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SUMMARY

The objective of this program was to develop a comprehensive handbook for failure

analyses of fiber-reinforced composites. The program objectives were accomplished through

technical tasks that resulted in the compilation of a reference manual for evaluating failed

composite structures.

A field handling logic network was prepared for on-site han~dling of composites during

accident investigations. Procedural guidelines were developed from inputs provided by key field

personnel from several government agencies, and from the results of tests performed in-house at

Northrop. Several current and new fractographic techniques were evaluated to identify methods

for initiation site determination and failure sequence identification in failed composite

specimens. Macrophotography, ply-sectioning, and photographic methods were determined to be

valuable supplemental techniques but could not directly provide initiation site/fracture

propagation direction when used alone. The microchernical analysis technique of Fourier

Transform Infrared Spectroscopy was determined to be useful in contaminant failure

investigations but will require development of a database of chemical "signatures."

Northrop expanded the fractographic database originally developed by the Boeing

Company for AS4/3501-6 graphite/epoxy (Gr/Ep) under Air Force Contract No. F33615-84-C-5010 to

include the effects of load, manufacturing, processing, and environmental variables on simple

interlaminar and translaminar test coupons. It was determined that applied load was the

principal parameter that altered the fracture surface characteristics in Gr/Ep. Material form and

processing variables indirectly affected the fracture characteristics in that these caused localized

variations in applied load, thereby altering fractographic features. No significant effects of

environment on fracture surface features were determined. The fractographic database also

included documentation of manufacturing and processing defects that occur in Gr/Ep. The flaws

were characterized using optical microscopy, and macrophotography techniques.

Failure modes in adhesively bonded Gr/Ep and graphite/bismaleimide (Gr/BMI)

specimens were also characterized. Variations in ply thickness, orientation, and loading were

carried out to develop mixed cohesive-adhesive, and singular cohesive or adhesive failures. It

was determined that specimen geometry, lap/strap ratios, and test load played roles in controlling

fracture surface characteristics. Fracture characteristics in the failed adherends served as

indicators of fracture direction in mixed and total adhesivc failure modes. The crack directions

could not be readily determined in pure cohesive joint failures.

A test matrix was developed for characterizing the six different failure modes in

mechanically joined composite structures. A computer code entitled SAMCJ (Strength Analysis of

S Multifastened Composite Joints), previously developed by Northrop for the USAF was run to

develop the matrix for quasi-isotropic AS4/3501-6 Gr/Ep joined wvith titanium "Hi-Lok" tension or
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shear-type flush head fasteners. Failure tests and fractographic evaluation were carried out on the
specimens. It was determined that the failure modes were a function of applied load, specimen,

and fastener geometries.

Detailed in-:jlane shear tests were also carried out for Gr/Ep. This failure mode was
characterized by the occurrence of hackles on fractured resin and tension fracture characteristics
on fractured fiber ends. Processing variables did not significantly alter the fracture surface
characteristics for Gr/Ep tested under in-plane shear. The information gained from the Northrop
and Boeing Gr/Ep studies was used in initiating a fractographic database for other material
systems. The material systems chosen were kevlar 49/3501-6 epoxy (K/Ep), AS4 graphite/5250-3
bismaleimide (Gr/BMI), and AS4 graphite/APC-2 PEEK thermoplastic (Gr/PEEK). Testing and
fractographic evaluation were carried out for baseline and several variable conditions. The
results for these systems indicated that the type of resin and fiber played strong roles in

controlling the resulting fracture surface characteristics. As for Gr/Ep, environment and
processing variables did not significantly alter fracLure characteristics.

Northrop reviewed formats previously used for reporting metallic and composite
fractography and failure analysis data. Based on an assessment of existing report schemes,
Northrop proposed three data formats for 1) reporting fractographic data, 2) failure analysis
information, and 3) organization of the Composite Failure Analysis Handbook. These were
subsequently approved by the Air Force with minor modifications.

Northrop compiled material properties on current and near-term composite structural
materials. Literature searches were carried out on government and commercial databases for
product information and properties. Properties obtained were incorporated into database files
using a persona. computer. The data were organized into tabular formats for reporting in the
Handbook. The properties for several classes of fiber, prepreg, and laminates were compiled and
organized into the Handbook.

Under an engineering services agreement between Northrop and the University of Utah,
Professor Willard Bascom of the University of Utah performed a literature search and made on-
site visits to several government agencies to gather information on composite fractography and
failure analysis that may have been performed at these agencies. No other information was found
other than that previously reported by Boeing. Dr. Bascom also reviewed stress analysis methods
and failure micromechanisms for use in failure analysis investigations. A new failure criterion
developed by Dr. Richard Christensen of Lawrence Livermore Laboratories was determined to be
of utility in composite failure investigations.

Verification of the composite failure analysis logic system was performed through
evaluation of several failed structural items provided by the Air Force. The structural items
represented "real-world" configurations and included 1) a vertical stabilizer, 2) a horizontal

torque box assembly, 3) a canopy support fitting, and 4) two simple components. All the results are
presented as case histories in the Handbook.

As part of the verification process, two simple Gr/Ep structures containing intentional
defects were fabricated and tested to failure under controlled laboratory conditions. The failed
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specimens and related test documentation were shipped to the Air Force for subsequent evaluation

by the Boeing Company.

The Composite Failure Analysis Handbook is divided into two volumes. Volume I is the
Program Overview. Volume 11 comprises the Technical Handbook, and is divided into three
parts. Part 1 describes all the techniques and procedures for performing composite failure
analysis. Part 2 represents an atlas of fractographs. Part 3 is a compilation of case histories of
investigations performed by Northrop, Boeing, and General Electric.

In summary, Northrop has achieved the objective of producing a Handbook containing all

the known techniques, procedures, sample data, and reference supporting data for performing
post-failure analysis of fiber-reinforced composite structures.
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FOREWORD

The final report documents work performed under Contract F33615-
87-C-5212 from January, 1987 through October, 1990 by the Northrop
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administered under the technical direction of Ms Patricia Stumpff,
Materials Directorate, Wright Laboratory, Wright-Patterson Air
Force Base, Ohio 45433-6533. The majority of funding for this
program was provided by the Federal Aviation Administration
Technical Center, Aviation Safety Divisicn, Atlantic City, New
Jersey 08405. Mr Lawrence Neri, ACD-210, acted as the Federal
Aviation Admin..stration technical manager. Mr Joseph Soderquist,
National Resource Specialist, Advanced Materials, Federal Aviation
Administration, AIR-103, 800 Independence Avenue, S.W.,
Washington, D. C. 20591, also provided technical direction for
this program.

The work was performed by Northrop's Materials Analysis
Laboratory. Dr R. J. Kar was the Program Manager and Principal
Investigator. The contributions of the following members of the
Materials Analysis Laboratory are gratefully acknowledged:

* M- L. M. Concepcion (Co-Principal Investigator), Mr 0. P. neCastro
(SEM and materialography), Mr J. M. Dobson (case histories),
Mr T. 1q. Gindraux (materialography and SEM) Mr L. J. Havemann

(SEM), Mr M. D. Ensminger (FTIR), Mr L. S. Dhillon
(materialography) and Mr E. E. Ramirez (materialography).

Mr P. J. Dager of Northrop's Mechanical Testing Laboratory and
Mr R. J. Isberner of Northrop's Structures Test Laboratory
performed the mechanical testing of laminate coupons and real-
world elements. Mr R. B. Deo, and Mr T. A. Dyer of Northrop's
Structures Research Department participated in the selection of
test laminates.

Professor W. D. Bascom, Department of Materials Science and
Engineering at the University of Utah, also -,iace significant
contributions by conduction of literature survey on composite
fractography and identifying new composite failure criteria.

The results of additional work in composites failure analysis by
the Boeing Military Airplane Company under Air Force Contracts
F33615-84-C-5010 and F33615-86-C-5071 from 1984 through 1988 have
been included in this report for the purpose of providing the most
complete Composite Failure Analysis Handbook. Mr R. A. Grove,
Mr B. W. Smith, and Ms C. T. Hua were Principal Investigators, and
Mr D. F. Sekits was the Program Manager of these programs. The
author wishes to thank Boeing and the numerous publishing houses
and authors who granted permission to include their works in this

* document.
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SECTION 1

INTRODUCTION AND PURPOSE

Advanced composites are rapidly emerging as a primary material for use in near-term

and next-generation aircraft as they provide greater structural efficiency at lower weight than

equivalent metallic components. Based on trends to date, the next generation of military aircraft

could contain as much as 65 percent of their structural weight in advanced composite materials.

As composite materials continue to be developed and incorporated into airframe structures,

needs have arisen for solving problems associated with their use. Composite structures can and
will prematurely fail due to gross manufacturing defects, design errors or severe in-service

damage. Needs exist for a systematic compilation of failure analysis techniques, procedures, and

supporting fractographic data, in handbook form that can be used by experienced laboratory

personnel, working in consultation with field investigators, to diagnose the cause for premature

component failure and to make recommendations for prevention similar failures.

The goal of this Composite Failure Analysis Handbook is to provide a guide for conducting

post-failure analysis of fiber-reinforced composite structures. It forms a compilation of the
procedures, techniques, and sample data required to conduct analyses of composite stTuctures.

Volume II of this report is the Technical Handbook and it has been divided into three parts.

Part 2 of the Handbook is an atlas of fractographs and presents the results of fractographic

evaluations performed by Northrop and Boeing under Air Force Contracts F33615-84-C-5010,
F33615-87-C-5212, and F33615-86-C-5071. The atlas is centered on the model system AS4/3501-6

graphite/epoxy (Gr/Ep), because this composite system has been most extensively used in the

aerospace industry. The object was to make the AS4/3501-6 Gr/Ep fractographic database as

complete as possible, and 'then to extend the database to include information on other key composite

systems including Kevlar/epoxy, boron/epoxy, fiberglass/epoxy, graphite/bismaleimide,
graphite/polyetheretherkeytone, and carbon/polyimide. Fracture characteristics on simple test

coupons loaded under interlaminar (Mode I tension, Mode II shear, and mixed mode) and

translaminar (tension, compression, shear, and flexure) test conditions are described and shown.

Results for in-plane shear, creep, and fatigue tests are also included, as well as the effects of

manufacturing, processing, and post-failure variable conditions. The test matrices and testing

procedures utilized by Boeing to establish the original fractographic data base are described in

AFWAL-TR-86-4137 and WRDC-TR-89-4055. The test matrices and testing procedures utilized by

Northrop to expand the fractographic database started under the Air Force/Boeing programs are

described in Section 3.4 of Volume I. Additional discussion on mechanical test methods is

*L presented in Section 7 of Volume I, Part 1.
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The Gr/Ep fractographic data have also been extended to include information on

mechanically joined Gr/Ep adherends. Test coupons were designed, fabricated, and tested to
simulate the six macroscopic failure modes associated with bolted joint failures. Adhesively

bonded Gr/Ep and graphite/bismaleimide (Gr/BMI) coupons in which adhesive, cohesive, and
mixed failure modes were developed, are presented. In each case macroscopic and microscopic
fracture characteristics were documented using optical and scanning electron microscopy (SEM)

techniques.

In each test case, fracture was produced such that the crack direction and fracture mode

was controlled, Where possible, the direction of crack growth has been noted, to aid the
investigator in evaluation of the fracture surfaces during crack mapping. To demonstrate

differences between the details identified by the various fractography tools, both optical and SEM
photomicrographs are presented for most fracture conditions. To further familiarize the reviewer

with the typical fracture characteristics, the photomicrographs have been arranged in increasing
order of magnification showing a wide variety of ply orientations and environmental conditions.

The Handbook has been desigaed to be a living document that can be updated readily. This
Handbook summarizes the results of six years of fundamental work that has been sponsored by the

United States Air Force (USAF) and the Federal Aviation Administration (FAA). In this edition
of the Atlas of Fractographs, most of the fractographs generated under the Air
Force/Northrop/Boeing programs have been included for reference by failure analysts. Further
clarification and verification of the fractographic characteristics that result from the various

failure modes in each composite material system will be gained as composite failures are

analyzed and the associated fractographic results are compared with the atlas. In the future, this
atlas may be condensed to show only the essential fractographic characteristics that have become
accepted by the aerospace industry through successful analyses of failed composites. At this point

in the development of composites fractography as a failure analysis technique, it is useful to show
fracture surfaces of different composite systems generated under similar conditions to establish

the similarities and differences between these systems. The following observations and

correlations were evident through comparison and analysis of the fractographic data generated
under the Air Force/Northrop/Boeing programs.

1. Applied load was the principal parameter that affected the fracture surface
characteristics in the Gr/Ep model system, Gr/BMI, and Gr/polyetheretherkeytone

(PEEK).

2. For the systems studied, material form and processing variables (filament winding

versus tape) indirectly affected the fracture characteristics, in that these may have
caused localized variations in applied load, thereby altering fractographic features.

3. In fiber-dominated fracture events such as translaminar tension or compression, the
type of fiber played a role in resultant fracture surface characteristics. In pitch base

carbon fibers, fracture features such as DAF radials or chop marks occurred. These

served as indicators of failure mode (tension, compression), and crack growth

direction (DAF radials in tension failures). In organic fibers such as Kevlar 49,
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defibrillation of tie fibers occurred, thereby resulting in loss of fracture feature

information.

4. Work on Gr/BMI and Gr/PEEK indicated that the resin plays a strong role in

controlling the resulting fracture surface characteristics. Fracture in AS4/5250-3

Gr[BMI could be mapped in a manner similar to baseline Gr/Ep. In Gr/PEEK, the

fracture surface morphology included features not observed in baseline Gr/Ep or

Gr/BMI.

5. Fractographic evaluation of bolted Gr/Ep joints indicated that varying failure modes

occur in these specimen based on applied loads, specimen, and fastener geometries.

6. Evaluations of Gr/Ep and GrJBMI bonded structures indicate that specimen geometry,

lap/strap ratios, and test load play roles in controlling fracture surface

characteristics. Failures under adhezive or mixed-mode conditions could be mapped

through evaluation of fracture features on the fractured adherends.

7. Tn-plane shear failure in Gr/Ep was characterized by the occurrence of hackles on

fractured resin, and tension fracture characteristics on fractured fiber ends.

Processing variables did not significantly alter fracture surface characteristics for

Gr/Ep tested under in-plane shear.

8. In-plane shear in Gr/Ep could be distinguished from out-of-plane shear failure in

Gr/Ep through examination of fractured fiber ends. Out-of-plane shear resulted in

compressive features on fiber ends, whereas in-plane shear resulted in tension

fracture characteristics on fractured fiber ends.

9. .,. "onmental variables such as moisture, temperature, or humidity did not

sli cantly affect the fracture surface characteristics in thermoplastic or thermoset

cO. Aites. The only exception was in elevated temperature failures for situations

where pyrolysis of the resin occurred (such as conditioning or testing abovq Tg). This

led to l-s of fracture information from the resin, thereby precluding unequivocal

determi ation of crack-growth direc ,ions.

10. Proc, "r.g variations such as fiber/prepreg variations, or post-consolidation

treatments such as holes or impact, affected fracture surface characteristics oniy if

they changed the local applied load state.

Parts 1 and 3 (the Procedures and Techniques and the Case Histories, respectively) of the

Technical Handbook are discussed in the Summary of this report. Further information has been

presented in the Introduction and Purpose section of each of these parts.

Section 1.1 has been taken from the Compendium of Post-Failure Analysis Techniques for

Composite Materials (AFWAL TR-86-4137) developed by Boeing under Contract F33615-84-C-5010

and presented here to assist users of this Atlas of Fractographs in the development of the analytical

methods and interpretive skills required to perform fractographic analyses of composites. Section

1.2 describes the organization of the atlas. A glossary of terms is available to users of this atlas in. Section 11 of Volume II, Part 1.
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1.1 FRACTOGRAPHIC APPLICATIONS, EXAMPLES AND INTERPRETIVE METHODS

Some of the most extensive investigations in a failure analysis involve the examination of
the fracture surface of failed components. These surfaces may provide the only true physical
record of the events and conditions involved in the failure process. Through detailed macroscopic
and microscopic analyses, fractography can be used to attempt reconstruction of the failure
sequence. Using the tools and methods outlined in Section 8 of Volume I1, Part 1 of this report,

primary emphasis is placed on interpreting the fractographic information obtained to answer the
following questions:

1. Where did a crack start, that is, where is a crack origin?

2. What caused the crack to initiate at the origin?

3. By what modes did the crack propagate?

4. In what directions did the crack propagate?

5. What fracture types are present?

6. What loads or environmental conditions were operative at failure?

7. What was the sequence of failure in a case of multiple cracks or multiple component
fracture?

The development of the analytical methods and interpretive skills required to answer
these questions for composite material structures has only recently been initiated. In general,

fractographic studies on other materials (metals and unreinforced polymers) have made
significant strides toward (1) understanding the microscopic mechanisms of cracking and (2)
identifying the causes of component failure. Of these two areas, the latter is perhaps the most

important. Through fractographic examinations, the origin location and the direction of crack
growth and load conditions involved in premature component fractures can generally be
identified. In many cases, the definition of defects, damage conditions or anomalous fracture
modes by such studies may be sufficient to identify the cause of fracture. In those cases where such

causes are not apparent, understanding the sequence of events leading to fracture on a microscopic
scale is often crucial to accurately direct other analytical techniques such as stress analysis or
materials characterization.

The information presented in this section is intended to provide the investigator with a

basic fundamental understanding of how laminated composite structures fracture. Primary
emphasis is placed on analyses of carbon fiber reinforced and epoxy resin matrix systems, which
have been proven to provide the aerospace industry with a material which exhibits high specific

strength and modulus combined with excellent environmental durability. More specifically, the
vast majority of the examples are from laminates constructed from prepreg tape. Fabric or three-
demensional product forms appear to fail under basically the same mechanisms, although

slightly more complex in nature. Covered in this section are discussions on the following:

1. Fracture type and classification.

- Translaminar
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- Interlaminar

- Intralaminar

2. Interlaminar and intralaminar fractures.

- Tension versus shear fracture features

- Mixed mode fractures

- Relationships between features and crack growth directions

- Cross-plying interfacial effects

- Environment and fatigue effects

3. Translaminar fractures.

- Tension

- Compression

- Flexure

- Environmental effects

1.1.1 Fracture Types

Because of their laminated anisotropic construction, fractures in composites can occur in a

nut 'Pr of complex ways. The types and modes of failure which can be encountered depend upon

both the direction of applied load and the orientation of fibers (plies) making up the composite

material. As indicated in Figures 1-1 and 1-2, variations in either of these can produce strikingly

different fracture appearances on a macroscopic scale. This range of diversity precludes the

ability to assign well defined macroscopic fracture types for most applications. The definition of

fracture types on a microscopic scale, however, provides a relatively usef,,l means of classifying

failure modes and fracture types in much the same way as with metalE.

Fractures in continuous fiber reinforced composites can be divided into three basic

fracture types; interlaminar, intralaminar, and translaminar. Each of these failure types are

schematically illustrated in Figure 1-3. As with the intergranular and transgranular

terminology commonly used with metals, each of these classifications describes the plane of

fracture with respect to the microstructural constituents of the material. Ti inslaminar fractures

are those oriented transverse to the laminated plane in which conditions of fiber fracture are

generated. Interlaminar fractures, on the other hand, describe failures oriented between plies

whereas intralaminar fractures are those located internally within a ply. Translaminar

fractures involve significant fiber fracture, while interlaminar or intralaminar fractures occur

in the laminate plane, principally fracturing matrix resin and therefore breaking few or no

fibers.

Commonly, a failed component will exhibit all three types of fracture. In this case, it is

important to differentiate between the types so as to more easily prepare the analytical approach

(per the fractography failure analysis lugic network or FALN) and to define the analytical tools to
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(a) Intralaminar Fracture (b) Interlaminar Fracture

(c) Translaminar Fracture

Figure 1-3. 7he Basic •acture Modes
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0 be used. For instance., the cptical microscope is the most accurate and quickest method of

analyzing interlaminar or intralaminar fractures, in which the fracture of the matrix resin

dominates. Conversely, the optical microscope cannot be used to investigate the translaminar,
fiber-fracture dominated surfaces due to the rough topography. For such fractures in whivh a large

depth of focus is required in conjunction with high magnification capabilities, the scanning
electron rnicroscope is invaluable. Although this is rather a simple analogy, it illustrates the need

to define and understand the various fracture types so that planning of detailed analysis such as

crack mapping can be developed early in the investigation process.

1.1.2 Fracture Modes, Features, and Growth Directions

Failures in composites can be described .a terms of the failure mechanism exhibited on

translaminar, interlaminar, and intraaminar fracture types. The first evaluation method

available to define and differentiate between these fracture types is visual macroscopic. The

ability to define fracture types at the macroscopic level can often be the most valuable capability for
mEny investigators, particularly for those performing field investigations. When examining a

failed composite structure, the investigator must assess the nature and direction of the applied

load, identify the significance and time of fracture, and select portions of the structure for

laboratory analyses. Visual examination alone can often provide sufficient information to

answer these questions. However, this extremely valuable capability is very much in its infancy

compared to the metals field. Figure 1-4 presents a brief oerview of the relationships that vaiious

0 investigators have observed between fracture mode/load conditions and macroscopic fracture

surface features. Figure 1-5 illustrates how a consistent pattern of crack branching of the skin
surface was found to indicate the direction of macroscopic crack growth, and aided in identifying

the initiation site in a very large structure which experienced compression buckling.

Although macroscopic methods are currently fairly limited, an extensive capability ha.,

been developed to evaluate the microscopic fracture features in the laboratory as related to each

failure mechanism. The failure mechanism reflects the load under which microscopic

separation occurs, either tension, shear, compression or fatigue. The following discussion

presents each of the primary types of failure, with the interpretation of the fractograpbic features

that identify the load type and localized crack propagation direction.

1.1.2.1 Interlamlnar and Intralaminar

The extremely low in-plane fracture resistance (Glc = 0.25 KJ/sq.m versus 'ransla'iinar

Gic values of 100 KJ/sq.m) makes interlaminar and intralaminar fracture (commonly known

as delaminations) a particularly significant mode of failure for nearly all composite fractures.

