitations with regard to equipment capablility.
The present genecration of Be window, low KeV, X-Ray Units, do not perform reliably
below about 25 KeV, i.e¢. Indicated Kv can vary greatly from actual emission. Also
with some units it is not possible to attulh any useful emission below an indicated
20 KeV. Fortunately X-Ray equipment manutaclurers have now recognised the apecial
requirements for composites radiography, a: are producing sysatems capable of
aperating down to 10 KeV with very high Ma utputa.

With regard to defect characterication, it was recognised at the outset in the 1960's
that asome torm of Reterence Standard would be needed, thereby introducing the Carbon
Fibre equivalent of the Flat Bottom Hole. Some areas of the European Aerospace
Industry did, in fact, use Flat Bottom Holes. Others, including BAe Warton, elected
for the system favoured in the U.S.A, wherein laminar defects are modelled by
P.T.F.E. patches, inserted into "Stepwedge" specimens during the lay-up process.

Yet another madel defect which proved very reallstic, took the form of a deer hair
inserted In the lay-up to aimulate long tubulur volds. The halr of the deer being
similar in diameter to the actual defects, and being he. ow, produced an effective
ultrazonic attenuator/reflector.

The appreoach on defect acceptance levels satarted in a some shat arbitary manner, as

in fact, was the case in the 1950's, when standardas for alumlnium alloy plate were
being sought. The criteria then as now, being beuged on the best that the current
state of Ultraconie technology could realistically achieve. The BAa Warton system

1s based on the use of graded acceptance scales, with P.T.F.E, patch reference
standardas of 3mm, bmm and 12mm square. Other criteria of defect tc defect proxlmity,
and def2ct to hole or edge proximity, are also applied. Fortunately, as with the
Flat Bottom Hole atandards applied to aluminium plate, the bmm aquare standard for
Carbon Composite, proved raalistic from both Design and Manufacturing points of vieu.
Some may wonder why a 'square'® was chosen rather than a 'round', defect mndel. The
veason Ls very simple, it is much ecasier to cut a square patch of 6bmm x bmm, than

one 6mm diameter, using a palr of scissors!
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It is interesting and very significant to note that the introduction of fairly
exhaustive NDT processes, produced dramatic changes in the material lay-up and
curing technologies. 1In fact, over recent years, defect occurrance is very low.

The trend now is toward, normally, virtually uefect free parta. Exceptions are
when problems have occurred during processing; backing materials from the pre-preg
can still get left in the lay-up, in spite of good housekeeping and quality control,
and vacuum bags are still prune to the occasional burst. One fairly consistent

area of concern is the corner radii of channel section spars, where defects can
nceur in laminar form around the pradius.

The requirements of in-situ NDT wn aircraft structures in service presents some

very different problems to th f Manufacturing. These problems are currently
being addressed in depth at W an, with regard to the aspecte of Survey, Monitoring
and Repair Assecsment. The s..ule most problematical factor is the inherent
inability to apply through-transmission techniques in-situ. Thus from the ultra-
sonic approach, the funadmental problems of the basic physics of pulse echo methods
are encountered. However, some relief ia likely, in terms of the sizes and locations
of defects to be found. Attention has heen mainly coucentrated on impact damage and
post repair requirements, and to meet these requircments we have developed, in
conjunction with two very co-operative equipment manufacturers, two items of apeci-
alised N.D.T. tools which have proved very effective.

The first of these is a highly portable, battery powered, ultrasonic 'C' sean
packarre. The ullrasonic probe ls a contact type with a plastic stand-off column.

It i mounted in # low friction material digsce which is fully gimballed to give
freedom of normalisatlon in all axes, and is h<ld in contact by a spring system.

The probe s carried on an arm, which 1is int.:gral with a box housing the drive
motors and an ANl size recorder tor clectroscnuiiive paper. The whole unit weighs
less than 7 kg, and iu attached t¢ the aircrafl atructurc by manually latchable
suction cups. 1t ls capable of operating in anv attitude including, for example,
the underside of a wing. An AN slze 'C' scan ig performed in under 2 minutes. Thia
unit is shown in Figure 19.

Where a amaller arva of search is dictate: nd/or information on detect depth
location is required, then hand held contact. 'A' scan, with o stand-~f prooe,
provides a very adequate technique.

