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Introduction

The Structural materials handbook, ECSS-E-HB-32-20, is published in 8 Parts.

A glossary of terms, definitions and abbreviated terms for these handbooks is contained in Part 8.

The parts are as follows:

Part 1
Part 2
Part 3
Part 4
Part 5

Part 6

Part7

Part 8

Overview and material properties and applications

Design calculation methods and general design aspects
Load transfer and design of joints and design of structures
Integrity control, verification guidelines and manufacturing

New advanced materials, advanced metallic materials,
general design aspects and load transfer and design of joints

Fracture and material modelling, case studies and design and
integrity control and inspection

Thermal and environmental integrity, manufacturing aspects,
in-orbit and health monitoring, soft materials, hybrid
materials and nanotechnoligies

Glossary

Clauses1-9

Clauses 10 - 22
Clauses 23 - 32
Clauses 33 - 45
Clauses 46 - 63

Clauses 64 - 81

Clauses 82 - 107
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33
Aspects of damage tolerance

33.1 Introduction

33.1.1 Damage tolerance

Damage tolerance is the ability of a composite material structure to resist the onset of damage and
perform to the stipulated design parameters, with damage present, throughout its remaining life
time.

The guidelines presented are to be read in conjunction with normative ECSS standards ECSS-Q-ST-
20; ECSS-Q-ST-40; ECSS-Q-ST-70; ECSS-E-ST-30-series and ECSS-E-ST-32-01.

33.1.2 Damage events

Composite structures are usually exposed to a variety of events during their life. This can include
‘normal’ in-service loading, in-service events that result in damage initiation and structural
degradation, along with environment-related events.

Damage can also occur during manufacture or handling before the structure enters service.

The ability of a composite material to resist certain potential damage events is known as ‘damage
resistance’. It differs from durability because durability addresses the prevention of damage under
normal operating conditions.

33.1.3 Damage tolerance criteria

Many agencies impose damage tolerance criteria. The details of such criteria are tailored to the
structure of interest, although there are some common themes, [See: 33.3]:

J Defects are often standardised for analysis purposes, [See: 33.4], i.e.
— defects that can arise during manufacture, [See: 19.2],
— damage that can occur whilst in-service, [See: 19.3].

J The effect of macroscopic defects on static load; failure modes and the use of fracture
mechanics, [See: 33.5].

. Testing and analysis: cyclic loading, no-growth criterion, residual strength and inspection,
[See: 33.6].
J Environment-related aspects, e.g. flammability, lightning and other protection systems,

acoustic fatigue, impact dynamics, [See: 33.7].
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33.2 General guidelines

33.2.1 Fracture control

The damage tolerance evaluation of laminated composite structures is based on the fracture control
requirements of normative standard ECSS-E-ST-32-01, [See also: 34.10 for analysis and test
documentation]

33.2.2 Durability

Durability considerations are typically combined with damage tolerance to meet economic and
functionality objectives. Specifically, durability is the ability of a structural application to retain
adequate properties, e.g. strength, stiffness, and environmental resistance, throughout its life to the
extent that any deterioration can be controlled and repaired, if there is a need, by economically
acceptable maintenance practices, Ref. [33-2].

Durability largely addresses economic issues, while damage tolerance is focussed on safety. For
example, durability often addresses the onset of damage from the operational environment. Under
the principles of damage tolerance design, the small damages associated with initiation can be
difficult to detect, but do not threaten structural integrity, Ref. [33-2].

33.2.3 Damage

The location of damage initiation sites are often difficult to identify and thorough inspections are
needed using traditional techniques and NDT non-destructive testing techniques.

In many metals, failure involves the growth of a small crack perpendicular to the applied stress.

By contrast, in laminated composite materials stress relaxation and fracture results from
combinations of:

. Splitting parallel to the fibres,

. Matrix microcracking,

. Fibre failure,

. Delamination,

. Pulling out of fibres,

J Pulling out of complete plies.

33.2.4 Defects in composites

33.241 General

Defects in composite elements can be described as either:
. Globaldeviations, or

J Local imperfections.

Figure 33.2.1 summarises the various types of defects that can occur in composite materials, Ref. [33-
4].
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33.2.4.2 Global
Global deviations are related to:
. A complete element, or

. A large area of an item.

The effect of a global deviation is to reduce the capability of an element. The level of reduced
performance is dependent on the particular deviation, e.g. that occurring within a cure cycle.
Adequate control can be achieved by, [See also: Chapter 19]:

J A process companion sample; also known as a ‘witness’, or

o Non-destructive checks of key points.

As the whole item is affected, control is related more to the quality, i.e. coverage of all potential
sources of degradation, than to quantity.
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Macroscopic ply defects
e Wrinkles, waviness, misalignment
¢ Prepreg variability exceeds pre-set values
e Local resin enrichment
¢ Fibre starved areas
¢ Porosity, voids
e Contamination
e Variable cure, oven temperature inhomogeneity
e Non-uniform agglomerations of hardener
agents

Laminate defects
e Interlaminar defects by delamination:
- at edges and corners (splintering)
- inside (blister)
e Resin enrichment:
- interlaminar
- on outer surface
o Surface defects:
- scratches with fibre breakage
- dents without fibre breakage
- fibre break away from impact
o Foreign particles
¢ Ply incorrect:
- missed
- wrong material
- missed orientation
- overlap
- underlap gap
e Cracks at edges or corners

Component defects
e Holes:
- oversized holes
- breakout or broken fibres on hole exit
- mislocated and repaired holes (resin)
- out-of-round hole
- resin-starved bearing surfaces
o Fasteners
- tear-out or pull-through in countersink
- over-torqued or undersized fasteners
- improper seating of fasteners
- tool impressions
e Thickness deviation on:
- manufactured hardware
- process control coupons
e Non-uniform bond thickness
o Warpage on:
- detailed parts
- assembled parts

Figure 33.2-1 — Summary: Defects in composite materials
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33.2.4.3 Local

Local imperfections, identified by microscopic inspection of composite materials, identifies local
irregularities, such as:

o Non-uniform distribution of resin and fibres.
J Interrupted or broken fibres.

. Disbonds at fibre-to-matrix interfaces.

o Voids.

. Inclusions.

As these local defects are statistically distributed, they are covered by the lower bound of material
properties.

Significantly larger imperfections can cause progressive failure. Only local macroscopic deviations
are considered here, which although macroscopic, the volume of a critical local defect can be rather
small. Adequate control procedures prevent such potential defects occurring in the whole item.

The screening of the structure needs to be performed with sufficiently high-resolution, sensitivity
and reliability. Therefore the control problems relate to both quality and quantity.

33.2.4.4 Proof test

The use of proof testing for flight articles, as a means of damage tolerance demonstration, can be
considered on a case-by-case basis. In considering any such demonstration, it is necessary to review
the test level and ensure that:

J The test does not introduce any unwarranted damage, and

J The worst limit load cases are covered by such a test.

33.2.5 Impact damage

33.2.5.1 Laminates

Impact damage is contained within the laminate itself.

33.2.5.2 Sandwich structures

In contrast to laminates, in sandwich constructions there are two load paths separated by a core that
is responsible for shear load transfer.

Impact damage is typically unsymmetrical, so this needs a better understanding of the progression
of the damage and the residual strength. Damage tolerance of sandwich structures is more complex
than laminated structures as damage can include:

) Penetration or delamination of the facings; sometimes both.
. Core crushing
J Facing-to-core debonding
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Cores tend to absorb and retain moisture which can reduce mechanical properties as well as
increasing the structural weight.

Typically impact damage is not uniform through the thickness of the sandwich structure, since an
impactor or projectile can penetrate or damage the outward facing skin whilst the inner skin
remains undamaged.

Composite facings or skins on sandwich structures typically fail as a result of:
o Matrix cracks

. Fibre fracture

. Fibre buckling

. Delamination.

If only one facing is damaged significantly, this can cause a redistribution of stresses in the damaged
facesheet.

Visual inspections for damage then become more difficult because the core can mask the damage or
hinder the effectiveness of a non-destructive evaluation technique.

33.3 Damage tolerance criteria

33.3.1 General

33.3.1.1  Types of flaw

For composite structures the damage tolerance philosophy is primarily concerned with the types of
flaw, i.e.:

J A large undetected manufacturing defect, which can be assumed to be an inclusion or other
defect that causes a delamination.

. A surface scratch, where the length and depth of the scratch is defined and the orientation
and location is assumed to be in the most critical location for a given structure.

J Undetected impact damage, where the damage area is assumed to be consistent with BVID
barely visible impact damage and in a critical location, [See also: 19.5].

An undetected impact damage is the most serious of the types of flaw for many structures.

33.3.1.2 Effect of flaw

In composite structures, assumptions are made about the flaws, i.e.:

J The growth of a flaw is unstable.
J The initial flaw does significantly affect the static strength.
J The main aim is to reduce maintenance by the use of analysis and testing to demonstrate that

the damage does not amount to a safety risk over the design life of the structure.
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33.3.1.3 Threats

To construct a damage tolerance assessment for composite structures, the threats are defined for
each structure, .i.e.:

. Damage from manufacturing processes.
. Accidental damage from assembly and handling.
. Accidental damage from in-service operation.

33.3.1.4 Modes of damage

The next step is to define the modes of damage for each threat, e.g. porosity, delamination,
puncture, crushed core.

For each mode of damage, characteristics such as initial flaw size, threshold of detectability, critical
size, and whether growth during loading are defined.

In many composite structures subjected to spectrum or block cycle loading, the growth of impact
damage is characterised by periods of little or no growth at a low load level followed by relatively
large growth at relatively high loads. A significant effect of impact damage is the significant
reduction in static strength once the impact has occurred and often the most critical damage is
induced by a low velocity impact event, [See also: 19.5].

The most critical mode of loading for metallic structure is tension, which causes crack opening. The
critical modes of loading for composite structure is identified for purposes of selecting principal
structural elements and for developing appropriate testing.

33.3.2 Load paths

In damage-tolerance assessments, a no-growth criterion is applied in demonstrating the integrity of
individual load paths or the independence of load paths.

33.3.3 Environment

Structural details, elements, and subcomponents of critical structural areas, designated FClIs fracture
critical items, are tested under environmental loads representative of operational usage. This testing
can form the basis for validating a no-growth approach to the damage-tolerance requirements. The
testing assesses the effect of the environment on the flaw growth characteristics and the no-growth
validation.

33.3.4 Damage

Damage levels, including low-level impact damage, typical of those that can occur during
fabrication, assembly and operation are introduced. The extent of such initially detectable damage is
established and is consistent with the inspection techniques employed during manufacture and in
operation.

Flaw or damage growth data is obtained from operation-related load cycling of such intrinsic flaws
or delaminations or mechanically introduced damage.

