250 521
l‘l"'\\.ll\‘\l\\\ll

WL-TR-91-4032

. A&\ l!k
DOT/FAA/CT-91/23 A in‘“'

VOL II, Part 1

COMPOSITE FAILURE ANALYSIS HANDBOOK
VOL IT - TECHNICAL HANDROOK
PART 1 - PROCEDURES AND TECHHIQUES

R.J. Kar

Northrop Corporation

One Northrop Avenue

Hawthorme, California 90250-3277

Februa 1992
Y US.Department

of Tansporigron

Administration
Final Report for Period January 1987 - October 1990

Approved for public release; distribution unlimited.

MATERTALS DIRECTORATE . DT l C

WRIGHT LABORATORY P8 FLECTTF B
AIR FORCE SYSTEMS COMMAND A MAY
WRIGHT-PATTERSON AIR FCRCE BASE, OH 45433-6533 R 1AY0 719028

and

FEDERAL AVIATION ADMINISTRATION TECHNICAL CENTER
'7.S. DEPARTMENT OF TRANSPORTATION
ATLANTIC CITY, NEW JERSEY 08402

348
93 . . u38 e




NOTICE

When Government drawings, specifications, or other data are used for any purpose other
than in connection with a definitely Government-related procurement, the United States

Government incurs no responsibility or any obligation whatsoever. The fact that the Government
may have formulated or in any way supplied the said drawings, specifications, or other data, is not
to be regarded by implication, or otherwise in any manner construed, as licensing the holder, or
any other person or corporation; or as conveying any rights or permission to manufacture, use, or
sell any patented invention that may in any way be related thereto.

™his report is releasable to the National Technical Information Service (NTIS). At NTIS,
it will be available to the general public, including foreign nations.

This technical report has been reviewsd and is approved for publication,

P St Q@Qﬁ (Ortei s

PATRICIA L. STUMPFR //I/ RONALD H. WILLIAMS
Project Engineer v Technical Manager
Materials Integrity Branch Structural and Electronic
Failure Analysis 0

FOR THE COMMANDER

oS Stonpnre

: “ GARY E~ST ENSON, Actg Br Chf
Materials Integrity Branch
Systems Support Division

If your address has changed, if you wish to be removed from our mailing list, or if the
addressee is no longer employed by your organization please notify WL/MLSA, WPAFB, OH
45433-6533 to help us maintain a current mailing list.

Copies of this report should not be returned unless return is required by security
considerations, contractual obligations, or notice on a specific documnent. .




o REPORT DOCUMENTATION PAGE -

Public reporting turden 1ar this e 2llection of iInformatan » esumated to dverage | nQur oer resporse rCuding The UMA 1CE 7R en1ng 1nstr uCTICNS 30afirirs fxslng 941 s0urdey,
gathering and maintairing the dala needed, and completing ang te vie ~Ming the tollection of nformatcn Send cecmmenty rc?ardm:) this burden estimate 9 iy, ,(hm‘ aspect of thy
collection of information, 'n¢luding suggestions for reducing this turden ¢ Washington Headauvarters Services. Directorate for Informaticn 0oeratioe;, ¢nd f’vu:':s_ 215 Jetterson
Davis Highway, Suite 1204 _arhington, VA 22202-4302. and to the Ottice of Management and Budqget Paper~wcre Reductior P01 (070a-018B). Wasr:rgten. 3C 2050)

‘ 1. AGENCY USE ONLY (Leave blank) }2. REPORT DATE 3. REPORT TYPE AND CATES COVERED
February 1992 Final for 1| .Jan 1987 to 31 Oct 1990
4. TITLE AND SUBTITLE S. FUNDING NUMBERS
LE AN Composite Failure Analysis Handbook
| Volume II: Technical Handbock Contract Number
Part 1 - Procedures and Techniques F33615-87-C~5212

8. AUTHOR(S)

R.J. Kar

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
REPORT NUMBER

Northrop Corporation

Aircraft Division

One Northrop Avenue

Hawthorne, California 90250-3277

9. SPONSORING ' MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING / MONITORING
AGENCY REPORT NUMBER
Wright Laboratory (WL/MLSA)
Materials Directorate WL-TR-91-4032,
Wright-Patterson AFB, Ohio 45433-6533 DOT/FAA/CT-91-23

Volume II - Part 1

11. SUPPLEMENTARY NOTES
FEDERA{, AVIATION ADMINISTRATION TECHNICAL CENTER
Additional Funding/Sponsorship U. S. DEPARTMENT OF TRANSPORTATION
Provided By: ATLANTIC CITY, NEW JERSEY 08405

6 12a. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Approved for public release;
distribution is unlimited

13. ABSTRACT (Maximum 200 words)

The objective of this program was to create a comprehensive handbook for use in con-i
ducting failure analysis investigations on failed composite structure. This programi
builds upon previous efforts as documented in the 'Compendium of Post-Failure
Analysis Techniques for Composite Materials,'" A¥WAL-TR-86-4137. The purpose of
creating this handbook was to document the techniques, the fractographic and
material property data and case history studies currertly being utilized in the
analysis of failed composite structure. The major tasks on this prcgram included:
(1) procedural guidelines for field investigation techniques; (2) an expanded
fractographic data base tor carbon/epoxy materials tested under known conditions,
(3) a fractographic data base for resin based composite materials other than carbon/
epoxy; (4) fractographic documentation of composite material and processing defects;
(5) documentation of fracture characteristics in adhesive and mechanical joinat
failures; (6) compilation of material property data for composite materals; and

(7) dnocumentation of case histories recently conducted on failed composite structure

14. SUBJECT TERMS 1S. NUMBER OF PAGES
Composites; Composite Structures; Failure Analysis; Fractographyf 246
Adhesive Joints; Mechanical Joints; Case History Studies 16. PRICE CODE

17. SECURITY CLASSIFICATION | 18. SECURITY CLASSIFICATION [ 19. SECURITY CLASSIFICATION ' 20. LIMITATION GF ABSTRACT
CF REPORT OF THIS PAGE OF ABSTRACT

UNCLASSIFLED UNCLASSIFIED UNCLASSIFIED
NSN 7540-01-280-550C Stardard Form 298 {Rev 2.89)

Peoscapad By ANSE Sig 239418
98-102




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 structurcs.

A field handling logic network was prepared for on-site handling of composites during accident
investigations. Procedural guidelines were developed from inputs provided by key field personnel from
several government agencies, and from the resnlts of tests performed in-house at Northrop. Scveral
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
microchemical 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 deter-
mined. 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 ioading 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
adhesive 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
Jjuinzd composite structures. A cormputer code entitled SAMCJ (Strength Analysis of Multifastened
Composite Joints), previously developed by Northrop for the USAF, was run to develop the matrix for
quasi-isotropic ASR/3501-6 Gr/Ep joined with titanium “Hi-Lok” tension or shear-type flush head
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fasteners. Failure tests and ‘ractographic evaluation were carried out on the specimens. It was determined
that the failure modes were a function of applied lnad, specimen, and fastener geometries.

Detailed in-plane shear tests were also carriea 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 f~.cture 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 materizl 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, enviconment and
processing variables did not significantly alter fracture characteristics.

Narthrop reviewed formats previcusly used for reporting metallic and composite fractography
and failure analysis data. Based on an assecsment 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. Propeities obtained were incorporated into database files using a personal 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 intc the Handbook.

Under an engineering services agreement between Northrop and the university of Utah,
Professor Wiilard 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 Christensern of
Lawrence Livermore Laboratories was determined to be of utility in compesite failure investigations.

Verification of the composite failure analysis logic system was pertorimed 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. ANl 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 specimens and
related test documentation were shipped to the Air Force for subsequent evaluation by the Boeing
Company.

The Composite Tailure Analysis Handbook is divided into two volumes. Volumel is the
Program Overview. Volume II comprises the Technical Handbook, and is divided into three parts. Part i
describes all the techniques and procedures for performing composite failure analysis. Part 2 represents




an atlas of fractographs. Part 3 is a compilation ot czse histcries of investigatioas performed by

Northrop, Boeing. aud General Electric.