When considered on a microscale, interlaminar and intralaminar fractures can be described

similarly. In both cases fracture oc",,-s on a plane parallel to that of the fiber reinforcement. In a

manner similar to that described for metals, fracture of either type can occur under Mode I

tension, Mode II in-plane shear, Mode III anti-plane shear. These three load states are illustrated

in Figure 1-6. On a microscopic scale, nearly all delaminations separate in a combination of the

first two types, with a predominance of either one or the other. All modes are recognized as
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MODE INI.CNII"MACROSCOPC FRACTURE FEATURES

Interlamrinar Tension Low Temperature/Dry * Smooth, glassy fracture surface
Dominated 0 Major portion of fracture between phims

Hot or Hot/Wet * Smooth but with loose f ibers strewn on surface
*A majority of the fracture within plies
*May be permanent deformation of laminate

lnterlaminar Shear Low Termperature/Dry 0 Surface flat, but with "milky" appearance when "eld at
Dominat,9d angle to light

a Major portion of fracture between plies

Hot or Hot/Wet eAIho exhibits -mnilky- appearance
: Tends to fracture within a ply
0 Loose fibers on surface

Translai uinar Tensi~n * Rough. jagged fracture surface with individual fibers
protruding iron' surface

Translaininar Compression e Extreme surface damage Large regions of fibers fractured
on same plane

9 Very few, if any, fibers protruding from surface

Translaminar Flexure 0 Two fairly distinct regions, one exhibiting translaminar
tension and the other translaminar compression, the regions

I being separated by a neutral axis line

Figure 1-4. Visual Macroscopic Fracture Surface Features
CRACK BIFURCATION ALONG

EXTENT OF
INTERNAL
DAMAGE

CRACK
ORIGIN
(VE RIFlED BY
OPTICAL
MICROSCOPY)

Figure 1-5. V-22 Osprey Wing Box Failure
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Transtaminar Crack Modes

GMDenotes ply orientation

Mode I Opening or tensile mode, where the crack surfaces move dirfttly apart.
Mode II Sliding or in-plane sheai mode, where the crack surfaces slide over one another in a direction, perpendicular to the

leading adge of the crack.
Mode III Tearing or antiplane shear mode, where the crack surfaces move relative to one another and parallel to the leading

edge of the crack.

Figure 1-6. Basic Modes of Loading Involving Different Crack Types and
Surface Displacements (Interlaminar and Translaminar)

0
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potentially critical in compression buckling, joint failures, and defect initiated failures such aw i

impact. Each of these failure modes are still being actively investigated so as to further

understand the actual microstructural separation mechanisms and the generated morphologica

features, as related to the macroscopic loading conditions. As a result, conditions such as Mode III

anti-plane shear have not been thoroughly studied and will not be presented in this document.

However, for Mode I tension and Mode II in-plane shear, enough data exists to accurately model

their mechanisms of separation and describe their fracture characteristics.

Since interlaminar and intralaminar failures occur in the same plane as their fiber

reinforcement, their fracture mechanism and appearance tend to be dominated by matrix fracture

and fiber-to-matrix separation. In general, separation of the fiber from the matrix occurs at the

interface for either Mode I tension or Mode II shear loading conditions. As a result, very little

cohesive resin fracture occurs along the fiber, which often serves as a source of crack initiation.

Fracture of the matrix resin between fibers exhibits pronounced cohesive fracture characteristics

under both Mode I tension and Mode II shear loading.

For the majority of thermosetting matrices currently in use, cohesive matrix failure

occurs in a brittle manner. Cohesive resin fracture characteristically exhibits relatively flat

fracture pianes with very little evidence of permanent r.naterial deformation. This is similar to

brittle failure in metals (Figure 1-7), unreinforced polymers (Figure 1-8), and ceramics such as

glass. The microscopic plane of such brittle failures is nearly always oriented normal to the

direction of locally resolved tension. With reference to Figure 1-6, separation under either Mode I

tension or Mode II shear occurs by the identical microscopic mechanism (that is, brittle tension).

The only difference between these two modes is the orientation of principal tensile stress under

which microscopic separation occurs.

Mode I Tension Delaminations. In the case of Mode I tension (which is the weakest

fracture type with a Glc toughness at one-third of Mode II shear G2c), the maximum principal

tensile stress lies perpendicular to the plane of failure. As a result, brittle cleavage of the matrix

material occurs and fiber fracture rarely happens. Thei;e fractures are flat and are very shiny

and smooth in appearance at macroscopic visual levels ef magnification (Figure 1-9). Although

not often identified, arced bands can be found that are similar to beach markings found in metals

and unreinforced polymer fractures. Such markings, pres;ented in Figure 1-10 from a controlled

crack growth test coupon, are indicative of the crack-front geometry and are formed in response to

pronounced changes in crack velocity. Numerous investigators have demonstrated that in neat

polymeric materials, low crack velocities resulted in mirror-smooth fracture surfaces, and high

crack velocities result in roughened, less reflective fracture topographies. This feature can be

used to define the macroscopic direction of crack growth with the direction of growth moving from

the concave to the convex side of the markings.

Microscopic examinations (optical and SEM) reveal distinctly flat areas of cohesive resin

fracture between the areas of fiber-matrix separation. The extent to which either of these two

features occurs depends upon both the volume fraction of fibers and the proximity of the fracture

plane to these fibers (that is, intralaminar or interlaminar). In general, cohesive resin fractures

dominate the overall surface topography. Such areas typically exhibit pronounced river markings
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Figure 1-7. Fracture Surface 0( 4340 M Steel Illustrating Cleavage Fracture
Features Indicative of Crack Growth Direction
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Figure 1-8. Fracture of Unrein forced Neat Epoxy Resin
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Figure 1-10. Beach Marks Found in a Delamination Surface Indicative of Crack
Front Shape and Crack Growth Direction During Fracture
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and resin microflow as discussed below. The combination of thýese features appears unique to
Mode I tension and provides a means of identifying the relative percentage of Mode I tension at
fracture and the localized direction of crack propagation.

High magnification optical photomicrographs of interlaminar tension fractures which

delaminated in the direction of fiber orientation are illustrated in Figure 1-11. The surface

exhibits a reflective appearance with flat areas of resin fracture between the regions of
fiber/matrix separation. Inspection reveals branching lines (river marks) in these flat resin
fracture areas, along with an extremely fine texture of feathering (resin microflow); the direction
of river mark coalescence corresponds with the direction of overall crack growth. These

photomicrographs are taken from a region between plies that was rich in resin, primarily for
illustrative purposes. Therefore more resin fracture and fewer fibers are evident than usually
found. It should be noted that areas with different ratios of fiber reinforcement do not
significantly effect the overall fracture features, although it can make optical inspections more

difficult to resolve small resin fields between fibers.

The river markings, presented in Figure 1-12, are analogous to the cleavage fracture
features commonly recognized in brittle materials such as metals, ceramics, and polymers. It
has been determined through extensive studies that such features result from progressive joining

of adjacent microscopic fracture planes during crack growth. More specifically, each line

segment represents a local step formed when the thin ligament separating two adjacent planes is
fractured during crack growth. The amount of strain energy involved in fracture is considered to
be proportional to the areas of fracture surface created and the amount of plastic deformation at the
crack tip. As a result, a large number of locally displaced fracture planes that initiate at the

fiber/matrix interface represent a higher energy condition than a single continuous fracture
surface. Since crack propagation tends to occur along the path requiring the least energy, there is

a tendency for the planes to coalesce together. Thus the multitude of microplanes that initiate at the

fiber/matrix interface link up as the crack propagates, resulting ;n a coalescence of the steps to
form a branched pattern, or river marks.

Close inspection of the resin microplanes reveals a distinctly textured morphology
referred to as resin microflow. Microflow is discernable at high magnifications and usually

requires tilting of the specimen in the electron microscope (Figures 1-13 and 1-14) for this subtle

feature to become visible. In many ways, the textured appearance is identical to the cleavage
feathers characteristic of metallic fractures as shown in Figure 1-7. These feathery patterns
exhibit a distinctive chevron type appearanct, with the poirted end of the chevron oriented toward

the origin of propagation. This chevron pattern results from the inherent tendency of a
propagating crack to take the shortest path to a free surface. On a microscopic scale, these chevrons

tend to rotate from the direction of overall crack growth toward adjacent free surfaces such as
microplanes, transverse cracks, or fiber/matrix interfaces. However, by examining the direction

and orientation of the microflow patterns in the center of each microplane, the localized. direction

of crack propagation can be determined.

Mode I tension fractures produced at angles relative to the direction of fiber reinforcement
typically exhibit both the river markings and resin microflow as noted above. However,
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Figure 1-11. Optical Photomicrographs of Intended Fracture Plane Between 0/0
Degree Plies, OCR 21 *C (70*F) Specimen
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Mechanically induced crack direction

Legend:
M Matrix fracture
F Fiber matrix separation
R River markings,

Figure 1-12. SEM Fractographs of Mode I Deiamination Between 0/0 Degree Plies
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Induced Crack Di rection

Figure 1-13. Photomicrograph Illustrating Adhesive Fracture Areas of Textured Microflow

300X

Figure 1-14. TEM Image of Resin Microplane With River Marks and Resin Micro flow
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significant variations in the fracture topography can occur at the microscopic scale, depending

upon the number of fibers exposed by the fracture and their orientation relative to the direction of
microscopic crack growth (Figures 1-15 and 1-16). Cracking often occurs in the resin rich region
between plies, particularly betveen plies of large angular differences (that is, 00 and 900).
Fractures which (.ccur at the interface between plies exhibit relatively large areas of flat-resin
fracture with distinct riher marks in a fairly consistent microscopic direction. Alternatively,

fractures which occur within a ply exhibit variable and often seemingly inconsistent localized
microscopic directions of fracture. River marks and microflow are oriented in a wide variety of
directiois across the fracture surface. Variaticns in the direction of microscopic crack

1,ropagation can often be avwraged together to obtain a more accurate estimate of the overall
direction of crack proprgation (Figu:'e 1-17).

Var-ations in the direction of microscopic crack growth depend upon several factors. The
two mnvst notablo factors that must be considered are the formation of localized zones due to fiber
intrusion and the magnitude of stress concentration involved in fracture. In the first case,

fiber/matrix areas tend to divide the crack tip into numerous micrcscopic zones, at which the crack
must initiate a new crack fiont at the other side of the fiber to continue growth in this zone. In

general, these zones will exhibit differing growth rates and slightly displaced planes of fracture.
Co,,sequently, the resultant crack front formed by these regions can be highly irregular, with

narrow crack extensions in front of the main crack tip. This crack front profile can produce
significant local variations in the crack directions as the extensions grow latei ally to meet each
other.

The second major condition that can lead to crack direction variations takes place when

failure occurs without the formation of any appreciable stress concentration. This is similar to the
condition generated with flatwise tension test coupons, in which failure tends to occur at a wide
variety of locations within the laminate plane. As with ductile tensile separation rupture in

metals, failue occurs wh(a these multiple fracture planes intersect. Such fractures are
characterized by the furmation of aa extensive number of fracture planes throughout the laminate
with extreme ,ariations in the direct.ion of crack propagation such that no overall direction of
crack propagat;on exists.

Mode II Shear Delaminttions. Failures by interlaminar shear can occur by macroscopic

loadiag sources such as tension, compression, or flexure. The duty of the matrix resin is to

transfer the axial loads in each fiber to the adjacent similarly oriented fibers and to adjacent plies
that are not oriented in the direction of primary loading. As a result, shear fractures tend to occur
within, or adjacent to, plies that are oriented in the direction of maximum loading.

Failures produced under conditions of Mode 11 shear, while also occurring by brittle tensile

separation, exhibit a distinctly different appearance than Mode I tensile failures. Macroscopic
examinations reveal a dull and often "milky" appearance when held at oblique angles to a light
source, due to opaque light scattering by the rough resin fracture features. Microscopic
investigations show a much rougher topography than pure Mode I tension. Optical microscopy
reveals a series of translucent, vertical, and parallel resin platelets found in the narrow resin

0 fracture zones between the fibers. As shown in Figure 1-18, the platelets are aligned normal to the
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Mechanically induced crack direction

Legend:
M Matrix fracture
F Fiber matrix separation
R River markings
T Textured microtlow

Figure 1-15. SEMl Photomicrographs of Mode I Delamination• Between 0/90 Degree Plies
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Legend:
M MPatrix fracture
F Fiber matrix separation
R River markings
T Textut ed microf low

Figure 1- 16. SEM Photomnicrographs of Mode I Delamination Between 01+45 Degree Plies
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Mechanically Induced crack direction

Legend:
M Matrix fracture
F Fiber matrix separation
R River markings
T Textured microflow

Figure 1- 17. SEM Fractographs of Mode /Delamination Between &.451+45 Degree Plies0
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Figure 1-18. Optical Photomicrographs of Intended Fracture Plane Between 0/0
Degree Plies, ENF 21 C (70 F) Soecimen
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direction of crack propagation. The large flat matrix regions which exhibit river mark branching
typical of Mode I delarninations are not present. These distinct differences permit the use of
optical analyses to rapidly differentiate between Mode I and Mode II delaminations when either
load condition dominates during fracture.

Under detailed SEM examination (Figure 1-19), the rows of curved vertical platelets are
found in the cohesive resin fracture regions between fibers. As described by Mohr's circle, during
in-plane shear loading the principle tensile stresses are oriented at forty-five degrees to the plane
of applied shear, as shown in Figure 1-20. Since matrix fracture occurs in a microscopic plane
normal to resolved tensile stress, a series of distinct inclined microcracks (Figure 1-21) are
formed ahead of the main crack front. Increased strain or loading causes these small parallel
microcracks to grow and coalesce, resulting in the formation of a series of upright curved
platelets. Based upon these observations, the directions of applied shear (clockwise or
counterclockwise moment) can be determined by examining the direction of platelet tilt. Concave
areas are found on the mating fracture surfaces, opposite the these platelets (Figure 1-22). High
magnification inspection of the platelets and the concave regions reveals small river marks and
microflow, also indicative of resolved tensile separation. Several terms have been used to
describe each of these features including lacerations or hackles for the upright platelets and
scallops for the concave areas. For this document, the more common use of hackles to describe
platelets and scallops to describe depressed concave areas is used.

Separation of hackles can result in two possible relationships (mechanisms A and B)
between hackle tilt and the direction of crack propagation, depending on which fracture surface
retains the hackle (Figure 1-23). In mechanism A, separation occurs such that the hackles are
retained on the side in which the direction of crack propagation coincides with the direction of the
local shear component. This condition produces hackles titled in the direction of crack
propagation, and normal to the direction of resolved tension (45 degrees). Conversely, in
mechanism B, separation occurs such that hackles are retained on the side in which the direction
of crack propagation opposes the direction of the local shear component. In this condition, the tilt of
hackles oppose the direction of crack propagation.

Comparisons of the hackle tilt, scallop features, and the mating fracture surfaces by a
variety of researchers indicated that the direction of crack growth cannot he established with the
same confidence possible for Mode I delaminations. Mode II and mixed mode delaminations
generally occur by a combination of the two possible mechanisms such that hackles are found on
each mating fracture surface, preventing a definitive conclusion of the crack growth direction.
However, the direction of hackle orientation can be used to estimate the d6ection parallel to which

crack growth occurred.

The orientation of fiber reinforcement at, or adjacent to, the delamination plane can have
a significant effect on the morphology of both hackles and scallops that must be considered when
determining the direction of crack piopagation. Surfaco fibers oriented parallel to the direction of
crack growth tend to form orthogonal shaped hackles and scallops (Figure 1-24), whereas fibers
intersecting th,ý fm.-cture surface at aji angle to the direction of growth tend to form roughly

triangular asymmetric hackles and scallops (Figure 1-25). In the first case, a distinct branched
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Mechanically induced crack direction

Legend:
F Fiber-matrix separation
H Hackles
R River markings
T Textured microflow

0 Figure 1-19. SEM Photomicrographs of Mode /I Delamination Between 0/0 Degree Plies
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(Copyright C ASTM reprinted with permission.)

Figure 1-21. Microstructure of Cracks Found in Short Beam
Shear Specimen Tested at 132"C (270 "F)
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Legend:
H Hackle separation
R River markings
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0 Figure 1-22. Scalloped Rosin Fracture Areas and Their Development

1.-29



TzX Tzx

TZX TzX

Induced crack propagation direction

Mechanism A Mechanism B

Hackle formation coincident with Formation of hackles opposite
the direction of crack propagation to the direction of crack propagation

Figure 1-23. Possible Hackle Separation Mechanisms

Figure 1-24. Orthogonally Shaped Symmetrical Hackles

Figure 1-25. Triangular Asymmetric Hackfes, With River Marks and Fiber-Matrix Separation
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*morphology generally exits on both sides of the hackles and scallops where they intersect

adjoining areas of fiber/matrix separation. Since this symmetry and the orthogonal shape of
these features correspond to propagation parallel to the direction of exposed fibers, these features

prr ide a relatively rapid and easy means of identifying the direction parallel to which crack
grcwth occurred. In the second case, when the asymmetric features ure identified, the tilt of the

triangular hackles is predominantly parallel to the direction of crack propagation.

Mixed Mode Delaminations. Interlaminar mixed mode delaminations commonly fail in

a mixed mode loading condition, ir which neither pure tension nor shear are operative. Failures

due to complex loading such as flexure and compression buckling tend to exhibit delamination
fracture morphologies that appear somewhat different to those found for the pure loading

conditions presented in the above paragraphs. Since resin fracture separation occurs by resolved
tensile forces in both pure shear and tension, so does fracture due to a mixed load state. The extent

to which each of the predominant features exist (flat regions with river marks or vertical hackles)
depends upon the ratio of Mode I to Mode II macroscopic stress. Therefore, delaminations with a

predominance of Mode I tension mainly exhibit river marks and flat fracture topographies, with a

tendency toward a slight tilt in each of the resin fracture microplanes, indicative of the slight
rotation of the resolved tensile component (Figure 1-26). For these types of fractures, river marks

and resin microflow are still useful for defining the localized crack growth di-ection ond for use
in crack mapping. As the percentage of Mode II increases, the tilt of these resin microplanes also
increases relative to the rotation of the resolved tensile component. At percentages of Mode II above

approximately 30%, these platelets take on an appearance of hackles, where there is pronounced
separation between each hackle, and scallops present on the mating surface. Figure 1-27 presents

the fracture morphology at approximately 43% Mode II shear and 57% Mode I tension. This
fracture surface was generated with a Mixed Mode Flexural (MMF) specimen. Note the formation

of the hackles, although they are not as vertical or upright as those found for pure shear fracture

specimens. As indicated in the above paragraph on pure shear, hackles can be used to define the
direction parallel to crack propagation. Precisely what percentage of Mode II or which
fractographic features can be used to define crack growth directions have not been determined.

Further studies on controlled crack growth specimens across the spectrum of mixed mode must be

performed to gain a firm understanding of the validity of determining crack growth directions in
a mix-d mode loading state.

1.1.2.2 Translamlnar

A significant portion of composite post-failure ar.alyses involve translaminar fractures,
usually in combination with delaminations located on either side of the through-thickness
fracture. Due to the laminated nature of composites, combined with the excellent tensile strength

of the fiber reinforcements, translaminar compression fractures tend to occur more often than

translaminar tension fractures. Tension fractures exhibit a lesser amount of delamination and
tend to be relatively less damaging to the fracture surfaces and surrounding structure.

* Compression dominated fractures commonly fail as a result of localized buckling instability with
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Figure 1-26. Interlaminar Mixed Mode (Tension and Shear) Fracture Morphology 0•

Figure 1-27. Interlaminar Mixed Mode Flexural (MMF, Tension and Shear)
Specimen Fracture Morphology
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extensive delaminations and post-failure damage to the fracture surfaces. Often the compression
fracture surfaces are pushed into each other, wedging open the delaminations even further.

Fractographic analyses of translaminar fractures are generally complicated since the

dominating feature is broken fibers. This generally requires the use of the SEM microscope,
which is tedious and time consuming for the accurate determination of the fracture modes and

crack growth directions. The optical microscope does not have the depth of focus to evaluate these
extremely rough surfaces. Crack mapping can be performed by first creating a photographic
montage of the fracture region at low magnifications, followed by drawing arrows delineating

crack growth directions on the montage during higher magnification inspections of the fiber

ends.

The following paragraphs provide insight into the use of the SEM in identifying the salient
features and relating them to determination of the failure sequence. Where applicable,

macroscopic methods are presented which can be used to select smaller localized areas for

investigations by the SEM.

Translaminar Tension Fractures. Macroscopically, translaminar tension fractures

exhibit an extremely rough topography, with large amounts of fibers protruding out of the major
fracture plane, as presented in Figure 1-28. The general appearance depends largely upon the

strength of the fiber matrix bond. Comparatively, strongly bonded laminates tend to be more

planar and the fibers tend to fail in groups or bundles, while the lower bond strength materials are

more complex and fibrous. Macroscopic inspection of plies that are oriented parallel to the
principal tensile direction often exhibit radial lines, or ridges, that radiate from an origin source

and can be used to more rapidly determine the overall direction of crack propagation (Figure 1-
28). Macroscopic inspections of fracture surfaces of plies that are oriented at an angle to the

loading direction and have failed by a combination of interlaminar and translaminar shear are
extremely complicated and do not usually reveal -ny gross overall feature that can be used to
determine fracture direction. This should be kept in mind when examining translaminar
fractures of laminates that have multiple ply orientations.