The number of cycles needed to validate a no-growth concept is statistically significant and can be
determined by such load or life considerations as reflect the operational usage. The growth or no-
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growth evaluation is established by tests supported by analysis or by tests at the coupon, element or
subcomponent level.

A no-growth evaluation is applied, unless there is sufficient evidence for growth evaluation. This is
related to the operational use inspection programme being acceptable for the particular FCL

33.3.5 Residual strength

The extent of damage for the residual-strength assessments is established. Residual-strength
evaluation by component or sub-component testing or by analysis supported by test evidence is
performed considering the particular damage.

33.3.6 Safe-life

In the case of a safe-life demonstration, the evaluation demonstrates compliance with the fracture
control requirements of ECSS-E-ST-32-01.

33.3.7 Fail-safe

In the case of fail-safe structures, the residual strength is sufficient to permit the safe operation at
limit loads throughout the time interval between schedule inspections.

33.3.8 Stiffness

It is also demonstrated that the stiffness properties have not changed beyond acceptable levels in
relation to aero-elastic and any other stiffness requirements as a result of the damage identified for
the residual-strength assessments.

33.3.9 Loads

The structure is able to withstand static loads, considered as limit loads, that are expected during the
completion of the service life on which damage resulting from obvious discrete sources occur, e.g.
dropped tools, meteoroid impact. The extent of damage is based on each discrete source. This
damage definition and any verification programme is the subject of review.

33.3.10 Environmental factors

The effects of temperature, humidity and other environmental factors which can result in material
property degradation are addressed in the damage-tolerance evaluation.

33.3.11 Inspection

An inspection programme is developed consisting of frequency, extent and methods of inspection
for inclusion in the maintenance plan.

The inspection intervals are established such that the extent of the damage is carefully checked with
respect to the residual-strength capability including the no-growth design concept. Any areas
deemed non-inspectable are subject of a special design and test programme.
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33.3.12 Summary

The main stages of a damage tolerance evaluation are, Ref. [33-1]:
J Select the principal structural elements to be evaluated.
J Define or develop for each location:
— stress spectrum.
— environment.
—  crack growth rate data.
— fracture toughness data.
—  structural category.
—  critical damage size under limit load and in-service load.
—  crack growth curves from spectrum loading.
o Establish initial damage size.
J Establish damage threshold of detectability for each location.

. Validate residual strength and crack growth analysis methods with testing.

33.4 Defect standardisation

33.4.1 General

33.4.1.1 Metal structures

The assessment of defects in homogeneous and isotropic metallic structures by fracture mechanics
still involves simplifications. The real volumetric defect, e.g. a pore, is conservatively represented by
a mathematical cut of the size of its projection; as shown in Figure 33.4.1. The sharp edges of the
assumed crack are more severe than those of real defects.
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Circular volume
defect (pore)

Projection
of Pore

Stress

Figure 33.4-1 - Metal structures: Idealisation of a volumetric defect

33.4.1.2 Composite structures

The assessment of the effect of defects needs a simplified representation of the real defect in order to
reduce the complexity added by the material heterogeneity and anisotropy.

Like fracture mechanics, a few standard types of defects cover most local deviations. This applies to:
° Assessment and verification, and

o Degree of resolution in non-destructive inspection

33.4.2 Types of defects

For the simplification of real defects, [See: Chapter 19], the factors to consider include:

J Local defects: For the thin laminates often used for light-weight space structures, most local
defects can be represented by a through-the-thickness defect. It is difficult to justify that a
surface defect, e.g. a severe scratch in a laminate having a few plies, relates to a part of the
plies only, so this approach is not considered to be too conservative.

J Delaminations: The separation of plies can be a source of primary failure in a composite
structure under compressive loads. Very local delaminations in the vicinity of notches are
known to reduce the effect of the stress concentrations.
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J Circular defects: Experience shows that circular defects, through a laminate, usually have a
slightly higher influence on residual strength than slots having a length equivalent to the
diameter.

Standardised defects that enable an assessment of most types of manufacturing- and operationally-
induced defects are:

° Circular holes, and

. Circular delaminations.

Figure 33.4.2 shows the idealisation of real defects in composite structures using a standard circular
defect.

Delamination around

Circular delamination _ _
between (i}th and \
(+1th ply

Figure 33.4-2 - Composite structures: Idealisation of defects by standard circular
defect
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33.5 Effect of macroscopic defects on static load

33.5.1 Composite failure

In composite materials, mainly CFRP, fracture behaviour is primarily elastic, i.e. there is no plastic
deformation compared with that of ductile metals.

Materials with such brittle failures are sensitive to notches and cracks under static and cycling
loading, especially with respect to residual strength under quasi-static loads.

Careful observation of the failure process during testing of notched specimens shows that under
steadily increasing loads, the failure initiates within individual plies, either along or transverse to
fibres, but also between certain plies long before the maximum load capability is reached. The
partial damage within or between certain plies produces a redistribution of the local stresses that in
turn results in a complicated, interactive failure process.

Any attempt to relate the final failure to the distribution of initial stresses is questionable.
[See also: Chapter 14]

33.5.2 Use of fracture mechanics

33.5.2.1 Isotropic materials

The wide application of LEFM linear elastic fracture mechanics to homogeneous isotropic material is
supported by its relative simplicity. One parameter, the toughness, can describe the failure load of a
pre-cracked element.

33.5.2.2 Anisotropic plates

The conditions under which the techniques of isotropic fracture mechanics can be directly applied to
anisotropic plates are described.

33.5.3 Multi-angle laminates

The conditions cannot be maintained correctly for multi-angle laminates. The inhomogeneity is
created by the:

J Fibre/matrix (micro-heterogeneity), and

J Stacking (macro-heterogeneity).

With the intent to generate a failure criterion phenomenologically, one can consider the laminate to
be sufficiently homogeneous for the stresses resulting from external loading to be related to the total
thickness of the laminate (gross stresses).

Implicitly, with the assumption of homogeneity, the considerations are limited to defects passing
through the thickness, i.e. holes.

Furthermore, as the toughness of unidirectional laminates is different under longitudinal and
transverse loading, the toughness of an arbitrary multi-angle laminate cannot be expected to be a
material constant.
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In phenomenological fracture models, the initiation and propagation of damage, occurring within or
between the different plies, long before the critical loading is reached are recognised by assuming an
effective size of defect which is larger than the geometric dimensions of the notch.

33.6 Test and analysis

33.6.1 General

33.6.1.1 Scope

The nature and extent of analysis or tests on complete structures, or portions of the primary
structure, depend upon applicable previous damage-tolerant designs, construction, tests and
operational experience on similar structures. In the absence of experience with similar designs,
approved structural development tests of components, subcomponents and elements are performed.

33.6.1.2 Location

Since there are a large number of locations on each composite structure to be evaluated, it is
impractical to evaluate the damage tolerance at each location by testing. Analysis is therefore
needed. The analysis procedures associated with damage tolerance evaluation are based on fracture
mechanics, which include stress intensity, interlaminar fracture toughness and propagation growth
rates of cracks or delamination.

33.6.1.3 Strength

Analytical calculations are used for residual strength calculations and fatigue analyses under
spectrum loading, which are two major ingredients in damage tolerance evaluation. Sufficient
testing is needed to validate the analysis methods. Full-scale structural testing occurs too late to be
useful during the design phase, but it is used later to enable initial damage tolerance evaluations to
be updated.

33.6.1.4 Environment

The effects of environment can be accounted for in both the analysis stage of the assessment and
during the materials characterisation stage.

The effects of moisture diffusion and temperature can be included as an additional loading
condition in the analyses. Additionally, the effects of moisture and temperature on the delamination
characterisation properties can be determined by conducting tests under hostile conditions or after
ageing (long-term or accelerated) of the materials consistent with their application.

33.6.1.5 Tests
As part of the damage tolerance approach, tests are clearly defined and performed, Ref. [33-2]:

. static testing of structural elements with various modes of damage and various modes of
loading - to provide residual strength information

J cyclic testing of structural elements with various modes of damage and various modes of
loading - to provide damage growth (or no growth) information
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J Cyclic testing of important full-scale components - to verify that damage would not grow to a

critical size in the full-scale article during the life of the structure

o Static testing of important full-scale components - to verify that they would carry required
loads with any damage growth inflicted from cyclic loading

. Appropriate testing to validate any analyses methods used

33.6.1.6 Test programme

The approach taken for compiling a test programme from materials selection to structural validation
is known as the ‘building block approach’; as shown in Figure 33.06.1, [See also: 33.2].

The advantage of the approach is that it enables:

. Identification by experimentation of the multiplicity of failure modes that composite
structures can experience.

. Identification of ‘knock-down’ or “enhancement’ factors for environmental conditions, when
testing of full-scale structures in a hostile environment is not feasible.

The application of realistic service loads and environments to the test coupon or sub-structure are
emphasised within this approach.

| l Crippling

b Ly

| :[[ Q;:xr
Open hole < TR

COMpression T II]: R L ]: -
Iy

I?I N

Fracure test 3-Stnnger panel 3-Strninger panel
stringer pull-off
COUPON SUB-ELEMENT SUB-STRUCTURE

Figure 33.6-1 - Building block approach: Test programme development
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33.6.1.7 Composites

Five levels of tests are necessary for composites; as shown in Figure 33.6.2:

J Constituent

. Lamina

. Laminate,

. Structural element,

. Structural sub-component.

Laminate Performance

Strength/Stiffness

Damage Tolerance
: : Joints . :

EhemF:cal &rtli'hysmal Process Properties Qualification

1 2l Microcrackin Full Scal
DsC Thermal Cycling S“ : Gﬁ?e.
DiAA Fatigue tatic/Fatigue
TOA Enmrc-?ment

Element/
component
Tests

Full-scale
Tests

Laminate
Tests

Constituent
Tests

Basic Properties

Critical Detail Verification

Strength Boundary Conditions
Stiffness Secondary Effects
Toughness Size Effects
Envirenment Static/Fatigue

Figure 33.6-2 - Building block approach: Composite materials

33.6.2 Constituent tests

The individual properties of fibres, fibre forms, matrix materials, and fibre-matrix pre-forms are
evaluated. The key properties include:

J Matrix density,
. Fibre density,
o Fibre tensile strength,

. Fibre tensile modulus.
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33.6.3 Lamina tests

The properties of the fibre and matrix together in the composite material form are evaluated. The
key properties include:

J Fibre areal weight,
. Matrix content,
. Void content,

J Cured ply thickness,

J Lamina tensile strengths and moduli,
J Lamina compressive strengths and moduli,
J Lamina shear strengths and moduli.