In summary, Northrop has ach’eved the objective of producing a Handbook contuining 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
Corporation, Aircraft Division, Hawthorne, California for the
United States Air Force 3Systems Command. The program was
administered under the technical direction of Ms Patricia Stumpff,
Matevials Directorate, Wright Laboratory, Wright-Patterson Ailr
Force Base, Ohjo 45433-6533. The majority of funding for this
program was provided by the Federal Aviation Administration
Technical Center, Aviation Safety Division, Atlantic Caty, New
Jersey 08405. Mr Lawrence Neri, ACD-210, acted as the Federal
Aviation Administration technical manager. Mr Joseph Soderquist,
National Resource Specialist, Advanced Materials, Federal Aviation
Administraticn, 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
Labcratory. 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:
Ms L. M. Concepcicon (Co-Princinal Investigator), Mr O. P. DeCastro
(SEM and materialography), Mr J. M. Dobson (case histories),

Mr T. N. 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.

pProfessor W. D. Bascom, Department of Materials Science and
Engineering at the University of Utah, also made 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 undei 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 incorpcrated 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 analyis 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 preventing sirnilar failures.

The goal of this Composite Failure Analysis Handbook is to provide a guide for conducting
post-failure analysis of fiber-reinforced compusite structures. 't forms a compilation of the procedures,
techniques, and sample data required to conduct analyses of composite structures. Volume II of this
report is the Technical Handbook and it has been divided into three parts.

Part 1 of the Handbook is a summary of the procedures and techniques used to perform failure
analyses of composites. This part is largely comprised of the results of work performed by Boeing under
Air Force Contracts F33615-84-C-501¢ and F33615-86-C-5071 and reported by Boeing in AFWAL
TR-86-4137 and WRDC-TR-89-4055. Northrop expanded this summary under Air Force Contract
F33615-87-C-5212 to include (1) procedures and techniques that have recently developed, (2) documen-
tation of manufacturing and processing defects that occur in graphite/epoxy, and (2) a compilation of
chemical and mechanical properties of current and near-term ccmposite struct'wal materials. The
sequence that a laboratory investigator should follow during failure analysis of a fractured composite
component (failure analysis logic network), and procedural guidelines for on-site handling and
examinaiion of composites during accident investigations (ficld handling logic network) have also been
updated and expanded. Laboratory failure analysis technicues such as nondestructive testing, materials
characterization, stress analysis methods, and the art of fractography are discussed.

Parts 2 and 3 (the Atlas of Fractographs and the Case Histories, respectively) of the Technical
Handbook are discussed in the Summary (Page iii). Additional information has been presented in
Introduction and Purpose sections cf each of these parts.

The Handbook has been designed to be a living document that can be updated readily. This
work reports 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).




SECTION 2
SOURCES OF FAILURE

Composites can and will fail, due to service or manufacturing defects and material
inhomogeneities. In general, the sources of failure in composites can be broadly classified as:

1. Design errors
2. Materials and process discrepancies

3. Anomalous service conditions

2.1 DESIGN ERRORS

Unlike homogeneous materials, most modern composite materials are fabricated by laminating
together a large number of relatively thin gage woven or unidirectional plies. For structures made from
such materials it is important to recognize that engineering properties, and hence the component’s
ability to operate without failure, depend upon the correct number, sequence, and orientation of plies
beirg used to make up the laminate. In general, the significance of errors depends upon the particular
material in question, as well as the magnitude of mistake in terms of the overall laminate construction.
For example, an overall off-axis rotation of 5 degrees can reduce the ultimate compression strength of a
unidirectional graphite epoxy laminate by as much 54 percent. In contrast, a 5-degree rotation of only
one ply out of a 30-ply laminate probably would produce less than a 2-percent decrease in ultimate
strength. From this standpoint it is critical that the impact of identified discrepancies be identified
accurately and taken into consideration prior to being reported or to being identified as a significant
contributor to the cause of failure.

Errors in layup can also have significant effects not directly related to those engineering
properties considered as part of typical design. The materials coefficient of thermal expansion
represents one such property, where variations in stacking sequence can produce significant amounts of
panel warpage or internal residual stresses. These internal siresses have been found to cause damage
such as gross delamination and matrix cracking within the laminate plies. Such damage, while not
always directly responsible for failure, may in many cases constitute one of several contributory
conditions resulting in premature failure.

2.1.1 Critical Parameters

For continuous fiber reinforced composite materials, the exact design properties which should
be checked as part of a ply layup analysis will depend strongly upon the requirements of the specific
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component examined. However, as a general guideline, critical parameters which should be given .
consideration in the event discrepancies are detecied should include:

1. Young's Modulus

Basic laminate strength (tension, compression, shear)
Notch sensitivity (iension and compression)

Buckling stability

Inte.nal thern-al stress or residual stress conditions

I I

Alterations in environmental susceptibility.

2.1.2 Common Errors

Some of the most commor errors in ply layup include:

1. Missing or additional plies
2. Improper angular orientation i
3. Improper ply type, grade or style.

2.2 MATERIALS AND PROCESS DISCREPANCIES

Errors in matenal layup, ply orientation, microconstituent chemical formulation, processing
and the degree of matrix curing can lead, or contribute, to premature component failures. As a vesult, ’
the analysis of these basic material and processing errors should be considered a standard operation in
most analysis investigations. Standard techniques are available for characterizing the material integrity
and for identifying anomalous conditions, if any, that may have caused or contributed to component
failure. Factors that can contribute to premature failure include:

1. Incorrect materials

Improper material layup i.e., the number, orientation, and sequence of plies in the laminate
Improper fiber, matrix, and void volume fractions

Improper individual ply thickness

Improper fiber alignment

Improper chemical composition of the resin

Improper degree of cure

Contaminants _ A

Ea R R A o

High moisture content

—
e

Incorrect size, placement, or poor quality of details such as holes and radii

11. Improper fastener installation, joining, bonding, etc.

In most failure analyses, the examination of part material, configuration, and quality should be
ccnsidered a routine procedure, necessary for the accurate evaluation of the failure cause. These
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examinations should identify any gross ceficiencies that could have significant effect on material
properties or the magnitude of local stresses within the part.

2.3 ANOMALOUS SERVICE CONDITIONS

Composite components can fail when operated under anomalous service conditions. Any variable
that significantly affects '~ mechanical respense of the laminate or the chemical properties of the
composite constituents can by -xpected to lead to premature failure. Some of the environmental variables
that can be considered deleterious to the service life of composite components include:

1. Temperature: Operation of composite components at temperatures above those for which the
component was designed

2. Chemical Environments: Exposure of composite components to aggressive chemical
environments

3. Abnormal Load Situations: Subjecting the component to abnormal loads for which the
component was not designed, such as low energy-impact damage.

2.4 EXAMPLES

This subsection presents examples of manufacturing, materials, and processing defects that
occur in Graphite-Epoxy (Gr/Ep). These defects have been previously identified in a study termed the
Rockwell Flaw Criticality Study (Reference 1) as defects that could affect the service life of composite
structural components. These defects and flaws can occur either during fabrication/manufacture of the
composite component, or duting subsequent service. A list of these defects is provided in Table 2-1. The
corresponding Rockwell study defect number and the stage at which these occur are also given.
Figures 2-1 through 2-28 are photographs illustrating the defects.
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Table 2-1. Rockwell Flaw Criticality Study Defects

Defect Defact Manufacturing
No. Stage
External Delamination Layup
2 Blister, Internal | eclamination Layup
3 Oversized Hole Attachment
4 Hole Exit Side Broken Fibers/Breakout Attachment
5 Tearout in Countersink Attachment
7 Resin-Staived Laminate Fiber/Prepreg

