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1.0 INTRODUCTION

All structures are prone to damage during their lifetime. The damage may be introduced in the structure
when it is manufactured or may be caused by in-service environment or initiate during the service life of a
structure. Various damage types occurring in metallic and composite structures are shown in Table 1. The
sources of damage in metallic structures and their effect on structural integrity of metallic structures are
well established and are not discussed in the present paper.

Table 1: Common Damage/Defects in Metallic and Composite Structures

Metallic Structures Composite Structures
Flawed Fastener Holes Flawed Fastener Holes
Fatigue Cracks Delaminations
Corrosion Porosity

Stress Corrosion Matrix Cracking
Foreign Object Damage Foreign Object Damage

Aircraft structures are designed to meet durability and damage tolerance requirements to ensure that the
structure is safely operated during its design life without catastrophic failure. The prime examples of
defects/damage in composite structures with their source are summarized in Table 2 (Ref. 1). It may be
noted that battle damage, engine disintegration, and lightning are not a part of damage tolerance design.
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Table 2: Common Defects/Damage in Composites and Source

DEFECT/DAMAGE SOURCE

TYPE

Manufacturing Defects

Porosity Lay-up/Processing

Flawed Fastener Holes Fabrication/Assembly

Delaminations Processing, Fabrication,
Assembly

During Service

Flawed Holes, Gouges, Servicing access damage,

Scratches Access attachments

Impact Damage Service carts, Work stands,
Tool boxes, Tools

Flight/Taxi

Impact, Penetration Hail, Bird, Detached fairing,
Runway Debris, Blown tires

Service

Delaminations Flight loads- (Initiation at
Holes, Ply-drop-offs)

Repair Similar to manufacturing
defects

Other Damages Battle damage, Engine

disintegration, Lightning

Various types of damages, including battle damage, in composites and their effects on strength and
durability are discussed here. The extent of damage covered by damage tolerant design is also discussed.

2.0 EFFECTS OF DAMAGE/DEFECTS IN COMPOSITES

2.1 Porosity

Porosity is one of the most common defects found in composite parts. The porosity is caused by
inadequate tooling, incorrect lay-up and cure procedure. The presence of porosity can degrade structural
strength depending on the extent and location of the porosity in the composite component. A typical
photomicrograph of a composite laminate showing porosity is shown in Figure 1.

Figure 1: Photomicrograph of Composite Showing Porosity.

Ultrasonic C-scan or X-ray radiography during quality control generally detects the porosity. These
techniques show only the presence of porosity but not the guantitative level. In order to determine the
influence of porosity on structural performance it is necessary to know the quantitative level of porosity.
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Two common methods used for determining porosity level are: (1) chemical analysis, which determines
void content, and (2) image analysis of micro-sections taken from the laminate (Ref. 2).

The influence of artificially induced uniform porosity on static strength has been investigated in Reference
2 for laminates representative of typical wing skins. The data from Ref. 2 and other sources are shown in
Figure 2 for AS/3501-6 composite laminates. The figure shows influence of uniform porosity on
interlaminar shear and static strength under room temperature dry conditions. Strength reductions up to
40% are observed when porosity level exceeds 2 percent. The data exhibit significant scatter, however,
strength reduction trend is similar for both loading modes. Some of the scatter is perhaps due to variations
in porosity level between test specimens and the problems associated with the quantitative assessment of
the porosity level. The data indicate that for porosity level up to about 2 percent, compression strength
reduction is similar to that for a filled unloaded hole. Thus, a composite design which uses 0.25-inch (6.4
mm) diameter hole compression allowable, should automatically account for up to 2 percent porosity. The
2 percent porosity is higher than that allowable in production quality control specification.
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Figure 2: Influence of Uniform Porosity Level on Room Temperature Dry
(RTD) Interlaminar Shear and Compression Static Strength.

The influence of uniform porosity on compression fatigue life (Ratio of minimum to maximum stress in
fatigue loading R=10) has been investigated in Reference 3. Four different laminates under three different
environments were tested in the reference. Compression fatigue test data for [(45/-45)5/016/904] laminate
are shown in Figure 3. The figure shows reduced fatigue life for porous laminate as compared to
nonporous laminate. No significant difference in the fatigue life under room temperature ambient and
room temperature wet conditions was observed.
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Figure 3: Influence of Uniform Porosity on Compression Fatigue Behavior.