A further developmert very recently occurred when we recognized the porential use-
tf'ulness of the Mcdical 'B' Scan appro. h., The advantiges ol interrogating quire

wide areas at once sweep ol the probe are selt evident, typically some 75mm. Also

the presentation of 'B' Scan, uhows def'ect width and depth simultaneously, in the
form of 4 crosg-se: «ional ilmage which 1s readily intelligable to the ne2-NDT man.
This syatem berng primarily designed tor medical use, needed appreciable modification
and probe development for industrial use on Carbon Fibre Composites. It i+ feit

that we¢ are only at the beginning, and considerable scope for the developmeot of

this system exigtly, in order to meet the necds of post repair NDT inspectlons with
regard to bond-line porosity problems ete. This unit ia shown in Figur. 20.

Finally, another NDT method which may prove beneficial In making qualitative
as:naaments of porous bond lines iu Ultrasoanic Spectroscopy. Thiz method unaly:ses
the I'requency spectrum of the reflected ultrusonic signal, but at present it ia
atill in the early stages of ecxperiementation.

CONCLUSIONS

The large number of items made either 1or demonatrator or t'1ight have bren aub ject
stringent quality control and ace. ptance astandarda. Current production NDT technigu

are confident of finding defect: down to the maxlimum acceptable size and amaller,
which has led to very few occurrances of "gigniticant" detects or damage Cindiag thelr
way to being teated or {lawn. On large atructurca, det'ects and damage which could be

vateporided as gignificant have becen locally repajred and to date have shown n
adverse or detrimental effect on either performance or test recults.

Defecta as, or more evere than, the requirements of the aczeptance stundards have
beren waed in the Defect, Damige and Repalr programme where, in general, the eftfects
have been somewhat less severe than was originally anticipated. However, this must
be qualified hy the fact that for this Phase of the programme only a limited number
of resuits exist for each test condltion (defect type, test type, tect conditions,
and variety of layups examined). It (s envisaged that a greater var. ..ty of test
conditions and more apecimens at .1ch conditlon, will be uned to check turther the
worat defects/damage in Phase 2 of the programme.

The repalir work has ao far been encouraging. The repal'r joint ccupons have
demonstrated the abllity to restore un-notched parent lamlnate stroongth and the ma jor
teat box wlith damage muct larger than would normally be ant:cipated in ascrvice han
been repalred in-sltu to orfiginal box strength.
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In-situ bonded repairs using heater mats and
pcrosity in the adhesive bond line. Current
but cannot, generally, differentiate between
the repair would, from NDT results alone, be

vacuum bags ftlave been shown to have

NDT methods will register this porosity
porosity and a no~bond situation. Hence
categorised as unacceptavle. Subsequent

structural tests have shown that, even with bondline porosity, full strength repairs

can be achieved.

It is expected in the near future that advances in NDT equipment and techniques will
enable the degree of porosity to b2 categorised and also give an indication of the

attainaole structural strength.
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FIG. 1 INCREASING UTILISATION OF C.FC.




120 -8 = PREDICTED \
E - . . -
2 * *
@ +
o e | _
(o}
w
T H H
2| o
b .
@ FULL ¥ 2
=N EDGE CENTRE
w » ' .
2 . ROOM TEMPERATURE
= AS RECEIVED
w24
<4 M »
w N '
a
TRl V,EDGE (' CTR] FULL | FULL [FULL | SCRATCH WIDTH
3 PLIES 1PLY [3PUES || PLY | SCRAICH DEPTH
(0g 245445 02 Jgym (445 04 k45)gpm| LAY-UP

FIG. 7 SURFACE SCRAICHES

S

= X
- >
ﬁ N
9 oot -_-__.:F
[ 4
Bl | |
g * | : .
[ : ' r
5 : ‘ v l l ! Ly up {30% O

. 50% #45°
gl sof | " 1
E L w 1 6 '5 i . ' N w .
5 o w. o w w.r|o|ly ® «
b & ajafx|g =] =
3 I EIR IR o ©
IS % - A AR .
z S ~N -~ | @ o [=] [a]
<4 @® .

w Nla|l2la!lFlald w. oW w
o o @.ox! © < |d| & ]
o 218 8i88.51215]2]8[2:8
Eﬂg!g'ﬂ‘SlE,:lxo RlZiwiZ|w
(%) N N '
@ ' N
RN EEE