Fiber end fracture, fiber pullout, and matrix fracture are the characteristic fractographic

features of translaminar tension failures. Usually, little or no delamination is evident at the
fracture surface, although secondary shear cracks running parallel to the fiber axis can often be

found intersecting the main fracture surface. Brittle tensile failure of individual fibers is the
primary operative failure mechanism, with shear fracture of the surrounding matrix considered

as secondary. As stated, fibers fracture in groups (bundles) in high strength laminates, where the
fibers in each bundle have a relatively flat, common fracture plane (Figure 1-29). Figure 1-30
presents the typical radial morphology found on the broken fiber ends. This radial pattern is

analogous to the chevron features of tension fractures in metals with bar or rod forms. The faint
lines radiate from the point of fiber fracture initiation and thus indicate the direction of crack
propagation for each individual fiber. Consistent with brittle failures, the fiber origins are

primarily located at flaws or notches in the rough surfaces, although some initiate at internal

flaws such as voids.
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Figure 1-28. Macroscopic View of a Translaminar Tension Fraclurn
From a Unidirectional Laminate
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Note: Fracture is primarily fiber dominated with
some adjacent matrix fracture.

Figure 1-29. Translaminar Fracture Morphology

Surface flaw at origin

fo

0 , ..

Figure 1-30. Typical Tensile Fiber Fracture Characteristics
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Tension failure does not usually progress by a well defined crack front. Due to flaw

sensitivity, the fracture process involves a series of zones in which all the fiber breaks within each
zone originate at a single fiber. Thus, the crack front actually consists of numerous isolated

fracture zones (at different planes) that coalesce and propagate in the overall growth direction.
This phenomena produces the distinct fracture zones commonly referred to as fiber bundles. Fiber

ends tend to fracture in a variety of directions, although they are often noticeably biased in a

single overall direction. Through extensive SEM mapping of the fiber ends (Figure 1-31) the

macroscopic growth direction can be determined. Extreme caution must be exercised in the

evaluation of isolated fibers that protrude from the main surface. To increase accuracy, many

areas of crack growth should be evaluated during the crack mapping process; particularly bundles
which fracture on a plant relatively close to the overall fracture plane.

Translaminar Compression Fractures. Macroscop;cally, fractures produced under
uniaxial compression exhibit gross buckling, extensive delamination, and over-running of the

delamination planes (Figure 1-39). An end-on view of the broken fiber ends reveals a distinct,

flat fracture surface with extensive post fracture damage. This condition of flat fGacture is

particularly evident for plies that are oriented parallel to the axial comnpression loading, as shown
in Figure 1-33. Often, obliteration of the fracture surface details occurs due to relative post-failure

motion between the fractured surfaces in contact (Figure 1-34). The surface is much flatter than

the translaminar tension fractures and is virtually devoid of pulled-out fibers. Fiber Duckling,

fiber-end fracture, resin shear fracture, and post-fracture daimage are the primary characteristic
fractographic features of translaminar compression fractures.

Compression microbuckling is the primary operative failure mechanism for laminates

which do not have extensive lateral through-thickness stability. This mechanism involves

localized -microscopic buckling of the individual fibers at a point in which a maximum lateral

instability exists. Under compressive mic,-obuckling, kirnking of the fiber causes at least two
fracture locations (Figure 1-35), with each fracture separated by 5 to 10 fiber diameters. Short

sections of fibers with this length can often be seen on the fracture surface. Figure 1-36 illustrates
the typical flexural fracture morphology found on the fiber ends. The portion o.f the fiber end which

exhibits a radial morphology is due to tensile separation, while the smooth, or ratcheted topography
represents the compressive portion of fiber fracture. The distinct line separating these portions on

the fiber end is the neutral axis line. For each individual fiber, the direction of flexure and failure

occurs normal to the neutral axis line. For a given fiber, the compression and tension portions are
reversed when comparing the two breaks. Therefore, a singular crack direction cannot be

determined, although the individual fiber fracture propagates perpendicularly to the neutral axes

lines.

The neutral axis lines are commonly found parallel to one another in a given region,

indicating that microbuckling occurs on a local scale in a concerted manner and in a unified

direction, as presented in Figure 1-37. Preliminary controlled crack growth studies have shown

thaL the neutral axis lines are often biased at an angle paralle! to the direction of induced crack

propnrgation. This indicates that flexural fiber collapse, and thus crack propagation on a
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Figure 1-3 1. SEM Photomicrograph Showing Direction of Crack Propagation
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Figure 1-32. Compression Buckling Failure Damage of Stringer Stiffenud Laminate0
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Figure 1-33. End- view of Translaminar Compression Fracture

Figure 1-34. SEM Micro graph of Compression- Generated Fracture Surface
Showing Severe Fracture Surface Damage
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Figure 1-35. Cross Section of Compressively Loaded Laminate With Microbuckling or Kinking
of the Fiber Bundles Oriented Parallel to the Axial Compressive Load
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Figure 1-36. Typical Flexural Fracture Morphology Found on
- * the Fiber Ends From a Compression Failurei

S~Figure 1-37. Fiber End Fracture Morphology From Compression Buckling Failure

1-41



microscopic scale, often occurs transverse to the gross overall crack direction; therefore, neutral

axis lines cannot be used to determine the direction of crack propagation.

Laminates which have superior constraint in the through-thickness direction o," excellent

fiber/matrix interfacial strength are not as subject to localized delaminations or microbuckling

of the plies. In this case, the fibers fracture on a microscale due to shear, with individual fiber

ends exhibiting a slant type fracture, as shown in Figure 1-38.

1.1.3 Interlamlnar Fracture Mapping

Crack mapping has profound significance upon the success of determining the origin

locations and sequence of failure. Using microscopic techniques presented in the following

paragraphs, the localized direction of crack propagation can be determined. The recommended

technique of crack mapping uses the lowest magnification capable of performing the job. This

recommendation is made because one of the fundamental problems in detailed microscopy of

large fructures is that there is an extremely limited perspective on bow the area being examined

relates to the part as a whole. The situation is similar to the old adage, "one can't see the forest for

the trees." With a limited perspective, it is often possible to improperly characterize the direction,

mode, or load state at fracture. By emphasizing the use of lower magnifications f r early

investigations, the FALN imposes a sense of perspective on the value of later, high magnification

inspections.

The use of optical microscopy for crack mapping interlaminar fracture surfaces has been

proven to provide the most information in a given time frame and therefore the most accurate and

unbiased determination of the directions of crack propagation. Optical microscopy allows direct

observation of relatively large specimens in a short period, eliminating the need for specimen

preparation or specimen selection required for SEM analyses. SEM analysis is basically slow

and cumbersome due to the need to constantly refocus during perusal of the fracture surface. As a

result, the number of crack growth determinations per unit time is significantly reduced relative

to optical microscopy, therefore greatly reducing the overall accuracy of the crack mapping

process, particularly for ill-defined crack growth regions. Through direct scanning of the

delamination surfaces with the optical microscope, features such as river marks and hackle

formation can be resolved. These features, as a described above, can be used to determine the

localized crack propagation direction and allow the investigator to work back to the origin region.

A few of the basic methods of optical crack mapping are discussed in the following paragraphs,

however the photomicrographs presented were taken with the SEM, primarily due to its ability to

document fracture features at higher magnifications better than the optical microscope.

The basic steps to crack mapping an interlaminar fracture surface area:

I. Sectioning open the fracture surfaces to minimize artifacts.

2. Reducing specimer size to fit on the optical microscope stage.

3. Producing a full size copy of the fracture surface.

4. Cleaning the fracture surfaces if necessary. to
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5. Performing crack growth determinations with the optical microscope.

6. Determining overall crack growth directions by averaging microscopic data.

Cutting open the delamination surfaces usually involves severing the laminate at the

crack tip of the delamination as revealed by ultrasonic inspection. Successive cuts should be made

untii the laminat.a separates into two pieces. If localized fiber bridging occurs, they can be severed

by cutting with a scissors. Effort should be made to prevent any delaminaticn growth which often

cannot be differentiated from cracking caused during the fracture event. Further cutting is often

required to downsize the specimen to fit on the optical microscope stage (usually about 10 cm by 10

cm for ap upright bench microscope).

For a worksheet by which to document the crack growth directions, a full size replica of the

fracture surface can be made with a copy machine set in the lightest reproduction mode. This

provides a worksheet which is superior to hand-drawn sketches (inaccurate) or photographs

(expensive and time consuming).

A quick optical examination of the fracture surface can provide information. regarding

whether to clean the fracture surthce prior tb detailed crack mapping. Cleaniag should not be

performed if evidence of contamination is found.

Performance of the actual crack mapping process involves the interpretation of the

identifiable microscopic fracture surface features as related to localized crack growth directions.

Most optical microscope crack mapping requires magnifications in the range of 200X to 800X.

This magnification is required to resolve the fine river marks and hackle features between tine

closely spaced fibers. Resin rich fracture areas such as those found between plies (or between tows

for woven laminates) can be fairly easily mapped toward the lower end of this magnification
range due to the larger features present. Caution should be taken when mapping these isolated

resin rich regions, with direct substantiation .y examination of the surrounding regions which

have more fiber reinforcements. Since the fracture process actually involves a continual

repetition of crack initiation at the fiber/matrix interface and subsequent crack growth in the

matrix toward the next fiber, the fracture features can often be overwhelming and confusing. On a

microscopic scale, the fracture details such as river marks and resin microflow are often found

oriented in a variety of directions, even for delaminations with well defined crack fronts and

macroscopic growth directions (Figure 1-39). As a result, accuracy during crack mapping is

maximized by determining as many localized crack growth directions in a given area as

economically feasible. This often requires mapping as many as 10 to 20 locations per square inch.

This can be done by scanning the surface by stage translation and focussing at the sgnr.e time.

Once an "average" direction of the microscopic features has been obtained using the mŽthads of

determination of crack propagation described above, an arrow deaoting this direction should be

placed on the photccopy. For tension dominated growth regions, single-headed arrows and for

shear dominated growth regions, double-headed arrows should be drawn on the map. By creating

these maps for the entire fracture surface, the overall average microscopic crack growth

directions, and possibly the origin location, can be determined.
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1.1.4 Crack Origin Analysis

'hen a crack origin has been determined, the primary emphasis is placed upon
identifying the cause of crack initiation. Due to the complex nature of the fiber reinforced

laminate, crack origins are often much less defined than found in metal fractures. While most
metal fractures can be related to a very specific site of initiation, composites tend to exhibit origins

that encompass a fairly large region. Sometimes this region can be as large as severai inches in

diameter, dependent upon the size of the part, the relative strain at failure, and other contributory
conditions such as contamination and local part geometry. As a basic rule of thumb, fractures that
have a large, relatively ill-defined origin with significant post-failure damage at the origin are

exemplary of failures that occurred at a load close to the maximum strains for the entire part. This

usually indicates a more desirable condition than failures exhibiting a relatively small origin
which is easily defined on a microscopic scale. These origin types are often a result of localized

defect conditions such that the strength at failure is low or the strains are locally magnified such

as at a notch.

Analysis of the origin region should concentrate on determining if anomalous conditions
existed which may have either caused or contributed to the failure event. A wide variety of defect
conditions or design details should be considered when performing the analysis of the origin.
Figure 1-40 presents a checklist of the possible defect conditions which can be considered.
Information obtained regarding any of these defect conditions or fracture details such as local

geometry, ply interfaces which delaminated, load conditions in the region (tension, shear,
compression, etc) should all be evaluated for criticality. Often stress analysis is required to

accurately asses the overall criticality of the specific information obtained in the origin region.

Special care should taken to not "brush off" seemingly small anomalous conditions since
synergistic or accumulative situations can occur which may be immediately obvious to the

investigator.

1.1.5 Environmental Effects

Conditions of environmental extremes have been shown to significantly reduce the overall
strength of composites. Therefore, the investigator should be aware of the typical fracture features

that can be identified when failure occurs under conditions of temperature and absorbed moisture.
Environmental extremes at fracture tend to exhibit a more dramatic difference in the fracture
features for translaminar fractures than delaminations, particularly on a macroscopic scale.

Although small differences in environmental conditions cannot be readily identified in
carbon/epoxy systems, large differences can be readily identified. Studies of fractures produced

over a wide range of environmental conditions revealed that the general fractographic features

that are used to identify the mode of fracture (tension, shear, etc) and identify the direction of crack
propagation are not significantly affected.

1.1.5.1 Translamlnar Fractures

Typical translaminar fractures generated at room temperature exhibit combined features

of good fiber-matrix adhesion, limited fiber pullout, and a tendency of the fibers to fail in bundles.
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DAMAGE DEFECT CHECKLIST

* FASTENER HOLE DAMAGE
"* BACK SURFACE DELAMINATION
"* NOTCHED BORE
"• EXCESSIVE COUNTERSINK

* MANuFACTURING DEFECTS
- SAW CUT
* FOREIGN OBJECT INCLUSION
"* CONTAMINATION
"• VOIDS
"* PART DIMENSION AND TOLERANCE
* MATERIAL STRUCTURE DISCONTINUIT '

- PLY DROPOFF
- LAP/GAP
- PLY ORIENTATION/STACKING SEQUENCE

* INSERVICE/MAINTENANGE DAMAGE
- IMPACT
o ENVIRONMENTAL EFFECTS

- CHEMICAL ATTACK
- TEMPERATURE EXTREMES

o REPAIR DAMAGE
* OTHER

Figure 1-40. Damage Defect Checklist
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However, translaminar fractures generated under hot/wet environmental conditions

approaching the glass transition temperature exhibit greater levels of fiber pullout, combined with

significantly less resin adhering to the fiber surface. Additionally, similar fractures generated

under dry conditions at .65'F reveal very limited amounts of fiber pullout, with extensive amounts

of residual resin on the fiber surface. In general, these observations are in agreement with

published literature and illustrate the significant reduction in matrix shear strength or fiber-to-

matrix interfacial strength that tends to occur under elevated-temperature and high absorbed

moisture conditions. Figure 1-41 illustrates the tendency toward increased fiber/matrix

separation and individual fiber pullout in wet specimens experiencing an increase in

temperature.

1.1.5.2 Delamination Fractures

For delamination fractures, similar tendencies are evident for conditions of increasing

amounts of absorbed moisture and temperature. Fractures in 177*C (3500 F) cure epoxy systems

which occur at temperatures below approximately 90cC (194°F)are very similar in appearance to

the room temperature fractures. However, above this temperature range, increased fiber/matrix

separation is evident and the fracture plane tends to occur within, or adjacent to, densely packed

fiber regions within the lamina, resulting in a fiber-dominated fracture appearance, with small,

localized regions of resin fracture (Figures 1-42 and 1-43).

1.1.6 Summary of Composite Materials Fractography

The information presented in the following paragraphs provides the reader with a short

summary of the current understanding of fractography of composite materials. The items

included are:

1. Crack propagation in brittle resin based composites.

2. Crack propagation in ductile resin based composites.

3. Determination of fracture modes (tension, shear, compression).

4. Variables affecting fracture appearance.

- Mixed modes

- Temperature and absorbed moisture

- Processing defects

- Chemical release agents

- Voids/porosity

- Material forms

- Post-failure environment

- Water immersion after fracture

- Fatigue loading
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Figure 1-4 1. SEM Micrographs of Translaminar Fracture Conditions at Different Temperatures
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Figure 1-42. 1 ow Magrihication Series of Characteristic 0/0 Degree Interface
Mode I Fractuires at Each Environmental Condition
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Fractures .'hcwing Features of Fiber-Matrix Separation
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With an exception of the paragraph on crack growth of ductile resin based materials, the

discussion is focused on the carbon fiber/epoxy resin system which currently is extensively used

in the aerospace industry.

1.1.6.1 Brittle Resin Composite Crack Growth

The term 'brittle" in regard tt fractography denotes a material that fractures with very

littie plastic deformation during crack growth and thus absorbs a small amount of energy during

failure. Obviously this is simply a relative term which can be used to compare two or more
materials in terms of fracture toughness. Crosslinked thermosets and some thermoplastics

(which fracture well below their Tg) are included in this categnry. Microstructurally, brittle

resins fractLre due to locally resolved tensile stresses, resulting :,- a cleavage type fracture

appearance with river marks and resin microflow. Mode I tension resin fracture regions appear

flat, normal to the applied loAd. The Mode II shear resin fracture regions exhibit the telltale 45
degree tilted resin platelets, or hackles. In these conditions of pure in-plane shear, the fracture

occurs by resolved tension resulting in hackles and scallops with river marks and resin

minirotlow presen,. Cracking is continually reinitiating and propagating from the fiber-matrix
interface. Crack growth occurs in the direction of river mark coalescence (Mode I tension), and

for Mode 1I shear delaminations, growth is parallel to the direction of hackle tilt. Crack mapping
utilizes these features to identify macroscopie loading conditions, overall crack growth directions

and origin locations.

1.1.6.2 Ductile Resin Composite Crack Growth

As with the term of "brittle", "ductile" `3 a relative term dennting material systems which
exhib" ;h f-icture toughness and ductility, or plastic deformation, at the crack tip. These

mrntt are the thermoplastic resin based systems. Microstru.,turally, ductile resins fracture

iag, shear banding, and void coalescene. During crt- ing, the long chain molecules

I i n the locally resolved to.nsion direction and micrc voids form in this region. These
- ,count for the visible stress-whitening commonly observed in many fractured or

highly sL,. ý ri plastics. During crack growth, extensive local deformation occurs, somewhat

similar to that see in ductile aluminum alloys dui-ing static tension fracture, in which no

cleavage features are generated. To date, no conclusive methods or telltale fracture features have
I een identified which could be used to determine the crack growth directions. However, some
resins do exhibit tilted platelets (similar to hackles) under Mode II shear conditions, -.uch that the

investigator can differentiate between Mode I tension and Mode II shear fractures.

1.1.6.3 Fracture Mode Determination (Tension, Shear and Compression)

For interlaminar fraatures, the mode can be determined as follows:

1. Mode I tension dominated fractures exhibit flat resin fractire between each fiber, with

river marks and resin microflow as the dominant features.

1
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2. Mode II shear dominated fractures exhibit rough resin fracture between each fiber,
with hackles and scallops as the dominant features.

3. Tension dominated fractures exhibit a rough morphology, with fibers protruding at
various heights fron, the surface. Close inspection of the individual fiber ends reveals

radial lines indicative of tensile failure.

4. Compression dominated fractures exhibit a smooth morphology, with most of the fibers
broken at a common plane. Extensive damage is common due to rubbing between the
mating fracture surfaces. Close inspection of the individual fiber ends reveals a
neutral axis line with tensile radials on one side of the line and compression fracture

on the other side.

1.1.6.4 Mixed Mode Loading Effects

Currently, the understanding is rather incomplete in regard to how the appearance of the

interlaminar fracture surface is affected when fracture occurs under loading conditions between
pure Mode I tension and pure Mode II shear (mixed mode). The accepted theory is that since

cracking occurs on a microscale due to locally resolved tensile stresses, as the laminate stresses
move from Mode I to Mode II the resolved principal tensile stresses rotate. As a result, the flat

resin fracture regions between fibers become progressively more tilted until they reach a 45 degree
angle (hackles). Until a firm understanding of how this relates to the ability to determine crack
growth directions, it is advisable to concentrate analyses in delamination regions which exhibit a

dominance of either tension of shear loading at fracture.

1.1.6.5 Temperature and Absorbed Moisture Effects

For the brittle thermoset materials systems, the effects of temperature and moisture content
do not significantly alter the overall fracture mechanisms or features. As a result, examination
of the characteristic fracture features remains a viable means of determining the mode and

direction of crack growth. Slight differences in features are usually apparent only when
temperatures exceed one half of the Tg, and temperature appears to have more of a pronounced
effect than absorbed moisture. These differences are usually not great enough to verify conditions
at fracture unle-' great care is taken to compare features with controlled frac specimens for

the identical material system. The general theory is that increased temperatu ".d ab'orbed
moisture contents decrease the strength of the fiber-matrix interface and irncrease . .e ductility of
the resin. As a result, the interlaminar fractures tend to occur at locations with higher fiber

volume fractions, as opposed to the resin rich region between plies. For the translaminar tension
fractures, elevated temperatures and absorbed moisture conW.ents result in increased fiber pullout

and lower amounts of resin seen adhering to the sides of the fibers.

1.1.6.6 Processing Defects Effects

Some of the processing d.fects which can have a d'rect effect or. the fracture appearance
include porosity, chemical and particulate contamination, fiber waviness, and resin rich/starved
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regions. These defects result in reduced strength of the laminate and often contribute to crack
initiation and growth. Voids appear smooth, lack fracture featires, and their perimeter is distinct
and rounded. Usually the voids do not act as crack initiation sites, but rather reduce the overall
delamination strength by simply a reduction in resin volume. Chemical release agents present a
situation where a bondline does not cohesively bond, resulting in a smooth and featureless
adhesive separation. These areas differ in appearance to voids since they affect a much larger
area and are not bounded by a distinct perimeter.

1.1.6.7 Material Forms Effects

Generally, fractures in laminates produced from tape, fabric, or filament winding raw
material forms all exhibit the basic resin and fiber fracture features that have been presented in
this document. The methods used to determine the crack growth directions and the mode of
fracture are identical for all forms.

For interlaminar fractures, crack mapping is easiest and often more reliable in the local
regions which exhibit the highest resin volume fraction, that is between cross-plies of tape and at
the intersection points of the fabric tows. This is particularly true for Mode I tension cracks where
river marks are larger and more easily identified. With this in mind, it is understandable that
filament winding is more difficult to analyze since very few, if any, of these resin rich regions
exist.

For translaminar fractures, the filament wind and tape forms appear identical for both
tension and compression features. Translaminar fabric forms exhibit each individual tow on a
microscopic scale; however, at high magniications the features present on the fiber ends are
similar to the other two forms. Often less fraying and splitting of the laminate occurs with fabric
since it is held together by cross-weaving each tow.

1.1.6.8 Post-Failure Environment Effects

Several sources of damage to the fracture surfaces exist following a component failure.
These sources can be categorized as either chemical or mechanicel.

The chemically induced damage sources include solvents, acids, alkaline, and complex
.compounds such as hydraulic fluid or flame retardant. The general result is usually a softening
or loss of fine fracture surface details such as river marks, resin microflow, hackles, and
scallops. Often a by-product or residue is present which can be determine, d by chemical analysis
methods.