33.6.4 Laminate tests

Laminate testing characterises the response of the composite material in a particular laminate
design, such as quasi-isotropic. The key properties include:

. Tensile strengths and moduli,

. Compressive strengths and moduli,
o Shear strengths and moduli,

o Interlaminar fracture toughness,

o Fatigue resistance.

33.6.5 Structural element and component tests

The ability of the material to tolerate common laminate discontinuities is evaluated. The key
properties include:

J Open and filled hole tensile strengths,
. Open and filled hole compressive strengths,
. Compression after impact strength,

. Joint bearing and bearing bypass strengths.

33.6.6 Structural sub-component or full-scale tests

The behaviour and failure mode of increasingly more complex structural assemblies are evaluated.
The selection of which is structure and application dependent.

33.6.7 Delamination

33.6.7.1 In-service

The threat of delamination arising from in-service loading has been one of the factors in limiting the
adoption of laminated composite materials in greater volume for primary structure.
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While other damage modes such as matrix cracks can occur first, delaminations result in larger
stiffness drops and reduction in load-bearing capabilities.

Delaminations can occur from interlaminar stresses arising from geometric or material
discontinuities from design features, e.g. an edge, a hole, a dropped ply. However, they can also
occur from matrix cracks or from interlaminar stresses caused by structural loading, such as in a
curved laminate, or by foreign body impacts.

A delamination, once initiated, grows under fatigue loads. During delamination growth, the
structural loads can be redistributed such that another delamination occurs in another location.

The delaminations can continue to grow and accumulate until a structural failure occurs, such as
buckling or fibre failure.

Alternatively, the delamination can be arrested and the structure maintains some level of integrity.

Although delamination does not always cause a total loss of the load-bearing properties of the
component, it is usually a precursor to such an event. Therefore, knowledge of the resistance of a
composite to interlaminar fracture is useful not only for product development and material
screening, but a generic measurement of the interlaminar fracture toughness of the composite is
useful for establishing design allowables for damage tolerance analyses of composite structures.

33.6.7.2 Role of interlaminar fracture tests

Interlaminar fracture tests are performed by manufacturing test samples with precracks. The type of
test is defined based on the mode of loading of the test sample, i.e.

J Mode I - tests such as DCB

. Mode II — tests such as 4ENF, ELS, ENF

. Mode IIT ECT, SCB (modified)

) Mixed Mode I/II — tests such as MMB, FPS/ADCB, CLS, stabilised MMB

33.6.7.3 Dynamic loading

In most cases the components experience spectrum fatigue loads rather than constant amplitude
fatigue loads. For Mode I testing, the load needs to remain in tension. Therefore, the parts of the
spectrum where the load causes the delamination to close are represented by zero load in the DCB
tests.

With appropriate fixture design, the mode II test specimen can be loaded through zero and thus
fully represent a delamination in a structure where the spectrum contains tension and compressive
loads.

When the delamination has compressive loads closing the delamination (equivalent to a negative
G1), the influence of friction and subsequent heating can be an issue.

For a full characterisation for spectrum loads, the delamination onset curves and the delamination
growth curves are generated for different R-ratios and blocks of loading to establish the synergistic
effects.
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33.7  Other features of damage-tolerance design

33.7.1 Acoustic fatigue

The resistance of the composite structure to noise damage is demonstrated by analysis or test. In
particular, it is demonstrated that no-growth damage areas, as established in relation to quasi-static
loading criteria, do not propagate.

33.7.2 Proof testing

Within the fracture control requirements, all composite structures and components are classified as
potentially fracture critical items, PFCI, [See: ECSS-E-ST-32-01].

33.7.3 Metallic parts

Composite components can contain metallic parts, e.g. attachment fittings or larger substructures in
areas of high load-transfer.

Special attention is paid to fracture critical items, FCIs. to investigate the treatment of areas of high
load-transfer in order to ensure there is no unacceptable local yielding when design ultimate loads
are sustained, [See: ECSS-E-ST-32-01].

33.7.4 Thermal and meteoroid protection system

The interface with the composite structure and any thermal protection system is taken into account
in the selection of FCIs, and related inspection and maintenance.

Any interactive effects in relation to local loadings, such as the response to impact loads and
acoustic excitation, are also considered.

33.7.5 Impact dynamics — crashworthiness

Crashworthiness is demonstrated by test or by analysis supported by tests that, under realistic and
survivable conditions, the survival characteristics are commensurate with those achievable with a
conventional metallic aircraft structure.

33.7.6 Flammability, toxicity and off-gassing

The properties of materials and processes used in space systems are established according to
normative ECSS standards.

[See: ECSS-Q-ST-70; ECSS-Q-70-71]

[See also: ESMAT website for outgassing and flammability data from the ESTEC Materials and
Processes databases]
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33.7.7 Lightning protection

It is demonstrated by appropriate analysis and test that the structure can dissipate static electrical
charges, provide necessary electromagnetic protection and provide an acceptable means of diverting
electrical current arising from the lightning strike so that the vehicle is not endangered.

A test and inspection procedure is established to ensure satisfactory maintenance of the lightning
protection system.

33.8 Improving damage tolerance with higher
toughness laminates

33.8.1 General

Changes made to various composite material parameters can cause the notch sensitivity to range
from insensitive to very sensitive. Some guidelines for creating tough laminates are presented, Ref.

[33-2].

33.8.2 Material-related aspects

33.8.2.1 Fibre-to-matrix bond

To obtain a tough laminate, the strength of the interfacial bond between the fibre and matrix has to
be optimised. This is achieved by correct surface treatment of the fibre. If the bond is too strong, the
material always fails in a brittle manner irrespective of lay-up.

33.8.2.2 Types of fibres

Materials which can store large amounts of strain energy are expected to be tough. Consequently
fibres with high strength, intermediate modulus and high failure strain are expected to be good
candidates for a tough laminate. Hybridisation provides much scope for developing composites
with increased toughness.

33.8.2.3 Plies

Although the interlaminar fracture toughness of a laminate does not appear to vary with specimen
thickness, it has been shown to be sensitive to the thickness of individual plies.

In general, thick plies delaminate more easily and therefore decrease the interactions between
adjacent cracked and uncracked plies, so increasing the toughness. However, it is recognised that a
compromise can be made for other mechanical properties, such as fatigue and environmental
response. It is generally widely recognised that thicker plies increase the susceptibility to transverse
cracking by an increase in volume of material under stress.
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33.8.3 Lay-up aspects

33.8.3.1 Stacking sequence

While the effects of stacking sequence on the notched strength are unclear, it has been shown that
arranging plies to encourage delaminations between shear cracks in 45° plies and adjacent load
bearing 0° fibres, e.g. [+45°, 0°, 0°]s, results in a higher notched strength.

If, however, the delamination is suppressed, e.g. [0°, +45°, 0°]s, then the shear cracks that develop in
the 45° plies at relatively low stresses have a detrimental effect on the 0° fibres. This results in a
relatively brittle behaviour with the 0° fibres failing in a step-wise manner along the 45° line.

The [+45°]s lay-ups, although they are relatively weak, are notch insensitive. Large damage zones
develop across the entire width of a test specimen resulting in a controlled, non-catastrophic failure.

Owing to their relative weakness in the longitudinal directional, [+45°]s lay-ups are unlikely to be
used to resist tensile loads alone. However, they can be used as ‘crack-arrest’ strips in a laminate
containing fibres in the load-bearing direction.

33.8.3.2 Reinforcement style

The style of reinforcement has an important effect on the notched strength. In cases where the
formation of a damage zone is largely suppressed, a relatively brittle behaviour occurs. Changes in
ply orientation are also known to affect the notched strength.
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[33-2] MIL-HDBK-17: Polymer matrix composites

[33-3] ESA PSS-03-207 - Guidelines for carbon and other advanced material
prepreg procurement specifications; not transferred to the ECSS
document system

[33-4] MBB/ERNO
'Integrity control of carbon fibre reinforced plastics (CFRP) structural
elements - Executive summary’
ESA Contract 4442/80/NL/AK (SC)

48



[EEY

ECSS-E-HB-32-20 Part 4A
20 March 2011

33.9.2 ECSS documents
[See: ECSS website]

ECSS-E-ST-30-series:

ECSS-E-ST-32-08
ECSS-E-ST-32-01

ECSS-Q-5T-20
ECSS-Q-ST-40
ECSS-Q-ST-70

ECSS-Q-70-71

33.9.3 MIL standards

MIL-HDBK-17

Mechanical

Materials

Fracture control; previously ESA PSS-
01-401.

Quality assurance

Safety

Materials, mechanical parts and
processes; previously ESA PSS-01-70
Data for the selection of space
materials and processes; previously
ESA PSS-01-701

Polymer matrix composites
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34
Inspection and quality assurance

34.1 Introduction

An inspection programme is undertaken on components and assembled structures, carried out in
conjunction with defined quality assurance procedures. Detailed and explanatory documents are
kept on all aspects of integrity control.

Inspection using more than one non-destructive testing technique can be necessary. In addition,
NDT can be carried out in conjunction with the mechanical testing or proof loading of components
and assembled structures. For reusable and long-life structures, in-service inspection is also defined.

Points to be considered with respect to the philosophy of inspection and the application of
techniques are:

. During the design of structures, consideration is given as to how the assemblies are inspected
in order to detect and characterise any significant defects or anomalies which can occur.

J It is preferable to enhance production quality procedures to minimise the occurrence of
manufacturing defects, rather than rely later on inspection to cover all eventualities.

Provided that sufficient forethought is given to damage tolerant design, an example of an approach
applied is ultrasonic testing at the pre-assembly component level, which is then followed by visual
in-service inspection; as part of post-qualification or acceptance testing.

34.2 Fabrication and quality assurance

34.2.1 Quality assurance

ECSS-Q-ST-20 and the associated standards give details of the quality assurance system. These
requirements aim to guarantee the quality and reproducibility of the basic composite materials.

34.2.1.1 Material procurement specification

In establishing a procurement specification for carbon and other advanced fibre prepreg, guidelines
are provided in Ref. [34-39].

As a minimum, a procurement specification contains:

J Basic fibre properties, including type, number and frequency of test.
J Basic matrix properties and chemical characterisation, including type, number and frequency
of test.
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J Basic composite properties, including type, number and frequency of test.

o Condition of fabrication, including the process method, lay-up, tooling, workshop
environment.

J Significant parameters of the cure cycle, e.g. time, temperature, pressure.

J Cured component properties, including type, number and frequency of test.

J Inspection criteria, at every stage.

J Storage and handling conditions, throughout the processes.

The strict application and control of such specifications guarantee the quality and reproducibility of
the product. No modification of the specification is made before all of the subsequent effects on the
quality of the structure have been verified.