0 1 i 1

48 24 WIDTH mm.
) 20/AS RECEIVED [120/1% J20/1% | TEMR ¢ /MOISTURE %
L STATIC RESID. | TEST TYPE

FIG. 3 BOLTED JOINT DEFECTS




o
*
219
7] S
= a
oo —— — L — S 2
3 :
— M '
(L]
Z i
x| 0] .
n I . BOND LENGTH = 20mm E
2 : BOND WIDTH x 25mm
ol 604 l ]
[~]
(72l
3
b .
4 404 l
wl
W N
-« .
=
z
@l 204 I
Q !
u . ]
a
7.0 NIL 7.0 NiL 7,0 DISBOND DIA. mm
20 120 120 20 20 TEMP._°C
AR, 1% 1% 1% | 1'% | MOISTURE
STATIC RESIDUAL TEST YYPE
FIG. 4 BONDED JOINT DEFECT
Ll (ST 2N
%0
1201
00 1. —_
T 5.
5 '1 .
g o1 : =
5 5% 0°
. LAYUP  (50% #45°
Il sod 25%  90°
E3 ROOM TEMR
w| “1 ' AS RECEIVED
< : MEAN OF 3 SPECIMENS PER TEST
hil
2 201
& .
\ 4-5 [} 45 ¢ NIL ¢ LOCATION
12% 24% 5} 26% | % LENGTH
STATIC RESID UAL TEST TYPE
FIG, & T_EI'_\JMAT DEL AMINATIONS
.
3 s g v
LTS




21-10

00— - - - .
Z| 80 —
-
& g -
L -— ;Q\ J WIDTH
| sot A .
4 < COGE & CENTRE
= (=]
Z =
D 4«04
- _DELAM.
! ADHESIVE
z 0 - H'COMB_CORE
& DETAIL G
[ %
MINE 150 250 7% 150 250 BEAM WIDTH 50% 0
75 15,0 | 250 7.5 5,0 | 250 | DELAM RAD. SKINS 1 caw, 345°
! BEAM CENTRE BEAM EDGE

ROOM TEMR AS RECEIVED
RESULTS ARE MEAN OF 3 SPECIMENS PER TEST

Flo. 6 Kl ELAM ME N

100+ - -
—
80+
Z
g 7
=
s W
b4
<l 40T
w DELAM.
z ADHESIVE
201 H'COMB CORE
o AL E
P
Lasi
wl g T e
& 75 150 250 75 150 230 BEAM WIDTH 40% 0 .
uk TS SKING » {4 0% 245
a 7.5 15,0 25,0 7.5 15,0 ,0 DELAM. RAD. 20% 90°
BEAM CENTRE BEAM EDGE

ROOM TEMR AS RECEIVED
RESULTS ARE MEAN OF 3 SPECIMENS PER TEST

. FIG. 7 SKIN DELAMS Q°/#45° [90°




e
. ' 21-11
o
. TEST | GEOMETRY INSERT MAT* CUF ADHESIVE

or
Ne PRE /CO-CURED | BUTT = Meeun
2_ |SCARF 4£0mm A PRE ¢ BUTT B
3__ISCARF 40mm B _CO BUTT 8
4_|SCARF40mm__[B_CO CUP B8 === sun
5 [SCARF 30mm_[A co cupP A
6 _|SCARF20mm | A CO cup A
7A [SCARF 40mm A PRE Mg BUTT A === e
: 7B|STEP 15mm | A PHE BUTT B
., 7C|RSCARF 40mm |8 cO BUTT 8 o
8A[SCARF s0mm__ | A cO BUTY A === swr
§BISTEP 1i5mm_ |8 CO BUTT 8
9ASCARF 40mm__ | A €O cup A
9 B[STEPS 4x15mm | B_CO BUTT 8 A = 175"C CURE
0_|SCARF 4omm_ [ A PRE BUTT c B = 120°C CURE
I|_|SCARF 40mm [ €O BUTT c € = 20°C CURE
12_[scARF 4omm [ C CO cup C
'3_[¥2 ScARF 40mm fC €O cuP c

FIG. 8 JOINT _CONFIGURATIONS

80— T

-

213|456 17A]7B/7C(8A|8B[9A[OB |10 |11 ;12 [13 TESTN"]

ROOM TEMR AS RECEIVED i
RESIULTS ARE MEAN OF 3 SPECIMENS EACH TEST

FIG. 8  JOINT CQUPON RESULTS




21-12

BOX_AF TER ORIGINAL TEST

E1G. 10

TER_TEST

REPAIRED BOX AF

FIG. 1




SECTION A-A

FlG 12 HROUD PANE PAIR

DETAIL

Ty

FIG. 13 SPINE PANEL REPAIR




21-14

——"
TYPICAL
DETAIL
‘ CFC SKIN

CFC "PLUG" 77/

SECTION BB

(NOT TO 50 LE)

FIG.14 TAILERON REPARR

AGUAR DEMONSTRATOR

EIG.15



e

BOUNDARY OF
CFC. TORSION 80X

FIG 16  JAGUAR_ C.EC WING

BETAIL N\ cFe PLUG

FALSE CUY

C
LALLLSL

EXISTING
BOLTS

| b

SECTION D-D
(NOT TO SCALE)