Generation

8 Resin-Rich Areas Fiber/Prepreg Generation Fjber/Prgpreg
Generation
9 Excessive Porosity Fiber/Prepreg
Generation
10 Scratch, Fiber Breakage Handling Handling
1 Dent Handling
12 Fiber Breakaway From Impact Surface Handling
13 Edge Delamination, Splintering Handling
14 Overtorqued Fastener Attachmeni
6 Edge Notch, Crack Handling Handling
17 Corner Notch Handling
18 Mislocated Hole, Not Repaired Attachment
20 Marcelled Fibers Layup
21 Wrinkles layup
26 Wrong Material Layup
27 Misoriented Ply Layup
28 Ply Cverlap Layup
29 Ply Underlap, Gap Layup
31 Improper Fastener Seating Attachment
33 Figure 8 Hole Attachment
35 Off-Axis Drilled Hole Attachment
36 Countersink on Wrong Side of Laminate Attachment
39 Burned Drilled Hole Attachment
41 Undersize Fastener Attachment
42 Dent, Fiber Breakage From Production Mishandling Handling
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Figure 2-1. Rockwell Flaw Criticality Study Lefect 1: External Delamination

Figure 2-2. Rockwell Flaw Criticality Study Defect 2: Blister, Internal Delamination



Figure 2-3. Rockwell Flaw Criticality Study Defect 3: Oversized Hole

Figure 2-4. Rockwell Flaw Criticality Study Defect 4: Hole Exit Side Broken Fibers Breakout
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Figure 2-5. Rockwell Flaw Criticality Stugy Defect 5: Tearout in Countersink :
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Figure 2-6. Rockwell Flaw Criticality Study Lefect 7: Recsin-Starved Laminate (Bare Fibers)
27
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Figure 2-9. Rockwell Flaw Criticality Study Defect 10: Scratch, Handlin g Damage

Figure 2-10. Rockwell Flaw Criticality S tudy Defect 11: Dent, Handling Damage
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Figure 2-11. Rockwel| Flaw Criticality Study Defect 12: Fiber Breakaway From Impact Surface

Figure 2-12. Rockwell Flaw Criticality Study Defect 13: Splintering, Edge Delamination
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Figure 2-13. Rockwell Flaw Criticality Study Defect 14: Qvertorqued Fastener

Figure 2-14. Rockweli Flaw Criticality Study Defect 18: Edge Notch, Crack




Figure 2-15. Rockwell Flaw Criticality Study Defect 17: Corner Notch




Figure 2-17. Rockwell Flaw Criticality Study Defects 202 and 21: Marcelled Fibers {Arrow) and
Wrinkles
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Figure 2-18. Rockwell Flaw Criticality Study Lefect 26; Wrong Material, Correct Layup [0];s7
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Figure 2-20. Rockwell Flaw Criticality Study Defect 28: Ply Overlap

Figure 2-21. Rockwell FFlaw Criticality Study Defect 29: Ply Underlap, Gap
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Figure 2-22. Rockwell Fiaw Criticality Study Defect 31: Improper Fastener Seating

Figure 2-23. Rockwell Flaw Criticality Study Defect 33: Figure 8 Hole




Figure 2-24. Rockwe!l Flaw Criticality Study Defect 35; Off-Axis Drilled Hole

Figure 2-25. Rockwell Flaw Criticality Study Defect 36: Countersink on Wrong Side of Laminate




Figure 2-26. Rockwell Flaw Criticality Study Defect 39: Busned Drilled Hoie

Figure 2-27. Rockwell Flaw Criticality Study Defect 41: Undersized Fastener




Figure 2-28 Rockwell Flaw Criticality Study Defect 42: Dent, Hidden Fiber Breakage




SECTION 3
FAILURE ANALYSIS LOGIC NETWORKS

3.1 GENERAL CONCEPTS

This section reviews the failure analysis logic network (FALN) flowcharts and supporting data
tables developed to provide investigators with guidelines delineating a logical sequence of investigative
operations. These flowcharts are designed to identify the analytical tools necessary for composite failure
analysis. The charts, when combined with decision gates, allow an accurate, cost-effective, and timely
determination of the cause of component failure. Such guidelines have not been available previously due
to the relative complexity of composite materials and their fairly recent use in industry, particularly for
primary structures. In developing these guidelines, specific objectives were incorporated to provide
investigators with a logical sequence that:

1. Conusiders a variety of potential causes including design or fabrication errors, anomalies, and
in-service or testing damage

2. Incorporates multipie anaiyiical discipiines, such as nondesiruciive tesiing, maieriais
characterization, fractography, and stress analysis

3. Avoids the premature destructicn of evidence
4. Builds on gathered information and allows for redirected investigations.

In addition to the general FALN, several specific FALNs are provided for the areas of
nondestructive testing, materials characterizaticn, fractography, and stress analysis. Both types of
FALNSs are described in the following paragraphs.

3.2 MAJOR FAILURE ANALYSIS LOGIC NETWORKS

Identifying the logical sequence of steps for doing a post-failure analysis is ofien a complex and
difficult process. Sufficient information must be gathered and evaluated so that the cause of fracture

may be determined from positive supportive evidence rather than simply by a process of elimination. In
many instances, the development of a cocherent set of positive evidence is complex since: (1) numerous
potential causes exist and (2) multiple contributory factors may be involved. In order to identify

accurately the cause of fracture, each of these potential contributory factors must be taken into
consideration. Identifying the cause of fracture and related contributory factors without examining
every conceivable cause requires an organized investigation sequence. Developing this plan of attack is
further cc .plicated by the fact that many investigative steps may be destructive to remaining evidence,
and thus may preclude further critical analysis. Consequently, adequate documentation to record
existing evidence, as well as the logical flow of information from one analysis to another, must be
considered.




To assist investigators in developing a logical plan of attack, an organizational framework was
developed. This framework is based upon well established procedures utilized in the failure analysis of
metallic structures, modified to meet the specific analytical requirements for fiber reinforced composite
structures. This framework considers each major failure category, potential interrelationships, and the
prevention of premature destruction of evidence. Because composite materials differ in many respects
from metals, the specific operations involved were medified to address those characteristics specific to
composites. This proven framework consists of five basic investigative operations arranged around
intermediate decision points. The aporoach is aimed at simplifying and streamlining .he number and
complexity of analyticai steps involved, usually lowering the overall costs of investigations. The five
major investigative operations are:

Collection and review of background history and information
Nondestructive inspection
Evaluation of the part conformity to specified requirements

Detailed fractographic examinations

ook o

Mechanical testing and stress aualysis.

An overall diagram, showing the simplified application sequence of these five operations, is
illustrated in Figure 3-1. The sequence initially encourages the use of simple, inexpensive procedures,
suck as nondestructive examinations, followed by progressively more detailed procedures such as
material verification and stress analysis. Through comprehensive hands-on application and evaluations,
& sigaificant amount of detail has been added to the original invesiigative frumework. The expanded
version, shown in Figure 3-2, establishes a more detailed and accurate path for investigators. It
delineates most of the widely used techniques that may be used and the required decisions involved in
carrying out a postinortem analysis.

Each initial examination is directed toward identifying items of significance early in the
investigation. Through an iterative process, the number of steps can be minimized and future efforts
concentrated on items of interest. During the initial stages of investigation, background information on
material, fabrication, design, loads, environment, and service or test history is collected and reviewed with
the intention of identifying areas of concern. This process helps develop a familiarity with the component,
its operation, and its service environment. Nondestructive inspections are then performed to identify and
further delineate the extent and nature of nonvisible fracture or damage. The data are documentad for later
reference. This operation establishes the groundwork to plan more detailed examinations and helps in
selection of specimens that may require destructive sectioning. After nondestructive examination, the part
is evaluated for conformity with engineering, material, and process specifications. This includes such items
as material verification, ply layup, and degree of cure.

Detailed fractographic and stress examirations are the next analytical steps. These operations iden-
tify more specific details and ussess their significance. Typically, fractographic examinations are used princi-
pally to1dentify the origin an-! load conditions involved in failure. In many cases, the main benefit of fracture
examination is the identification of material defects or anomalies. As such factors are identified, sufficient
informatior. may be developed to identify either a specific cause for failure or a point of interest (that is, an
origin) for further analyses. After inputs from fractographic analysis have been developed, stress analysis
may be performed to evaluate stress states, out-of-compliance conditions, or the critical nature of identified




’ defects. In cases where questions may remain, additional specialized tests or further, more detailed, stress
analyses may be required from the stress specialist to model previously indeterminate conditions.