Mechanical damage sources include fatigue or sonic rubbing between the mating fracture
surfaces during service or involves damage by poor handling practices. In nearly all cases the
fracture surfaces are mechanically abraded and exhibit fine parallel lines on the fracture
surfaces due to rubbing.
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O 1.1.6.9 Fatigue Effects

The specific mechanisms for fatigue of brittle composite materials is not fully understood

at this time. The major unanswered question is whether cracking occurs due '.o plastic

deformation of the crack tip (such as seen in aluminum) or due to a simple crack arrest/crack

initiation (similar to beach marks seen visually). Laboratory induced interlaminar fractures of

small coupons have been produced which exhibit finely spaced lines similar to striations in

metals. In Mode I tension the "striations" appear in the resin fracture regions, whereas the Mode

II shear fractures reveal these sets of parallel lines at the fiber-matrix interface. Larger

structures which have been cyclically loaded to failure exhibit only very isolated and fair.t

striations. These regions of fatigue are often extremely difficult to locate; since so far we have not

visually or macroscopically identified any differences between the slow growth and rapid fracture

regions. Further studies are a must in this area since future, higher toughness materials will be

pushed into higher service loads and strains which will be more susceptible to fatigue fracture.

1.2 ORGANIZATION or "S ATLAS OF FRACTOGRAPHS

The fractographs shodn in the following sections are grouped primarily by the composite

material system that is represented. Sections 2 through 8 are arranged by material system in the

following order: graphite/epoxy, Kevlar/epoxy, boron/epoxy, fiberglass/epoxy,

graphite/bismaleimide, graphite/thermoplastic and carbon/polyimide. Bolted and adhesively

bonded composites are characterized in Sections 9 and 10, respectively.

The extensive fractography of the graphite/epoxy system in Section 2 has been subdivided

primarily by the mechanically induced failure mode. Subsections 2.1 through 2.12 are arranged

by failure mode in the following order: interlaminar tension, interlaminar shear, interlaminar

mixed mode flexural, in-plane shear, translaminar tension, translaminar compression,

translaminar shear, translaminar flexure, fatigue, creep, high rate, and compression-after-

impact. Defects are shown in subsection 2.13. In those subsections where a large number of

laminate lay-ups and test conditions are characterized, a test matrix has been presented, and the

fractographs have been arranged in the same order that the variables are listed in the test matrix.

In the small subsections, the fractography has been arranged in the order that it is discussed at the

beginning of the subsection. Similar test matrices and/or discussions are presented in Sections 3

through 10 indicating the arrangement of the fractography in those sections.

Inconsistencies exist in the format of the figures, tables and text of this Atlas of

Fractographs because it represents a compilation of three reports. The integration of the relevwnt

parts of these reports into this single atlas with the organization described in the previous

paragraphs emphasizes function rather than form.

0
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SECTION 2

GRAPHITE/EPOXY

AS4/3501 6

2.1 INTERLAMINAR TENSION (MODE 1 DCB)

The primary features observed in fracture surfaces generated by interlaminar Mode I
tension double cantilever beam testing (Figure 2-1) are as follows:

1. Macroscopically and microscopically flat fracture surface

2. Flat resin fracture between fibers, exhibiting river marks and very fine resin
microflow

3. Smooth appearance of the resin at the fiber-matrix separation.

Crack growth direction (CD) can be determined by examining the matrix between fibers.
River mark coalescence and the radiating nature of the resin microflow are two fracture surface
features which can be used to identify the direction of crack g, awth (Figures 2-2 and 2-3). Care
must be taken to examine many locations on the fracture surface for accuracy and reliability of
crack growth direction determination, since various conditions cari cause localized crack growth
in a direction other than the overall macroscopic crack gr-owth direction.

'Where the overall cracking progresses in a direction parallel to the fibers, river marks
are concentrated adjacent to the fibers where cracking tends to continually reiterate on a
microscale. In other cases, where overall cracking progresses in a direction other than parallel to

the fibers, these river marks are concentrated on the side of the fiber away from the orig'n of the
failure. In all cases, Mode I tension interlaminar fracture is characterized by river patterns on
the fracture surfaces that are oriented at an angle or parallel to the direction of macroscopic
fracture.

Processing variations (overcure or undercure), material form (fl'ament winding, fabric
or tape), or post fracture environmental conditions (rain, fuels, fluids), do not significantly alter
the fracture characteristics. Absorbed moisture or elevated temperature present during fracture do
not alter the ability to determine crack growth and fracture mode. Cracking does, however, tend to
occur within the plies (intralaminar) at elevated temperature, as opposed to between the plies
(interlaminar) at room temperature. This is likely due to either the decre --,ad strength of the

fiber-matrix interface or the increased ductility of the resin. Fractures created at 270'F often
exhibit large amounts of loose fibers on the fracture surface.
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Fracture surfaces exposed to 2000°F flame for five minutes exhibited resin-starved carbon
fibers on the outermost ply. Due to the minimal resin content, there were no signs of river marks
or resin microflow to indicate crack propagation direction.

Table 2-1 shows the test matrix for the double cantilever beam (DCB) test type. Results of

the testing listed in Table 2-1 are depicted in Figures 2-4 through 2-57. These figures are arranged
in the same order that the corresponding tests are listed in Table 2-1.

0
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Table 2-1. Test Matrix for Mode I DCB Specimens

PLY/ORIENTATION VARIABLE CONDITIONS CONTAIBUTOR

24/0 RT/Dry (Baseline), Boeing
-650 F/Dry, 2700 F1 Dry,

24/±45 RT/Wet, 180 0 F/Wet

24(0,±45 (Conditions During Tests'

2410,90

2490

24/±45 Filament Wound Northrop

24/0,-+45

24/0,90

24/0,90 Fabric Boeing

24/±45 3-D Weave Northrop

24,_+45

24/0,90

24/0 Impact Damaged Northrop
Before Test

24/0,+±45

24/0 Water Immersion Northrop
Before Test

24/0,90 Water Immersion or Boeing
Humidity Exposure (100%

RH), 4 weeks at 1600 F, After
Test.

24/0 Undprcured Northrop

24/0,±45

24/0,90
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Table 2-1. Test Matrix for Mode I DCB Specimens (Continued)

PLY/ORIENTATION VARIABLE CONDITIONS CONTRIBUTOR

24/0 Overcured Northrop

2 4/0,± 45

24/0,90 Low Resin Boeing

24/0 High Resin Northrop

24/0 High Resin Northrop
+ Conditioned

24/f_45 180°F/Dry After Test

24/0,±45

24/0 Overcured Northrop
+ Conditioned

24/0,±45 180OF/Wet After Test

24/0,9) 2000°F/Dry (5 Minutes) Boeing
After Test

2-5



Optical photomicrographs

Fracture type interlaminar mode I tension
Ply iayup 10124
Test typo DCB
* Test conditions 210C dry
* Fracture between 0/0 Piles

Material Hercules 3501-6/177o C cure
AS4 fibers

boax 400X

Figure 2-4. Photographs of Interlaminar Mode I Tension, 0/0 Fracture, 70 F/Dry
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SEM photomicrographs

Fracture type Iflteriaftnar mode I tension
Ply iayup 10124
Test type DCB
"* Test conditions 210C dry
"* Fracture between 0/0 pliles

Material Hercules 350i1-6/177)C cure
AS4 fibers

rf

Mechanically Induced
crack direction

Legend: Nl
F Fiber matrix separation
M Matrix fracture -L
R River markings 10

j;ure 2-5. SEM Photographs of Interlaminar Mode I Tension Fracture, 0/0, 70 F/Dry
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Optical photomicrogeaphs

Fracture type Interlaminar mode I tension

Ply layup !0124

Test type L)CB
"* Test conditions Dry
"* Fracture between 0/0 plies

Material Hercules 350 -6/177 0 C cure
AS4 fibers

"-65F. dry 40. X d40X

Mechanically Induced
crack direction

270F. dry 40,X

"Figure 2-6. Photographs of Interlaminar Mode I Tension, 0/0 Fracture,
-65, 70, and 270 F/Dry
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SEMI photomicrographs

Fracture type Interlaminar mode I tension
Ply Iayup I10124
Test type DCB
"* Test conditions Dry
"* Fracture between 0iO piles

Material Hercules 3501-6/177o C cure
AS4 fibers

Mechanically Induced crack direction

-550 F, dry 700 F. dry

270 0 F. dry

Figure 2-7. SEM Photographs of Interlarninar Mode I Tension, 0/0 Fracture,0 -65, 70 and 270 F/Dry (SOX)
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SEM photomicrographs

Fracture type Interlaminar mode I tension
Ply Iayup (0] 24
Test type DCB
e Test conditions Dry
e Fracture between 0/0 plies

Material Hercules 3501-6)1770 L; cure
AS4 fibers

Mechanically Induced crack direction

-65 0 F, dry 700 F. dry

2700 F, dry

Figure 2 B. SEM Photographs of Interlaminar Mode I Tension, 0/0 Fracture,
-65, 70, and 270 F/Dry (200X)0
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SEM photomicrographs

Fracture type InterlamInar mode I tension
Ply layup [0) 24
Test type DCB
"* Test conditions Dry
"* Fracture between 0/0 ples

Material Hercules 3501-6/1770C cure
IAS4 fibers

Legend:
F Fiber matrix separation
At River markings
M Matrix fracture Mechanically Induced crack d~rection

.65 F. dr 70 dry...

-65 an 70 F0Dry

0FrF- /-i :
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Optical photomlcrographs

Fracture type Interlaminar mode I tension

PIl layup 10124

Test type DCB
* Test conditions 71fF wet
* Fracture between 0/0 plies

Materlal Hercules 3501-6/1770 C cure
AS4 fibers

7t wt40OX 10Fwt40OX

Mechianically Induced crack direction

Figure 2- 10. Photographs of Interlaminar Mode / Tension, 0/0 Fracture,
70 and 180 F/Wet

_ -• I i,.. | -,. -

"12'-12,i, .. Ia



SEM photomlcrographs

Fracture type Interlaminar mode I tension
Ply layup (01 24
Test type DCB
"* Test conditions Wet
"* Fracture between 0/0 plies

Material Hercules 3501 -6/177 0C cure
_________________AS4 fibers

Mechanically Induced crack direction

700 F, wet 180 0 p, wet

Figure 2-11, SEM Photographs of Interlamninar Mode I Tension, 0/0 Fracture,
70 and 180 F/*Wet
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SEM photomicrographs

Fracture type InterlamInar mode I tension

Ply layup O] 24

Test type DC8
"* Test conditions Dry/wet
"* Fracture between 0/0 plies

Material Hercules 3501-6/11771C cure
AS4 fibers

Mechanically Induced crack direction

700F, wet 2COOX 1 e00F. dry 200OX

1800 F, wet 2000X

Figure 2-12. SEM Photographs of Interfaminar Mode I Tension, 0/0 Fracture,
70 F/Wet. 1,"0 F/Dry, and 180 F/Wet

S" - "- . "



Optical photomicrographe

Fracture type interlaminar mode I tension
Ply iayup [+45, -451 12S
Tsst type DCB
* Test conditions 210 C dry
* Fracture between +45/-45 plies

MaterialHercules 3501 -6/177*C cure

AS4 fibers

I COX 400X

Mechanically Induced crack directicn

Figure 2-13. Photographs of interlamninar Mode I Tension, +451-45 Fracture,
70 F/Dry
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SEM photomnicrographs

Fracture type interlarninar mode I tension
Ply Iayup 1+45, -451 12S
Test type DCB
"* Test conditions 210M dry
"* Fracture between +45i-45 pliles

Material Hercules 3501-6/1779C cure Legend:
AS4fibrsF Fiber matrix separation

M Matrix fracture
R River markings
T Textured microfiow

Mechanically Induced crack direction

Figure 2-14. SEM Photogr-aphs of Interlaminar Mode I Tension, +451-4 5 Fracture,
70 F/Dry
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Optical photomicrographs

Fracture type interlaminar mode I tension
Ply layup (4-45. -45112S
Test type DCB
"* Test conditions Dry
"* Fracture between +45/-46 pliles

Material Hercules 3501-6/1 770C cure
AS4 fibers

-65 0F, dry 40OX 700F, dry 40OX

2700F. dry 40OX

Mechanically Induced crack direction

Figure 2-15. photographs of Inter/aminar Mode I Tension, +451-45 Fracture,
-65, 70, and 270 F/Dry
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SEM photomicrographe

Fracture type Interlamninar mode I tension
Ply iayup 1+45,-451 12S
Test type DCB
*Test conditions Dry
*Fracturs between +451-45 ples

Material Hercules 3501-611771C cure
_______________AS4 fibers

Mechanically Induced crack direction

-65'F. Dry 700F. Dry

2700F, Dry

Figure 2-16. SEM Photographs of Interlaminar Mode I Tension, +451-45 Fracture,
-65, 70, and 270 F/Dry (50X)
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SEM photomicrographe

Fracture type interlaminar mode I tencion
Ply iayup 1+45.-451 12S
Test type DCB
"* Test conditions Dry
"* Fracture between +451-45 pl~os

Material Hercules 3501 -6/1770C cure
AS4 fibers

Mechanically Induced crack direction

-65'F. Dry 701F, Dry

270'F, Dry

Figure 2-17. SEM Photographs of Interlaminar Mode ITension, +451-4 5 Fracture,
-65, 70, and 270 F/Dry (200X)
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Optical photomicreqraphe

Fragtre typ8. Pnerarina oderh I f tensiomnr oeITeso,4145Frcue

"~ 7 andt 180iton F/We

" Fracure etwen +4/-42pli0



SEM photomicrographs

Fracture type Interlaminar mode I tension

Ply layup 1÷45,-451 12S

Test type DCB
"e Test conditions Wet
"* Fracture between +45/-45 plies

Material Hercules 3501-61177°C cure
AS4 fibers

Mechanically induced crack direction

700F. Wet .8CPF. Wet

Figure 2-19. SEM Photographs of Interlaininar Mode I Tension, +451-45 Fracture,
70 and 180 F/Wet
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Optical photomitcrographs

Fracture tyre interiamninar mode I tension
Ply Iayup 1 04 51112S
Test type DCB
"0 Test conditions 210C dry
"* Fracture between 0/45 plies

Material Hercules 3501-6i1177*C cure
AS4 fibers_________

Mechanically
Induced crack

Sdirection

11OOX 400X

Figure 2-20. Photo graphs of Interlaminar Mode I Tension, 0/45 Fracture,5
70 F/Dry
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Optical photomlcrographs

Fracture type InterlamInar mode I tension

Ply layup 10, 45] 12S

Test type DCB
"* Test conditions Dry
"* Fracture between 0/45 plies

Material Hercules 3501-6/177 0 C cure
AS4 fibers

Mechanically !nduced crack direction

-65 0F. dry 700F. dry

f "lt

Figure 2-21. Photographs of Interlaminar Mode I Tension, 0/45 Fracture,
-65, 70 and 270 F/Dry (40OX)
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SEM photomicrographs
Fracture type Interlamninar mode I tension
Ptyilayup ________________

Test type DCB
"* Test conditions Wet
"* Fracture between 0/45 plies

Material Hercules 3501-6/1770C cure
AS4 fibers

Mechanicaliy Induced crack direction

AV0

Legend:
F Fiber matrix soperatlon
M Matrix fracture
R River markings
T Textured microfiow

Figure 2-22. SEM1 Photographs of Interlaminar Mode ITension, 0/45 Fracture,
70 F/Wet
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OptIcal photomlcrographs

Fracture type Interlaminar made I tension
Ply Iayup A0 9412S
Test type DCB
"* Test conditions 21*C, dry
"* Fracture between 0/90 plies

Material Hercules 3501-6/1770C cure
AS4 fibers

IMechanically induced crack direction

00X4O

Figure 2-23. Photographs of interlaminar Mode I Tension, 0/190 Fracture,
70 F/Dry
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SEM photomicrographS

Fracture type interlamninar mode I tension
Ply layup (0, 9011 2S
Test type DCB
"* Test conditions 21 0 C, dry
"* Fiber end fracture

Material Hercules 35011-6/1177 0C cure
AS4 fibers

Mechanicnlly Induced crack direction

400X 2000X

Legend:
F Fiber matrix separation
M Matrix fracture
R River markings
T Textured microflow

5000X

Figure 2-24. SEM Photogiaphs of interlamninar Mode I Tension, 0/90 Fracture,
70 F/Dry0
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Optical photomicrographs

Fracture type Interlaminar mode I tension

Ply iayup 1o 9 0112S
Test type DOCB
"* Test conditions Dry
"* Fracture between 0/90 piles

Material Hercules 3501-6/177 0 C cure
AS4 fibers

Mechanically Induced crack direction

-65*F-, dry 400X 701F, dry 400X

Figure 2-25. Photographs of Interlaminar Mode I Tension, 0190 Fracture,
-65 and 70 F/Dry
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Optical photomicrographs

Fracture type Interlannlnar mode I tension
Ply layup (90124
Test type OCB
"* Test conditions 21 *C, dry
"* Fracture between 90/90 plies

Material Hercules 3501-6/177*C cure
AS4 fibers

SMechanically Induced crack direction

1 oOX 400X

Figure 2-26. Photographs of Intertaminar Mode I Tension, 90/90 Fracture,
70 F/Dry
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SEM photomicrographs

Fracture type interiarninar made I tension
Ply iayup (90] 24
Test type DOB 1
"* Test condiltions 2110, dry
"* Fracture between 0/90 piles___

Material Hercules 3501-611771C cure
AS4 fibers

Mechanicaiiy Induced crack direction

Legend:
F Fiber matrix separation
M Matrix fracture
R River markings

Figure 2-27. SEM Photographs of Interlaminirr Mode I Tension, 90/90 Fracture,
70 F/Dry
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a0

b

CC

Figure 2-33. Macrophotoqraph of 3-D Weave Mode I DCB GriEp Coupons
(a) [+451-45]6s
(b) [.i.15101- 45J4S
(c) 19010J6s

Note: ArrowS intucate coarse beands (ribs).
CD - CradCk-rOPagattori dlrectloi
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CD

Figure 2-37. SEM Phitographs of Mode I DCB Fracture in 3-0 Weave
Or/Ep -(0/90] .. in Crack-Growth Region
CD . Crack-proapgatlon direction
P . Resin pocket adjacent to carbnfaf iber used il weave
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2.2 INTERLAMINAR SHEAR (MODE II ENF)

The primary features observed in fracture surfaces generated under predominantly Mode

II shear are as follows:

1. Macroscopically flat surface

2. Microscopically rough resin fracture between fibers, exhibiting hackles and scallops

3. Smooth appearance at fiber-matrix separation

4. Secondary cracking (transverse to fracture plane).

The characteristic fracture features consist of hackles and scallops that are of different
fracture initiation site(s), and therefore, cannot be used to determine initiation site(s) or crack-
propagation direction(s) in Mode II shear interlaminar fracture failures. Processing variations
(overcure or undercure), material form (filament winding versus tape), or post-processing
variables (impact-damage) do not significantly alter the fracture characteristics. Exposure to
200GQF flame for 5 minutes after the test resulted in resin starved carbon fibers on the outermost
ply. Due to the minimal resin content, there were no resin fracture surface characteristics tc

indicate crack propagation direction.

Table 2-2 shows the tcst matrix for the end-notched flexural (ENF) test type. Figure 2-58
shows the ENF test geometry. The fractographs from the interlaminar shear testing are shown in
Figures 2-59 through 2-99. These figures are arranged in the same order that the corresponding

tests are listed in Table 2-2.

Table 2-2. Test Matrix for ENF Specimens

PLY/ORIENI ATION VARIABLE CONDITIONS CONTRIBUTOR

24/0 Conditions During Tests- Boeing
RT Dry (Baseline),

24/± 45 -65°F Dry, 270'F Dry,
RT/Vet, 180°FVet

2,t'0, ± 45

24/0, 90

24190

24/0 Filament Wound Northrop

24/0, ± 45

0 124/0,90 Fabric Boeing
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Table 2-2. Test Matrix for ENF Specimens (Continued)

PLY/ORIENTATION VARIABLE CONDITIONS CONTRIBUTOR

24(0, ± 45 3-D Weave Northrop

24/0,90 Impact Damaged Northrop
Before Test

24/0 Water Immersion Northrop
Before Test

24/0,90

24/0,90 Water Immersion, Boeing
4 weeks at 160°F,

After Test

24/0, 90 Humidity Exposure 100% RH, Boeing
4 weeks at 16,J°F, After Test

24/0 Undercured Northrop

24/0, ±45

24/0 Overcured Northrop

24/0, ± 45

24/0,90 Low Resin Boeing

24/0 High Resin Northrop
"+ Conditioned 180°F Dry,

4/0, 90 After Test

24/0 Overcured Northrop
"+ Conditioned 180°F/Wet,

24/0,+45 After Test

24/0,90 2000°F/Dry (5 Minutes) Boeing
After Test
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Figure 2-58. End-Notched Flexural Test Type

Optlca! ohotomlcrographs"

Fracture type Inteilamlnar mode II shear
Ply layup (0] 24

Test 'ype ENF
"* Test conditions 21 0C. dry
"* Fracture between 010 plies

Material Hercules 3501-6/177 0 C curu
AS4 fibers

Mechanlcaliy
Induced crack
diroction

100X 400X

Figure 2-59. Photcgraphs of Interfaminar Mc;..e II Shear, 0/0 Fracture, " 0 F/Dry
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SEM photomicrographs

Fracture type lntsrlamlnar morle 11 shear
Ply layup 101 24
Test type ENF
"* Teot conditions 2111C, d-v
"* Frauture between 0/0 plies

Material Hercules 3501-5/1770 C cure
____________ I AS4 fibers

Mechanically indur.ed crack direction

Legend:
F Fiber matrix separation
H Hackles
R River markings
T Textured microflow

Figure 2-60. SEM Photographs of Interlaminar Mode I/ Shear, 0/0 Fracture,
70 F/Dry

2-68



Optical photornicrographs

Fracture type Interlaminar mode 11 shear

Ply layup 1 01 24
Testtype ENF
"* Test conditions Dry
"* Fracture between 0/0 plies

Material Hercules 3501-6/1770 C cure
AS4 fibers

Mechanically Induced crack direction

0u

-651F, dry 70'F. dry

.. - .. . . .....