2.2  Delaminations

Delaminations can occur as processing defects or due to in-service impact damage. Photomicrograph of an
impact damaged composite laminate is shown in Figure 4 (Ref. 4). The figure shows delamination
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between several plies, delamination crossover, and fiber breakage. It may be noted in the figure that hardly
any damage is visible at the impact location on the surface of the laminate, but the inside of the laminate
has experienced significant damage.
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Figure 4: Cross-Section of a Composite Laminate Subjected to Impact Damage.

Delaminations may also initiate due to service loads at stress concentrators such as holes, ply-drop-off,
stringer run-out, etc. Typical dio-iodo butane (DIB) X-ray radiograph of delamination around a poorly
drilled circular hole in a composite is shown in Figure 5a. Radiographs, of a composite laminate, after
various cycles, tested under fatigue loading, are shown in Figure 5b (Ref. 5). Delaminations between
several plies are seen and the size of delamination increases with the number of cycles.

(a) Delamination
Around a Poorly
Drilled Hole

100,000
CYCLES

(b) X-Ray radiography
of (90/+45/04/+45)5
laminate

Figure 5: Dio-iodo Butane (DIB) X-Ray Radiographs of Delaminations.

Delamination growth is the predominant phenomenon that occurs in composites under fatigue loads and
can represent a serious problem in composites particularly under compression loads due to the local or
global buckling. The influence of circular delamination location and size on the compression static
strength of a 36-ply laminate [(£45/(0/90)2)2(+45/0/90/+45)]S is shown in Figure 6. The figure also shows
the 0.25-inch (6.4 mm) diameter open hole compression failure strain for the same laminate. The data for
the laminate shown in the figure indicate that lowest strength location varies with delamination diameter.
The figure shows that 1.5 inch (38.1 mm) diameter delamination exhibits same strength loss as 0.25 inch
(6.4 mm) diameter hole.
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Figure 6: Influence of Delamination Location and Size on Compression Static Strength.

The influence of delamination location on compression fatigue life (R=10) is shown in Figure 7 (Ref. 6).
In the figure, cyclic minimum stress, normalized with respect to damaged static failure stress, is plotted as
a function of cycles. The data indicate that delamination location influences the fatigue threshold. The
fatigue threshold increases as delamination depth increases.
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Figure 7: Influence of Delamination Location on Compression Fatigue Behavior (R=10).

2.3

Surface flaws generally occur in composite structures during assembly of built-up structures. The surface
flaws cause local stress concentration which will degrade the strength of a structure.

Surface Flaws

The influence of half through-the-thickness holes and cracks is investigated in Ref. 7-9. Figure 8 shows
the effect of half and through penetration slits and holes on static tension strength of T300/5208 composite
material. For a given slit or hole size, the reduction in tension strength due to half penetration defects is
not as severe as that for full penetration. At large defect sizes the strength reduction plots become
asymptotic (at 6000u inch/inch strain for half penetration and 3,600u inch/inch for full penetration).

RTO-EN-AVT-156
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Figure 8: Influence of Full and Half Penetration Slits on Static Tension Strength.

2.4  Impact Damage

24.1 Monolithic Structures

The ability to resist impact damage is an important design consideration for structures using composite
materials. The primary source of impact damage to structures is the low velocity damage due to hard
objects during handling and in-service environments. The impact damage may cause visible surface dents,
fiber breakage, matrix cracking, and multiple delaminations between plies. The nature of damage is
dependent on the shape of the impactor, velocity of impact, structural arrangement, and composite
material properties (Ref. 10-12). Figure 9 shows the photomicrograph of typical impact damage visible on

external surfaces (Ref. 12)

Impact Location

Figure 9: Cross-Section of a Composite Laminate Subjected to Impact Damage.

An impact may also cause damage that is not visible on an external surface but can cause severe internal
damage as shown in Figure 4. The internal damage is inspected by ultrasonic scanning procedures. The
ultrasonic technique is based on attenuation of signal through the composite part. Typical B, C, and 3-D
scans of impact damage in composite are shown in Figure 10 (Ref. 12). Studies have indicated that
considerable reduction in compression strength may occur due to low velocity impact damage that is not
visible on the impacted or external surfaces.
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C-SCAN
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Figure 10: B, C and 3-D Scans of Typical Impact Damage in Composite Laminate.