FIELD
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SECTION 4
FIELD GUIDELINES

This section describes the procedural guidelines that have been developed for field investigators
to use for handling and selecting fractured components for subsequent laboratory investigations. These
guidelines have beer. developed based on inputs and suggestions from several DOD agencies as well as
representatives from the National Transportation Safety Board (NTSB) and Federal Aviation
Administration (FAA).

Figure 4-1 shows the field handling logic network which defines the recommended safety steps
and associated handling, packaging and shipping procedures that are being suggested to field
investigators. Failed parts that have not been damaged by fire proceed to laboratory failure analysis.
The failure analysis report ultimately goes to the Accident Investigation Board. A description of several
of the issues used in this network follows.

Fibers released in aircraft crashes or from machining/handling of fire damaged composite
materials can cause damage in electrical or avionics equipment. Keleased fibers settling on or across
electrodes or circuits can short out low power electrical systems or cause severe electrical arcs in high
power systems.

4.2 HEALTH AND SAFETY ISSUES

Fibers may be released during airplane accidents which can be a health hazard. Primary release
occurs during post-crash aircraft fires, although some reiease may occur during an on-site crash
investigation, during transportation of components to a safe-area, or during scrap disposal. Graphite
fibers act as skin, eye, and lung irritants in a manner similar to exposure tc moderate/heavy amounts of
glass fibers. Except for skin irritation, no evidence exists that any serinus effects could result from
graphite fibers being imbedded in human skin.

With regard to other health threats associated with carbon fibers, the National Institute for
Occupational Safety and Health (NIOSH) has determined that fiber particles, including carbon fibers,
fiberglass, and asbestos, will not cause malignant disease if they exceed 3.5 microns. The average size of
carbon fibers currently in use in composite structures ranges between 4 and 7 microns. Based on these
observations, it is generally believed that carbon fiber-based composite panels fractured in aircraft
crashes but not subjected to fire are biologically benign and would constitute no more hazard than
fractured aluminum aircraft pieces.
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Figure 4-1. Field Handling Logic Network for Composite Parts

4.3 SAFETY GUIDELINES

The following guidelines are recommended as minimum safety precautions in the handling of
carbon fiber-based composites in crash/fire incidents:

1. Base/squadron safety officers should:
a. Determine if the aircraft contains carbon fiber materials
b. Identify specific carbon fiber components/panels

2. Pre-mishap trainiug should include:

a. ldentifying locations of carbon fiber

b. Properhandling of components with regard to accidents without post-crash fires and those
involving a post-crash fire ‘




For aircraft mishaps wnere carbon fibers are released by fire:

a. Firefighters and rescue personnel should be the only personnel in the immediate vicinity of
the burning/smoking wreckage.

b. Personnel should be prevented from approaching the cra-h site and should be restricted
from assembling down-wind of the fire at the crash site.

c. Once the fire is comp!letely out and the wreckage has cooled, all carbon fiber should be
sprayed down with a fixant to contain the release of carbon fibers.

d. The area should be roped off as soon as possible and a single entry/exit point be established
to the mishap site.

For aircraft mishaps where no carbon fibers are released by fire:
a. Leather palmed gloves should be worn.
b. Carbon fiber panels can be handled similarly to handling of aluminum panels.

All personnel involved with crash/fire-damaged composite parts should be provided with a
suitable shower facility before going off duty to preclude injury from loose fibers.

4.4 SAFETY EQUIPMENT

1

In a crash invelving fire/burning wreckage, personnel required to enter wreckaze to nieutralize
hazards should wear adequate protection to minimize irritation. These should include:

a. NIOSH-approved industrial dust masks

b. Disposable paper coverslls with hoods
c.
d.

Goggles or visors
Leather palmed gloves.

For aircraft mishaps where no carbon fibers are released by fire, leather palined gloves shou'd
be worn. If breaking or ripping apart of carbon fiber components with carbide saws is to be
performed, mono-goggles or fac2 shield protection should be used.

Safety officers should ensure that the following items are readily available at all operating sites
or included in premishap kits:

a. Anadequate supply of industrial fixant, preferabl; commercially procured polyacrylic acid
(PAA) such as B. F. Goodrich “Carboset” XL-11. If not available, acrylic floorwax or light oil
is an acceptable fixant.

b. Industrial dust masks (NIOSH approved), disposable coveralls or equivalent, leather
palmed gloves, and monge-goggle eye protection for use if fire is present.
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4.5

ON-SITE CRASH/WRECKAGE RECONSTRUCTION AND HANDLING

1.

10.

Once f'xant has contained carbon fiber material, the use of industrial dust masks and gloves is
considered sufficient for work around the crash site where large amounts of carbon fiber mate-
rial are not being stirred up.

Complete documentation of all debris at the crash site should be carried out using conventional
photographic equipment. Aerial photography of the crash site to include a “global” perspective
of the crash investigation is also useful.

Inspection of the crash-damaged aircraft to identify crash/fire-damaged composite parts
should be carried out. Classification of all composite components into fire-damaged and
non-fire-damaged is also usefu!l. Tagging and labeling of all debris should be carried out,
preferably at the crash site or prior to transport to an accident reconstruction area.

Sectioning of crash/iire-damaged components for further engineering investigation should be
performed using carbide saws and mono-goggle protection. Sectioning should be performed in
areas well away from visible fracture and areas that contain internal damage as determined by
nondestructive tests (coin-tap, portable ultrasonic, X-ray, etc).

Crash/fire-damaged parts which require laboratory evaluationand/or repair should have fibers
contained by wrapping the affected area with 0.006 inch thick plastic sheet (MIL Specification
L-P-378) and taped in place with aircraft preservation tape (MIL-T-22085, Type II tape).

Crash/fire-damaged parts which do not require evaluation as part of the accident investigu
and/or are to be scrapped should have fibers con 1ined (to ensure that fibers are immobilizew)
by using Corrosion Preventative Compound, MIL-C-16173, Grade 4 spray applied as a fixant
material.

Transport of the wreckage to a “safe-area” for accident/wreckage reconstruction should be
carried out as soon as possible. During the accident investigation/repair disposition operations,
the crash-damaged aircraft should be in an enclosed area not subject to the elements of
weather. This prevents degradation of the tape/plastic sheet {iber containment system and
precludes the spread of loose fibers.

Crash/fire-damaged aircraft to be stored locally, awaiting repairs, should have crash/fire-
damaged parts wrapped or preserved as previously described. All sharp projections from dam-
aged composite parts should be covered and padded to prevent accidental injuries. Damage or
abrasion to the cover assembly can be minimized by applying foam with tape.

Those crash/ire-damaged hulks to be scrapped should have fibers contained as stated
previously and shnuld be wrapped in barrier muterial and taped. The hulk thus preserved is
suitable for outside storage.

Thos= operations performed on crash/fire-damaged parts which generate loose fibers {(such as
sectioning of parts using carbide saws) require that personnel be protected from fiber expo-
sure. Control of loose fibers is provided by vacuuming with a vacuum system containing a high
efficiency particulate air filter (HEPA) designed to proviue filtration leveis down to 0.3 microns
in particle size. Respiratory protection is provided by portable respirators containing HEPA
filters with the same filtration levels as the vacuum system.
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11. Composite material that is not required for investigation should be disposed of at an approved
hazardous material waste site.

46 CLEANING METHODS

As much as possible, cleaning should be avoided for subsequent laboratory examination of fracture
surfaces. However, under extreme requirements, conventional cleaning methods such as ultrasonic rinsing
in soap or alcohol used in metal fraciography can usually be successfully used for fiber/resin composite
material without damaging fracture details.