270°F, dry

Figure 2-61. Photographs of Interlaminar Mode II Shear, 0/0 Fracture,

-65, 70, and 270 F/Dry (400X)
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SEM phatomicrographe

Fracture type InterlamInar mode 11 shear
Ply layup, 101 24
Test type ENF
"* Test conditions Dry _________________

"* Fracture between 0/0 ples

Material Hercules 3501-6/177 0 C cure
AS4 fibers

Mechanically Induced crack direction

-65*F. dr 70*F, dry

270*F, dry

Figure 2-62. SEM Photo graphs of Interlaminar Mode 11 Shear, 0/0 Fracture,
-65, 70, and 270 F/Dry (400X)
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SEM photomicrographs

Fracture type Interlaridnar mode 11 shear
Ply layup 1024
Test type ENF
"* Test conditions Dry
"* Fracture between 0/0 plies

Material Hercules 3501 .6/177*C cure
AS4 fibers

05
-65*F. dry 70*F, dry

Mechanically Induced crack direction

Legend:4

F Fiber matrix separation 8-14OAFGe-E C 0 -. 4. .
H Hackles 0VX2000 1 .4BMT

270*F. dry

Figure 2-63. SEM Photographs of Interlaminar Mode 11 Shear, 0/0 Fracture,
-65, 70, and 270 F/Dry (2000X)
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Optical photomicrographs

Fracture type InterlamnInar mode 11 shear
Ply iayup [0. 01 12S
Test type ENF
"* Test conditions Dry/wet
"* Fracture between 0/0 pilies

Material Hercules 3501-6/1770 C cure
AS4 fibers

Mechanically Inmdied crack direction

700 F. wet

180*F. dry 18 0'F, wet

Figure 2-64. Photographs of Interlaminar Mode 11 Shear, 0/0 Fracture,
70 F/Wet, 180 FI'Dry, and 180 F/Wet (400X)
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SEM photomicrographs

Fracture type Interlaminar mode Ii shear

Ply layup 1024
Test type ENF
" Test conditions Wet
"* Fracture between 0/0 plies

Material Hercules 3501-6/1770 C cure
AS4 fibers

Mechanically Induced crack direction

700F, wet 1800F, wet

Legend:
F Fiber matrix zeparation
H H~ackles

Figure 2-65. SEM Photographs of Interlaminar Mode IIShear, 0/0 Fracture,
70 and 180 F-Wet

0
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Optical photomicrographs

Fracture type lnterlaniinar mode 11 shear
Ply Iayup 1+45/-451 12S
Test type ENF
"* Test conditions 21 0C. dry
"* Fracture between +45/-45 plies

Material Hercules 3501-6/1779C cure
AS4 fibers

t;
A;:

V

VU

U0x4O

Fiue26.Poorps fItraia oeI Ser 414 rcue

70Ulr
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SEM photomicrographs

Fracture type interiaminar mode It shear
Ply Iayup 1+45/-45] 12S

Test type ENF

* Fracture between +45/-45 plies

Material Hercules 35O1-6iI77*C cure
_____________I AS4 fibers

Mechanically Induced crack direction

Legend:
F Fiber matrix separation a1 4
H HacklesI
R River markings EK ý0e IOU 8 @-T

Figure 2-67. SEM Photographs of Interlaminar Mode /J1 Shear, +451-45 Fracture,
70 F/Dry
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Optical photomicrographe

Fracture type Interlaminar mode 11 shear
Ply layup 1+451-451 12S
Test type ENF
* Test conditions Dry
* Fracture between 445/-45 pilies

Material Hercules 3501-61177*C cure
AS4 fibers

-65oF. dry 400X 70*F. dry 4O

Mechanically Induced crack direction -

270*F. dry 40OX

Figure 2-68. Photographs of Interlarninar Mode iI Shear, +451-4 5 Fracture,
-65, 70 and 270 F/Dry
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SEM photomicrographs

Fracture type Interlarninar mode 11 shear
Ply Iayup 1+45. -

4 5
112S________________

Test type ENF
* Test conditions Dry
* Fracture between +45/-45 plies __________________

Material Hercules 3501-6/177*C cure
AS4 fibers

-650F, dry 70*F. dry

Mechanically Induced crack direction

270*F. dry

Figure 2-69. SEM Photographs of Interlamioar Mode li Shear, +451-45 Fracture.0 -65, 70 and 270 F/Dry (400X)
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SEM photomicrographe

Fracture type Interlamlnmnr mode 11 shear
Ply Tayup [+45/-451 12S
Test type ENF
"e Test conditions Dry
"e Fracture between +-5/-45 pfls*

Material Hnrcules 3501-6/1177 0C cure
L- I AS4 fibers

Legend:

F Fiber matrix separation
H Hackles

-65 0F. dry 700F, dry

Mechanically Induced crack direction
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Optical photomlcrographs

Fracture type Interlaminar mode 11 shear
Ply Iayup [0. 4-5112S
Test type ENF
aeTest conditions 21 C, dry
e Fracture between 0!45 plies _________________

Material Hercules 3501-6/177*C cure
_______________AS4 fibers

0

10ox 40OX

Figure 2-71. Photographs of Inferlaminar Mode IIShear, 0145 Fracture,
70 F/Dry
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SEM photomicrographs

Fracture type lnteriaminar mode It shear[Ply Iayup (0, 45112S
Test type ENF

Fracsturenbetweens 015pIes
Ses Frcndtio etens 0/4ple

Material Hercules 3501-6/1770C cure
AS4 fibers

Mechanically Induced crack direction

Legend:
F Fiber matrix separation
H Hackles
R River markings
T Textured microflow

Figure 2-72. SEM Photographs of Interlarminar Mode IIShear, 0/45 Fracture,
70 F/Dry
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Optical photomicrographs

Fracture type InterlamInar mode II shear

IPly iayup 10. 9 0 ]12S
Test type ENF
" Test conditions 21 0C. dry K--
" Fracture between 0/90 plies

Materlal Hercules 3501-6/177'C cure
AS4 fibers

t;

C0
.2

0

Figure 2-73. Photographs of Intorlaminar Mode /I Shear, 0/90 Fracture,
70 F/Dfy

2
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Optical photomicrographe

Fracture type Interlaminar mode II shear

Ply layup _ 90] 24

Test type ENF
"0 Test conditions 21 -C, dry
" Fracture between 90/90 plies

Material Hercules 3501-6/177 0 C cure
AS4 fibers

Cr

.2

0

100X 400X

Figure 2- 74. Photographs of Interlaminar Mode MI Shear, .90190 Fracture,
70 FIDry -

28
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SEM photomlcrographs

Fracture type Interlamlnar mode 11 shear
Ply layup 1901 24
Test type ENIF
"0 Test conditions 2 , C. dry
"* Fracture between 90/90 PlReS_________________

Material Hercules 3501-61177PC cure
AS4 fibers

Mechanically Induced crack direction

Legend:
F Fiber matrix separation
H Hackles
R River markings

Figure 2-75. SEM Photogqraphs of Interiaminar Mode I/ Shear, 90/90 Fracture,0 70 F/Dry
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CD

Figure 2-80. SEM Photograph of Mode il ENF Interlaminar Shear Fracture
in 3-D Weave G~rlEp - [+4 51 01-4 5Js in Crack-Growth Region
Note: Arrows indliCate mixed-mode Interiaminar fraCture featuros3.
CID . Crack-propagation direction
P - Resin poCiet adjacent to weave
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2.3 INTERLAMINAR MIXED MODE FLEXURAL

The mixed mode flextural (MMF) test geometry, shown in Figure 2-100, produces 57
percent Mode I tension and 43 percent Mode II shear at the crack tip. The macroscopic fracture
surface characteristics are as follows:

1. Macroscopically flat surface

2. Microscopically rough resin fracture with a predominance of hackles and scallops

3. Small localized regions of flat resin fracture exhibiting only river marks and resin
microflow.

SEM examination of mixed-mode interlaminar failures indicates that these are
characterized by mixtures of hackles or scallops and river patterns that are generally interspersed
between the hackles. The river patterns can be used to map local fracture origins and direction as
for pure Mode I tension. Processing variations (overcure or undercure), material form (filament
winding versus tape), or post-processing variables (impact-damage) do not significantly alter the
fracture characteristics.

The test matr;x for MMF testing is provided in Table 2-3 and the related fractographs are
shown in Figures 2-101 through 2.117. These figures are arranged in the same order that the
corresponding tests are listed in Table 2-3.

Fiure 2-100. Mixed Mode Flexural Test Type
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Table 2-3. Test Matrix for Modes I and II MMF Specimens

PLY/ORIENTATION VARIABLE CONDITIONS CONTRIBUTOR

24/0 RT/Dry (Baseline), Boeing
During Test

241±45

24/0,+45

24/0,90

24/0 Filament Wound Northrop

24/0, ± 45

24/0, ± 45 3-D Weave Northrop

2410 Impact Damaged Northrop
Before Test

24/0, ± 45

24/0 Water Immersion Before Test Northrop

24/0 Undercured Northrop

24/0, ±45

24/0 Overcured Northrop

24/0,_ 45

2410 High Resin Northrop

24/0 High Resin + Northrop
Conditioned 180 °F/Dry,

After Test

2410, ± 45 Overcured + lo,-throp
Conditioned 180°F/Wet,

After Test 0
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SEM photomicrographs

Fracture type Interlaminar mixed mode
(I and II)Ply layup [0] 24

Test type Mixed mode flexure (MMF}

"* Test conditions 21
0

C, dry
"* Fracture between 0/0 pllee

Material Hercules 35011-6/177 0 C cure
AS4 fibers

Mechanically Induced crack direction

Figure 2- 101. SEM Photograph of Interlaminar Mode I and Mode II, 0/0 Fracture,
70 F/Dry
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Optical photomicrographs

Fracture type interiarninar mixed mode
________(I and 11)

Ply layup (+45, -451 12S

Test type Mixed-mode flexure (MMF)
"* Test conditions 21 0C. dry
"• Fracture between +451-45 plies

Material Hercules 3501-6/177 0 C cure
AS4 fibers

Mechanically Induced crack direction

Figure 2-102. SEM Photographs of Interlaminar Mode I and Mode 1I, +451-4 5 Fracture,
70 F/Dry
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SEM photomlcrographe

Fracture type lnterlarrinar mrgxod mode

ply iayup(I and 11)t

Ply ayup10, 4 5 1
12S

Test type Mixed-made flexure (MMF)

* Test conditions 21 *C. dry

* Fracture between 0/45 plies

Material H-ercules 3501-6/1770C cure
AS4 fibers

Mechanically Induced crack direction

Figur& 2-103. SEM Photographs of Interlamina, Mode I and Mode 11, 0/45 Fracture,
70 F/Dry
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SEM photomicrographs

Fracture Interiaminar mixed mode
type (I and 11)
Ply iayup (0. 90112S
Test type Mixed-mode flexure (MMF)
"* Test conditions 21 1C, dry
"* Fracture between 0/90 pliesI
Material Hercules 3501-61177*C cure

AS4 fibers

J* :e

Mechanically Induced crack direction

Figure 2-104. SEM Photographs of Interlaminar Mode I and Mode /I, 0/90 Fracture,
70 F/Dry
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CD

Figure 2-106. SEM Photograph of Mode I at:d Mode II MMF
interlaminar Fracture in Crack-Growth Region of
Filament Wound Gr/Ep - (+45101-45]41

CD . CraCk-propagation direction
H - Hackle~s
R -River patterrns

2-126



AL

Ul-

aCC.

'~ Q

le (T '

CC

Q) 4U- CC CcI ~cc
ci t r

cx C'0
Liz C0

C% cn 8
K - c

2-127



.All

ccA

IL.
2-128

E•

•JNN '• I• 1111 •A,. -

II/
m~

K -~ 1*•e-

2-128 . _



cQ) Q)

K'k
Ro~ -~
0p

Qi c

2-129



IQ)3 .

,Q aM CC

Z33 5,2

a))

2-130



CD

Fiue2110. SEM PhotograPh of Mode l and Mode 11 MMF In-,erlamiflar

FRacture in GrIEp - [0] .4T, Water Immersion Before Test
Note hackles and r44er patterns
CE) . Crack-propCagaflo direction

H . HaCkleS
R - River patterns
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2.4 IN-PLANE SHEAR

In-plane shear fracture regions can easily be distinguished because fracture regions have

a relatively smoother topography than the transveise tensile fracture regions. On a macroscopic

scale, in-plane shear failures are characterized as follows:

1. Localized "bowing" of fiber bundles

2. Secondary transverse tensile fractures of fiber bundles.

Microscopic examination indicates that plies oriented parallel to the applied shear loads

exhibit hackles and :-jmpression debris. Plies oriented normnal to the applied shear loads exhibit

transverse tensile fracture characteristics, with individual fibers exhibiting DAF radials

oriented toward the direction of macroscopic fracture.

Overcure or undercure does not significantly alter fracture characteristics. Water

immersion before or after testing has no effect on the fracture features.

Table 2-4 shows the test matrix used for characterized in-plane shear failures in Gr/Ep.

The test matrix includes baseline Gr/Ep, processing variations, and post-failure variables. The

rail-shear test specimen is shown in Figure 2 118. The in-plane shear fractographs are provided

in Figures 2-119 through 2-122. This contribution was made by Northrop.

0 Table 2-4. Test Matrix for In-Plane Shear Specimens

NUMBER CF PLIES/ORIENTATIONVARIABLE CONDITION -4'5 40.9
2411:45 2410. 90

BASELINE (DEFECT-FREE) 3 3

IMPACT DAMAGE 3 -

WATER IMMERSION 3 3
BEFORE TEST

WATER IMMERSION 3 3
AFTER TEST

UJNDERCURE 3 --

OVERCURE 3

0

2-145



COMPRESSION ON LOAD

, 0.60 '"

S0.50_R 1.0

QO, ±450Ooo7

STRAIN
ROSETTE0
LOCATED 

7,

CENTRALLY ON FIBER DIRECTION
SPEC:MEN i I 2b

6.00

20

2.00

0.50 DIA
HOLE (TYPI

0.50 R

0.60 0.060 - 0.125-- j---
0-- .60 0.60 THICK IN

SYMMETRICAL
1.75 LAY-UP

--3.00

COMPRESSION ON LOAD
NOTE: ALL DIMENSIONS IN INCHES

Figure 2-118. Rail-Shear Specimen
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0

2.5 TRANSLAMINAR TENSION

The primary features observed in translaminar fracture surfaces generated by Mode I

tension are as follows:

1. Macroscopically rough fracture surface

2. Fibers protruding from the surface (fiber pullout) at a wide variety of heights

3. Radial feature on each fiber end

4. Fractured resin on sides of fibers, ranging from shear dominated hackle morphology
to a very smooth nearly adhesive fracture.

During the fracture process an individual fiber will break, possibly leading to fracture of

adjacent fibers. Fiber fracture continues at various planes throughout the laminate, resulting in a
rough surface of broken fibers and/or bundles. Close inspection of the fiber ends (using SEM)

reveals a radiating pattern indicative of the fracture direction for each individual fiber.

Inspection of the fiber ends at several locations along the fracture surface is required to determine

the overall crack growth direction. For laminates with a wide variety of ply orientations, the
fibers which are oriented 90 degrees to the fracture plane should be examined to obtain the best

results. When plies with fibers oriented parallel to the fracture plane are present, inspection of the
intralaminar river marks may also be used to determine crack growth direction.

Exposure to 2000*F flame for 5 minutes after the test resulted in a fracture surface with rows

of bare fibers. Most of the resin was burned off near the fracture surface. Radial patterns typically

seen on fiber ends after translaminar tension fracture were present before but not after the flame
exposure. Instead, the fibers showed extensive cracking on their end surfaces.

Figure 2-123 depicts the translaminar tension test configuration, and Figure 2-124 shows

typical orientations of fibers and radial patterns of adjacent fibers at both low and high
magnifications. Table 2-5 is the test matrix for the tra.,slaminar tension test specimens.
Translaminar tension fractographs are shown in Figures 2-125 through 2-147. These figures are

arranged in the same order that the corresponding tests are listed in Table 2-5.
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0

Figure 2-123. Four-Point Bend Tension Test Specimen

0

Low magnification High magnification

Overall crack growth direction

Figure 2-124. Fracture of Adjacent Fibers
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Table 2-5. Test Matrix for Translaminar Tension Specimens

PLY/ORIENTATION VARIABLE CONDITIONS CONTRIBUTOR

32/± 45 Conditions During Tests- Northrop
RT/Dry (Baseline),

32/0,90 -65°F/Dry, 18A°F/Dry,
270OF/Dry,

32/Quasi RT/Wet, 180°F/Wet,
270oF/Wet

32/Quasi Filament Wound Northrop

32/0, 90 Fabric Boeing

32/Quasi Impact Northrop
Damaged

Before Test

32/Quasi Wate: Immersed Northrop
Before Test

32/0,90 Water Immersed Boeing
After Test

32/0, 90 Humidity Exposure Boeing

32/Quasi Undercured Northrop

32(0, 90 Low Resin Boeing

32/Quasi High Resin Northrop

32/0,90 2000'F/Dry (5 Minutes) Boeing
After Test
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SEM photomicrographs

Fracture type TranslamnInar mode I tension
Ply lavup (+45, -451 16S
Test type Four-point bend
* Test conditions Dry
* Fiber end fracture

Material Hercules 3501-6/177'C cure
AS4 fibers

-650 F. dry 180*F, dry

Mechanically induced crack direction

270*F, dry

Figure 2-125. SEM Photographs of Translaminar Mode I Tension, +451-45 Fracture,
-65, 180, and 270 F/Diy (Fiber Pullout)
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SEM photomlicrographs

Fracture type Transiaminar mode I tension
Ply Iayup (+45. -45J 16S
rest type Four-point bend
"* rest conditions Dry
"* Fiber end fracture

Material Hercules 35O1-6I177*C cure
AS4 fibers

9A

-65*F, dry 180*F. dry

Mechanicaliy Induced crack direction

2700F, dry

Figure 2-126. SEM Photographs of Translaminar Mode I Tension, +451-45 Fracture,
-65, 180, and 270 F/Dry (Fiber Breakage)
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SEM photomicrographs

Fracture type Trans.lam5nar mode I tension

Ply layup 1+45, -45116S
Test type Four-polnt bend
"* Test conditions Wet
"* Fiber end fracture

Material Hercules 35011-6/1177 0C cure
AS4 fibers

70'F. wet 180*F, wet

Mechanically Induced crack direction Mechanically Induced crack direction

270*F, wet

Mechanically induced crack direction

Figure 2-127. SEM Photographs of Translarninar Mode / Tension, +451-45 Fracture,

70, 180, and 270 P/Wet (50X,)
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SI:M priotomicrograpris

Fracture type Translamirnar mode I tension
Ply Iayup 1+45, -45J 16S
rest *ype Four-point bend
"* Test conditions Wet
"* Fiber end fracture

Material Hercules 3501-6/177*C cure
IAS4 fibers

Mechanically induced crack direction

07

70*1F wet 160*F. wet

Mechanically induced crack direction

2701F. wet

Figure 2- 128. SEM Photographs of Translaminar Mode I Tension, +t 4 51-45 Fracture,
70, 180, and 270 F/Wet (2000.)()
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SEM photomilcrographs

Fracture type Transianinar mode I tension

Ply layup 10. 90116'
Test type Four-poin. .end

"I Test conditions 82*C, dry

"* Fiber end fracture
Material Hercules 3501-6/177'C cure

_AS4 fibers
ILL

Mechanically Induced crack direction

Figure 2-129. SEM Photographs of Translaminar Mode I Tension, 0/90 Fracture,
180 F/Dry (Various Magnifications)
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SEM photomlorographs

Fracture type Traansetrnlnar mods I tension
Ply iayup (0. 931 16S
Test type Four-point bend
"* Test conditions Dry
"* Fiber end fracture

Material H-ercules 3501-6/1776C cure
AS4 fibers

-65*F, dry ______ _160*F. dry
Mechanically Induced crack direction

270*F. dry

Figure 2-130. SEM Photographs of Translarninar Mode I Tension, 0/90 Fracture,
-65, 180, and 270 F/Dry (Low Magnification)
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SEM photom~crographe

Fracture tyce Tranelarninar mode I tension
Ply iayup (0. 90J16S
Test type Four-point bend
"* Test conditions Dry
"* Fiber and fracture

Materila Hercules 3501-6/177*C oure
AS4 fibers

*A0

-65*F. dry 1180-17, dry

Mechanically induced crack direction

2701F. dry

Figure 2-13 1. SEM. Photographs of Translamninar Mode ITension, 0/90 Fracture,
-65. 180, 270 F/Dry (High Magnification)
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SEM photornicrigraphs

Frac ure type Translamlinar mod. I tension

Ply layup (0. 90116S
Test type Four-point bend
"* Test conditions Wet
"* Fiber end fracture

Materila Hercules 35011-6/1770C cure
AS4 fibers

700F, wet 180 0F. wet

Mechanica~ly Induced crack direction

2701F. wet

Figure 2-132. SEM Photographs of Translaminar Mode ITension, 0/90 Fracture,
70, 180, 270 F/Wet (50X)
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SEM photornicrographs

Fracture type Translarninar mode I tension

Ply layup '0, 
9 0 116S

Test type Four-point bend
"* Test conditions Wet
"* Fiber end fracture
MaterialAsHerculefb rs 3501"6/1770 C cure ---

AS4 fibers

700F. wet ________180
0F,wet

Mechanically induced crack direction

2700F, wet

Figure 2-133. SEM Photographs of Translaminar Mode I Tension, 0/90 Fracture,
70, 180, 270 F/Wet (2000X)
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SEM photomicrographs

Fracture type Transiaminar mode I tension
Ply layup [0. 45. 90116 S
Test type Four-point bend
"* Test conditions Dry
"* Fiber end fracture

Material Hercules 3501-611770C cure
AS4 fibers

-650 F. dry ________180*F. dry

Mechanically Induced crack direction

270 0F, dry

Figure 2-134. SEM Photographs of Translaminar Mode ITension, 0/45/90 Fracture,
-6.5, 180, 270 F/Dry 1(50X)
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SEM photornicrographs

Fracture type Translaminar mode I tension
Ply Iaiup [ 0. 45. 90116$
Test type Four-point bend
"* Test conditions Dry
"* Fiber end fracture

Material Hercules 3501-6/177 0C curs
______________ jAS4 fibers

-65*F, dry ________180
0F, dry

Mechanical~y Induced crack cIrection

2700F. dry

Figure 2-135. SEM Photographs of Translaminar Mode ITension, 0/45/90 Fracture,
-65, 180, 270 F/Dry ('20OOX,)
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SEM photomicrographe

Fracture type Transiaminar mode I tension
Ply layup [0. 45. 90116S
Test type Four-point bend
* Test conditions Wet
* Fiber end fracture

Material Hercules 350114/177 0C cure
AS4 fibers

700F. wet 180*F, wet

Mechanically Induced crack direction

2701F. wet

Mechanically Induced crack direction

Figure 2-136. SEM Photographs of Translaminar Model/ Tension, 0/45/90 Fracture,
70, 180, 270 Fl Wet (50X)
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SEM photomicrographs

Fracture type Translaminar mode I tension

jIayup [0. 45. 90116SS
Iest type Four-point bend

*Test conditions Wet
*Fiber end fracture

Material Hercules 3501-6/177*C cure

Mechanically Induced crack direction

701F, wet 180 0F, wet

Mechanically induced crack direction

270*F, wet

Figure 2-137. SEM Photographs of Translaminar Mode i Tension, 0/45/90 Fracture,

70, 180, 270 F/Wet (2000X)
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2.6 TRANSLAMINAR COMPRESSION

The primary features observed in translaminar fractures generated under Mode I

compression are as follows:

1. Macroscopically, a relatively flat fracture surface, particularly on plies oriented

parallel to axial compression load

2. Fiber kink bands (short fiber segments) protruding from the fracture surface

3. Fiber end flexural fracture features known as chop marks, exhibiting tension

features on one side and compression features on the other side of a neutral axis line

4. Post-failure damage due to rubbing contact between mating fracture surfaces (This
feature can often completely obscure the features normally found on individual fiber

ends).