A typical variation of strength degradation as a function of impact energy is shown in Figure 11 for both
tensile as well as compression loading. The figure shows that compression loading causes much more
reduction in strength as compared to tensile loading. At low energy levels, the reduction in tensile strength
is not significant but reduction in compression strength is large. This is due to the fact that impact damage
at low energy levels causes primarily delaminations, which cause strength degradation due to buckling
under compression loading. At higher impact energy levels, impact damage causes fiber breakage, which
results in significant tensile strength reduction (Ref. 6).
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Figure 11: Tensile and Compression Strength Degradation Due to Impact Damage.

The damage due to impact may grow under subsequent fatigue loads depending on the load levels, load
amplitude, size of the damage, and the location of the damage in the structure. A typical growth record,
obtained by ultrasonic C-Scan, for a composite laminate, tested under fatigue loading at R= -1 and —650F
(-550C), is shown in Figure 12. The figure shows that the damage grows primarily in the direction at right
angles to the applied loading.
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N=650K

Figure 12: C-Scan of Impact Damage Growth in Specimen Tested Under Fatigue Loading.

24.2 Sandwich Structures

Susceptibility to impact damage is a point of major concern in the design of sandwich structures with
composite face sheets. Low velocity impact damage may be caused by tool drop, hail or runway debris.
Low velocity impact generally affects outer face sheets and inner face sheets remain intact and maintain
continuous load path. Energy dissipation in composite sandwich panels takes place through matrix
cracking, fiber breakage, delaminations and core failures. The energy dissipation is dependent on many
parameters such as face sheet materials and thickness, core material and density, core cell size, and core
wall thickness. Typical impact damage in a sandwich panel with composite face sheets and honeycomb
core is shown in Figure 13.

VISIBLE?
SURFACE INDENTATION = 0.021 INCH
(NO CRACKS OR BROKEN FIBERS)
IMPACT

ADHESIVE

DELAMINATIONS

CORE BUCKLING

Figure 13: Impact Damage in Sandwich Panel with Honeycomb Core.

Core damage characteristics in honeycomb and foam cores are schematically shown in Figure 14 and 15,
respectively, for energy levels of 4 ft-Ib (5.4 J) and 6 ft-1b (8.1 J). The extent of core damage is dependant
on the impact energy level. Completely crushed core occurs at impact site with buckled and cracked core
in the surrounding area. For foam core damage area is localized. Foam damage area is almost the same
size as the face sheet damage.
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Figure 14: Impact Damage in Honeycomb Core. Figure 15: Impact Damage in Foam Core.

A detailed study of impact resistance of sandwich panels with composite face sheets is reported in Ref. 13.
Several panels with (£45/02)S Hercules 1IM8/8551-7A toughened epoxy face sheets and different core
materials were fabricated and tested. Some results from the reference are discussed here.

The variation of delamination size with impact energy is shown in Figure 16 for sandwich panel with 8 ply
face sheets and different core materials. The HRP core has a phenolic resin matrix, the NP core has nylon
modified phenolic base resin matrix and TPC core uses thermoplastic core. All the three cores have same
density of 0.64 kg/m3 (4.0 pounds per cubic feet (pcf)). The delamination areas of the HRP core are 25%

to 65% higher than those of NP or TPC cores. The phenolic resin of the HRP makes core stiff and brittle,
resulting in cracking on impact.
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Figure 16: Variation of Delamination Size with Impact Energy.

The effect of core density on delamination area is shown in Figure 17 for panel with aluminum and
Nomex honeycomb cores. The panels have 8 ply face sheets. Panels having lower density core show face
sheet delamination areas that are 40% to 50% smaller than those for higher density cores. The largest

delaminations are observed for 61 kg/m3 (3.8 pcf) aluminum core with slightly smaller areas for 48 kg/m3
(3.0 pcf) Nomex core.
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Figure 17: Effect of Core Density on Delamination Area.

The effect of impact energy on compression strength of sandwich panels with different core materials and
8 ply face sheets is shown in Figure 18. All panels with different core materials exhibit reduction in
compression strength. The percentage reduction in compression strength is about the same for all panels.