4.7 VISUAL EXAMINATION

Failures in composites can be described in terms of the failure mechanism exhibited on trans-
laminar, interlaminar, and intralaminar fracture types. The first evaluation method available to define and
differentiate between these fracture types is visual macroscopic. The ability te define fracture types at the
macroscopic level can often be the most valuable capability for many investigators, particularly for those
performing field investigations. When examining a failed composite structure, the investigator must assess
the nature and direction of the applied lo.d, 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. Howwever, this extremely valuable capability is very much in its
infancy compared to the metals field. Figure 4-2 nresents a brief overview of the relationships that various
investigators have observed between fracture mode/load conditions and macroscopic fracture surface
features.

MODE ENVIR. CONDITION MACROSCOPIC FRACTURE FEATURES
lnter[aminar Tension Low Temperature/Dry e Smooth, glassy fracture surface
Dominated o Major portion of fracture between plies
Hot or Hot/Wet e Smooth but with loose fibers strewn on surface

e A majority of the fracture within plies
e May be permanent deformation of laminate

interlaminar Shear

Dominated

Low Tomperature/Drv

o Surface flat, but with “milky” appearance when hesld at
angle to light

o Major portion of fractute beiween plies

Hot or Hot/Wet

e Also exhibits “milky” appearance
¢ Tends to fracture within a ply
e Loose fibsers on surface

Translaminar Tension

e Rough, jagged fracture surface with individual fibers
protruding from surface

Translaminar
Compression

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

e Very few, if any, fibers protruding from surface

Translaminar Flexure

o Two fairly distinct regions, one exhibiting translaminar
tension and the other translaminar compression, the
regions being separated by a neutral axis line

Figure 4-2. Visual Macroscopic Fracture Surface Features
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SECTION 5
NONDESTRUCTIVE EVALUATION TECHNIQUES

In the broadest sense, nondestructive evaluation (NDE) includes any examinati n that assesses
material integrity without damaging or destroying a component. It is used for a variety of tasks such as
in-process quality control, in situ test monitoring, and fleet service inspection. For failure analysis,
nondestructive evaluations are useful for identifying the conditions of invisible fracture for
documentation and for planning subsequent destructive evaluations.

Following preliminary visual and macroscopic analysis of the failed component, invisible
damage can be identified and evaluated by various techniques outlined below. Figure 5-1 and Tables 5-1
and 5-2 present a summary of the various methods commonly used for failure analyses. Note that the
methods are listed in the order of preference for evaluating and defining each defect condition. The
NDE FALN is structured such that inspections invoive progressively more detail of the damage
conditicn, including:

1. Initig! plan view inspections
2. Detailed plan view inspections

3. Through-thickness inspections.

It should be noted that many of the failure analyses investigztions do not require detail beyond
the initial plan view inspections. Usually failure of the part denotes that some fairly extensive fracture,
often visible, has occurred. The main responsivility of NDE inspection is to define the damage region
around the primary fracture. More detailed analyses, if performed, are usually confined to other regions
on the component, away from the principal fracture region, so as to identify other sites of damage or
contributory defects.

Evaluation Plan

Nondestructive evaluations can be extremely useful to the failure investigator by revealing
visible damage as well as areas of fracture not readiiy discernable through the most intensive visual
examination. Nondestructive evaluation is of particular importance with composite materials primarily
because of their susceptibility to invisible internal delaminations within or between the laminate plies.
Other identifiable defect or damage corditions found by NDE include:

1. Translaminar surface and subsurface fractures
Core cell damage and fluid ingestion

2

3. Porosity
4. Disbends
5

Impact damage
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Figure 5-1. Nondestructive Evaluation Sub-FALN

6. Fastener hole drilling damage
7. Lightning dainage
8. Heat or fire damage.

In addition to its primary benefits, NDE has several other notable advantages. Providing
adequate documentation prior to destructive sectioning is of particular importance in failure analysis.
With many modern and well-developed nondestructive analysis techniques available for composites
(ultrasonics and X-ray being the most common), a permanent record is made of both visible and
invisible areas of fracture. This record, somewhat like opticai photography, provides invaluable
documentation for later perusal. In addition to documentation ot the extent of invisible damage, the
investigator often gets an added benefit of identifying the type of construction such as locations of core
splicing, potting regions, and ply dropoffs or pickups. Finally, since NDE is usually performed by a
support specialist, the failure analyst is freed to establish a coherent plan for more detailed evaluation
prior to destructive operations {such as specimen removal by sectioning).

'To provide the investigator with a better definition for the sequence of steps involved in the

nondestruciive evaluation of a part, the FALN presented in Figure 5-1 was developed. Several goals
were considered in creating this FALN; first, the chart should provide the most basic information first,
and second, the techniques should progress from the most easily interpreted to the most complex. The
chart begins by documenting the fracture in general terms using relatively simple techniques. Next, two
operations provide additional plan-view and through-the-thickness information using more complex
techniques.



Table 5-1. Failure Analysis Techniques — Nondestructive Evaluation

L

cracks in Gr/E fabr:c
structures

TECHNIQUE® DESCRIPTION USE VALUE
Thru- Measures ultrasonic sound | Determines size and ® Plan view documentaticn of fatlure
transmission attenuation location of norvisible ® Plan view assessment of part quahty
vltrasomic (TTY) { e C.Scan-planview damage, defects, e Planning analyses
e (-Scan presentation fracture in plan view
Pulse ultrasonic Measures ultrasonic sound | Determines size and #® Planview documentation of failure
e B-Scan reflection location of damage, e Thru-thickness view documentation of
e (-Scan ® 8.Scan-thru- defects, fracture in tailure
transmission view both a plan and thru- 6 Plan view assessment of part qualtty
presentation thickness view ® Thru-thickness assessment of part Quality
® (C-Scan-planview ® Planning analyses
presentation
Reasonance bond | Measures mechanical Deteremines size and o Determining of size and location of part
testers resonance changes caused | location of nonvisible damage
¢ Bondascope by defects, meter or CRT damage ® Method can be used when only one side 1S
2108 display accessible
e Sondicator
®  Acoustic flaw
cetector
e MIA 3000
X-tay Measures X-ray & Determinessize and | ® Plan-view documentation of failure
radiography attenuation plan view location of ® Plan view assessment of part quality and
(tomography) presentation transiaminar defects
fractures and radio- | ® Planning analyses
opaque defects -
plan view
presentation
& Delaminationgize
and lacation
determined with
radio-opaque
panetrant
® Thru-thickness
position determined
by stereo-
radiography or
X-ray tomography
Neutron Measures neutron ® Determinessizeand | ® Plan-view documentation of failure
radiography attenuation plan view location of ® Plan view assessment of part quality and
presentation translaminar defects
fractures and ® FPlanning analyses
neutron opaque
dertects - plan view
presentation
o Delaminationsize
and locatins
determined with
neutron-opaque
penetrant
¢ Used often where
metalstructure
overlays composite
matenal ~ neutrons
are not as
attenuated by metal
as X-ray, and are
relatively sensitive
for polymers with
hydrogen
Eddy current Measure conditions which Determines differences | ® Plan view documentation of fracture with
interruptthe flow of eddy | between paint single-side access
currentinduced inthe part | scratches and surtface ® Planning analyses

* Techniques are listed ir: order of preference, based on apphicability, reliabriity,
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Initial Plan View Inspections

For preliminary inspections, the major emphasis is to determine the basic outline of the damage
regions such that part breakdown and sectioning caun be performed without destruction of evidence or
to minimize the sectioning damage if a repair scheme is considered. Plan view analyses such as
ultrasonics, through transrission ultrasonic (TTU) or pulse echo, and radiography are by far the most
versatile and encompassing techniques for overall determination of the basic outline of the damage
region. Commonly, this coarse damage assessment is necessary for field inspection prior to part
breakdown, sectioning, and subsequent detailed NDE techniques performed in the laboratory. In the
field, pulse echo is the preferred method, particularly desirable in conditions where only one side of the
structure is accessible. When this initial inspection can be performed in the laboratory on a fairly flat
panel, the TTU C-scan method is by far the most preferable method due to its ability to provide a full
scale, plan view, hard copy record of the defect conditions that are aligned normal to the interrogating
beam (delaminations). Defects aligned parallel to the beam direction (translamirar cracking) do not
often create appreciable or detectable attenuation, and thus should be examined by X-ray methods.