34.2.1.2 Composites quality control plan

A specific quality control plan for the composite that ensures the necessary liaison between design,
engineering, manufacturing and quality disciplines is established. This plan defines the production
route and the importance of any defects likely to occur during the fabrication process. It is adaptable
to any special engineering requirements that arise with individual composites parts or areas as a
result of:

. Potential failure modes,
J Damage tolerance and flaw growth requirements,
J Loadings,

. Inspectability, and

J Local sensitivities to manufacture and assembly.

34.3 Inspection, maintenance and repair

34.3.1 Inspection and maintenance

34.3.1.1 General

A non-destructive inspection (NDI) programme is developed that defines the frequency, extent and
methods of inspection for incorporation into requisite design development and maintenance plans.
The programme includes:

J Material procurement,

. Manufacture, [See also: Chapter 8].
o Assembly,

J Operation,

. Test programmes.

[See also: ECSS-E-ST-30 series; ECSS-E-ST-32-01 for fracture control]
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34.3.1.2 Programme approval
The contents of the programme are subject to approval, which covers:

J The nature, size and distribution of defects covered by particular inspection techniques, [See:
33.2 for typical defects].

. The ability to apply intended methods for every fracture critical item, FCI, configuration.
o Initial inspection of all finished items by the NDI method relevant to the assumed initial defect

or damage. NDI is performed for the total item, even though only one location is analysed.
. Inspection can be necessary for limited-life items.
J Verification of the structural redundancy for fail-safe items before each flight.

J Post test NDI for all proof-tested items.

34.3.2 Repairs

Repair procedures also need analysis and test to demonstrate that they are able to restore the
structure to a flightworthy condition, [See also: Chapter 41].

Repair procedures are also accompanied by necessary inspection for subsequent operational use.

34.4 Inspection

34.4.1 Basic considerations

34.41.1 Manufacturing

To limit the number of scrap items, some inspection and testing can be performed at an early stage
of manufacture. However, some inspection or testing can be performed only on completely
assembled elements, e.g. proof testing.

34.41.2 Damage

The possibility of human introduced damage during later activities, e.g. integration and acceptance
testing, also needs to be recognised. The fact that damage can occur during check-out and operation
is a good reason for not reducing, below a certain level, the size of defects that are detected.

34.41.3 Inspection techniques

A combination of different methods is likely to be needed in order to detect all of the defects that are
identified as intolerable, e.g.:

. Ultrasonic C-scans to detect delaminations, and

J Xray to detect gaps, foreign particles and serious levels of fibre breakage.

34.41.4 Damage tolerance

In view of the difficulty of detecting defects, it is often more economic to design a CERP item to a
relatively higher damage tolerance than stated initially. This does not necessarily result in higher
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masses if the notch sensitivity of the material and laminate configuration is evaluated, selected and
controlled accordingly.

34.4.1.5 Design strategy

The design strategy balances the differing requirements arising from the inevitable conflicts
between, e.g.:

. Structural performance,

. Low masses,

. Sensitivity of elements,

. Economic manufacturing,
J Low scrap, and

J Repair rates.

Non-destructive inspection (NDI) is, in this respect, a synonym for a set of control activities tailored
to achieve the necessary quality.

The key elements and the level of control are determined by the designer.

34.5 Definition of inspection procedures

34.5.1 Procedures

34.5.1.1 General
The inspection procedures are generated and their sensitivity verified, Ref. [34-1].
General inspection procedures are reviewed with respect to:

o Their applicability,

° The known constraints,
. The provisions necessary,
J Whether or not they need to be adapted to a particular element,

34.5.1.2 Sensitivity
The expected or required sensitivity is established considering:
. Limited access, e.g. to cavities inside structures.

J Disturbances of transducers, e.g. at free edges.

34.5.1.3 Calibration
All NDI techniques are calibrated to defined standards at regular intervals, during the:
. Verification programme, and

J Use of equipment, e.g. test coupons with known positions and sizes of representative defect-
types for the items under test.
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34.5.2 Thin composite laminates

A basic procedure is proposed, Ref. [34-1], to simplify the situation for the thin laminates typically
used in spacecraft, e.g. less than 2 mm thick, such as shells or facings of sandwich panels. This
comprises of:

a. Define adequate manufacturing process controls, including;:
1. material sensitivity to notches,
2. accurate laminate configuration,
3. adequate curing processing.

Preferably this is accomplished by non-destructive methods or by those techniques that record
results automatically.

b. Design the structure with an allowable stress or strain reflecting a circular hole through the
thickness of, say, 6 mm diameter and a circular delamination of, say, 12 mm diameter.

C. Select NDI methods, procedures and criteria capable of reliably detecting defects of the
selected sizes, even if surface defects consist of scratches through one ply only with a length
of the assumed hole.

d. Consider the needs for the inspection of joints separately, e.g. holes and adhesive bonds.
e. Accept all hardware inspected and found without indications under the defined condition.
f. Where deviations are present, assess all occurrences which exceed the set criteria case-by-case

by applying established nonconformance procedures.

34.5.3 Thick composite laminates

Thicker laminates, e.g. greater than 2 mm thick, need special consideration, as they usually do not
comply with the assumption of a through-the-thickness hole enveloping the actual defect.

Thick composites imply the presence of high loads and multiple lamina. Inspection techniques
capable of detecting defects at all depths within the composite are used.
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34.6 Non-destructive inspection techniques

34.6.1 Introduction

Non-destructive testing, NDT, has an important role in the application of composites and advanced
materials to space structures, Ref. [34-2], [34-3]. Initially, the development of NDT techniques was
driven by the need to detect defects and anomalies in new materials, such as CFRP. This was
influenced by uncertainty as to the significance of defects in structures and a wish to detect all
identifiable features. With a better understanding of material capabilities, further development of
NDT techniques is aimed at those defects known to be significant in structural integrity.

NDT technologies are closely associated with the demands of aircraft inspection, Ref. [34-4]. The
space industry benefits from this by modifying techniques to suit the needs of space programmes, be
it for launchers, satellites, space stations or spaceplanes, Ref. [34-5].

There is one rule which applies to all aerospace projects:

All structures should be designed and manufactured in such a way that they
can be inspected, both during production and once assembled.

34.6.2 Damage tolerant designs

In a damage-tolerant approach, flaws are assumed to exist in fracture-critical components. As part of
this approach, factors to be evaluated include:

o The critical flaw size that results in failure of a component when subjected to known service
stress and temperature conditions.

o The growth rate of subcritical cracks and consequently the time that a component containing a
subcritical flaw can operate safely in service.

. The inspection performed to detect defects before catastrophic failure of the component
occurs.

The assumed initial flaw size is based on the intrinsic material flaw size distribution and the
manufacturing inspection capability. For manufacturing, an inspection reliability of 90% probability
of detection (POD) at the lower-bound 95% confidence level is generally accepted for the assumed
flaw sizes. These flaw sizes are intended to represent the maximum size of damage that can be
present in a critical location after manufacture and inspection, Ref. [34-2].

34.6.3 Advances in NDT

It is widely accepted that more than one NDT technique is needed to detect all possible defects,
anomalies and damage present within an assembled structure.
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To control inspection costs, it is prudent to use the smallest number of NDT techniques necessary to
detect critical defects. Greater emphasis is placed on using rapid, automated inspection systems. The
more traditional ultrasonic, radiographic and holographic techniques are now being complemented
by newer technologies, such as laser-based ultrasonics or shearography and computer tomography.

Development in NDT is driven by:

J Availability of cheap, powerful computers,

o Digital signal processing,

. Image enhancement techniques,

. Real-time image processing and presentation,

. Need for large area scanning systems, e.g. for ageing aircraft,
o Rapid inspection of aircraft to save costs.

The advantages gained from the new developments include:

o System automation and image processing.

3 Non-contact and non-invasive inspection, [See also: 34.10].

o Inspection of thick-section composites.

o High-resolution techniques for polymer, metal and ceramic matrix composites.
J Increased availability of powerful, portable inspection systems.

Automated systems can reduce inspection costs by reducing inspection time and operator
intervention. This applies when the test requirements and sequence has been established and
verified for each item or structure, Ref. [34-91].

34.6.4 Techniques

34.6.4.1 General

There is now a wide range of inspection systems based on a variety of principles; each performs a
different function. In broad terms, the techniques can be grouped as being applicable to (some NDT
methods can be applied in both groups):

o laboratory (L) and production (P) environments for the examination of components and
assembled structures.

. in-service (S) environments for the examination of fully assembled structures.

34.6.4.2 Laboratory and production based NDT

For component and assembled structures, the techniques available include:
° C-scan ultrasonics, both conventional and air-coupled, [See: 34.10].

o Holography, [See: 34.13].

J Radiography, [See: 34.16].

J Computer tomography, [See: 34.17].
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J Laser shearography, [See: 34.14].
o Thermography, [See: 34.15].

34.6.4.3 In-service based NDT

The techniques for fully assembled structures include:

. Portable conventional and air-coupled ultrasonics, [See: 34.10].
. Eddy currents, [See: 34.18].

. Laser shearography, [See: 34.14].

. Thermography, [See: 34.15].

34.6.4.4 Other techniques

Techniques that provide a supporting role include:
3 Visual inspection, [See: 34.9].

J Coin tapping, [See: 34.9].

J Dye penetrants, [See: 34.9].

° Resonance bond-testers, [See: 34.9].
o Acoustic flaw detectors, [See also: 34.20]
. Acoustic emission, [See: 34.11].

34.6.5 Smart technologies for condition monitoring

Easy access to computing power initiated the development of inspection systems that are integrated
into structures to provide continual monitoring of the thermal and strain responses. Such systems
are equally applicable to in-service damage detection.

[See also: Chapter 92 for potential space applications of smart technologies]

34.7 Defects and anomalies for detection

34.7.1 General

NDI can be applied at any time to assess the condition of a component, assembly or structure, Ref.
[34-6], [34-7]. Factors to consider include:

J New composite mouldings are assessed against quality standards that aim to establish
acceptance levels for anomalies, such as voidage, resin content, fibre misalignment and
rucking, presence of foreign bodies, microcracking and missing plies.

J Subsequent fabrication stages can introduce the possibility of machining damage,
delaminations, poor hole quality, adhesive bond integrity, missing components, poor
honeycomb splicing, component misalignment and continuity of potting compounds.
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J Sandwich panel constructions and co-curing give rise to greater complexity from a single
moulding cycle with the possibility for a wide range of defects to occur, including core-to-skin
disbonds.

. In-service inspection is mainly related to establishing the presence of significant defects, such

as impact damage, delaminations, fibre breakage, disbonds, moisture uptake, water retention
in honeycombs.

In-service inspection is only appropriate to some space structures. Developments in NDT are mainly
associated with inspecting aircraft.