8000C

50000

O HRHONGME, 305
O NPGUASS40pd
5088 ALUM 32t
HAP GLASS 40pd
@ TROGLASS 40pct

40000

30000

20000 7

Compressive Strength (psi)

. 16005

Y
EONNONSS N NRS MANRRRNNNSY

o 7
3 ’
7
Z
2
%
7
éﬁ
7
7
A

0 A A

Impact Energy {1ty

Figure 18: Effect of Impact Damage on Compression Strength.

2.5 Defect/Damage Severity Comparison

A number of studies have been conducted to study the influence of various defects on strength of
composite structures (Ref. 6-25). The influence of frequently observed defects and impact damage on
compression strength is shown in Figure 19. The figure shows damaged compression strength normalized
with respect to undamaged compression strength plotted as a function of damage size. The ratio of
damaged to undamaged compression strength for a filled 0.25-inch (6.4 mm) diameter hole is 0.8. These
results indicate that the strength reduction of 20% due to filled 0.25-inch (6.4 mm) diameter hole is
comparable to delaminations up to 1.5-inch (38.1 mm) diameter, flawed holes, porosity up to 1.5%. On the
other hand blunt impact damage causes strength loss that is much higher than that due to 0.25-inch (6.4
mm) diameter hole. Strength reduction of 58% is seen with barely visible impact damage and 73% for
easily visible impact damage. These results indicate that impact damage is most severe for static design
considerations.
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Figure 19: Defect/Damage Severity Comparison for Compression Static Strength.
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3.0 DAMAGE TOLERANCE REQUIREMENTS

Different certification agencies have different damage tolerance requirements depending on the type of
aircraft. The initial flaw assumptions for metallic and composite structures are significantly different.
Table 3 shows the initial flaw assumptions for United States Air Force composite aircraft design (Ref. 15).

Table 3: Initial Flaw/Damage Assumptions

Damage Type Flaw/Damage Size®”
Scratches Surface scratch 4 inch (100mm) in length and 0.02 inch (0.5mm) deep

Delamination Interply delamination equivalent to 2 inch (50 mm) diameter circle with
dimensions most critical at its location®

Impact Damage Damage from a 1.0 inch (25 mm) hemispherical impactor with 100 ft-1b
(135.6 Jules)kinetic energy or with that kinetic energy required to cause
a dent 0.1 inch (2.5 mm) deep, whichever is least.

NOTES

(1) For limited access areas such as the interior of a wing, the contractor shall have the
option of proposing an inspection procedure before closeout which will allow the assumed
damage area size to be reduced.

(2) This requirement also accounts for delamination that might occur and be non-detected
as a result of in-service repair.

A detailed evaluation of structural degradation caused by these flaws in composite structures has shown
that impact damage causes the most loss in static as swell as fatigue strength. The size of impact damage,
assumed to be present in composite structures to meet design requirements, is schematically shown in
Figure 20 (Ref. 15). Two cut-offs are shown in the figure. The first cut-off is the impact energy of 100 ft-
Ib (135.6 Joules) that corresponds to dropping of a tool box from shoulder height of 5 feet (1.52 m) and
the second a visibility cut-off of 0.1-inch (2.5 mm) dent depth. The figure shows that the requirement does
not cover all non-visible damage; however, the 100-ft-Ib (135.6 J) impact is considered a conservative and
a rare event (once in lifetime per aircraft fleet).

Dent Depth (inch) Laminate thickness

AViSible Cut-Off 1 <t<tz<t;<ts
/ b t;  Energy
01 | X .. \Cut-off
005 | "
0.0

5 5 75
Impact Energy (Ft. Lbs)

Figure 20: Impact Damage Requirements.

Due to the nature and extent of high velocity impact damage, there are no clear cut design requirements
for the high velocity impact. Ref. 26 gives extensive information on high velocity threats, damage due to
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the threats, and their effect on the structural integrity of aircraft structures. The reference gives the
following guidelines for impact damage tolerance:

« The aircraft should be capable of sustaining a single impact by the design threat without failing
strength critical structure when loaded at the time of impact with two-third of limit load.

e The damaged aircraft should be capable of sustaining limit load without failing strength critical
structure during the remaining mission profile.

e The alteration or extension of the projectile damage, caused by the cyclic loading environment,
should be determined for the mission segment between projectile impact and return to the base or
sortie completion; and the effect of alteration or extension should be considered on strength,
stiffness and rigidity requirements.