Detailed Plan View tdentification

When more plan view details are required, enhanced X-ray and neutron radiography should be
used. Each technique can identify hoth translaminar and delamination damage, although the X-ray
technique requires a free edge or surface-intersecting damage s¢ that the penetrant can be introduced.
However, when such a surface defect is present, enhanced radiography is probably the single most
sensitive and accurate inspection technique for composite structures. Neutron radiography, on the other
hand, can be used where metal structure overlays composite material, since neuirons are not as
attenuated by metal as X-rays and are relatively sensitive to polymeric materials containing hydrogen.
This method, however, has not been proven to generate radiographs that exhibit much contrast or
resolution. Another available technique :5 eddy current, in which small translaminar cracks can be
identified without the requirement of a free edge.

Through-Thickness Identification

Where through-thickness determinations of the location of planar defects such as delaminations
are required, either ultrasonics (A-scan, B-scan, or time-domain gated C-scan) or X-ray ({stereo
radiography) can be used. This provides the investigator with information similar to cross-sectional
viewing of the planar defect locations.

Several techniques such as X-ray tomography, neutron radiography, and resonance/impedance

bond testing are available, although their application to failure analyses is extremely limited cue either
to immaturity, expense, or limitation of field investigation. Holography, acoustic emission, thermog-
raphy, and speckle photography are not used for post-failure analyses investigations since they require
some sort of mechanical loading of the part to define damage states. For these reasons, these
paragraphs describe in detail the proven and directly applicable NDE techniques such as ultrasonics,
X-ray, eddy current, and edge replication, The basic operaticnal modes and uses are presented, along
with some fundamental theory with regard to evaluating fractured composite structures.




5.1 ULTRASONIC METHODS

Ultrasonic inspection techniques are useful in characterizing materia! flaws such as
delaminations, cracks, voids, matrix rich pockets, and changes in thickness. For homogeneous materials
such as metals, the techniques and the interpretation of the data are well developed and relatively
simple. The anisotropic nature of composites presents an added dimension of complexity to ultrasonic
inspection.

The variables affecting an ultrasonic high frequency sound source that is directionally focused
on the material to be inspected include the acoustic properties of the material and the transporting
medium that the beam passes through. Any variation of the acoustic preperties of these materials can
produce changes in the attenuation (transmission loss), velocity, reflection amplitude, refraction angle
phase, and diffraction of the beam. These changes form the basis of various ultrasonic techniques.

The four primary factors that affect the ultrasound transmission in composite structures
include (D) the inherent physical properties of the material, (2) the microstructural features, (3) the
condition of the surface, and (4) the thickness of the material. The first and foremost parameters that
affect transmission are the physical properties of the material such as stiffness and density, which
determines the directions and energy breakdown of the ultrasonic beam within the material. Second,
the microstructural features such as resin content, porosity, matrix cracking, delaminations, and ply
orientation affect the ultrasonic sound propagation characteristics. It is the measurement and
interpretation of the ultrasonic information that constitutes the major task involved.

Typical ultrasonic inspection of homogeneous isotropic materials is a process that requires a
trained operator using precision and care to avoid errors in the assessment of the damage conditions.
The complexities that arise from analyses of extremely anisotropic materials such as composites require
knowledge of the above-mentioned factors that can have pronounced effects on the information
obtained. Although these factors tend to complicate the analyses, they can also cortribute in a
constructive mauner to provide valuable information regarding the microstructure and basic
construction of the component.

There are two primary methods which are recognized as the most flexible and efficient methods

for obtaining ultrasonic sound propagation data from composite structures, through-transmission
ultrasonic (TTU) and pulse-echo.

5.1.1  Through-Transmission Ultrasonic

In the TTU method, an ultrasonic transducer is placed on one side ¢f the material and emits an
acoustic pulse. The pulse travels through the material and is received by a second transducer located on
the other side of the material. These transducers are placed in axial alignment so that their common
axis is perpendicular to the surfice of the specimen. With this placement, the amount of energy
transmitted through the material is maximized and can be monitored easily as a function of position
when the material is scanned by the transducers. For a C-scan, the entire surface is inspected by
moving the transducer in a series of closely spaced traverses with a mechanical system. Most
mechanical systems only allow planar scanning motions of flat or circular symmetric shapes. Water jet
techniques have been developed which allow inspection of parts too large to be immersed in a tank.
Current technology exists for robot controlled manipulators which track complex surface geometries,
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but such systeins are not yet commonplace. Since the speed of the test is limited primarily by the speed
of the scanning, several arrayed transducers are often used for large scale inspection tasks to reduce
scan times; however, for most failure analyses a single trarsducer can inspect a large part in a few
hours.

The transmitted sound can then be evaluated and broken down into several sublevels, or grey
scales, with each leval equivalent to a certain amount of attenuation. This energy loss can be related to
either voltage or decibels (dB). Each of these sublevels can then be assigned numbers or colors and
graphically presented as a plan view of the part. Regions of attenuation greater than a standard, such as
in the 6 to 18 dB range, indicate the presence of significant damage conditions that reflect the energy of
the sound beam. Through the use of real-time computer monitoring of the attenuation, a map of the
sound transmission relative to the part geomctry can be produced by a plotter in which an image is
formed by burning the surface layers of an ink-impregnated conductive paper. Figure 5-2 presents such
a map, with a delamination identified in the areas of high attenuation. The numbers denote a range of
dB sound loss, with the larger and darker numbers indicating more attenuation.
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Figure 5-2. Examples c¢f an Ultrasonic Through-Transmission C-Scan

In TTU, the sound attenuation results from three sources: viscoelastic effects, geometric
dispersion due to material anisotropy, and dispersion due to geometric internal damage. By proper
selection of the sound frequency, the attenuation due tu delamination and cracks can be maximized and

the attenuation due to material viscoelasticity and heterogeneity can be minimized. The use of 1 MHz
has been recognized to provide the best transmittance since it has a fairly long wavelength and thus i<
less susceptible to scattering from smaller siructural details, particularly for parts with honeycomb
core. When increased sensitivity for smaller details is desired, the use of smaller wavelengths should be




used; however, frequencies in this range (5 to 15 MHz) do not transmit through honeycomb structure
and require a more critical alignment of the two transducers.

The transporting medium is usually water, which provides a uniform coupler to transmit the
sound waves between the transducers and the specimen. This requirement for a water coupler basically
limits the TTYU inspections to the laboratory, but a few portable units are available. The specimen is
either immersed or water jets at the transducers supply a stream of the coupling agent. With composite
failures, surface damage in the form of edge delaminations or translaminar cracking is often present.
This surface damage, if extensive, can allow water to penetrate into the cracks. Since the attenuation is
commonly due to air at the crack impeding the transmittance of sound, the water penetration can
displace the air and eliminate, or significantly reduce, the attenuation at these defects. Hence, special
precautions are required to prevent the intrusion of water into these areas, particularly for those
specimens where 2 contaminant is suspected and water would be very undesirahle. Normally, the open
surface cracks are edge sealed with adhesive tape to inhibit entry of water.

Inspection of the TTU C-scan plan view records can provide a full scale assessment of the major
defect conditions. Usually this inspection method is adequate to define the general outline of the
delamination, particularly surrounding the major damage region that is visible. Although the C-scan
method is best used to define delaminations, much smaller defects such as poresity can also be
identified in extreme cases. This technique is limited by four factors: (1) both sides of the material must
be accessible; (2) the depth of defeuts within the laminate cannot be determined; (3) extreme variations
in thickness cannot be evaluated at the same time; and (4) defects aligned parallel to the incident beam
are not easily identifiable ‘such as translaminar cracking). Where a more detailed inspection of the
damage is needed or when there is access to only one side of the part, or when laboratory analysis is not
possible, the pulse-echo method should be employed.