Figure 2-148 shows the translaminar compression test configuration. Translaminar

compression fracture usually occurs by a combination of fiber microbuckling and delamination

fractures. Chop marks on the fiber ends (Figure 2-149) indicate a flexural fiber fracture. Studies

of the neutral axis lines of the chop marks have indicated that no direct correspondence to crack

propagation is inferred.

Fractures produced at high temperatures in specimens with high absorbed moisture content

exhibit a rougher macroscopic fracture surface, with longer fiber segments and more secondary
intralarninar shear cracks on the microscopic scale.

The test matrix for this section is provided in Table 2-6. Figures 2-150 through 2-173 are the

translaminar compression fractographs. The reader should note that the low-magnification SEM

photomicrographs reveal both compression fracture (flat) and tension fracture (fibers protruding).

This is because the tlexural nature of the test specimen, where cracking is initiated at the notch in
compression. The high magnification photographs are from the compression fracture region.
The fractography figures are art anged in the same order that the corresponding tests are listed in

Table 2-6.

Figure 2-148. Four-Point Bend Test Type
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Fiber End View,/-Tension

fracture

_Neutral

_-_._-- ~ axis line

Compression

Fiber Microbucking fracture

Figure 2-149. Translaminar Compression Fracture

Table 2.6. Test Matrix for Translaminar Compression Specimens

PLY/ORIENTATION VARIABLE CONDITIONS CONTRIBUTOR

32/0 RT/Dry (Baseline', Bnein&
-Fi5F/Dry, 180°F/Dry,

32/+45 270'F/Dry,
RT/Wet,

32/0.90 270°F/WetI

32/Quasi

324C- uasi Impact Damage Northrop
Before Test

32/Quasi Water Immersion Northrop
Before Test

32/Quasi Overcured Northrop

32/Quasi High Resin Northrop
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SEM photomicrographs

Fracture type Transiaminar mode I compression
Ply iayup 101 321
Test type Four-point bend
* Test conditions 21 -C. dry
* Fiber end fracture

Material Hercules 3501-6/1770C cure
AS4 fibers

XA0

Mechanically Induced crack direction

N&$

Figure 2-150. SEMd Photographs of Translaminar Mode I Compression, 0/0 Fracture,
70 F/Oiy
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SEM photomlcrographe

Fracture type Translaminar mode I compression

Ply layup [01 32

Test type Four-polnt bend
a Test conditions Dry
• Fber end fracture

Material Hercules 3501-6/1770C cure
AS4 fibers

-65F. dry 180IF. dry

Mechanically iKduce crack direction

2700F. dry

Figure 2-151. SEM Photographs of Translaminar Mode I Compression, 0/0 Fracture.
-65, 180, 270 F/Dry (20X)
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SEM photomlcrographs

Fracture type TransiamInar mode I compression
Ply iayup 1[01 32
Test type Four-point bond
a Test conditions Dry
* Fiber end fracture

Material Hercules 3501-6/1770C cure
AS4 fibers

1 '4 d70.F1 dry

Figure 2-152. SEM Photographs of Translaminar Mode I Compression, 0/0 Fracture,
-65, 180, 270 F/Dry (400X)
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SEM photomicrographs

Fracture type Transiaminar mode I compression
Ply iayup 10J 32 - - - -- ~.
Test type Four-point bend
* Test conditions Wet
e Fiber end fracture

Material Hercules 3501-6/177*C cure
A54 fibers

70*F. wet 180*F. wet

,-Mechanically Induced crack diroction

27O*F, wet

F-igure 2-153. SUM Photographs at I ranslaminar Mode C omnpression, 0/0 F-racture,
70, 180, 270 Fl Wet (20X)
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SEM photomicrographe

Fracture type Transiamninar mode I compression
Ply IayuO 02
Test type Four-point bend
"* Test conditions Dry
"* Fiber end fracture

Material Hercuies 3501-6/177*C cure
AS4 fibers

70*F. wet Mechanicaily Induced crack direction 10F e

270'F. wet

Figure 2-154. SEM Photographs of Transiaminar Mode I Compression, 0/0 Fracture,
70. 180, 270 F/Wet (400X)

2-194



SEM photomicrographs

Fracture type Translaminar mode I compression
Ply Iayup (+45. -451 16S
Test type Four-point bend
e Test conditions 21 *C. dry
* Fiber end fracture
Material Horcules 3501-6/177*C cure

AS4 fibers

C 070 F/Dry

'35-302; P C2-195_



SEM photomicrographs

Fracture type Translarninar mode I compression1
Ply layup1+5 -4 16
Test type Four-point bend
*Test conditions Dry

SFOer end fract ure

Material H-ercules 3501-6;1 77'C cure

-650 F dIbry 8 0  r

F-igure5 2R-1. SE Phtorah of Trn9rla Mod F Copes8n 0 F5RY-45 FAct5 e

-65,F 18027 F/DryF,2dry

Mehaicll Idued2 rckdi9cio



SEM photomicrographs

Fracture type Transianilnar mode I compression
Ply layup [+45, -451 16S-1
Test type Four-point bend
" Test conditions Dry
" Fier end fracture

Material Hercules 35O'.-6/1 77*C cure
AS4 fibers

0A

-650 F.dry 18 0F. dr

4~-- ehnclyinue rc ieto

A7l. r

Figue 2157 SE Phoogrphsof ransamiar odeI Copresio, -- 45Y45 racure
-6, 8, 7NFDr 40X
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SEM photomicrographs

Fracture type Transiamiriar mode I compression
Ply iayup (_45. -451 16S
Test type Four-point bend
"* Test conditions Wet
"* Fiber end fracture

Material Hercules 3501-6/177 0C cure
AS4 fibers

-65 0 F. wet 180'F. wet

Mechanicaily induced crack direction

270*F. wet

Figure 2-158. SEM Photographs of Translaminar Mode ICompression, +451-45 Fracture,
70, 180, 270 F/Wet (20X)
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SEM photomicrographs

Fracture type TransiamInar mode I compression
Ply iayup 1+45, -45] 16S
Test type Four-point bend
0 Test conditions Ory
* Fiber end fracture e 5 1 6 1 7 C c r

AS iers

701F. wet 180'F. wvet
Mechianicaiiy Induced crack direction

2700 F7. wet

Figure 2-159. GEM Photographs of rranslaminar Mode / Compression, +451-45 Fracture,
70, 180, 270 F/Wet (400X)
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SEM photomicrographs

Fracture type Transiaminar mode I compression
Ply layup [0. 90]116S
Test type Four-point bend
* Test conditions 210C, dry
* Flber end fracture

Material Hercules 3501-6/1770C cure
AS4 fibers

A0

---- Mechanicaiiy Induced crack direction

00
70 F/Dr

2-2A0



SEW. photomicrographs

Fractujre type Translaminar mode I compression
Ply Iayup 10. 90 116S
Test type Four-point bend
*Trest conditions Dry
* Fier end fracture

Material Hercules 3501-6/1177 0C cure
A4fibers

-65~F dry180'. d4

-65 180 270 F/Dr (20X)X* 4

C 0 KpDRY 2/2 -231



SEM photomicrographs

F-racture type Translam!~iar mode I compression
Ply Iayup J(.9 ~6 ____

Test type Four-point bond
* Test conditions Ory
o*Fiber end fracture

Material Hercules 3501-6/177*C cure
AS4 fibers

-65'F, dry 180*F. dry

Mechanicaiy Induced crack directlon

A F 0 R F. #r

Figure 2- 162. SEM Photographs of Translarninar Mode 1Compression 0/90 Fracture,
-65, 180, -270 F/Dry (400X)i
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SEM photomicrographs

Fracture type Transiamninar mode I compression
Ply Iayup EO. 9 0 11 r"S
Test type Four-point bend
"* Test conditions Wet
"* Fiber end fracture

Material Hercules 3501 -6/177*C cure
________________AS4 fibers

701F, wet 180'F. wet

""_ Me chanic ally Induced crack direction

270*F, wet

Figure 2-163. SEM Photographs of Translarninar Mode I Compression, 0190 Fracture,
70, 180, 270 F'Wet (20X)
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SEM photomicrographs

Fracture type Translaminar mode I compression
Ply Iayup (0, -so]16's
Test type Four-point bend
0 Test conditions Wet
* Fiber end fracture

Material Hercules 3501-6I177*C cure
AS4 fibers

70*F, wet 1B0*F. wet

*XMechanicaily Induced crack direction

270'F. wet

Figure 2-164. SEM Photographs of Translaminar Mode I Compression, 0/90 Fracture,
70, 180, 270 F'V/et (400X)

2-204



SEM photomicrographs

Fracture type Translaminar mode I compression
Ply Iayup (0. 45, 901 16S

Test type Four-point bend
*Test conditions 21 OC, dry
* Fiber ond fracture

Material Hercules 3501 -6/177 0C cureil
AS4 fibers

Mechanically Induced crack direct~on

Figure 2-165. SEM Photographs of Translaminar Mode I Cornpresslo', 0/45/90 Fracture,
70 F/Dry
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SEM photomicrographs

Fracture type Transiaminar mode I compression

Ply iayup (0. 45. 9 0 )]16S
Test type Four- point bend
"* Test conditions Dry
"* Fiber end fracture

Material Hercules 3501-61177*C cure
AS4 fibers

-65'F, dry 1801F. dry

.-me Mechanically Induced crack direction

270*F. dry

Figure 2-166. SEM Photographs of Translaminar Mode ICompression, 0/45/90 Fracture,
-65, 180, 27C F/Dry (20X)
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SEM photomnicrographs

Fracture type Translamninar mode I compression
Ply Iayup 10. 45 0 6

Test type Four-point bend
* Test conditions Dry
e Fiber end fracture

IMaterial Hercules 3501-61177'C cure
AS4 fibers

ýý-092 Figr 2-167. ý SWM PhtgrpS oTrrsana r Mod !-09 Q om resn,0/45/90C Fracure

-65* , 18027 F/Drnialy Inuedcac0iecinX80F)r
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SEM photomicrographsIFracture type Translamninar mode I compression
Ply Iayup, 10, 45. 9 CJie I_______OS_____

Test type Four-point bend
"0 Test conditions Wet
". Fiber end fracture Hrue 51B17Ccr

MaterialAS4 fibers

700F. wet 1801F, wet

Mechanically induced crack direction

270*F. wet

Figure 2-168. SEMI Photographs of Translaminar Mode I Compression, 0/45190 Fracture,
70, 180, 270 F/Wet '20X,)
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SEM photomlcrographs

Fracture type Translaminar modle I compression
Ply layup [0. 45. 90 ]16S

Test type Four-point bend
e Test conditions Wet
* Fiber end fracture

Material Hercules 3501 -61177*C cure
AS4 fibers

70*F. wet 180*F. w9t

Mechanically induced crack direction

270'F, wet

Figure 2-169. SEM Photographs of Translaminar Mode / Compression. 0/45190 Fracture,
70, 180, 270 F/Wet (400X)
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2.7 TRANSLAMINAR SHEAR

The primary features observed in these specimens are very complex and generally a

combination of features identified for the translaminar Mode I tension and compression

fractures. The ke, features are as follows:

1. Fiber microbuckling and fiber slant fracture

2- Post-failure compression damage to fiber ends

3. Fiber pullout and extensive lateral displacement between the protruding fibers

4. Hackle features oni the sides of the fibers.

As with compression dominated fractures, fractographic features by which the direction of

fracture can be identified, do not exist, Figure 2-174 shows the side-notched rail shear test

configuration and Table 2-7 provides the test matrix for the translaminar shear testing. Figures

2-175 through 2-184 are the corresponding fractographs.

Figure 2-174. Side-Notched Rail Shea( Type Test

Table 2-7. Test Matrix for Translaminar Shear Specimens

PLY/ORIENTATION VARIABLE CONDITIONS CONTRIBUTOR

32/0,90 RT/Dry (Baseline), Boeing
-65 0F/Dry, 180'F/Dry,

270°F/Dry,
32/Quasi RTAVet, 180'F/Wet,

270°FiVet
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SEM photomicrographs

Fracture type Translaminar mode It shear
Ply iayup t!O. 901116S,
Test type jSide-notched -ail shear
* Test conditions 21*0C, dry
* Fiber end fracture

Material jHercules 3501-6/1770C cure
_______________ JAS4 fibers

'0

Mechniclly ndued cackdiretio

FPr 2-A5 IE PhLgah SHE ARnlaia Modep II 4- ShRaR~ 0. ' .0 Fracture, -4
S5-233ý88 ~ 7 F/DryR '.

G0D #9-e
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SEM photomicrographs

Fracture type Translaminar mode II shear

Pty layup .0. 90116S

Test type Side-notched rail shear
"* Test conditions Dry
"* Fiber end fracture

Materla! Hercules 3501-6/177°C cure
AS4 fibers

-65.F. dry 180"F, dry

2701F, dry

Figure 2-176. SEM Photographs of Translaminar Mode II Shear, 0/90 Fracture,
-65, 180, 270 F/Dry (400X)
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SEM photoml~crographs

Fracture type Translamninar mode 11 shear
Ply layup (0. 90116S
Test type Side-notched rail shear
"* Test conditions Dry
"* Fiber end fracture
Material Hercules 3501-6/177 0C cure

00

-60.dy Mechanically Induced crack direction 180*F, dry

270'F, dry

Figure 2-177. SEM Photographs of TransIliminar Mode 11 Shear. 0/90 Fracture,
-65, 180, 270 F/Dry (2000X)
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SEM photomlkrographs

Fracture type Trarislaminar made 11 shear_________________

Ply layup _____ 10. 9O~rSs
Test type Side-notched rail shear
"* Test conditions Wet
"* Fiber end fracture

Material Hercules 3501-6/1770C cure
AS4 fibers

Al0
IN. wt18 0 . e

Mechniclly ndued c~ckdiretio

2700F, we

Figre2-78 SM hoogaph o Tanlainr od IIShar 090Frc2re

70,F 180, 27 F/WFt (wetX
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SEM photomicrographs

Fracture type i rnlmlnar mode 11 shear

Ply layuo [10, 90116S
Test type Side-notched rail shear
* Test conditions wet
* Fiber end fracture

Material Hercules 3501-6/1770C cure

L _______ 
AS4 fibers

00
0 . e

Figure 2-179. SEM Photographs of Translaminar Mode IIShear, 0/90 Fracture,
70, 180, 270 F/Wet (2000X~)
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SEM photomicrographs

Fracture type Translaminar mode 11 jhear______________

Ply layup_____ [0. 45 9 0 116S

Test type Side-notched rail shear
"* Test conditions 21 *C, dry
"* Fiber end fracture

Material Hercules 3501-6/1770C cure
AS4 fibers

Mechanically Induced crack direction Mechanicaily Induced crack direction

Figure 2-180. SEM Photographs of Trarislamninar Mode 11 Shear, 0/45/90 Fracture,
70 F/Dry
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SEM photornlcrographs

Fracture type Translaminar mode 11 shear
Ply lJayup - O045, 90116!3
Test type Side-notched rail shear
* Test conditions Dry
0 Fiber end fracture

Material Hercules 3501-6/1770C curas

IAS4 fibers

-65*F. dry 1800F. dry

Mechanically Induced crack direction

2701F. dry

Figure 2-18 1. SEM Photographs of Translaminar Mode IIShear, 0/45/90 Fracture,
-65, 180, 270 F/Dry (400X)
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SEM photomicrographs

Fracture type Translaminar mode 11 shear
Ply Iayup (0 45. 90 )'
rest typa Side-notched rail shear
"* Test conditionis Dry

"* Fiber end fracture
Material Hercules 35011-6/1770C cure

I. eA K UF. dry

Figure 2-182. SEM Photographs of Translaminar Mode 11 Shear, 0/45/90 Fracture,
-65, 180, 270 F/Dry (2000X)
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SEM photornlcrographs

Fracture tvpe Translaminar made II shear ___________

Ply layup [0. 45. 901 16S

rest type Side-notched rail shear
"* Test conditions Wet
"* Fiber end fracture

Material Hercules 3501-6/177*C cofe
AS4 fibers

701F. wet 1801F. wet

Mechanically Induced ciack direction

270'F. wet

Figure 2-183. SEM Photographs of Translaminar Mode HI Shear, 0/45190 Fracture,
70, 180, 27C F/Wet (400X)
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SEM photomicrographs

Fracture type Translaminar mode II shear

Ply layup 10, 45. 90116S

Test type Side-notched rail shear
e Test conditions Wet
* Fiber end fracture

Material Hercules 3501-6/177*C cure

AS4 fibers

Si is

70°F. wet 180°F, wet

-. -Mechanically Induced crack direction

2701F. wet

Figure 2-184. SEM Photographs of Translaminar Mode II Shear, 0/45/90 Fracture,
70, 180, 270 F/Wet (2000X)
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2.8 TRANSLAMINAR FLEXURE

The primary features observed in unnotched specimens which fail because of flexural
loading are as follows:

1. Macroscopic identification of rough (tensile) and smooth (compressive) fracture

regions

2. Distinct separation between tension and compression regions (as indicated by a

neutral axis region)

3. Tensile fractures tend to initiate along the outer surface and progress toward the
neutral line (as indicated by analysis of fiber end radials).

Figure 2-185 shows the laminate flexure test type and Figure 2-186 provides the

correspon:ling fractographs. This contribution was made by Boeing.

Figure 2-185. Laminate Flexure Type Test
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SEM photomicrographe

Fracture type Transiaminar flexure

Ply layup 10132

Test type Laminate flexure
"* Test conditions 20 0C, dry
"* Fiber end fracture

Material Hercules 3501-6/177 0C cure
AS4 fibers

Compression Fracture Region

Mechanically induced crack direction

Tensile Fracture Region

Overal; growth direction

Figure 2-1a6. SEM Photographs of Translaminar Flexure, 0/0 Fracture, 0
70 F/Dry
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2.9 FATIGUE

The primary features observed in DCB Mode I tension fatigue fractures are:

1. Striations

2. River marks and resin microfiow features identical to static fractures.

DCB striations are parallel sets of curved lines located in the resin fracture regions between fibers

and orientated toward the direction of crack-growth.

The primary features observed in CLS Mode 1I shear fatigue fractures are:

1. Striations

2. Hackle and scallop features identical to static fractures.

CLS striations are present mainly at the fiber-matrix separation region, with isolated locations

exhibiting striations in the resin fracture planes. Currently, it is unclear whether these striations

are being formed due to a plastic deformation mechanism at the crack tip (as seen in aluminum

alloys) or whether these are simply crack arrest features. However, the striation spacing does not

appear to increase as the test loads are increased. Spacing between striations often varys greatly

along the length of a single fiber as well as between immediately adjacent fibers. This

inconsistency prevents the investigator from accurately determining crack-growth rates or loads

* at fracture.

Figure 2-187 shows the test co:;figuration of double cantilever beam (DCB) for Mode I

fractures and cracked-lap shear (CLS) for Mode II fractures. Figures 188, 189 and 190 are Mode I

DCB constant amplitude fatigue fractographs contributed by Boeing. Figures 191, 192 and 193 are

Mode I DCB variable amplitude (Spectrum) fatigue fractographs contributed by Northrop. Figures

194 through 197 are Mode II CLS constant amplitude fatigue fractographs contributed by Boeing.