EICA7. FALSE CUT REPAR




*/
e 4 21-16
DETAIL AREA OF
POOR BOND XX CFC_SKIN
BONDED_CFC BOOM
CLAMP PLAT
TITm.
+7 BOLTS
# | 13
SECTION E-E
(NOT TO SCALE )
ElG.1€, POOR BOND REPAIR
[
|
Ty
i

FIG. 19 PORTABLE C-SCAN UNIT

_L——“—_’_-'—_—-—-_‘-‘ I‘ - ———————J



FIG. 20 ULTRASONIC IMAGING B -SCAN UNIT




ADPYO1928

D& LAMINATION GROWTH IN COMPO™ "TE STRUCTURES UNDER
INPLANE COMPRESSION LOADING

by

Don Y .Konishi
wember Technical Staff
Rockwell International

N.A.A. Operations

P.0. Box 92098

Los Angeles, CA 80009
Usa

ABSTRACT

T An approximate solution to the stress field causing delamlnation under blaxial loadling, where the
principal load is compressive, has heen developed. |t utilizes a Ralelgh-Ritz approach for the finite
arplitude deflectlon analysis of a rectangular or elliptical plate which has bending/membrane
coupling terms and clamped boundary conditions. The solution as developed determines the complete
stress field or the boundary, including the short transverse stress field. This leads to delamina-
tion growth trujecturies which can be analyzed to determire constant gradient da,/dt growth con-
figurations. Thece results can be analyzed to establish dusign criterla to be used to minimize the
impact of delamination growth counslderations by stacking sequence sel=ction, etc., as well as to
max imlze the residual strength capabllities of the structure, &€

1. INTRODUC T I OR

In order to enable certitication of an alrcraft comprising advanced cumposite panels in primary
structure, Its durability and damage tolerance must be assessed when It contalns a delamination.
Since delamination growth is due to the short transverse stress fleld within or In the region of th.
delamlinaticn, existing technigues for the stress field determination Involves elaborate three-
dimensiaonal finite element models., "Eract' solutions for the buckling load have also been heretofore
Vimited to orthotropic or speclally anisotiopic plates under specialized loading conditions such as
compression or shear in the material coordinate system.

In ordir to enable an engineering approach to the problem, the 'thinner'' (region with lowest
buckling strain) ragion is treated as a postbuckled plate clamped on four sides. This study will
focus on this region.

A mode)l Is presented to represent the behavior of a delaminated reglon In an advanced composite
plate under membrane compressive loading, The rectangular plate madel was inftially presented as
an "initially deformed' plate under compressive loading in 1979 (1)} and has been extended here into
the postbuckled region. In addition, an elliptic plate is cnsidered. The model utilizes a vie-
term Rayleigh~Ritz energy formulation with the initial estimates of the deflected shapes being
symmetric about both the x and y axes. Finite ampl!tude kinematic relationshifs are utilized.
Anlsotropic and Flexura! membrane coupling terms as wel as combined lvading are included. This
method was previously presented for simply supported boundary conditions (2) in order to ascertain
the behavior of postbuckled compression arnd shear webs.

2. APPROXIMATE SOl UT JONS

In order to oblain an approximate solution to the problem, models for rectanguiar and elliptical
clamped plates In the postbuckling range have been developed. Figure | shows the geometry.
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Figure |. Geometry
3. DISPLACEMENTS
For the rectangle, the displacement functions chosen are:
w-‘:-(l+c052;)(‘+cosz;\
- in 2x Yy - - 4 (1)
u 4 sin 2x cos y L 7
- N - N = - - R
v CZ cos X sin 2y eyy 2

A
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where:
P, TX Ty
X, Y® T7a * o 2b
ror the ellipse, the displacement functions chosen are: (3)
£ 2 _2 2
W= 5 (=x -y )
-2 2 — —
U-Cl (I-x -y )X-aexx - b yy/2 (2)

-2 _2 _ — -
V= Ca {(I-x =y 1Y - b eyy - ay x/2

— = X
where: X, Y 2 'Ey
5
k-
and, e ey' Yy = far field strain field
- These displacement functions satisfy the geometric boundary conditlons for clamped support.
UnmV =y = U,x = W, =0 on the boundary,
where the comma followed by a subscrth implles partial differentiation with respect to the subscript.
k., STRAINS
Finlte amplitude kinematic relationships are used:
2
€ « " U'x + W,
€ 2
=V, + iV,
. y y ¥
o
¥ - + W, W
Yy Uy, + Vo 'k Y (3)
xx - -U.xx
{
| X " Mgy
Xy - -2 w’xy