34.7.2 Emphasis of NDT development

As composites have become more widely applied to aerospace structures, the emphasis placed on
NDT techniques has changed. The extensive use of sandwich honeycomb constructions, co-curing
and adhesive bonding enables more complex constructions to be manufactured. With these the
factors of greatest concern include:

J Missing or misplaced materials and subcomponents,

. Disbonds and delaminations,

J Integrity of fixing points around fasteners and inserts

o Damage from low energy impacts, between 0.5 ] and 10.0 J typically, which can cause ‘barely

visible impact damage’ (BVID), Ref. [34-8].

Where feasible, a preference is given to the use of non-contact NDT techniques instead of the more
traditional methods, Ref. [34-9].

34.8 Overview of NDT techniques

34.8.1 Selection of NDT technique

Numerous techniques are used for the inspection of materials, components and structures, Ref. [34-
3], [34-4], [34-6], [34-7], [34-9].

Factors involved in the selection of an appropriate NDT technique include:

J Application: Laboratory, production or in-service.
J Materials to be inspected.

J Component or structure dimensions and geometry.
. Accessibility to area to be inspected.

J Ability to detect a certain type of defect.

o Sensitivity to defect size.
o Availability of reliable equipment and resources.
. Recording and understanding of results.
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J Equipment cost.

o Inspection speed, hence cost.

Owing to a lack of standardisation of NDT techniques, it is customary for composite manufacturers
to select a technique and prove its acceptability for each component or structure produced; provided
that the design has stipulated the inspection requirements.

NDI methods which have been applied to aerospace materials and structures are described. The
basic techniques, e.g. ultrasonics, holography and X-ray, have been used successfully for many
years. The physical recording media, e.g. film, has evolved to electronic data storage and
manipulation.

34.8.2 Detection of defects

34.8.2.1 General

Basic guidelines on which NDT techniques can detect which specific type of anomaly or defect are

given for:

J Manufacturing, assembly and payload integration, using:
—  contact methods in Table 34.8.1
—  non-contact methods in Table 34.8.2

J In-service for long-life structures, using:

— contact methods in Table 34.8.3

— non-contact methods in Table 34.8.4
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Table 34.8-1 - Detection of manufacturing defects by contact NDT techniques

Visual Ultrasonic Acoustic Fokker Eddy [Acoustic
Defect . Tap Test Flaw Bond Current | Emissio
Inspection C-Scan
Detector Tester s n
Only
Porosity | PosSiPle on NS Successful NS NS NS NS
outer
surface
Prepreg Successful
gaps on outer NS Successful NS NS NS NS
surface
. Successful Success is .
(igﬁt?;:llir:;;t on outer NS particle size NS NS ncl):;claylllii NS
surface dependent
Contaminat Detection Detection
ion only | only
(backing poss1ble in poss1ble in Successful Successful Successful NS NS
sheet) thin thin
laminates laminates
. Detection of
aligill;::nt Detection lay-up .order Detection
lay-up on outer NS possible NS NS Possible NS
order surface using pulse
echo
Fibre/resin . .
. Detection Detection
va;izlttli(:)ns NS NS possible NS NS Possible NS
Prepreg Successful Detect.ion in Detection
joints on outer NS thin NS NS Possible NS
surface laminates
Interply Possible on | Possible on .
delaminati thin thin Successful GOO(.i GOO(.i NS Detecfmon
ons laminates laminates detection detection Possible
Mim{ocrack NS NS Detegtion NS NS NS Detegtion
ing Possible Possible
Outer
Skin to . surface Successful Good Good Detection
core disturbance for thin Successful . . NS .
debonding can be <kins detection detection Possible
visible
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Table 34.8-2 - Detection of manufacturing defects by non-contact NDT techniques
X-ray Laser Air-coupled Computer Laser
Defect Radiography Holography | Thermography Ultrasonics Ultr(ell)s((z))mcs Tomography Shear(;graph
Porosity Successful NS NS NS Successful® Successful NS
Successful, .
mainly on Detection Detgctlon
Prepreg gaps Successful thin NS NS Possible® Successful posmblg on
. thin laminates
laminates
Contamination (solid) Successful NS NS NS ?7M® Successful NS
. . . Possible . . .
Contamination (backing Not suitable Successful detection in thin Detecfmon 2 ) Detection Detecfmon
sheet) . Possible Probable Possible
laminates
Fibre alignment Successful Detecfmon NS NS NSO Successful Detecfmon
lay-up order possible Possible
F1bre/1:e51.n ratio Deteqtlon NS NS NS ) Deteqtlon NS
variations possible Possible
Detection in Detection Detection
Prepreg joints Successful thin . NS 7@ Successful possible on
. Possible . .
laminates thin laminates
Detection Detection Detection Detection
inati )
Interply delaminations NS Successful Probable Possible Successful Probable Probable
On edges with Detection
Microcracking penetrant NS NS NS 3 NS NS
Possible®
enhancement
Detection Detection Detection Detection
i i )
Skin to core debonding NS Successful Probable Possible Successful Probable Probable
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Table 34.8-3 - Detection of in-service damage by contact NDT techniques
Visual Ultrasonic . Fokker Eddy Acoustic
Defect . Tap Test Flaw Bond . .
Inspection C-Scan Currents Emission
Detector Tester
. . . Detection Detection
Matrix Microcracking NS NS Possible NS NS NS Possible
Delaminations Only on Possible if Successful Successful Successful Only if Dete({tlon
surface severe Severe Possible
. Only on Detection Detection Detection
Broken Fibres surface NS Possible NS NS Possible Possible
Crushed Core Possible if NS Detection NS NS NS NS
severe Possible
Skin:Core Debonding Possible if Possible if Successful Successful Successful NS NS
severe severe
Skin Debonding Possible if Possible if Successful Successful Successful NS Deteqtlon
severe severe Possible
Water in sandwich NS NS Deteqtlon NS NS NS NS
panels Possible

Key: NS - Not Successful.
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Table 34.8-4 - Detection of in-service damage by non-contact NDT techniques
. Computer
X-ray Laser Air-coupled Laser
Defect Radiography Holography | Thermography Ultrasonics Ultrasonics® 'Ijomog.raphy Shearography
(if available)
. Possible on )
_ Matrix edges with NS NS NS Detection NS NS
Microcracking Possible
penetrant
Delaminations Detection Successful Detection Detection Detection Successful Detection
Possible 58 Probable Possible Possible 58 Probable
Broken Fib Detection Detection Detection Detection N Detection Detection
roken tibres Probable Possible Possible Possible ’ Probable Possible
Detection Detection Detection Detection
Crushed Core Successful Possible if ; . NS . Successful Possible if
Possible if severe Possible
severe severe
Skin:Core Detection Successful Detection Detection Successful Detection Detection
Debonding Possible 55 Probable Possible S8 Probable Probable
. ) Detection Detection Detection Detection Detection
Skin Debonding Possible Successful Probable Possible Successful Probable Probable
Water in Sandwich Detection Detection Detection
Panels Successful Possible Successful NS Possible Successful Possible

Key: NS - Not Successful;

? - To be determined; (1) AIRSCAN™, [See also: 34.10
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The size and shape of defects detectable by a particular technique depend on the nature of the
materials under test, the structural configurations and the equipment used, e.g. probe type, test
frequency, resolution of the scanning mechanism and recording media. It is therefore impossible to
state definite detection limits for a particular NDI technique because each is application-dependant.

34.8.2.2 Contact versus non-contact methods

Contact methods are those techniques where there is a physical interaction with the component or
structure being inspected. This includes:

. Human contact with the structure during inspection.
. Manual operation of probes.
J Use of water or gel couplants, including water immersion.

J Roller probes.
o Direct mechanical loading, as in acoustic emission.

J Application of surface coatings or penetrants to highlight defects.

Any contact with a material introduces the possibility of contamination, which is undesirable for
space payloads. Non-contact techniques tend to limit contamination sources.

Those techniques reliant on manual operation can introduce uncertainties regarding operator
consistency and possible error. If human judgement is used to interpret the significance of a signal
reading, this can differ between individuals. To limit any such inconsistencies, operators are provided
with training to particular industry standards.

Automated systems aim to overcome any human operator-related inconsistencies. They tend to need
extensive set-up and fine tuning by qualified engineers in order to provide sufficient confidence in the
results produced, especially when compared with manual techniques. It is also not uncommon for
new automatic systems to produce large numbers of false indications during the set-up phase.

Electronic storage of the information obtained during inspection enables signal data and images to be
compared or enhanced when specific features are being addressed. Historical comparisons are also
feasible between components made at different times. Such requirements tend to favour non-contact
techniques, where the object can be scanned and rotated during examination to show different
orientations.

[See also: 34.9 — Contact techniques; 34.10 — Ultrasonic ‘air-coupled” techniques]
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34.9 Traditional contact NDT techniques

34.9.1 General

Each technique is coded as suitable for application in the laboratory [L], during production [P] or in-
service [S] during the periodic re-examination of a component or structure.

34.9.2 Visual inspection

Visual inspection is the oldest and most economical form of NDT. It is widely used for locating defects
and damage on, or near, the surfaces of materials or components. Some level of contact is necessary,
e.g. by the inspector touching the item, although no additional chemical substances are used.

It enables a rapid survey of large areas, or a detailed examination of small areas using optical aids
such as magnifying lenses, borescopes and endoscopes. Visual inspection can be followed by another
type of NDT inspection to quantify the size of a sub-surface defect.

Application: [L, P and S] — Contact or non-contact.

34.9.3 Dye penetrant

In this technique a liquid dye is applied to the component surface, and is trapped by any surface
breaking defects. The component is then cleaned, but some of the dye is retained in the defects
present. This is then ‘absorbed’ by a developing agent to produce a contrasting ‘stain” which indicates
the position of a defect. Dyes can be coloured or fluorescent under UV light.

Application: [L, P and S] — Contact.

34.9.4 Magnetic particle

A magnetic field is generated in the component. Any surface defects or near-surface cause field
leakage and preferentially attract the applied magnetic particles. The particles are normally in the
form of a suspension of magnetic iron oxide powder in a hydrocarbon carrier fluid. The magnetic field
is induced by magnets or applied flux or current. In general, defects are oriented across the magnetic
field to be detectable, with sub-surface defects detectable if their size and position is sufficient to
disturb the field.

Application: [L, P and S] — Contact.

34.9.5 Mechanical resonance or impedance
The types of techniques that can be classed as mechanical resonance or impedance include:

J Tap testing is often conducted along with visual examinations. Components are tapped with a
coin or special hammer. Variations in sound (resonance) between good and bad areas are
usually detected by the operator hearing the differences. Tap tests have a rather limited
sensitivity, but can detect fairly large delaminations under the right conditions. It is also
difficult to assess which areas have or have not been tested, given a particular area to be
screened.
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J Bond testers measure mechanical impedance under high frequency oscillation. It compares
good with bad areas, providing data on the cohesive, but not the adhesive, nature of the bond;
except in the extreme case of no adhesion, [See: 34.20].