5.1.2 Pulse-Echo Ultrasonics

I the pulse-echo method, a single iransducer transmits and receives the acoustic pulse. The
transducer emits 2 gated pulse through the material, which is reflected by the far side of the part and
then is detected by the transducer again. Since the full dynamic range of the receiver is available to
amplify any backscattered acoustic energy, this technique can be made quite sensitive to subtle defect
conditions. The reflections from the front and back surface provide known time-related endpoints sc
that the depth of the defect can be determined by its time function. A potential disadvantage of this
method is that flaws one ply away from the front or back surface can be hidden by the reflections from
the surfaces. This problem can be alleviated by properly adjusting the instrument to distinguish
between these reflections, in combination with using a delay line transducer. Additionaliy, it is necessary
to record the returned echo trace and section it at variovs periods of time in order to have an a: curate
representation of the location of the flaws. Breaking dewn che echo trace allews the differentiation and
separation between closely arranged flaws and prevents the investigator from mistaking several small
flaws as a single large one.

For use in the C-scan format, the inspection is usually performed either in & water bath or by
using columns of water sprayed upon the surface of the specimen. The water serves as the coupler and
delay line for the ultrasonic signals. Information is generally recorded in which the signal ievels at each
(and time or depth) are princed or displayed as the transducer is moved over the specimen. The C-scan
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pulse echo is a plan view, two-dimensional image of the internal structure of a material. With gating of
‘ the amplitude-based digital signal, imaging of defects can be identified, reiated to the position within

the thickness of the material, as shown in Figure 5-3. The use of a combination of two gating zones can

allow the differentiation of delaminations near the front surface (light) and the back surface (dark).
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Figure 5-3. Pulse-Echo Ultrasonic C-Scan Usir.g Time-Demain Gating Zones To ldentify Damage States
of impact

Short pulse (shock wave) methods can also produce a considerable amount of information,
although it is limited to linear plotting of the data instead of the two-dimensional C-scan. In A-scan, the
reflected pulses can be real-time displayed on a cathode ray tube or can be permanently recorded. By
comparing the refiected pulse information from a region of damage with an area containing no damagec
(often a calibration sample), the depth of the defect condition can be fairly accurately determined.
Similar to C-scan, this methad produces an image delineating the reflections between the front and
back surfaces. By taking several parallel passes of the transducer over the part, a bettei feeling of the
three-dimensional geometry of the defect car be obtained, as shown in Figure 5-4.

While the A-scan provides data regarding all reflections through the thickness, the B-scan
indicates only the first echo after entering the surface. It is therefore incapable of displaying second and
higher multiple reflections, as the other two methods can. The B-scan is somewbat similar to a
transverse cross-section, 1n that it provides a record of the depth location on a line across the specimen
surface. By taking several of these scans, they also can be combined to provide 2 more complete view of
the through-thickness damage in the material. An example of a B-scan is presented in Figure 5-3,
illustrating the extent of damage in a laminate at several locations along the surface of the part. For
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Figure 5-4. Delamination ldentified by a Family of Pulse-Echo Ultrasonic A-Scans

field or initial inspections, the A-scan method using a cathcde ray tube for imaging can be performed
without a permanent record of the damage. For instance, in early NDE investigations in large failed
structures with visible damage and delamination, hand-held pulse echo can be used to detine quickly the
perimeter of the delamination damage. In this case the couplant is usually a light grease, oil, or
commercially available gel.

5.1.3 Single-Sided Ultrasonic (Backscatter)

Recent developments have provided a method of identifying transverse cracking, with
resolution capable to identify cracking within a single ply. This technique is usually called single-sided
ultrasonic angle beams (backscatter) and involves using an off-axis transducer that imparts the sound at
an angle to the surface, as shown in Figure 5-€. This technique employs separate transmitting and
receiving transducers housed in a single surface probe. A complex wavefront is created in the structure
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by the transmitter, and is continuously monitored by the receiving transducer. With this system,
delaminations create both a phase and amplitude change, allowing their detection. Because the
ultrasonic signal is angled with respect to the surface, this technique has enhanced sensitivity to cracks
oriented in the through-the-thickness direction. A drawback is that cach ply must be scanned at 2
specific angle of incidence to maximize the signal amglitude and properly determine the location of the
microcracks. A reference standard is also required that duplicates the materials and layup of the
laminate being inspected.

5.2 X-RAY RADIOGRAPHY

X-ray techniques can be used to detect broken structure and large subsurface fractures when
there is a displacement of members. Extensive cracks in which surface displacement has not occurred
may not be detectable. Defects such as cr.shed core and fractures associated with impact damage lend
themselves to radiographic evaluation. In addition to detecting cracks, the investigator can learn
valuable information regarding the internal structure of the component, particularly if there are major
differences in construction such as stiffeners and honeycomb core. Water in the core, if extensive, can
also be detected. For failure analysis, the use of X-ray is most often considered as a secondary methed
to ultrasonics, although it possesses many advantages when faced with damage located paraliel to the
incident interrogating beam such as translaminar cracking.

5.2.1 Classical Radiography

An X-ray (radiographic) inspection is performed by transmitting a beam of penetrating
radiation through an object onto a photosensitive film. This beam is partially absorbed by the
composite as it passes through. Discontinuities such as translaminar cracks cause a reduction in
thickness parallel to the incident beam path, and consequentiy result in less absorption and less

reduction in the intensity of the X-ray beam. These varying beam intensities which strike the film plane




form a latent image. The film is processed to form a visible image called a radiograph. The radiograph is
then evaluated for information regarding the extent and nature of the defect conditions, if they exist.

Although conventional radiography readily detects through-thickness fractures, it does not
always present conclusive results. The information obtained from radiographic inspections are affected
by the size and «rientation of the defect relative to the incident beam. Defects presented normal to the
beam result in insufficient changes in density so that interlaminar defects such as delaminations and
porosity are not detected by convertionai radiography. Due to these limitations, the technique has been
significan-iy improved vy the use of some form of radio-opaque penetrant, which produces probably the
single most sensitive inspection technique for detecting cracks in composites that are surface related.
The following pa-agraphs focus on this valuable technique.

5.2.2 Penetrant-Enhanced Radlography

The procedures for makiug rediographs of defects and damage in composites differs from the
conventional ones in that an X-ray opague penetrant is used to enhance the damage. The penetrant
provides significant improvement in contrast between the damage and the intact composite, as shown
in Figrire 5-7. Various penetrants have been used, with tetrabromoethane (TBE) being the first solution
evaluated. This penetrant was found to be highly toxic and carcinogenic so its use was discontinued.
Diivdcbutzne (DIB) was uvsed for a sh...t time, but was also found to be a toxic organic halide, was
expensive, and had a short shelf iife. The enhancement chemical that has proven nontoxic and was
relatively inexpens.ve is zinc iodide (Znly), used with an alcohol carrier solution. The carrier solutions
are as follows:

Isopropyl Solution MEK Solution
Zinc Iodide - - 60 grams Zinc Iudide — 60 grams
Water — 10 .nilliliters (mi) MEK — 250 m}

Iscprepyl Aienhol — 10 ml
Kodak “Photoflo” — 1 mu

The isopropyl solution reguires about 3(' minutes after appiication for the penetrant to reach
the end of the damage. 'This time is reduced to about ten minutes for the methyl ethyl ketone (MEK)
solution. After saturation, excess penetrant siculd be removed trom the open surfaces with absorbent
material. These penetrant niaterials should be used witl. vaution since they can potentially damage or
obscure the fine microstructura! frecture deteils and prevent detection of contaminants. For fairly
chemically stable matrix systems such us epoxies, the use of these penetrants has not created any
undesirable effects such as damage to the fractu:  surface details, particu'arly when removed with a
clean solution of the primary solvent carrier. For otlier material systems such as thermoplastics, the
effects have not been evaluated, and tnus shou!d be spct tested prior to applicatior to the fracture
surfaces.