»  After being damaged by the design threat, the aircraft should be free from flutter, divergence, and
other aeroelastic instabilities at all speeds up to limit speed for the remainder of mission profile
for each threat, mission and encounter condition specified.

4.0 HIGH VELOCITY IMPACT DAMAGE

The survivability of an aircraft in a non-nuclear environment is of considerable concern to designers.
Aircraft structures are subjected to rapid loss of strength and possible catastrophic failure following high
velocity impact from ballistic threats. Several investigators have attempted to characterize damage due to
ballistic threats and analytical and empirical models have been developed. Some aspects of high velocity
impact damage are briefly discussed here.

4.1 Ballistic Threats

Non-nuclear threats are categorized (References 26-27) in four types- 1) Non-exploding projectiles, 2)
High Explosive (HE) exploding projectiles, 3) Missile Warheads, and 4) High energy lasers. There are
several types of non-exploding projectiles including ball (B), armor piercing (AP), incendiary (I) and
tracer (T). Ball projectiles, available in 7.62 mm, have a soft core deigned to deform at impact, and are
intended for use against personnel. Armor piercing projectiles (typically available in 7.62, 12.7 and 14.5
mm) have a hardened steel core designed to pierce hard targets. An incendiary projectile contains
thermally active filler that works on an impact and is capable of igniting onboard flammable fluids such as
fuel and hydraulic fluid. Trace projectile contains material that burns brightly along the flight path and
provides assistance in aiming and sighting. High explosive (HE) projectiles contain an explosive charge
that is activated by impact. HE projectiles are of two types-“superquick” and “delayed”. The “superquick”
detonates on impact with the surface while the “delayed” fuse projectiles are designed to detonate after
penetration in a structure. Most common projectiles are 23, 30, 36 and 57 mm.

Missile fragments from surface-to-air (SAM) and air-to-air (AAM) missiles can cause severe damage to
aircraft structures. Missile fragmentation warheads (Ref. 26) consist of an explosive charge surrounded by
a wall of perforated metal fragments. Warheads generally have a proximity fuse. At detonation the
fragments spread outwards at a very high velocity. The shape and weight of fragments depends on the type
of warheads.

4.2  Blast Response Prediction Codes

Significant work (e.g. Ref. 26-32) has been done to develop analytical techniques and computer codes to
predict response of structures to impact from threats such as small arms projectiles, high explosive
projectiles, and missile warhead fragments. These techniques and codes predict structural response,
penetration capability, damage size and type, strength and stiffness degradation, load redistribution and
failure. Some of the codes are briefly discussed here.

5-12 RTO-EN-AVT-156
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In Ref. 29-30, a finite element code BR-1 “Blast Response” has been developed to predict transient
structural response of metallic structures to internal blast. The code is capable of predicting- 1) the
transient deflections, strains, and stresses of isotropic skin-rib-stringer type of aircraft panels, (2) the
ultimate strain failures in the highly stressed locations in the panels, and (3) the skin areas that are
removed by fragment penetration. In Ref. 31, BR-2 computer code was developed to predict amount of
material removed from metallic panels due to fragment penetration. Analytical techniques to predict
failure of panels, subjected to ballistic damage, are discussed in the reference. The BR-1 code has been
extended to include composite materials and computer code BR-1FC has been developed in Ref. 32.

The pressures acting on an integral fuel tank structure as a result of projectile penetrating a tank and
traversing the fuel (projectile exploding in a tank in the case of detonating projectiles) are referred to as
hydrodynamic ram pressures. The structural response to these hydrodynamic pressures can be great
enough to cause large structural damage to fuel tanks and in extreme case can result in a loss of an aircraft.
The Hydraulic Ram Structural Response Computer Program (HRSR) has been developed in References
33-34. The methodology developed in these references has helped in developing design concepts for more
survivable fuel tanks.

4.3  Extent of Damage

The damage due to ballistic threat depends on factors such as- threat type, projectile velocity at the time
of impact, angle of impact, panel material and thickness, substructure (such as ribs, spars, etc.).
Characterizing the shape and extent of damage is rather difficult. Some damage examples are discussed
here.