J Acoustic flaw detectors work on a similar principle to bond testers.

Application: [L, P and S] — Contact.

34.10 Ultrasonic techniques

34.10.1 Introduction

34.10.1.1 General

There are a large number of techniques known generally as “ultrasonic” which can be applied in the
laboratory, in production and in-service. Each has their strengths and weaknesses, so for any given
circumstances one can be more appropriate than the others.

Most techniques involve some contact with the component or structure, but air-coupled systems aim
to avoid contamination of composite, space-destined structures by water or gel-based couplants. This
non-contact technique was evaluated by Alenia for CFRP, Ref. [34-94], and was selected by Fokker to
inspect solar panel substrates, Ref. [34-91].

Ultrasonic testing uses high-frequency sound waves; often in the kHz to MHz range. The sound
energy is reflected or scattered by defects lying within the sound path. The principal relies on
transducers, or probes, to emit and receive sound. The orientation of transducers in relation to both
the structure and the defects determines which features are detected and resolved. The presentation of
signal responses in C-scan form represents the baseline means of examining materials. It has become
the accepted means of inspecting composites owing to its versatility in detecting defects, Ref. [34-3],

[34-10].

Conventional C-scan ultrasonics is by no means an ideal method as it needs a contact path between
the transducer and the component under test, usually achieved by use of liquid couplant. To inspect
large areas, the probes are generally moved using a mechanical scanning device. This can be large and
complex in order to inspect contoured sections of aircraft made from composites, Ref. [34-95].

As the name suggests, air-coupled ultrasonics do not use couplants, but rely on air transmission
between the probes and the component under test to both send and receive the ultrasound.

34.10.1.2 Sound waves

Composites are anisotropic (fibre and resin), orthotropic (variable fibre orientation) and laminar in
construction. The location, alignment and orientation of potential defects varies accordingly. It is
therefore necessary to utilise different sound-wave behaviours in composites to enable defects to be
detected in different constructions.

A wave is a transient time and position phenomenon which conveys energy through space. The speed
of a sound wave (time of flight) and the strength (energy) are the parameters used for locating defects
and quantifying their size. The wave behaviours which are utilised in NDT are:

J bulk waves (plane or spherical), e.g. longitudinal waves

J transverse bulk waves, e.g. shear or distortional waves

66



ECSS-E-HB-32-20 Part 4A
/ E CSS 20 Marcﬁr2011

J surface effects near a boundary, e.g. Rayleigh waves.
J plate effects (in a medium with two parallel boundaries, i.e. a laminate), e.g. Lamb waves, Ref.
[34-11], [34-12].

34.10.2 Modes of examination
Ultrasonic equipment is usually configured to operate in one of three main modes, i.e.:

J Through-transmission (T-T); using two transducers placed on opposite sides of the component.
One transducer sends the ultrasonic pulse, the other receives it.

. Pulse-echo (P-E); using one transducer placed normally (longitudinal waves) or at a selected
angle (shear waves) on the component surface. This single transducer both sends and then
receives the ultrasonic pulse. Some techniques also use a reflector plate placed on the back face
of the component.

J Resonance or resonant frequency; by creating a continuous ultrasonic wave in the material.
Sensing the received signal phase, amplitude or resonant frequency shift indicates the material
impedance or stiffness.

These modes are the basis for the well-established and proven forms of ultrasonic NDT.

A couplant medium is normally used to ensure a good acoustic path between the transducers and the
component. Alternatively the component and transducers are completely immersed in a suitable
coupling liquid, e.g. water.

34.10.3 Ultrasonic signal presentation

When a component is examined, the ultrasonic signal is presented in various forms for interpretation.
These are:

J A-scan: A single point signal describing the ultrasonic response of material immediately beneath
the transducer.

. B-scan: A scanned line showing features at identifiable depths.

J C-scan: An area scan showing volumetric defects in the material.

34.10.4 Data and image processing

Image enhancement techniques are invaluable tools when applied to the interpretation of C-scans. The
use of image enhancement enables the display of features which cannot be viewed when an ultrasonic
C-scan is initially formed, Ref. [34-10], [34-89]. Post processing of data can include, Ref. [34-89]:

. Image presentation:
—  Look-up tables and colour coding.
—  Image reversal.
— Grey scale ramping or saw-tooth scaling.
—  Isometric projection.
— 3-D imaging.
—  Binary display imaging.
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J Image histogram evaluation:

Image enhancement.
Equalisation enhancement.
Logarithmic forcing functions.
Windowing and level slicing.

Sub-area evaluation.

. Kernel multiplications:

Low- or high-pass filtering and smoothing.

Selective orientation filtering and shadowing.

J Two-dimensional Fourier analysis:

Fibre orientation distribution.
Effects of pixel sizes.
Image enlargement.

Mask multiplication filtering.

) Full volume imaging:

3-D databases.

Peak amplitude images.
Integrated amplitude images.
Statistical imaging.
Frequency domain imaging.

3-D presentation.

Data processing is not only useful for ultrasonics but is equally applicable to other NDT techniques
producing digital data.

34.10.5 Equipment calibration

Ultrasonic equipment needs calibration to ensure consistent and reliable detection of defects. This can
be achieved using reference specimens containing defects of known dimensions and locations.

With ultrasonics there are many possible sound-wave modes, transducer types and frequency ranges.

A systematic means of describing and comparing techniques and devices can be useful. The receiver
operating characteristicc ROC, is one such means, Ref. [34-13]. The ROC method assesses the
performance of a system and shows the probabilistic character of defect detection. It is based on the
general theory of signal detection by counting the input and output from a diagnostic system which
includes the task of separating a signal from background noise, Ref. [34-13].
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34.10.6 Large area scanning

There are several means of scanning components and mouldings by passing a transducer over the
surface of interest, Ref. [34-11], [34-14], [34-95]:

. X-Y-Z scanning frames for:

—  small individual components

— large aircraft sections, Ref. [34-95].
o X-Y scanning frames for flat panels.

J Programmable robotics for repetitive testing.

The types of transducers used include:
o Roller probes for mainly flat constructions.
o Water-jet probes for shaped mouldings with cut-outs, Ref. [34-95].

o Air-coupled probes for CFRP composites and solar panel substrates, Ref. [34-91], [34-92], [34-
94].

To reduce the time to inspect large areas, such as aircraft, portable scanning systems are now being
introduced, Ref. [34-15], [34-16]. Examples include LACIS ‘large area composite inspection system’
and MAUS “mobile automated ultrasonic scanner’. The main features of these are:

J Use in pulse-echo (depth and amplitude), ultrasonic-resonance and eddy-current modes, i.e.
interchangeable.

J Multiple transducers, giving strip coverage via simple oscillatory motion of each transducer.

J Portable, wheeled scanner with automatic transducer alignment for contour following.

. Manual operation of scanner.

J Water drop coupling.
. Automated data collection and enhanced C-scan imaging through a lap-top computer.

o Scan rates of up to 9 m? per hour.

The LACIS or MAUS derivatives are used principally for detecting impact damage and bondline
defects.

34.10.7 Acousto-ultrasonics

Also known as the stress-wave factor method (SWEF), acousto-ultrasonics uses stochastic wave
propagation to detect and quantify defect states, damage conditions and variations of mechanical
properties within composites, Ref. [34-10].

It is not necessarily intended to resolve each individual flaw, but instead, to assess the collective effect
of diffuse flaw populations. Accordingly, the SWF approach was devised to evaluate the integrated
defect state due to porosity, matrix crazing, fatigue damage, fibre bunching, fibre breaks, resin
richness, poor curing or poor fibre-to-matrix bonding.

69



ECSS-E-HB-32-20 Part 4A
/ E CSS 20 Marcﬁr2011

SWF can be described as a generalised approach to ultrasonic testing using two probes (transmitter
and receiver). The received signal is a result of multiple interactions within the material
microstructure, i.e. multiple, reflected, scattered and mode-converted waves.

Signal interpretation is all important. With sufficient correlation with measured properties from test
coupons, it is indicated that SWE is capable of quantifying residual ultimate tensile strength of fatigue-
damaged composites, interlaminar shear stress and adhesive bond strength.

34.10.8 Lamb wave (guided wave)

34.10.8.1 General

Lamb waves are capable of propagating relatively long distances in thin plate geometries and
laminated structures. Lamb waves offer a potentially powerful NDE technique for assessing the health
of such structures. Lamb wave propagation properties strongly depend on the thickness and the
mechanical properties of the material. Changes in the effective thickness and material properties
caused by structural flaws, such as disbonds, Ref. [34-104], [34-105], [34-106], corrosion, and fatigue
cracks, can be detected efficiently by measurements of variations in Lamb wave propagation. Owing
to the strong dispersion of the Lamb wave modes, the propagation velocity is a characteristic function
of the product of the imposed acoustic frequency and the effective thickness of the material.

Lamb wave techniques are envisaged for health monitoring to detect damage in composite material
(diagnosis based on Lamb wave propagation analysis) using a permanently attached guided wave
array, Ref. [34-107], [34-108]. By taking measurements at different stages in the life cycle of the
structure, using a permanently attached device on the structure, comparative measurements can be
performed to detect emerging defects.

Several researchers have shown that Lamb waves are viable in principle, but have limitations,

including:

o strong sensitivity to the material properties,

° thicknesses of the adherends,

o relative insensitivity to defects at the bondline layer.

Embedded modes, which propagate along an embedded layer, are largely insensitive to the
adherends. The dispersion curves show a major improvement in sensitivity to the properties of the
layer and to the boundary conditions between layer and the adherends. The difficulty is to generate
these specific modes, so current applications are limited to homogeneous and isotropic materials, e.g.
adhesive bonding with thin metallic plates or glass. Although attempts have been made with
composite materials, the technique remains a laboratory research tool. A significant effort is needed to
model the phenomena to account for variations in material properties in order to meet industry needs.

Conventional methods of exciting and detecting guided waves include the angle incidence technique,
inter-digital transducers (IDTs) and EMATs.

34.10.8.2 Leaky-Lamb-wave techniques

Lamb waves occur in plates as a result of reflections between the adjacent surfaces found in laminates.
In some instances, these waves can be used when more conventional techniques, such as a single
probe pulse-echo mode fails to locate defects. Leaky-Lamb waves are also termed obliquely insonified
ultrasonic waves, Ref. [34-17].
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In this technique, access to the composite is only needed from one face. For thick composites, e.g. 30-
ply CERP, it can be difficult to resolve delaminations in the first few plies. By using a transmitter and
receiver, 10mm apart, it is feasible to detect near-field, subsurface defects, Ref. [34-11]. The basic
equipment used can be the same as that used in normal contact pulse-echo mode. This can be a
commercial broadband probe with a digital ultrasonic flaw detector.