5. CONSTITUTIVE RELATIONSHIPS
The constitutive relationships for an advanced compos!te lamlnate are:

N, =A . €. +8. . ¥, Py = x,yexy df 1,2,3 (4)

where repeated subscripts imply summation over the range of the subscript,

6. ENERGY

The total energy in the considered panel is:

[
Um0 s (N, e+ R x) dydx (5)
o [ [

-a -b
where for g rectangie and ellipse

B mb, b VI-%
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and &, ., Is the Kronecker delta

1]

Carrying out the indicated operatlons yleld:

2 2 2
L ey F + F +F € f + f F
ab 4 11 c1 12 cxcz 13 1 F“ c; H zzcz

2 4 3 2 ?
+F Cf +F CF+4F f +F f +G f e+G fe+ !
L 23 2 26 2 31 34 13 X 23 Y

2

2
+ | + + | + |
Y 13eXT 1228 3ey7 :Z (6

2 2 2
G fy+tHf +1 e +l ee
33 3 1 12 X 22 Y 2

1 X

.
where for the rectanale:

2

Foow m(2A +$a% A ) :
11 11 LX)

BT e s
- Flz 9 ¢ ki ) (A“ * uA”)
- _2

27 " -
Fl: "T5% (ZA” An)

-

; s ) )
£ F o= 20 (4By; + 3P Byp + 2 a2 Byy)
&: 3a

Fao = 7% (2 a®Azz + % A3z )

-, E
i Fay = _?Lb- (2A12 - Ay3) d

- i
Fay = g: (812 + ba®B2z + 2B43)

. ) i ) i
2"1 (105 Ay + 504 Ayz + 105 &% Agy + 100 a%Asq)
128

-
-
-
[ ]

7ol
Fio = =g (B12 - B1a)
1
o o2
8y = ._Lf"_g_(All +atn,))
Hy .—6__';y (3 D1y + 2 a® Dyas + 3 a*Dpz + b a%Da3 )

1y, V22, 131 = BAyy, BAaz, bAs,

112, 113, l23 = BA1z, 8Ayy, BAgzs

and for the ellipse:
Fi1 = %r (A11+ 1/3a? Asg)

12 = T:b— (Az2 + A33)

Fig = —I;Tbl (A2 Ass)

Fie = —Ti: (5 Biy+ a%B,z + 2 a®Bys)

Fzz = 'ﬁ- (Ag2 + —2—=  Asy)
3 a?




F2y = T;—alb— (A1z = A33)

8 B
qu"%-a—;:l—‘(—:'u— + 3Bsz0+ 2 ——)
o a

Fyg = _l_(';S? (3A11 + 2a? Arz + 30" Azz+ 4a? Ayy)

in
ad

(311 +1/3 a? Big + 2/3 a? Ba3)

6, =-= [P —.
13 6al 1 6b2 21
Hy = -—2:“'1' (011 + %Eznn +a" Dy + ‘L;;z Dys)

111, l22, l3s = ©Ay1, mAgzz, TRy

fizy 113, l2a = 27A3p, 2mA1y, 2mAzs

7. STRAIN ENERGY MINIMIZATION

1+ Ca0 f; are obtained by

For a gliven unit far field strain fleld of the plate, the amplitudes: C
strain energy minimization.

3 { 2U

2
Ty ah)-FuC1+FnC;+FuF + Fyy f=0

3
( 20

2
=G ab ) m Frg €y + Fap Cp + Faaf + Fpuf = 0

————2 + ( 2:b ) = 2Fyy C1f + Fuy C1 + 2F23 Cof + Fuy € +

k] 2 -— —
2F33f + 3Fauf + 2(Grae, + Gage + G31y) ef + 2Hof = 0

From the first two equations we get:

2
ComFif 4 Fyf

2
C2 = Fof + Fuf (7

and substituting into the third:

3
2(Fys Fi + FoaFs + Fyy) £ 4 (2F1aFy + 2F,y Fy + 3F3e + Fau Fy 4

£ F 2 — - -
20 F2) £ 2{Bas8, + G2y & + Gas Yl e+ 2Hy + FiyFy +

FayFy] f w0

(8)

df o
e ey = (s, e V) e

Fy, Fy = - —f22fi3- F1p Fzy , - ~Faz Fau - Fig Fay
Fi1 Fzz2 = Fi, Fi1 Fa2 - Fi;

Fi, Fum - FELLF23~ F1a Fas _ Fug Fau- Fig Fle
»
Fi1 Faz - Fi, Fii Fza - Ff,

Equation (8) governs the defliected shape of the plate. One solutlon, f = 0, represents the statlonary
position of the plate. A secord solution exists iff:

e > - fHy *FayF3 ¢ Fau Fy
2(Gyse, + G2s8, + Gysy)