A portion of multi-spar 7075-T6 aluminum wing box was tested in Ref. 35. A three compartment wing
box (Figure 21) was subjected to explosion of 23-mm HEI projectile in the central compartment. The
damage to 0.25-inch (6.35 mm) thick entry wall was tapered hole with 1 inch (25.4 mm) diameter on
entrance side and 1.5 inch (37.5 mm) on exit side as shown in Figure 22. The exit wall was severely
damaged with about 50 square inches area removed (Figure 23). The spar damage is shown in Figure 24.

RTO-EN-AVT-156 5-13
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Figure 21: Wing Box Test Panel.

Figure 22: Entry Wall Damage. Figure 23: Exit Wall Damage.
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Figure 24: Spar Damage.

The damage caused to integral fuel tanks is very severe due to hydrodynamic ram effects. The damage to
entrance walls is generally not as severe as damage to exit walls for HEI projectiles. Typical damage to a
composite fuel tank exit wall due to hydrodynamic ram effects is shown in Figure 25 (Ref. 36). The
damage to the wet side of the exit wall shows significant delaminations with some fiber breakage. The
damage to dry side of the exit wall has severe fiber breakage and delaminations.

nen e
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Wet Side of Exit Panel

Dry Side of Exit Panel

Figure 25: Hydrodynamic Ram Damage to Composite Integral Fuel Tank.

4.4  Residual Strength of Impact Damaged Panels

Empirical models, based on test data, have been developed to predict damage size caused by AP
projectiles (Ref. 26, 35, 37-38). Using the predicted damage size and fracture mechanics approach, the
residual strength of panels is predicted. A model, incorporating statistical variation in test data, has been
developed in Ref. 39.
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Damage to composite and metallic structures due to fragments from HEI Projectiles can be predicted using
computer codes discussed in Ref. 29-31. Models to predict residual strength of panels subjected to
multiple fragment damage are discussed in Ref. 31, 38.

A model to predict stiffness degradation of panels subject to damage from AP projectiles is discussed in
Ref. 26. This model is applicable to a panel with a single hole caused by a penetrating projectile. Ref. 39
discusses the model for stiffness degradation of panels subjected to multiple fragment damage from a HEI
projectile.

5.0 FRACTURE CONTROL IN COMPOSITES

The fail-safe philosophy used in metallic structures requires that the structure sustain design limit load
after the loss of a structural member due to a fatigue failure. This is generally achieved by reducing the
stress intensity factor, K, at the tip of a fatigue crack by transferring the load to a connected member such
as a stiffener. This results in a part of the load being transferred from skin to stiffener. The reduction in the
skin loads reduces the stress intensity factors ahead of the crack tips in the skin. In contrast to metals,
extensive test data have shown that composite materials do not show propensity to nucleation and growth
of through the thickness cracks under cyclic loading. However, composite structures are susceptible to
damage from ground handling and ballistic impacts. The ground handling impact causes matrix cracking,
ply delaminations and possible fiber fractures. The ballistic impacts typically cause extensive fiber
fractures and through cracks induced by projectile fragments. In the presence of such damage, composites
under tension or compression loads exhibit sudden and catastrophic failures.

The test data reported in the literature have shown that using improved tougher resin systems (Ref. 40) can
minimize matrix cracking and ply delaminations. Relatively low brittle fiber fracture characteristics of
graphite laminates can be improved by inserting glass or Kevlar fibers to form a hybrid laminate system.
However, since glass and Kevlar fibers have lower stiffness and strength efficiencies, it is desirable to use
these only on a selective and limited basis, in order to optimize the hybrid laminate weight while
achieving the desired stiffness, strength and damage tolerance properties.

5.1 Crack Arrestment Strip Concepts

The use of crack arrestment strips also known as buffer strips or tear straps has shown to provide crack
arrestment capability to composites (Ref. 41-47). A number of crack arrestment strip concepts have been
investigated in literature. These are:

« Softening Strip Concept 1- Replace selected strips of 00 and 900 plies of the primary laminate
with +45/-45 plies of the same material at selected locations as schematically shown in Figure 26.