DCB CLS

Figure 2-187. Double Cantilever Beam (DCB) for Mode I Fractures
and Cracked-Lap Shear (CLS) for Mod- II Fractures
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Optical photomlcrographs

Fracture type Interlaminar fatigue
mode I tension

Ply layup 10124
Test type Fatigue DCB
"* Test conditions 21 'C. dry
"* Fracture between 0/0 plies
MaterialW Hercules 3501-6/i 77*C cure

AS4 fibers

f0

Le-..-4

Mechanically Induced crack direction- -

Figure 2-188. Optical Photographs of Interlaminar Fatigue Mode I Tension, 0/0 Fracture,
70 F/Dry
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Optical photomicrographs

Fracture type Interlaminar fatigue mode I tension
Ply layup (0]24

Test type Fatigue DCB
"* Test conditions 21 OC. dry
"* Fracture between 0/0 plies

Material Hercules 3501-6/177*C cure
AS4 fibers

Mechanically Induced crack direction

, Static
.m-• J;growth

Cyclic
growth

40OX 11000X

Figure 2-189. Optical Photographs of lriterlaminar Fatigue Mode ITension, 0/0 Fracture,
70 F'b~y (400X and 1 COOX)
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SEM photomicrographe

Fracture type InterlanIinar fatigue mode I tension_
Ply layup ____0 ______24____

Test type Fatigue IDCB
"* Test conditions 21 OC, dry
"* Fracture between j0/0 pliles

Material IHercules 3501-6/1770C cure
AS4 fibersI

Mechanically Induced crack direction

..... ... 0. .

7A\gtit7-dgtl

Fiur 219.SE Potgaps f neramna Ftgu MdeITesin,00 ratue

70FDr 50Xad 5000X)50
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Optical photomlcrographs

Fracture type Interlaminar fatigue riode II shear
Ply layup [0]24

Test type Fatigue CLS
"* Test conditions 21 *C. dry
"* Fracture between 0/0 plies

Material Hercules 3501-6/1771C cure
AS4 fibers

S.. . . ' -- • . .. . . ... ...... - --. - -

Mechanically induced crack direction -r=.

Figure 2-194. Optical Photograph of Interlaminar Fatigue Mode "U Shear, 0/0 Fracture,
70 F/Dry
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Optical photom:crographe

Fracture type Intertaminar fatigue mode II shear

Ply iayup (0) 24
Test type Fatigue CLS
"* Test conditions 21 @C. dry
"* Fracture between 0/0 plies

Material Hercules 3501-6;1770C cure
AS4 fibers

.2

EU

0i

U

0

1 OXi-o
100X 1000X

Figure 2-195. Optical Photographs of Interlaminar Fatigue Mode II Shear, 0/0 Fracture,
70 F/Dry (IOOX and 1OOOX)
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SEM photarr.Icrographs

Fracture type Interlaminar fatigue mode 11 shear
Ply layup 1024

Test type Fatigue CLS (60% to 20% GliC)
"* Test conditions 210 C. dry
"* Fracture between 0/0 plies

Material Hercules 350 1-61 177 0C cure
AS4 fibers

Mechanically Induced crack direction

500OX 1500OX

Figure 2-196. SEM Photographs of interlamninar Fatigue Mode I/ Shear, 0/0 Fracture,
70 F/Dry (5000X and 15000X)
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SEM photomicrographe

Fracture type Interlamlnar fatigue mode II shear

Ply layup (01 24

Test type Fatigue CLS (80% to 40% GIIC)
"* Test conditions 21 1C. dry
"* Fracture between 0/0 pROes

Material Hercules 35)1-6/177*C cure
AS4 fibers

1000X 500OX

Mechanically Induced crack d'rection

15000x

Figure 2-197. SliM Photographs of Interlaminar Fatigue Mode 11 Shear, 0/0 Fracture,
70 F/Dry (lOCOX, 5000X and 15000X)
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0
2.10 CREEP

Room temperature (Rr)/dry and elevated temperature (270°F)/dry creep specimens were

tested by Boeing under interlaminar tension and shear. Tapered specimens of 0/90 laminates

were tested in a Satec 25,000-lb capacity Universal test machine with the crosshead speed set at .001
in/min. Deflection was measured at the crosshead using a motion transducer.

2.10.1 Interlaminar Mode I Tension, RT/Dry

Visual observation revealed a smooth, glassy surface typical of an interlaminar Mode I

tension fracture. There were visible crack arrest marks ("beach marks") running perpendicular

to the mechanically induced crack direction (Figure 2-198). The spacing between these marks
was quite consistent due to the constant loading rate throughout the creep test. Optical fractography

focused on what appeared to be a striped fracture region. Due to the re-initiation of the crack, the
location just after crack arrest appeared much rougher than the region just prior to it (Figure 2-

199). The river marks were more readily observed in the region prior to the crack arrest.

SEM fractographs of the three regions of fracture were taken, including the location of the
crack arrest (Figure 2-200). The fracture topography was smooth with distinct river marks just
prior to the periodic crack arrest. After reinitiation of the crack, the fracture appeared uneven with

* Qvery fine river marks (Figure 2-201).

2.10.2 Interlamlnar Mode I Tension, 2700 F/Dry

Visual observation revealed a smooth, glassy fracture surface similar to that. of the RT

specimen. Crack arrest marks were again observed (Figure 2.202). However, there were
fragments of loose fibers on the fracture surface. These fibers may have separated from the resin.

matrix prematurely due to poor adhesion. The fracture topography at the region before and after
the crack arrest was smooth (Figure 2-203), unlike that of the fracture created at RT. The SEM

analysis confirmed the observations made during the optical analysis (Figure 2-204).

2.10.3 Interlamlnar Mode id Shear, RT/Dry

Visually, the mating fracture surfaces looked somewhat different: one surface was

smooth and glassy, while the other was rough and dull (Figure 2-205). Crack arrest marks were

observed on the fracture surfaces at the ends of and at the center of the spcciinen. SEM fractographs
revealed that the glassy surface consisted largely of scallops with some hackles (Figure 2-206),

and the rough surface exhibited mainly hackles with some scallops .'igure 2-207).

2.10.4 Interlamlnar Mode II Shear, 270"F/DiDy

Visual examination revealed a fracture with a smooth and glassy surface on one of the

0 mating sides and a rough and dull surface on the other side (Figure 2-208). This was similar to the
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fracture surfaces created at room temperature. The glassy surface exhibited mostly scallops (with

some hackles, Figure 2-209), and the rough surface consisted mostly of hackles (with some

scallop3, Figure 2-210). Optical and SEM analyses showed no significant featvires to distinguish

the RT and 270°F creep specimens.

End of
controlled
test 

FEP crack
starter

(a) Full view

Mechanically induced
crack direction

I I Stroke marks

(b) Close-up vIew

Figure 2-198. Macrophotograpns of Interlaminar Mode i Tension. RT/Dry Creep, 0/90 Fracture
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2.11 HIGH RATE

To create high-rate Mode I tension and Mode II shear fractures, projectiles were shot into a
1-inch by 10-inch spe.imen of 0/90 laminate protected by an aluminum plate at the location of

penetration. For DCB specimens, a 1/2-inch thick aluminum plate was double-back taped to a
cutout. A vise was used to hold one end of the specimen. The aluminum plate served as a shooting
target deflecting the back half of the laminate away from the front half. This created a Mode I

tension fracture. The interlaminar Mode Ii shear fracture was created by shooting a projectile at
an aluminum target plate attached to the forward face of the ENF specimen. The force of the

impact deflected both halves of the laminate. FEP crack starter initiated crack propagation by the
sliding of the two halves of the laminate, creating a Mode II shear fracture. This contribution was

made by Boeing.

2,11.1 Mode I Tension, RT/Dry

Visual observation of the DCB Mode I tension specimen, tested under conditions resulting

in a high rate of fracture, revealed fractures somewhat different from those in a DCB;RT
interlaminar Mode I tension specimen tested at constant rate. Due to the very rapid crack
propagation, the fracture surface did not exhibit the clear macroscopic crack arrest marks which
are characteristic of slow crack growth. Jn some locations, fiber splinters were peeled away from
the matrix- Under the optical microscope, a cleavage fracture was observed with numerous
rivermarks showing an overall crack direction (Figure 2-211).

To illustrate the different rates of fracture, two regions on the specimen were documented

and analyzed. Region I was created by the initial projectile, and Region II was created by a second
projectile penetration. SEM analysis showed that Region I experienced a lower energy fracture

than Region II, as evidenced by its rougher surface and more mixed mode fracture (Figure 2-212).
This may be a result of the initially delaminated portion driving the crack at a higher rate. There

were also many fiber splinters and many areas of 90 degree intralaminar fracture in Region II
(Figure 2-213).

2.11.2 Mode II Shear, RT/Dry

Visual observation of the high rate Mnde 1I shear specimen revealed a fracture surface
similar to a typical interlaminar Mode 'A' shear specimen tested at constant rate; the only
noticeable difference was the fiber splinters seen on the high load rate specimen.

Optical microscopy of the fracture surface showed a difference between the high rate
specimen and the typical ENF specimen tested at constant rate (Figure 2-214). Due to the very
rapid fracture, hackles were formed in various tilts and shapes; at slower crack growth rates, the

hackles tend to form parallel to one another. Regions created by initial and secondary projectile
penetration (resulting in different crack growth rates) exhibited no distinctly different features

* (Figures 2-215 and 2-216).
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2.12 COMPRESSION-AFTER-IMPACT

The compression-after-impact (CAI) testing was performed on a 4-inch by 6-inch

[0/+ 4 5 / 9 01- 4 5 ]4s Gr/Ep laminate. The specimen was first centrally mounted on an impact support

fixture and impacted on the tool side by an indenter with a 0.62 inch hemispherical tip at 1200 inch-

lbs/inch. After impact, the specimen was examined using through transmission ultrasonic

(TTU) techniques. The specimen was then placed on a 50 kip servohydraulic machine with a

deflectometer and loaded to failure with a displacement of 0.05 inch/min. This contribution was

made by Boeing.

The primary features associated with fractures produced with a CAI specimen are as

follows:

1. Compression buckling of the lanrinate through the impact site (with extensive

delamination)

2. Shear dominated interlaminar fracture features at the impact region (origin)

3. Tension dominated interlaminar fracture features at the specimen outer edges

4. Crack mapping of the river marks and resin microflow to identify crack-growth

direction (and thus the origin).

Visual inspection revealed extensive buckling damage around the point of impact.

Failure of the panel occurred in a band approximately 1.0 to 1.5 inches wide across the full width of

the panel (Figure 2-217). TTU indicated a delamination which was exposed for further

examination to determine the mode of failure in the vicinity of the impacted area. An

examination was conducted under the optical microscope. In the region immediately

surrounding the impact site (0.3 inch in diameter), the features were predominantly hackle

formations indicating Mode II shear failure. The outer perimeter of the impact site was

predominantly covered with rivermarks and resin microflow indicating Mode I tension failure

(Figure 2-218). The crack initiated at the impact site and propagated radially through the

specimen from the tool side in both interlaminar and translaminar fracture modes (Figure 2-

219). Figure 2-220 shows CAI fractography performed by Boeing on a IO/4 5 /9 0 18s laminate.

Additional CAI test fractography of a 10/ 4 5 /9 0 l8s Gr[Ep laminate is shown in Figure 2-170.
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Optical photomlcrographe

Fracture type lnterlaminar/translaminar
Ply layup 10, 45,901 BS
Test type Compression after Impact
* Test conditions Dry
e Fracture between 0/45/90 plies

Material Hercules 3501-6/1770C cure
AS4 fibers

40OX 400X

Crack propagation direction Crack propagation direction

40OX 4000X

Crack propagation direction Crack propagation direction * -

Key to crack growth
direction arrows: Impact site

Mode I tension
-~--~Mode 11 shear

Figure 2-220. .SEM Photographs of Interlarninar/Trarislaminar Compression After Impact, 0145/90 Fracture
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2.13 DEFECTS

2.13.1 Contaminants

The key features observed on the contaminated specimens failed under either

interlaminar Mode I tension or Mode II shear loading were as follows:

1. Teflon Contamination

a. Interconnected and fibrous appearing contamination regions

b. Matrix region fracture surfaces surrounding Teflon regions exhibit
morphologies typical of the induced loading mode

2. Frekote Contamination

a. Interconnected and very smooth contaminated regions

b. Areas without resin fracture features (indicative of adhesive type separation)

c. Matrix resin fracture surfaces surrounding Frekote regions exhibit
morphologies typical of the induced loading mode.

Figures 2-221 and 2-222 show photomicrographs of contaminants, Teflon and Frekote.
When photomicrographs exhibit fractured resin particulate in the regions of contaminaLion, it
becomes more difficult to identify smooth adhesive separation. This contribution was made by

Boeing.
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SEM photomicrographs

Fracture type Interlaminar mode I tension

Ply layup 10, 9 0 1
12S

Test type DCB with Teflon contaminat;o
"0 Test conditions 21

0
C. dry

"* Fracture between 0/90 plies

Material Hercules 3501-6/177
0
C cure

AS4 fibers

SEM photomicrographs

Fracture type Interlaminar mode Ii shear

Ply iayup [0. 90] 12S 1
Test type ENF with Teflon contamination
"* Test cond*tions 21 *C. dry
"* Fracture between 0/90 plies

Material Hercules 3501-6/177*C cure
AS4 fibers

50X 2000X
Mode tension Mechanically induced crack direction Mode 11 shear

Figure 2-22 1. SEM Photographs of Interlam 'nar Mode ITension and Mode /I
Shear, 0/90 Fracture, Teflon Contamination, 70 F/ 0•
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SEM photomicrographstFracture type Interlaminar mode I tension
Ply iayup (0. 45]112S
Test type OCB with Frekote contamination
0Tsst conditions 21 *C. dry
*Fracture between 0. 45 piles

M~aterila Hercuies 3501-6/1771C cure
AS4 fibers

SEM photomnicrographe

Fracture type interiaminar mode 11 shear
Ply iayup 1+ 45,-451 12S
Test type ENF with Frekote contamination
"* Test conditions 21*C. dry
"* Fracture between +451-45 plies

Material Hercules 3501-6/11770C cure
AS4 fibers ___

Mechanically Induced crack direction

2.273



0
2.13.2 Voids

The primary features observed in the void containing specimens were as follows:

1. Smooth, featureless, rounded edged surfaces

2. Underlying fibers can be seen below voids

3 Fracture surface surrounding void region, exhibiting a matrix fracture morphology

typical of the induced loading mode (allows determination of crack-growth and
mode).

Figure 2-223 shows microphotographs of two test types of voids, DCB and ENF. This

contribution was made by Boeing.

0

0
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SEM photomicrographs

Fracture type Interiaminar mode I tension
Ply layup [0, 901 12S
Test type DCB-hlgh void content
" Test conditions 21 1C, dry
"* Fracture between 0/90 ples

Material Hercuies 3501-6/177*C cure
AS4 fibers

SEM photomicr ographs

Fracture ty.pe Interlaminar mode 11 shear
Ply layup [0. 90j 12S
Test type ENF--hlgh void content
"*Test conditions 21 1C. dry
"* Fracture between 0/90 ples

Material Hercules 3501-6/7 0 cr
AS4 fibers

Mechanically Induced crack direction

20DOX 400X

Figure 2-223. SEM Photographs of Interlamninar Mode I Tension and Mode I
Shear, 0/90 Fractures, With Voids, 70 F/Dry
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SECTION 3

KEVLAR/EPOXY

49/3501-6

This section presents the results of fractography performed on Kevlar 49/3501-6
Kevlar/epoxy (K/Ep) test coupons. Testing was performed on interlaminar and translaminar

fracture test coupons (DCB, ENF, MMF, and bend specimens). The test matrices are shown in

Tables 3-1 and 3-2. The results reported include information on the baseline system and a few
variable conditions.

On a macroscopic scale, the fracture surfaces consist of dense tangles of fibrils with no

clear indicators of crack propagation direction. SEM examination of interlaminar fractures

reveals stray rivers in peel failure modes that can be used to map crack-direction. Shear fractures

are associated with stray hackles interspersed between the fibril tangle-.

Translaminar tension and compression fractures do not exhibit features such as DAF
radials or chop marks. Careful examination of plies parallel to the applied load may reveal stray

interlaminar fracture features such as hackles or rivers; however, these are not present in

sufficient quantity to map the crack-growth direction unequivocally.

Fractographs of 49/3501-6 Kevlar/epoxy are provided for interlaminar testing in Figures

3-1 through 3-9 and for translaminar testing in Figures 3-10 through 3-15. This contribution was

made by Northrop.
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Table 3-1. Kevlar 49/3501-6 Epoxy Inter.aminar Fracture Test Matrix

SPECIMEN, VARIABLE LAMINATE NO. OF
LOADING CONDITION LAYUP DIMENSIONS LAMINATES

Mode I DCB, RTA
Tension

Mode II ENF, RTA 24/0 22 X 11
Shear

Mode 1+11MMF, RTA
Tension + Shear

Mode I DCB, Cond. --

Tension 180 F
2 weeks 24/0 13 X 13

Mode II ENF, before
Shear test

Mode I DCB,
Tension RTA

Mode II ENF,
Shear RTA 24/0.45 22 X 11

Mode I DCB, Water
Tension immer.

belore
test

RTA = Room Temperature Ambient
Laminate dimensions In Inches

3-2



Table 3-2. Kevlar 49/3501-6 Epoxy Translaminar Fracture Test Matrix

SPECIMEN, VARIABLE LAMINATE NO. OF
LOADING CONDITION LAYUP DIMENSIONS LAMINATES

Mode I
Tension, RTA
4 pt load

Mode I Water
Compression, Immer. 32/90,0 14 x 7
4 pt load before

test

Mode I
Compression, RTA
4 pt. load

Mode I
Compression, RTA
4 pL load

Mode I Water
Compression, Immer.
4 pt. load before 32/quasi 14 X 7

test

Mode I Cond.
Compression, 180 F
4 pt. load 2 weeks

before
test

rTA = Room Temperature Ambient

Laminate dimensions In Inches
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SECTION 4

BORON/EPOXY

AVCO 5505/4

Interlaminar Mode I tension and Mode lI shear and translaminar tension and
compression tests were performed to produce fractures under RT/dry and 270'F/wet conditions.
This contribution was made by Boeing.

4.1 INTERLAMINAR MODE I TENSION, RT/DRY

Visual observation of the fracture surface revealed fi,'e distiguishable planes of fracture
leading to failure at the outer ply. The overall fracture surfacE span was only 2.5 inches f n the
crack initiation site. The boron/epoxy laminate exhibited a more complex crack path than uiuse in
carbon and glass fiber-reinforced epoxy laminates, mainly due to the resistance of the boron
filaments to the crack front.I The fracture feature most frequently observed under the optical microscope was a resin
flow line indicating the overall crack growth direction. This feature was similar to a river mark
(Figure 4-1). The reflection of light from the boron-tungsten filament made it difficult to see some

of the fine details of the critical fracture features.

SEM analysis showed both river marks and resin microflow lines on the fracture surface
(Figure 4-2). This indicated that the crack direction could be ider.tified from these microscopic
features.

4.2 INTERLAMINAR MODE I TENSION, 270°F/WET

Visual examination revealed a fracture surface on only one or two stepped planes. This
was in contrast to the RT specimen, which fractured over many stepped planes. The 270 0F/wet
condition made the resin ductile and prevented a multiple-plane fracture. The optical
photomicrograph showed resin microflow lines similar to those observed in the RT/dry specimen
(Figure 4-3).

Figure 4-4 shows he SEM fractographs of the interlaminar Mode I tension specimen
exposed to humidity ai d tested at 270 0F. The fracture surface showed river marks in some
regions. The major difference between the RT/dry and 27 0°F/wet specimens was the latter's very
poor adhesion at the fiber/matrix interface.0

4-1



4.3 INTERLAMINAR MODE II SHEAR, RT/DRY

Under visual examination, the fracture surface was dull and milky due to the formation of

hackles. This appearance was similar to that observed in previous work on the carbon-fiber

reinforced epoxy system. Due to difficulties in creating a large area of interlaminar Mode II

shear fracture surface for this material system, we were unable to provide a macrophotograph of

the specimen. However, SEM analysis was performed on the available specimen. The fracture

feature revealed resembled the hackles typically observed in the model material system,

AS4/3501-6 (Figure 4-5).

4.4 INTERLAMINAR MODE II SHEAR, 2700F/WET

Visual examination revealed a fracture surface delaminated at various plies. Hackle

formations were observed under the optical microscope (Figure 4-6).

Figure 4-7 illustrates the SEM fractograph of the interlaminar Mode II shear specimen

exposed to humidity and tested at 2700 F. The fracture surface showed hackles throughout the

specimen. Poor fiber/matrix adhesion was observed, which is typical for shear fractures.

4.5 TRANSLAMINAR TENSION, RT/DRY

Visual inspection revealed a region of numerous protruding fibers. The protruding fibers

exhibited a white, powder-like texture, and the fibers perpendicular to them were silvery.

The SEM analysis showed that the adhesion at the interface between the boron fibers and

the epoxy matrix was poor at the time of the fracture. This was also evidenced by the fiber pullouts
(Figure 4-8).

Unlike those in glass and carbon fibers, the radial patterns on the boron fiber ends

initiated at the tungsten core/boron interface (Figure 4-9). This phenomenon may be due to the

lower interfacial shear strength of the tungsten core/boron interface in comparison with the boron

fiber/epoxy interface. The fracture features radiating from the center of the boron-tungsten fiber

could not be used to determine the crack surface and propagate from one fiber to another, and the

average of the individual crack directions indicated the overall crack direction.

4.6 TRANSLAMINAR TENSION, 270FMWET

Visual examination revealed a fracture surface with numerous protruding fibers. Under

the wide-field macroscope, it was evident that the fracture was fiber-domi.nated. The fracture

surface exhibited many holes in the matrix, indicative of extensive fiber pullout (poor fiber/matrix

adhesion). Additionally, the fibers pulled away from the matrix were much longer than those in

the RT/dry specimen. This also indicated poor fiber/matrix adhesion (Figure 4-10).

The resin around the boron filaments exhibited such features as river marks that could be

used for crack mapping. The fracture features on the fiber ends appeared similar to the features

observed on the translaminar tension RT/dry specimen. The radial pattern could riot be used to
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3 determine the overall crack direction. The fiber surfaces were smooth and there were no traces of

residual resin.