22-§ 3
k.
Notling that positive stralns produce negative stresses; f.e., compressive syress is positive; and .
defining the equallty as critlcal strain 2
H
e, ™ - _Z_HI__"‘ Fas F3 + Fzu Fy (9)
2 6y, 3
where 5
G Tt
13 = G, e, + 23y 4+ Gy ¥ ;
}
7
The behavior of the plate Is now ctharacterized. In order to characterlze the short trantverse g
behavior of the panel, the following quantitles: 3
QK - Hx,x + HXY'Y
3
- M + M, M
4 = Mayrx T My (10) .
vx - q‘ + ny'y .
VY - QY + nypx t
obtained from equilibrium considerations, are evaluated. 1
8. DISCUSSION OF SOLUTION i
The preceding solutiun only admits symmetric modes. It !5 reasonable that skewed modes may %
produce lower buckllng strains and, therefore, more realistic behavior (2)., The solution presented ﬂ
hereln, therefore, only represents the Initial approach to the determlnatlon of the physics of fallure 4
for delaminated reglons In advanced composlite laminates. H
5. SAMPLE SOLUTIONS 3
p
¥
In order to demonstrate the utilization of thls approach, It was [ncorporated Into a computer -
program which dellneates the progressive fallure of a laminate (4,5) glven the stress resultants at 1
a polnt., it also obtains the uitimate strength If the ratlos between stress resultants were to
remaln the same. V, and V, represent transverse stress resultants on the boundary. The relation- q
ship between the stress resultcts and the peeling stress between the panel and supporting =
structure must still be developed. At the present time, magnitudes may be studled to minimlze
peeling stresses. %
A total of 12 laminate confligurations are studied. They are all 4-ply [0/£45/90] . balanced N
laminates differing only in stacking sequence. Table | shuws the!r flexural/membrane propertles .
for the reference axls at the center of the laminate. Two loading conditlons are studled: ;
!
oe =1, Zy-o. ¥ =0 )
i
2. " 1 'y - -3 Y = 0. i
8 )
The Inltial study comprises a survey of the conflgurations with a = b = 1| Inch at n = 2, where the
far fleld strain
: 1
e gf ne
cr

Is norinallzed with respect to the bucklling straln. The results are shown on table i!. On thls
table an estimate of the fallure strain

~
S = ne, M.5. + 1)

is made.

In order to study delaminations, compatibillity must be maintained between the ‘“thinner" and

remalning portlons of the unflawed laminate. Assuming for this study that the remalning portion does

not buckle and has relatively insignificant out-of-plane motlon, then the relatlionship between

ey, and e, will be governed by "Polsson's'" effect. Therefore, depending on stacking sequence, case 2

represents a realistic case and will be studled further. Table I1| shows results of a study represent-

ing monotonically increase of loading unt!l fallure occurs, I.e., M.S. » 0. For the rectangular J
B and elliptic:1 delaminations, the laminate conflguratlons producing the highest and lowest estimates

of critical straln were studied.




TABLE |
5
LAMINATE PROPERTIES
Lamlnate Property 11 12 i3 22 3 i3
Conflguration
A~d/IN, 167275. 52843, 0. | 167245, 0. 57201,
[0/£45/90] B ~#IN./IN, 726. 0. 121, -726, r2l, 0.
D ~#IN/IN, 7.4 7 0 7.4 0 .9
A
[0/+45/90] 8 =121, -121,
é 0
’ A
[90/45/0] 8 =726, 121, 726. 121,
0
A
[30/+45/0) ) -121, 121,
D
-,f A !
[+k5/0/90] ] 8, 234, | 21, -477. | 121, 234,
0 3.6 1.9 1.3 8.7 1.3 2.1
A
[+h5/0/90] 1 -121. =121,
0 -1.3 -1.3
A
[t45/90/0]} B =477. 124, 8, 121.
b 8.7 1.3 3.6 1.3
A
[#45/90/0) 8 -121, SR
] () -1.3 -1.3
\ A
[0/90/445] B 477. -234, 121. -8. 121, -23h,
)
A
[o/90/345) B 120, -121,
0 1.3 1.3 .
A ;
[90/0/445) B -8, 121, k7, 121, .
] 3.6 -1.3 8.7 1 -1.3 i
- .
[90/0/345] ] -121, 121,
0 1.3 1.3