The utilisation of Lamb waves is seen as a low-cost means of inspecting large structures for
delaminations, Ref. [34-18]. By placing a transmitter and receiver adjacent to each other on the surface
of a composite, it is feasible to detect defects by comparing outgoing and reflected signals, as shown in
Figure 34.10.1, Ref. [34-12]. The transmitter and receiver are located at a point, but have the ability to
inspect the surrounding composite when rotated or line scanned. It is possible to detect 20mm
delaminations at a distance of up to 500mm.

angled transmitter

\ normal receiver

perspex block composite laminate

Figure 34.10-1 - Leaky-Lamb-wave technique for composites

34.10.9 Rayleigh wave techniques

Rayleigh waves are not applied to polymer composite examination. They are more appropriate for
ceramic composites and coatings, Ref. [34-9].

34.10.10 Backscattering techniques

These are capable of detecting matrix cracking, porosity, fibre orientation and fibre misalignment in
individual plies, Ref. [34-3], [34-20]. The technique, as shown in Figure 34.10.2, enables a transducer to
be rotated about a normal to the surface axis at various angles of incidence, Ref. [34-3]. The maximum
back-scattered energy is received by the transmitting/receiving transducer when the transducer axis is
normal to the defect. Thus, the shape, location and orientation of the defect can be approximated by
measuring the pulse signal amplitude as a function of rotation (polar) angle.
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Figure 34.10-2 - Detection of fibre orientation by backscattering measurement

34.10.11 Transducer technology

34.10.11.1

Transducers, or probes, emit the ultrasonic waves into the subject material or receive the resulting
signal. In some systems the probes can perform both functions. The active element within a probe is
usually made of a piezoelectric ceramic or polymer (PVdF). The dimensions of the piezoelectric
element largely define the effective frequency range of the transducer, although the actual operating

General

frequency is determined by the signal from the driving electronics. Transducers generally have a
stated frequency value, giving their optimum sensitivity and the centre of their effective frequency
range.
Some of the transducer and applied signal variables which differ between testing techniques include:
J Focused or unfocused probes.
J Ultrasound frequency:

—  selected with respect to material, defect size and defect location.
high frequencies for better defect resolution.
—  low frequencies for low signal attenuation.
o Probe alignment to surface:
normal,

angled, or
—  oblique.
. Signal pulse profile:

wave train (pulse) duration,

signal energy.

J Mode of operation, e.g. pulse-echo, through-transmission.
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34.10.11.2 Phased-array transducers

Piezo-composite materials have provided a new ultrasound probe technology for the non-destructive
testing of materials; known as ‘Phased-array transducers’. The probes comprise a large number of
individual elements each of which can be driven independently. The transducer elements are usually
organised in linear, annular, circular or matrix arrays, as shown in Figure 34.10.3.

Phased-array transducers can be used with conventional coupling agents (gel, water) either as a
contact or an immersion configuration. In theory, all the applications using ultrasound techniques can
use phased-array probes.

[y

Linear array

2. Annular array with wuniform pitch (non constant
surfaces)

3. Matrix arrays (checkerboard and sectored rings)

4. Circular array

Figure 34.10-3 — Phased-array transducers: Element configurations

The probes are connected to specially-adapted drive units enabling independent, simultaneous
emission and reception on each channel. The units also enable different electronic time delays for each
channel during both emission and reception. Electronic scanning, focusing and deflection can then be
carried out; as shown schematically in Figure 34.10.4, Ref. [34-101].

Theoretically, all the applications using ultrasound techniques can use phased-array probes.

In comparison to classical ultrasonic techniques, the main advantages of phased-array probes are the
improvement of inspection performances, the reduction of inspection delays, and the possibility of a
complete inspection of an item in one scan. The conventional mechanical scanning is replaced by the
much faster electronic scanning (advantage for large structures). Electronic scanning in depth can
become interesting for structures of large thickness. Moreover, electronic focusing enables the use of a
single probe for working at different depths. The electronic focussing can be advantageous for
structures including heterogeneities of small dimensions too. Recent investigations have revealed the
capability of such sensors to detect fibre waving.

Electronic deflection enables the angle of incidence to be varied with a single probe giving access to
particular, inaccessible areas and facilitating inspection of structures with complex shape.
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Electronic scanning

Groups of elements are sequentially
activated to move the beam along the
transducer (with electronic delays to
focus the group).

Electronic focusing

Electronic delays are applied to each
element to focus the beam.

Electronic deflection

Electronic delays are applied to each
element to deflect the beam ‘

Figure 34.10-4 — Phased-array transducers: Functionality

Advanced functions of ultrasonic phased-arrays are emerging for the non-destructive testing of
aeronautic parts, increasing further the potential benefits of the technology, e.g. for emission: multi-
beam generation; for reception: differentiated sum of elementary signals, for emission-reception:
iterative process.

Currently available phased-array transducers are expensive, mainly because MHz-order frequencies
imply tight tolerances and high manufacturing precision. On-going work aims to develop cheaper,
low frequency phased-array systems for damage detection in aircraft structures.

The initial applications of ultrasonic phased-array probes were for complex-shaped structures (areas
with difficult access) and in the metallurgic field (to reduce control delay by electronic scanning).
NASA, McDonnell Douglas and Boeing Space have used phased-array technology for the inspection
of welded space structures, e.g. friction stir welds (Delta IV tank) and laser welds. The technology has
been applied successfully to large aeronautic structures made of composite materials and honeycomb
parts (industrialisation of the phased array system).

Some examples of the successful applications of phased-array technology within the Europe include
NDT of laser-beam welding of skin stiffeners for the fuselage of Airbus A 318 (St-Nazaire) and for the
inspection of composite parts of Airbus A 380 (Nantes).
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34.10.12 Air-coupled techniques (non-contact)

34.10.12.1 General

The use of liquid couplants has traditionally been necessary because of the sound signal attenuation
caused by air at high frequencies, e.g. MHz-range. Strong reflections at the interfaces between
transducer-to-air and air-to-material under test produce very weak transmitted signals. Advances in
acoustic transducer matching-to-air technology in combination with tone burst excitation offer the
opportunity for air-coupled ultrasonics, Ref. [34-21], [34-92].

Air-coupled ultrasonic techniques have become reliable and useful methods for non-contact non-
destructive testing.

34.10.12.2 Applications

Numerous cases exist where coupling agents, such as water, gels, grease, glycerine, are either
prohibited or not desirable, e.g. green powders, uncured polymers, solar panel sandwich supports,
some thermal protection systems sensitive to water ingress, rough surfaces, non-flat surfaces and
porous materials, such as ceramics and carbon/carbon composites.

Non-contact transducers have been used for quantitative and qualitative ultrasonic evaluation of a
wide range of materials, including, Ref. [34-96], particulate and fibrous multi-layer composites,
including prepregs; composite honeycomb structures; ceramics (green and sintered); metal (powder-
based); rubbers and plastics.

34.10.12.3 Transducers and configuration

Techniques used in non-contact modes include operation of transducers in through-transmission,
separate transmitter and receiver placed on the same side (‘pitch-catch’ configuration) and recently a
single transducer in direct reflection mode; as shown in Figure 34.10.5.
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TWO-SIDED INSPECTION

Through-Transmission Shear Wave Plate Wave

ONE-SIDED INSPECTION

Pseudo Pulse-Echo with Scund Barrier Plate Wave

Figure 34.10-5 - Non-contact ultrasonics: Air-coupled sensor configurations

A broad range of frequencies, typically from 50 kHz to 5 MHz, are possible using different sensor
technologies: piezo-ceramic, piezo-composite or capacitive transducers, Ref. [34-97]. Some of them
provide improved focussing which gives better resolution.

Capacitive-type transducers, characterised by high bandwidths, have been used to evaluate
composites and other materials. They have been successfully used for the generation and detection of
guided waves in anisotropic viscoelastic materials in a non-contact mode; as shown in Figure 34.10.6,

Ref. [34-98].
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Figure 34.10-6 - Non-contact ultrasonics: Capacitive sensors in plate wave
configuration set-up

Although the applications for non-contact transducers at frequencies above 3MHz in ambient air are
limited, transducers between 200kHz to 3MHz have been used for several applications, including
space, aeronautical and medical industries.

The availability of various frequencies and digital filters enable an optimisation between high
resolution for composites and honeycombs, e.g. 0.5MHz to 1IMHz, and high penetration for materials
such as foam, rubber and wood (20kHz to 200 kHz).

34.10.12.4 Airscan™ - solar panel substrates

Airscan™, a commercial system from QMI (USA), operates in through-transmission or single-sided
inspection (via Lamb waves). It has been evaluated for CERP structures, some of which contain
highly-attenuative materials, such as honeycombs and foams, Ref. [34-94].

Some of the features of the system include:

J General operating frequency of 400kHz or 50kHz, Ref. [34-92], [34-94], compared with IMHz or
higher for contact ultrasonic techniques.

J The signal frequency can be altered for the thickness of the composite.
J A wave train-like signal consisting of up to 15 sequential pulses.

o Optimised incident angle for the transmitting transducer.

J Super-low-noise preamplification of received signals.

The Airscan™ system was validated by Fokker as a means of reducing the cost and lead time for NDI
of solar panel substrates. Figure 34.10.7 shows a schematic diagram of the Fokker facility, Ref. [34-91].
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Qualification tests have been performed for:
o ARA (advanced rigid array) for commercial geostationary solar arrays, and

o Flatpack - developed for Envisat-1.

Each of the sandwich panel constructions is different, notably in their aluminium core cell-size and
thickness. Each has a further complication in the form of a co-cured Kapton film on one of the CFRP
skins providing;:

o Electrical insulation (between solar cell and sandwich),
J Protection against atomic oxygen (Flatpack panels), and
o Thermal control.

Skin-to-core disbonds were detected in both types of solar panel substrate, [See also: Table 34.8.2 and
Table 34.8.4]. The system also detected delaminations in CFRP panels. The results are presented in C-
scan form.

Further studies aim to assess the suitability of the technique for the inspection of other flat and curved
items, e.g. aircraft floor panels, antennas, central cylinders and electronic circuit boards, Ref. [34-91].

O Scanner
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Figure 34.10-7 — Airscan™ (air-coupled ultrasonics) system: Non-contact NDI of
Fokker solar panel substrates

34.11 Acoustic emission

AE, acoustic emission, is a contact technique that relies on mechanical straining of the component or
structure under test. AE can be applied in the laboratory, in production and in-service.