Further studies may need to be conducted to determine whether radial patterns on the boron

fiber ends or the resin fracture features around the boron filament are usable for crack direction

indication or crack mapping.

4.7 TRANSLAMINAR COMPRESSION, RT/DRY

Visual observation revealed numerous protruded boron-tungsten filaments. SEM

analysis shown in Figures 4-11 and 4-12 confirmed the visual result. Unlike the glass and carbon
fibers, the boron-tungsten fibers exhibited similar fracture features in both tension and

compression specimens. This may be due to the higher ductility of the boron-tungsten fibers in
comparison with the glass and carbon fibers. This eliminates the microbuckling effects (from
compression) typically exhibited in fibers with higher stiffness. The neutral axes observed on the
glass and carbon fiber ends were not present on the boron-tungsten translaminar compression
specimen tested under RT/dry condition.

4.8 TRANSLAMINAR COMPRESSION, 270-F/WET

Visual examination revealed a fracture surface with numerous protruding fibers, similar
to the fracture surface of the tension specimr°... The ends of the boron filaments exhibited radial
patterns similar to these of the translaminar compression RT/dry specimen (Figure 4-13). Boron
fiber pullouts exhibited little residual resin on the fiber due to weak fiber/matrix adhesion; also,
thc boron fiber surface was not as smooth as is typical of carbon fiber (Figure 4-14). This is due to

the chemical deposition process of boron onto the tungsten core. The neutral axes typically

observed on glass and carbon fiber ends, a result of microbuckling, were not present on the boron-
tungsten traislaminar compression specimen tested under 270°F/wet conditions.
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SECTION 5

FIBERGLASS/EPOXY

HEXCEL E-GLASS/F155

Interlaminar Model tension and Mode II shear and translaminar tension and
compresnion tests were performed to produce fractures under RT/dry and 200°F/wet conditions.
This contribution was made by Boeing.

5.1 INTERLAMINAR MODE I TENSION, RT/DRY

Visual observation of the fracture revedled a smooth, glassy surface. Optical
photomicrographs were not taken because of the transparency of the fiberglass/epoxy. Cleavage
markings (river marks), typically seen in Mode I tension fractures of carbon fiber reinforced
epoxies were observed under the SEM (Figure 5-1). These features were usually observed at the
nodes where the weaves overlap one another. The fiber/matrix adhesion appeared to be poor at
some locations. This is due to the low inherent interfacial shear strength at the fiberglass/epoxy
interface.

5.2 INTERLAMINAR MODE I TENSION, 200°F/WET

Visual inspection of the 200'F/wet fracture revealed a much rougher surface than was
observed in the RT/dry specimen. The specimen exhibited more resistance to breakage than the
RT/dry specimen, as evidenced by specimen end defection and incomplete fracture into two
halves. The resist.qnce of the 200°F/wet specimen to fracture may be due to the increased toughness
of the resin matrix due to moisture exposure.

Figure 5-2 shows the SEM fractographs of the interlaminar Mode I tension, 200*F/wet
specimen. Fiber/matrix adhesion was poor as evidenced by the smoothness of the fiber surface.

Unlike the RT!dry specimen, this specimen, did not exhibit well-defined river marks indicating
the crack diection. Instead, the surface showed taffy-pull hackles commonly seen in ductile
resin matrices such as thermoplastics.

5.3 INTERLAMINAR MODE II SHEAR, RT/DRY

Visual observations of the fracture revealed a rough, . raze. There was evidence of

surface ripples, running parallel to the direction of the cr, " r.,'.th, which could be used to
identify shear mode fracture during macroscopic evaluation. This feature was not seen in any
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other material system evaluated in this program. The surface ripples were observed only under

oblique lighting.

SEM analysis (Figure 5-3) revealed a rough fracture surface consisting of large numbers
of hackles, which appear similar to the platelets seen in Mode II shear fractures of carbon fiber
reinforced epoxies. There was poor adhesion of the fiber/matrix interface at some locations, which

was due to the low inherent interfacial shear strength.

Under SEM, the fracture surface appeared very rough and hackles were observed
throughout the specimen. Although the Mode I tension fracture showed a cohesive type fiber/matrix
fracture in the Mode II shear fracture, there was little resin debris on the fiber/matrix interface.

5.4 INTERLAMINAR MODE II SHEAR, 200°F/WET

Visual examination of the fracture revealed a rough, dull surface. The surface exhibited

more of the white powder-like texture feature than the RT/dry specimen. The macroscopic ripples

seen in the RT/dry specimen were also seen in the 200°F/wet specimen.

Figure 5-4 shows the SEM fractograph of the fracture surface which appeared rough and

showed hackles as observed in the RT/dry specimen. These hackles were much larger, but fewer
in number than those seen in the RT specimens.

5.5 TRANSLAMINAR TENSION, RT/DRY

Visual and optical observation revealed a rough topography with protruding fibers of

different lengths and directions (Figure 5-5). The surface of the fiber/matrix inf-i-face was
smooth due to the fibers being pulled away from the matrix. There was evidence of fiber

dominated fracture in the large percentage of fiber pullouts. Similar to the carbon fibers, the

radial patterns were observed on the glass fiber ends and can be used to determine crack growth

direction.

5.6 TRANSLAMINAR COMPRESSION, RT/DRY

Visual and optical observations revealed a surface with uniform protruding fibers. The
fiber/matrix interface showed good adhesion. Figures 5-6 and 5-7 show the SEM fractographs. A

neutral axis line dividing the tension and compression regions on the fiber ends was observed.

5.7 TRANSLAMINAR COMPRESSION, 2000 F/WET

Optical observation of the 200°F/wet specimen revealed a fracture surface like that

typically seen in RT/dry translaminar compression specimens. The compression damage

occurred in the region just outside of the notch. The typical fracture of a translaminar
compression specimen exhibited a flat surface with "chop" marks on the fiber ends (Figure 5-8).

Compressively fractured fiber ends show two distinct regions separated by a neutral axis line.
This line does not represent any kind of crack direction (Figure 5-9). 0
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SECTION 6

GRAPHITE/BISMALEIM!DE

AS4/5250-3

This section presents the results of fractography performed on AS4/5250-3
graphite/bismaleimide (Gr/BMI) test coupons. Gr/BMI systems are being used in several near-
term military aircraft that will form part of the Air Force fleet. The tests performed consisted of
testing of interlaminar and translaminar fracture test coupons (DCB, ENF, MMF, and bend
specimens). The test matrices are shown in Tables 6-1 and 6-2. The results reported include
information on the baseline system and processing variable conditions.

Applied load is the principal parameter that affects the fracture surface characteristics in
Gr/BMI. Processing variables and water immersion before testing do not significantly alter the
fracture characteristics. On a macroscopic scale, interlaminar fracture is characterized by fibers
being "pullcd out" from the matrix and bare fibers. Interlaminar Mode I tension and Mixed Mode
Flexural fractures can be mapped by stray river patterns present in resin-rich areas. Mode II
shear is characterized by hackle formation similar to Gr/Ep.

The translaminar fracture features of Gr/BMI are very similar to Gr/Ep. Translaminar
tension failures can be mapped by DAF radials on fractured fiber ends, as in Gr/Ep. There are no
significant fracture characteristics that can be used to map crack directions in compression
failures.

Figures 6-1 through 6-4 provide interlaminar fractographs and Figures 6-5, 6-6 and 6-7
provide translaminar fractographs. This contribution was made by Northrop.
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Table 6-1. AS4/5250-3 GrIBMI Interlaminar Fracture Test Matrix

SPECIMEN, VARIABLE LAMINATE NO. OF
LOADING CONDITION LAYUP DIMENSIONS LAMINATES

Mode I DCB, PTA
Tension

Mode I DCB, Water
Tension immer.

before
test

Mode II ENF, RTA 24/0 22 X 16.5
Shear

Mode II ENF, Water
Shear Immer.

before
test

Mode I + II
MMF, Tension RTA
+ Shear

RTA = Room Temperature Ambient

Laminate dimensions In Inches

Table 6-2. AS4/5250-3 GrIBMI Translaminar Fracture Test Matrix

SPECIMEN, VARIABLE LAMINATE NO. OF
LOADING CONDITION tAYUP DIMENSIONS LAMINATES

Mode I
Tension, RTA
4 pt. load

Mode I
Compression, RTA 32/90.0 14 X 7
4 pt. load

Mode I Water
Compression, Immer.
4 pt. load before

test

Mode I
Tension, RTA 32/quasi S X6
4 pt. load

RTA = Room Temperature Ambient
Laminate dimensions In Inches
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SECTION 7

GRAPHITE/THERMOPLASTIC

AS4/APC-2

This section presents the results of fractography performed on AS4/APC-2
graphite/polyetheretherketcne (Gr/PEEK) test coupons. The tests performed consisted of testing of
Interlaminar and translaminar fracture test coupons (DCB, ENF, MMi?, and bend specimens).
The test matrices performed by Northrop are shown in Tables 7-1 and 7-2. The results reported
include fractography showing the significant surface features of each failure mode tested by
Northrop as well as 270'F interlaminar and translaminar fractography contributed by Boeing.
The variable conditions tested by Northrop that are not reported in this section showed no
significant differences with the baseline conditions.

Work on Gr/PEEK indicates that the resin plays a strong role in controlling the resulting
fracture surface characteristics. The fracture surface morphology includes features not observed
in baseline Gr[Ep or GrIBMI.

On a macroscopic scale, interlaminar peel (Mode I tension and Mixed Mode Flexural)
fractures can be distinguished from shear through differences in specular reflectance. Pure
interlaminar shear fractures are dull and whitish, whereas peel fractures appear darker and
reflect more light. Peel failures can be confirmed through additional examination of broken
fibers in the fractured areas. Fiber ends will exhibit no evidence of compression in this failure
mode.

In pure shear, cusps (hackles) form oriented normal to the plane of shear. These cannot be
used to predict crack-growth direction. However, in real-world situations, pure shear is often
associated with local interlaminar tension, giving rise to local rivers, which can then be used to
establish fracture direction.

In Gr/PEEK, the fracture surface morphology is a function of crack-growth rate. In peel
fractures, transverse tensile forces cause "slow-ductile", "intermediate-brittle", and "fast-brittle"
fractures. Slow-ductile peel is characterized by drawing of matrix craze filaments (fibrils),
extremely similar to those observed in shear In peel, the filaments will be oriented in the same
direction on mating halves; whereas in shear, these will be oriented in opposite directions.
Intermediate-brittle and fast-brittle peel fractures are characterized by the formation of cusps and
rivers. The rivers can then be used to distinguish from pure shear through examination of mating
fracture surfaces. Additionally, peel fractures are characterized by the formation of "ribs", that do

* not form in shear.
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Interlaminar fracture mode fractographs are provided in Figures 7-1 through 7-9 and

translaminar fracture mode fractographs are provided in Figures 7-10 through 7-13.

Table 7-1. AS4/APC-2 GrIPEEK Interlarninar Fracture Test Matrix

SPECIMEN, VARIABLE LAMINATE NO. Or
LOADING CONDITION LAYUP DIMENSIONS LAMINATES

Mode I DC0B,
Tension RTA

Mode II ENF,
Shear RTA

Mode I DCB, Cond.
Tension 180 F

2 weeks 24/0 22 X 16.5
before
test

Mode I DCB, Water
Tension immer.

before
test

Mode 1+11
MMF, Tension RTA -
+ Shear

Mode I DCB,
Tension RTA 2

I24/0,45 13 X131
Mode I DCB, Cond.
Tension 180 F

2 weeks
before
test A

Mode I DCB, Cond.
Tension 180 F 24/90,0 13X 1

2 weeks
before
test

RTA = Room Temperature Ambient
Laminate dimensions in Inches
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Table 7-2. AS4/APC-2 Gr/PEEK Translaminar Fracture Test Matrix

SPECIMEN, VARIABLE LAMINATE NO. OF
LOADING CONDITION LAYUP DIMENSIONS LAMINATES

Mode I
Tension, RTA
4 pt load

Mode I I
Compression, RTA
4 pt load

Mode I Water 32/90,0 15X 1
Compression, immer.
4 pt load before

test

Mode I Impact
Compression, damage
4 pt. load before

test

Mode I Cond.
Tension, 180 F 32/quasi 8 X6
4 pt. oad 2 weeks

before

"* - I
RTA = Room -emperature Ambient

Lamlnawe dimensions in inches
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SECTION 8

CARBON/POLYIMIDE

C3K 8-HS/PMR-15 (CELION 3000 8H SATIN)

8.1 INTERLAMINAR FRACTURE

The specimens used for interlarninar fracture were produced from 0/90 ply laminates.

Tests were conducted under RT/dry and 500°F/dry conditions. This contribution was made by

Boeing.

8.1.1 Mode I DCB Tension

Specimens tested at room temperature (RT) exhibitcd a reflective interlaminar surface
* when examined optically. SEM fractography of tows oriented perpendicular to the mechanically

O induced crack propagation direction revealed river marks indicating a crack growth direction

consistent with the mechanically induced crack direction (Figure 8-1). Fractures at tows oriented

parallel to the mechanically induced crack propagation direction were characterized by a mixed-

mode morphology with poorly formed hackles in the matrix indicating shear propagation due to

the influence of fabric reinforcement. Resin-rich regions between tows exhibited river marks

indicating crack propagation from one tow toward the center of the adjacent tow, regardless of' the

mechanically induced crack propagation direction. Fiber/matrix adhesion was poor, as most "

fibers were bare.

Specimens tested at 5000 F exhibited a slightly reflective interlaminar surface when

examined optically. SEM fractography of tows oriented perpendicular to the mechanically

induced crack propagation direction revealed river marks which indicated propagation in -

directions both consistent with and opposite to the overall propagation direction (Figure 8-2).

Fractures at tows oriented parallel to the mechanically induced crack propagation direction were •

characterized by featureless matrix fracture having the appearance of shear failure.

F'iber/matrix adhesion was good.

8.1.2 Mode II ENF Shear

Specimens tested at RT exhibited a matte surface regularly associated with shear fracture

* when examined optically. SEM fractography of Lows oriented parallel to the mechanically
O induced crack propagation direction revealed hackles and scallops, indicative of shear fracture

(Figure 8-3). Fractures at tows oriented perpendicular to the mechanically induced crack =-"

8-1 -



propagation direction were characterized by mixed-mode morphology. The cleavage features

associated with the observed hackles did not indicate crack propagation in the mechanically

induced direction. The fiber matrix adhesion was poor.

Specimens tested at 500°F did not exhibit the dull, matte or milky white appearance

associated with Mode II shear fractures when examined optically. SEM fractography revealed
hackles and scallops oui both the parallel and perpendicular (relative to the crack propagation

direction) tows (Figure 8-4). Crack propagation direction could not be determined from the
fracture surface features. Fiber/matrix adhesion was good.

8.2 TRANSLAMINAR FRACTURE

The specimens used for translaminar fracture were produced from quasi-isotropic

laminates. Tests were conducted under RT/dry and 500°F/dry conditions. This contribution was

made by Boeing.

8.2.1 Tension

Specimens tested at RT appeared predominantly rough and jagged due to protruding ±45

degree fibers when examined optically, and this appearance is typical of translaminar tensile
fracture. SEM fractography of the tensile portion of the fracture surface revealed fiber end features

with fan patterns showing an overall propagation direction consistent with the mechanically
induced crack growth direction (Figure 8-5). River marks and resin microflow in the resin-richW

areas of the tensile zone also indicated a crack growth direction consistent with the mechanically
induced crack growth direction.

Specimens tested at 500°F exhibited rough translaminar tensile characteristics over a

quarter of the surface when examined optirally, and the remainder of the surface appeared

compressive. SEM fractography of the ten.ile region revealed small bundles of fibers on the

fracture plane, due to fiber pullout (Figure 8-6). Radial patterns found on fiber end fractures

indicated a crack growth direction consistent with the mechanically induced crack growth

direction. Microbuckling and typical compressive fiber end fractures were observed on the

compressive portion of the fracture surface. Fiber/matrix adhesion was fair.

8.2.2 Compression

Optical examination of specimens tested at RT revealed both tensile and compressive

regions, as was found on the translaminar tension specimens (Figure 8-7). The compressive zone

in this specimen was approximately a third of the fracture surface with the remainder being

tensile. The compressive loading appeared to have initiated a tensile crack on the opposite edge
surface which propagated toward the notch and intersected the compressive damage. SEM

examination of the tensile portion revealed fiber end fractures that indicated propagation toward

the compressive zone. The compressive region revealed a debris-covered surface with fiber end
fractures containing both tensile and compressive zones. Resin-rich fractures in the tensile zone

8-2



0 revealed river marks, indicating propagation opposite to the mechanically induced crack

direction, as expected.

As in the translaniinar tension specimens, plies oriented at 45 degree were observed
protruding from the fracture surface. However, plies oriented at both +45 and -45 were observed on
each fracture surface, with the +45 degree plies dominating. Delaminations were observed in

these protruding plies.

Macroscopically, the fractures were jagged due to protruding plies. The most outstanding
features were the delaminated 45 degree plies which gave the appearance of strips of material.
Fiber/matrix adhesion was poor, but fiber pullout was less pronounced than in the translaminar

tension specimens.

Optical examination of specimens tested at 500'F revealed a rough, partly compressive and

partly shear fracture. Compressive failure was found on approximately half of the fracture and
was located on the notched portion (as intended). Compressive fracture occurred predominantly
on the 0 and 90 degree plies, while the shear portion of the fracture occurred on the 45 degr-ee plies.
SEM examination of the compression portion of the fracture revealed fiber end fractures which had
been obliterated by fracture debris (Figure 8-8). Microbuckling was observed. Hackles were

found on the shear portion of the fracture. Fiber/matrix adhesion was poor.

80
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SECTION 9

BOLTED JOINTS

This section presents the results of fractographic characterizations of fractured Gr/Ep

adherendls joined using mechanical fasteners. Northrop ran the SAMCJ (Strength Analysis of
Multifastened Composite Joints) computer program to develop the specimen test matrix for

characterizing the six different failure modes in mechanically joined composite structures This

computer code, developed by Northrop for the USAF, enabled prediction of the failure mode(s) in
single and multi-fastened bolted composite joints. Predictions were made through summation of

the critical stresses Rt stress concentration points in the laminates, using known constitutive
equations. The program also took into account the effects of the specimen geometries and bolt

positions in prediction(s) of the failure mode(s).

A test matrix (Table 9-1) was developed for quasi-isotropic AS4/3501-6 Gr/Ep joined with

titarium 'Hi-Lok' tension or shear-type flush head fasteners, using single lap-shear test

specimens. Different failure modes are achieved through variations in the composite thicknesses

(8 ply, 32 ply, 56 ply), specimen widths (w), and fastener-to-edge distances (e). In all cases, except
for bolt pull through failure, a tension head type fastener was used with fastener diameter (d) being

0.25 in. The SAMCJ code also enabled the determination of the w/d and e/d ratios needed to create
the required failure modes in the single-lap shear specimens, and these are shown in Table 9-2.

Table 9-1. Test Matrix for Mechanically Joined Composites

No. of Specimens
Failure Mode

32/Quasi 56/Quasi 8/Quasi

Tension 3

Tension Cleavage 3

Shear-Out 3

Bearing 3 - -

Bolt Failure - 3 -

Bolt Pull Through - 3

9-1



Table 9-2. Specimen Width/Fastener Diameter (wid) and Fastener-Edge-Distance/Fastener

Diameter (eld) Ratios

Failure Mode w/d e/d

Tension 3 3

Tension Cleavage 3 1.5

Shear-Out 3 1

Bearing 5 "i

Bolt Failure 6 3

Bolt Pull Through 6 3

Fiactographic evaluation of the bolted Gr/Ep joints indicates that varying failure modes

occur in these specimens, and examination of individual plies can be used to establish the failure

trends in these joined structures. The fractographs relating to bolted joints are provided in

Figures 9-1 through 9-6. This cuntribution was made by Northrop.
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SECTION 10

ADHESIVELY BONDED COMPOSITES

This section presents the failure modes associated with fractures in Gr/Ep or Gr/BMI

adherends jnined with adhesive. The test matrices and tests performed are shown in Table 10-1.

Tests were performed to develop cohesive failures, adhesive failures, and mixed failure modes,

using variations in lap/strap ratios, ply layups, and overlap distances.

Fracture evaluation of the Gr/Ep and Gr/BMI bonded structures indicates that specimen

geometry, lap/strap ratios and test load play roles in controlling fracture surface characteristics.

Fractures can be mapped following adhesive or mixed failure modes through evaluation cf

features on the fractured adherends. Under these failure modes, rivers on the adherend fracture

surfaces can be used to map fracture direction. Crack-direction cannot be easily mapped in pure

cohesive joint failures, since no clear cut features are observed on the fractured adhesives.

Fractographs relating to adhesively bonded Gr/Ep are provided in Figures 10-1 through 10-

8 and those relating to adhesively bonded Gr/BMI are provided in Figures 10-9 through 10-12. This

contribution was made by Northrop.

Table 10-1. Test Matrix for Adhesively Bonded Composite Fractography

MATERIAL: AS413501-6 GRIEP ADHESIVE: FM-300

LAP/STRAP PLY ORIENTATIONSLOADING / SPECIMEN

00/00 0/ 0 /32 QUASI

MODE I TENSION, DCB 3 3
MODE 11 SHEAR, CONSTRAINED CLS

OVERLAP 1 3 3
"IVERLAP 2

MODE I TENSION + MODE II SHEAR, UNCONSTRAINED CLS

OVERLAP 1 -
OVERLAP 2 3 1_3

MATERIAL: AS4/5250-3 GR/BMI ADHESIVE: EA 9673

LAP/STRAP PLY ORIENTATIONSLOADING / SPECIMENT
00/00 00132 QUASI

MODE I TENSION, DCB 3 3
MODE I TENSiON + MODE II SHEAR, UNCONSTRAINED CLS

OVERLAP 1 3 3_-"

DCB = DOUBLE CANTILEVER BEAM OVERLAP 1 = 7INCHES 532

CLS = CRACKED-LAP SHEAR OVERLAP 2 = 5 INCHES
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