Note: A blank Implles no change from data above It.
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TABLE 11
CONFIGURATION SURVEYS
Type Laminate Case %r f n M5, mln. Q pax V mex lm :
Qrient. ula/Tn.} Ta. H 7 167 1n, FE " " i/ lne .
Ract. [o/2h5/90] 1 1016, .aido 2 3.00 | 0. 0. -2.397 5 o, 1.932 0. 1. Bady.
2 WRsl. (.08 2 1.55 | Q. .5 -2.92% .5 Nl 1.924 0, 1. 7401,
0/5/30] 1 1016, 0180 2 3.00 . [ B -2.3197 &5 Q. 1.932 0, I iy,
2 1hs) L0180 1 155 | Q. K] -2.329 .5 N 1,924 0. 1. 7h01,
{so/sk570) | 1 1016, {.0180 1 o |, 0. -2.337 5 . 2.055 0. B 147, !
2 [ L0180 1 o6 |1, B -2.397 5 a. 2.058 0. 1o 18360, .
{30/%45/0) | 1 1006, |.0180 1 Lot | 1. o. 2,397 .5 9. 2,085 0. i BIAT, .
2 1451 .0180 H L .9 -2.3%7 5 o, 2.081 o. 1. 8048, 4 P
[245/0/90] | | 26 0157 1 &8 |1, o. ~2,k21 .2 B 2,151 2 8106, ' ‘
2 1097 0157 H .59 )\, i -2.40) o 8 2.1M 2 I 7808, :
[345/0/90) | 1 768 .0157 2 428 |1, (B =2.h21 =1 B 2,151 a1 | s10d. §
2 1097 0157 1 .59 | & i -2.40) -2 N 2.2 ~a ), 08, J
- 4
[2h5/90/0) | 1§ 768 L0157 i 3.66 W2 a «3.001 .5 0. 1.600 NN 7158, i
2 1097 L0157 1 1.93 | o, a -2.5% .5 Q. 1.812 G| (3118 :
+45/90/0] |1 7%8 0157 1 1.59 3 ] 3,000 -3 0. -1.41 b 5518, : i
2 1097 0157 1 1.99 | 0. N 2.994 -5 0. -1.412 En h 6554, ¢
[0/90/845) | 1 768 0i56 1 2.91 9 B 2.99% -5 0. -1.590 - | 600, i o
2 w097 |.oisé 3 227 |- o 2900 -5 0. |-t.kek - |1 7. ; ) 1
{org0/44s) | 1 768 |.0156 3 s7v 0. {o, -2.502 5 0. 1.5%0 & 1 nn. : .
H 1097 0156 2 2,27 [-1. 0, -2.906 5 0. 1,434 o 1. nn.
[90/0/445] i 768 0156 ] W3 |o 0. -2.42k -2 .l 2.250 -d 1. ::u i
1 1097 .ol58 H w87 |- R -2.407 -2 o 2.2 -1 {h . ! _
[9070/%8] |1 768 L0156 1 Wy o a. -2.kak -2 .1 2,258 a2 |n. (178 !
H] 1097 L0156 2 .8 2 & =2.407 2 N 2.8 BEEIN nu, :
]
Ellipse | [0o/sks/80) | 1 510 .038) 2 3.88 |o. Nl L 052 =.%39 | A5 053 |-.999 | A973. H
2 728 ,0383 2 2.17 | 0.156 {-.988 1.9 86 =580 | A1 JA58 |-.903 15, t
[o/sa5/501 | 1 510 0383 2 18 B &,29 082 =.999 | 454 J051 |=.99% | a97Y, X
H 78 0383 2 .39 - 1.90 A6 - 00 | A7 RI'REN T RETIN !
{50/245/0] \ 510 0383 2 2.2 o h.22 4156 588 | AW 56 1-.988 | 1318,
H 728 ,0383 3 1.84 803 Ay L0852 -.989 | 469 051 1-.993 | A28,
[90/+k5/0) | 1 s16 |.0383 2 2,13 | .shs| B39 | A7 156 ~.988 | A.sh 158 119,
2 728 038 H 1.58 S5 ] 09 a5l 053 =999 | k1 .051 3756,
[45/0/90) | 1 851 L0h85 2 305 |0 “ (1] 051 <999 [-7.36 L350 | ek | omash,
s 2 12i6 0h98 1 o, o -6.63 59 96 |- 350 | 93h | Boss,
[+#s570/90) |1 [1]] L0k95 1 385 |o. o 6.58 a0 978 | 7.5 309 [~.951 | Dish,
2 1218 0h85 H . o A -6.M 0. 1. =7.19 0. 1.0 W,
{shs/90/0) | 1 85) 0495 1 e b 0, -6.01 956,259 |-7.10 930 | L350 | Asss.
2 121 ritH 1 s | 0. -6.01 966 259 |-7.10 830 | 358 | SAN.
[*h5790/0) | 1 851 L0495 2 e | 0. -6.01 966 259 |-7.00 950 | 358 | Asm.
2 ll?‘ ,0k85 H l.2s (1. 0. -6.01 966 -.259 |-7.10 934 |-.350 | 5470,
[o/g0rshs5) | 1 B5) .0k95 2 2.40 L350 |-, 934 |-5.9% 957 -.309 |-7.04 93k [-.358 | sy87.
2 1216 .0kSS 2 159 |1, 0. -5.85 N o -6.80 934 |-.358 | 6297,
0/50/365) § 1 851 L6385 2 2.3 BT R I B K .91h ko7 1-7.08 A1k ] k07 1 8638,
foss 2 e |owss | 2 ey v el -5.88 1. o |67 Joa | a5k | daw.
[90/07248) | 1 [1]] L0435 2 2.48 .707 [=.707  |-6.65 0. K] 7,57 186 [-.908 | 5923,
1 1216 L0895 1 1,01 891 | -.ksk 6.9 86 588 1 7.9 156 |-.588 iu;.
0/0/%4 1 1 851 0h95 1 1.73 669 | =.7hy | -6.57 o, 5 =740 308 | (951 | MbM.
s s H 114 .0h9S 2 1.3 61| 703 G.is 56 98] 7.8 051 {-.999 | sbls.
1
!
t
{
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10, DISCUSSION OF RESULTS