AE techniques detect the sounds produced by a structure as a result of mechanical loading, Ref. [34-3],
[34-22]. These are then identified and related to critical events, such as matrix cracking, delaminations
and fibre failure.
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Developments of AE have mainly concentrated on the interpretation of signals and the significance of
noise emanating from stressed components and structures. For composites, some broad comments
include:

J Composites under progressively increasing load produce acoustic events at strain levels well
below the elastic limit.

J The point at which acoustic events begin in relation to previous loadings can be described as the
Felicity ratio.

o Approaching the elastic limit, acoustic events occur increasingly in the sequence of:
— random local matrix cracking,
—  transverse ply failure,
—  interlaminar shear failure, and lastly
— fibre breakage.

J To enable identification of damage events during the testing or inspection of a structure, the
acoustic signature of each type needs to be known. Such signatures are often material and
structure dependent. Computer pattern recognition is important.

AE can be applied to proof-loaded structures, such as pressure vessels, where the proof test is
obligatory and historical data is available from testing numerous items.

When structures are tested to ultimate failure load, AE can be used to identify local damage occurring
prior to final failure. Testing is generally easier with components, where the load application is
usually simpler and the AE response easier to interpret.

The technique has been evaluated for measuring density and porosity in carbon-carbon components,

Ref. [34-23].

The improved availability of cheap computing power has enabled AE to gain greater acceptance for
the inspection of structures. Triangulation methods, by comparison of the arrival time of the same
sound event at several different transducers, locate the positions of acoustic emission sources in
assembled structures, such as aircraft. The frequency and amplitude description of the event is
compared with reference data to determine the type of damage.

AE has been evaluated for condition monitoring systems for reusable space vehicle structures, such as
tanks, [See: 92.3].

34.12 Laser ultrasonics

34.12.1 General

Laser ultrasonics are non-contact techniques that can be applied in the laboratory, in production and
in-service.

The development of laser ultrasonic systems was largely in response to a need for non-contact NDI
methods for the examination of assembled structures, Ref. [34-20], [34-24], [34-25], [34-26], [34-27]. An
example of this type of technique is LUIS ‘laser ultrasonic inspection system’ from General Dynamics,
Ref. [34-27] and Lockheed, Ref. [34-28].
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34.12.2 Basic principles

34.12.2.1 General

Figure 34.12.1 shows an example of a laser ultrasonic system, Ref. [34-28]. The sequence of events in
the emission and reception of an ultrasound pulse is:

a.

A high-power laser pulse is directed at the surface to be inspected, typically from a Nd-YAG or
TEA CO2 laser.

An ultrasound pulse is generated at the surface, usually by thermoelastic induction (rapid
localised expansion by transient heating) for polymer matrix composites.

The ultrasound response is detected by a second laser operating as part of an interferometer
system.

Scanner/ = _
Collection Generation laser

optics - -

Detection laser

B -
I Interferometer
> 1

Data acquisition system

Coaxial scanning beam

Backscatter

Contoured
composite

Figure 34.12-1 - Laser ultrasonic test system: Diagrammatic representation

The basic modes of detection are, Ref. [34-24]:

Optical heterodyning or simple interferometric detection: The wave scattered by the surface
interferes with a reference wave derived directly from the laser. This technique is sensitive to
optical speckle and the best sensitivity is obtained when one speckle is effectively detected. This
needs a focused beam, enabling the measurement of the ultrasonic displacement over a very
small spot.

Velocity or time-delay interferometric detection: Based on the Doppler frequency shift
produced by the surface motion and its demodulation by an interferometer having a filter-like
response. This technique is sensitive primarily to the velocity of the surface and is therefore
very insensitive to low frequencies. The filter-like response is obtained by giving a path delay
between the interfering waves within the interferometer. Two wave interferometers (Michelson,
Mach-Zehnder) or multiple-wave interferometers (Fabry-Pérot) can be used. This technique
enables many speckles to be received and provides a large detecting spot.

The ultrasound produced can be of the usual types, i.e. longitudinal, shear, plate and Rayleigh, Ref.
[34-29]. The nature of the ultrasound generated is principally a function of the laser and material
properties, such as the:

Laser pulse duration, wavelength and pulse energy,

Laser spot size,
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J Thermal properties of the composite,

o Laser absorption properties of the composite.

Any inspection system relies on a means of fast optical scanning of the surface to produce a C-scan
image. The laser need not be orientated perpendicular to the surface and oblique angles can be
accommodated.

Features in composites that have been detected using laser ultrasonics are, Ref. [34-25], [34-27]:
. Surface cracks,

o Delaminations,

J Additional plies,

. Skin-to-core disbonds,

. Solid contaminants (backing film).

It is also possible to detect cracks in aluminium alloy sheet, Ref. [34-29].

34.12.2.2 Disadvantages

Laser-ultrasonic techniques generally have a poorer signal-to-noise ratio than conventional
ultrasonics, making defect detection more uncertain. Recent improvements in digital data processing
have aided the necessary signal processing and image enhancement of results. Prototype facilities are
under development, Ref. [34-28].

34.12.2.3 Applications

In addition to the evaluation of composite structure, possible applications for laser ultrasonics include:

o Remote examination for high-temperature applications.
o Complex shapes and confined recesses.
. Remote analysis in vacuum and corrosive environments.

34.13 Holography

34.13.1 Introduction

Holography is a non-contact technique, except for direct vacuum loading that can be applied in the
laboratory and in production.

It is a process whereby a holographic image of a component is superimposed on the same part while it
is stressed slightly. Stresses are induced by heating, loading or vacuum which cause disproportionate
out-of-plane displacements in defective areas. Discontinuities in the resulting interference fringe
patterns can indicate the presence of defects.

The technique has been applied to space structures, notably satellites, from an early stage because of
its largely non-contact mode of operation. There are now various different versions, which have
benefited from the introduction of digital technology, Ref. [34-30]. Holography can be used to measure
accurately small out-of-plane displacements, to micron-level resolution, which can be necessary for
antennas undergoing thermal distortion.
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34.13.2 Laser interferometric techniques

34.13.2.1 General
There basic techniques which can be used for interrogating a structure are, Ref. [34-3]:

) Interferometry,

. Moiré, and
. Speckle photography.

34.13.2.2 Hologram interferometry

The original holographic technique relied on a split beam of coherent light (laser), one part reflecting
off of an object and interfering with the second part on a photosensitive plate. The hologram produced
preserved all of the information regarding both the amplitude and the phase of the recorded light
wavefront. A complete, three-dimensional reconstruction of the original image is then possible.

When viewing the stressed object and superimposed unstressed hologram, distortion fringes are
produced which differ with the applied load. In such cases, the hologram behaves in the same way as
an interferometer. Controlling the distortion yields a tool that can be used for interferometric
measurements.

The interference fringe patterns can be observed in ‘real time’ or as a ‘double exposure’, where the
features of each can be summarised as:

. Real time: Precise alignment of an unstressed holographic image with the stressed object. These
interfere, and displacements can be detected of orders of magnitude of the wavelength of the
employed light. Any change in the state of the object’s surface causes a simultaneous alteration
of the fringe system, hence the term ‘real-time’, Ref. [34-32]. This technique does however need
a high degree of precision and vibration cannot be tolerated.

o Double exposure: This is simpler, as a single holographic plate is used to make two successive
exposures of the object, before the plate is developed. The interference fringes are then ‘frozen’
at a single stress state in the combined hologram. The resolution is excellent and can be down to
0.2 pm, Ref. [34-33].

34.13.2.3 Moiré techniques

The Moiré effect is an optical phenomenon obtained when two grids consisting of parallel lines with a
sufficiently small pitch are superimposed and observed in either transmission or reflection. Any
relative strain disturbance between the two grids produces a diagnostic banding pattern. The
formation of Moiré fringes is used to evaluate relative displacements on object surfaces. This approach
is more appropriate to strain measurement than defect detection.

34.13.2.4 Speckle photography

A laser beam illuminating a rough surface gives rise to a scattered intensity distribution which takes
the form of alternately bright and dark spots. This is an interference pattern, known as a field of
speckles. The measurement of the displacements that an object undergoes between two recorded
states involves optical filtering of the double-recorded images to reveal a Moiré fringe pattern. This in
turn depicts the in-plane displacement component. In effect, the natural surface irregularities are used
in place of Moiré grid lines.
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All speckle methods have the advantage over Moiré techniques of not needing a grid printed onto the
object surface. Electronic speckle pattern interferometry, ESPI, is based on this principle.

34.13.3 Vibration, pressure and thermal loading

34.13.3.1 General

For holography to work, physical displacements are induced in the object being tested. Although the
displacements, in effect strains, need only be very small, the object can be large or awkwardly shaped
making direct physical loading inappropriate or difficult. Various solutions have been devised to
produce the desired effects.

34.13.3.2 Vibration loading

Vibrational loading can be achieved with a piezoelectric transducer attached to the subject or test
fixture. If vibrational stressing is used, a time average hologram is taken while the structure is excited.
A random excitation signal is generated, filtered to the desired frequency range and amplified to drive
the transducer, Ref. [34-34].

34.13.3.3 Pressure loading

The use of differential pressures is particularly appropriate for sandwich structures where the internal
cavities can be used to create a temporary straining mechanism, Ref. [34-35], [34-36]. The pressure
differential can be established by placing the component or structure in a vacuum chamber, or inside a
transparent vacuum bag, Ref. [34-37]. In that the pressure eventually equalises, real time images of the
fringe patterns are preferable.

Direct vacuum loading can also be achieved by clamping a vacuum shell onto an area of a larger
surface, Ref. [34-35]. However, this then becomes a contact NDT technique.

34.13.3.4 Thermal loading

The use of transient thermal loading to induce surface displacements can be achieved by:
. Hot air blowers, Ref. [34-38].

. Infrared heaters, Ref. [34-32], [34-33].

It is usual to heat the object and then to monitor the cooling stage. This method can highlight defects
as well as offering information on the thermal distortion of structures under simulated space

conditions, Ref. [34-32], [34-33].

34.13.4 Electronic imaging

The double exposure of a photographic plate is an accepted means of achieving high accuracy of
recorded displacements. It is however time consuming, costly and operator dependent. This is not
always a problem for the examination of space payloads, such as reflectors, but it is less attractive in
other industrial sectors demanding rapid inspection.

The speed of the process can be increased by using a video recording. Holographic images can be
recorded (30 frames/second) and analysed without the need for film.
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Image-plane holograms are produced by a speckle interferometer using a charge coupled device

CCDTV camera, Ref. [34-34]. The information can be stored digitally for automated processing and
colour enhancement. Figure 34.13.1 shows the basic configuration of an electronic system, Ref. [34-34].

Electronic imaging has been criticised for not offering the same image quality as conventional double-
exposure plate photography. This is likely to change because of rapid progress of computer
enhancement and the improved resolution of imaging devices. Near-surface delaminations of 2.5 mm
have been detected.
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