» Softening Strip Concept 2- Replace selected strips of 00 plies of the primary laminate with 00
plies of lower modulus material at selected locations as shown in Figure 26.
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Figure 26: Softening Strip Concept.

e Co-cured Tear Strap Concept 3- Local build-up of the laminate at selected locations by adding
plies of same material as shown in Figure 27 or adding plies of S-glass as shown in monolithic
laminate of Figure 28. In Figure 28, each zero degree ply of the parent laminate in the crack
arrestment strip zone has been replaced with two zero degree plies of S-glass or Kevlar. The

introduction of zero degree plies of S-glass or Kevlar will significantly increase fracture toughness
in the crack arrestment strip zone.
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Figure 27: Interleaved Straps for Composite Construction.

Buffer strip plies (typ
(either one or two plies of S-Glass or Kevlar)
Cross Section of Buffer Strip Panel

Figure 28: Composite Panel with Buffer Strips having S-Glass or Kevlar Plies.

» Bonded Stiffener Reinforcement Concept 4- In this concept, stiffeners are bonded at selected
locations as shown in Figure 29. The bonded stiffeners may be metallic or composite. This

concept has been used in metallic structures where the stiffeners are either bonded or mechanically
fastened.
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Figure 29: Panel with Bonded Stiffeners.

In both the softening strip concepts 1 and 2, the crack arrestment strips introduce macroscopic variations
of stiffness and fracture toughness into the multi-directional laminates. This affects the crack tip stress
intensity factors and strain energy release rates of propagating cracks. The choice of material used in the
crack arrestment strips affects the macroscopic stiffness and fracture toughness variations within the
laminate. The material in the arrestment strips is chosen to provide low modulus so that the crack enters
the softer region that carries a lower share of the load, thus, arresting the crack.

In the concepts 3 and 4, the local buildup of the laminate at crack arrestment strips or bonding of stiffeners
provides local stiffening to the crack tips as they approach arrestment strips. This results in decrease in the
stress intensity factors ahead of the crack tips. In concept 3, the fracture toughness of buildup area may be
the same or different from the parent laminate.

The optimum design of multi-directional laminates containing crack arrestment strips is affected by a large
number of possible variables. Some of these variables are:

e Laminate loading conditions

» Laminate stacking sequences and plies orientations

e Type of damage

»  Width of crack arrestment strip

e Location of crack arrestment strip relative to damage
»  Crack arrestment strip material

5.2  Hybrids with Buffer Strips

In intraply hybrids (Reference 48), tows of graphite fibers are replaced by glass tows at regular intervals,
and in addition, buffer strips are provided by replacing graphite plies by glass plies as shown in Figure 30.
In this case the number of plies and ply orientation of glass plies in the buffer strips is the same as in the
parent laminate. For intraply hybrids with 90% graphite and 10% glass inserted as discrete tows (Figure
30), considerable improvement in impact damage tolerance has been demonstrated (Reference 48)
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Figure 30: Graphite-Glass Intraply Hybrid Laminate with Buffer Strips.

Tensile strength and fracture toughness values for graphite and graphite hybrid are shown in the bar chart
of Figure 31. The figure shows that Room Temperature Dry (RTD) unnotched laminate strengths of
graphite and hybrid composites are nearly equal. However, the RTD notched laminate strengths of hybrid
composites are approximately 29 and 17 percent higher than the graphite composites for discrete and
staggered strip laminates, respectively. The fracture toughness of RTD hybrids are 44 and 24 percent
higher than that for graphite composites for the discrete and staggered cases, respectively. The presence of
intraply glass tows at discreet spacing provides significant increase in the fracture toughness of the
graphite composites. It may be noted that the increase in fracture toughness with staggered glass strips is
not as much as for discrete glass strips.
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Figure 31: Strength and Fracture Toughness Comparison of Graphite and Hybrid Laminates.

6.0 CONCLUDING REMARKS

The effects of manufacturing and in-service defects and damage are an important consideration in the
design of aerospace structures. These effects need to be fully understood for designing, manufacturing,
and subsequent maintenance of aerospace structures. A thorough knowledge of the nature and extent of in-
service damage plays a key role in designing proper and efficient repairs for the damaged components.
The nature and extent of damage may govern the type of repair that needs to be performed, surface
preparation for repair, extent of damage removal before performing repairs, and repair material selection.
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