Some anomalies appear in the results. The analytic development for the elllptical plate has been
independently checked, whereas the rectangular plate has been checked by the author only. The same is
true for the computational portions of the computer program. The complete program has also been )
checked by the author only and In the case of the progressive failure analysis portlon, only the
fallure analysis for flexural/membran: *oading. This must be kept in mind when drawing conclusions
from the discussion that follows.

iwelve 4-ply [0/t45/90]. graphite/epoxy laminate conflgurations with a = b = one Inch were studied - +
for both rectangular and elllptical shapes. Note that since delaminations can and do occur at any polnt i
in the laminate, nonsymmetric configurations are studied. MNote also that the aspect ratic is one and :
only symmetric modes are admissable. The initial points of interest are the buckling loads. For
the rectangular panels, the bucklling stralns for all conflgurations were the same, ec, = 735, 1050 u
in,/In. for cases | and 2, respectively, when flexural/membrane coupling, B matrix, was not considered.
Therefore, the differences are due to flexural/membrane coupling. The results fall [nto two cate-
gories. When the ti5° pijes are on one side of the laminate configuratlon, the eiliptical plate falls
at a higher straln than the rectangular plate. Conversely, when the #45° plies are on the Interlior,
the reveirse is true. Thls should Indicate the equiilbrlum shape of the delaminated reglon and
correlates with experimental data {1). Further studies are needed in thls area. The varlation in the
buckling strain for the configuratlons studled was about 70 percent for the ellipse and 30 percent )
for the rectangle with the highest minlmum being for the conflguration [{0/90)./(#45):).. It should
be noted that an admissable deflected shape is a rectangle inscribed In an elllpse or vice-versa.

The ultimate strength due to flexural/membrane loading does not appear to be a functlon of the
buckllng load. Variations of up to 50 percent for the rectangle and 150 percent for the ellipse are
observed. For case 2, [90/0/thk5]y s the best configuration for the rectapgle whlle the [#45/0/90]

Is the best for the ellipse. Conversely, for case 1, [%45/90/0]1 and [90/+45/0]y are the worst,
respectively. The 'peeling'' stress causing delamination growth Is a function of Vx, Mx or Vy, My, on the
X= 1t aor Y= 1 b boundary of the rectangular plate, respectively, and similarly normal to the

boundary for the elllpse. Transformatlon of boundary stress resultants to stresses must stll] be
performed, however, similarity to adhesive bonded lap jolnt analyses should render the problem tractable.

1. CONCLUSIONS

A relatively simple model to determine the stress flelds which cause delamlnation has been presented.
Utilization of thls approach to determine the growth trajectorles of delaminations under monotonlcally
Increasing loading Is quite stralghtforward. Since these growth tidjectorles are In an [sotroplc
region and the -tress flelds are deterministic, application of conventional technlcques appears to be
feasible to detucrmine growth under specirum loading. N 4

Of mure currency Is the relatively simple expression to obtaln buckllng load under combined
loading., The effects of flexural/membrane coupling are Included but valldity Is contingent upon
applicabllity of the selected displacement functions. Obviously, utlijzation of the method to determine
perturbations to solutions obtained by more exact metheds |s poscible.

i
i
i
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