Various X-ray films can Le uszJ, although a high resolution, single-coat fili such as Kodak Type
R industnial, low speed, fine grain film gives the best contrast. and resolutio.. Double-coat film should
ve avoided since it is exposed on both emulsions, leading to a doubie unage and loss of resolution.
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Figure 5-7. Penetrant-Enhanced X-Ray Image of Edge Delamination

X-ray units emitting soft X-rays are recommended, with a small spot size in the range of 1.5
mm by 1.5 mm or less, with an inherent filtration of 1.0 mm beryllium equivalent or less. The generator
tube should be capable of producing a minimum of 20 kV at 2 mA. The low operating voltages produce
soft X-rays that provide resolution of structural details within the laminate, such as poresity and fiber
spacing irregularities. For applications which require positioning the X-ray tubes at tight locations, the
use of an end anode side emission is recommended. The optimum exposure times are those that
produce high resolution negatives from which prints can be made. Tnese exposure times are shorter
than those used for direct viewing. It should be noted that it is difficult to obtain prints of radiographs
that will reproduce adequately by normal printing metheds and therefore reporting and presentation of
the results are more difficult and somewhat lacking.

Inspection of the films often requires an expert to differentiate artifacts from actual damage.
The interpretation requires an understanding of how the penetrant affects the X-ray beam and how it
enters the damaged specimen. Regions containing penetrant appear darker than regions containing no
damage or defects. Regions containing no penetrant have a uniform grayness, especially on structures
that have small thickness variations, since composites have relatively low radiographic scattering ur
absorbence due to the elements present. Cracks such as matrix or translaminar cracking appear as
long, narrow, dark lines. The interpretation of artifacts corresponding to delaminations is usually more
difficult. The opening displacement of the crack is the greatest at the edge and the least at the end of
the delamination, and therefore one might expect a visible lightening of the image from the free vdge
toward the crack tip. While this change in grey level holds true at the extreme ends of the crack, the
situation at the central region is such that the capillary forces are not strong enough to hold the
penetrant This condition results in a central boundary region that does not stop the X-rays and citen
appears light and undamaged.

Another modification to the penetrant-enhanced X-ray image involves making stereo
radiographs, such that a three-dimensional view of the internal damage can be examined. The standard
stereo radiography procedure consists of making two X-ray films of an object from slightly different
orientations. The best method of creating the two views is to votate the part through a small angle
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(usually about 7 to 15 degrces). The part is then allowed to remain at the center of the path of the
X-rays and is aiso centered in the radiograph. The depth of the damage can then be identified, and
overlaying damage that might be masked with a single plan view can be differentiated. With the aid of a
sterea viewer, the defects nearest the X-ray source have the largest relative displacement and the
farthest defects are the least displaced.

5.3 EDDY CURRENT

This techniqre is commonly used in metals and has provided satisfactory results for fabric
laminates, particularly for locations around small. localized geometric variances such as fastener holes
and edge radii. Ed?'y current testing involves small, hand-held surface probes that produce an
alternating magnetic field. This field is generated by an alternating current test instrument coil. This
alternating expanding and collapsing current induces a magnetic eddy current in the specimen. The
interaction of this magnetic field with the test instrument varies as the internal tlaws and fractures are
encountered. The use of .his :nstrument is basically limited to solid laminates that are conductive and
have appreciable magnetic permeability This method relies on the conductivity of the carbon fiber
which is, at best, limited. Ticure 5-8 precents a typical inspection procedure using a probe to detect
subsurface damage in fabric lamiuates.

5.4 EDGE REPLICATION

Edge replication has proven itself to be an accurate technique for documenting the state of
damage in thin laminate sections. It is a dirvect application of the replication technique used for
transmission electron microscopy (TEM) specimen preparation. An acetate film that has been softened
with acetate solution is firmly applied to the edge, then allowed to dry. The replica can then be
shadowed to enhance the surface features. The result is a mirror image of the edge that can be
examined at higher magnification to assess :nvisible damage. Cracks such as the translaminar cracks
for the 90-degree plies and edge delaminations in the 0-degree pliez can be readily identified and
highlighted by shadowing.
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SECTION 6
MATERIALS CHARACTERIZATION

Errors in material layup, ply orientation, microconstituent chemical formulation, processing,
and the degree of matrix curing can lead, or contribute, to premature component failures. As a result,
the analysis of these basic material and processing errors should be considered a standard operation in
most analysis investigations. This section presents the standard techniques currently available for
characterizing the material integrity and identifying anomalous conditions, if any, that may have caused
or contributed to component failure. These techniques are presented for evaluation and testing of
carbon fiver/epoxy resin systems.

In this section, the principal selected topics include the following:

1,

N

Mater:al layup analysis: Verification of the number, orientation, and sequence of plies in the
laminate

Fiber, mairix, and void voiwne fraciion determinations

Material identification: Verification and fingerprinting of the material chemical composition
for both cured laminate and uncured prepreg

Degree of cure analysis; Determination of glass transition temperature (Tg) and extent of
reaction during the cure process

Contamination analysis: Analysis of surface chemicals and identification of foreign
contaminants.

In most failure analyses, the examination of part material, configuration, and quality should he
considered a routine procedure, necessary for the accurate evaluation of the failure cause. These
exarsinations should identify any gross deficiencies that could have significant effect on material properties
or the magnitude of locai stresses within the part. For composite materials, items of concern include:

[
e
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Incorrect materials

Resin content and fiber content

Undercure

Moisture content

Ply stacking sequence, placement, and orientation errors

Incorrect size, placement, or poor quality of details such as holes and radii
Improper fastener installation, joining, bonding, etc.

Void content

Individual ply thickness

Fiber alignment.
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Most of these conditions are likely to be rare. However, since they require little effort to
examine and have such a critical influence on failure, their inclusion in any complete anaiysis is a
necessity. Configuration and materials characterization examinations are included in the overall FALN
illustrated in Figure 6-1. Because of their potential impact on subsequent operations, these
examinations have been incorporated in the early stages of analysis. In many cases, identification of a
major discrepancy (such as using the wrong material), may suificiently explain the cause of fracture,
thus expediting and lowering the cost of the overall investigation, in addition to providing the rationale
for appropriate corrective actions.
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Figure 6-1. Simplified Investigative Framework (Laboratory Examination) .




In support of the overall FALN, a detailed flow chart for configuration and materials
characterization was developed. This chart, illustrated in Figure 6-2, provides a detailed guideline for
investigators to evaluate critical items such as configuration, piy layup, degree of cure. and the type of
resin system used. This FALN employs relstively simple analytical techniques. More complex and difficult
analyses occur at later stages of investigaticn. Table 6-1 provides a detailed matrix summary of materiai

characterization techniques.
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Figure 6-2. Material Verification Technique Sub-FALN

In Figure 6-2, one of the more detailed areas of a configuration and materials characterization
study is illustrated. Once a thermoset resin material has cured, ascertaining its identity (such as vendor or
specific resin formulation family) poses a relatively difficult problem. This is because of the generally
similar chemical structure of cross-linked epoxy systems and the tendency of cured resins to resist yielding
their identities by typical chemical analyses methods. However, since many of the currently used epoxies
exhibit nearly identical properties (within a cure-temperature family), identification of the exact resin
system used may not be as crucial as identifying a material with its proper cure-temperature family, for
example 121°C (250°F) or 177°C (350°F). Through the ccmbined use of Tg and residual heat of reaction
measurements, the particular cure-temperature family of most materials can be established with relative
confidence.

For example, when fully cured, most epoxies lack any appreciable residual heat of reaction and
the Tg's are at or slightly above their original cure temperature. When minimum heat of reaction is
observed, the measured Tg gives a fairly good indication of the cure temperature family of material used.
However, in cases where significant heat of 1eaction still exists, and the measured Tg is well below the
specified cure temperature, the indication is that the proper prepreg material was used but an




Table 6-1. Failure Analysis Techniques for Materiais Characterization

Degree-0f-Cure Analysis

TECHMIQUE DESCRIPTION USE VALUE
Thermomechanical | Measure probe Determines glass transition | indication of degree of cure or
Analysis (TMA) displacement as a function | temperature environmental effect,

of sample temperature
Differental Performs enthalpy & Determinesglass Ind.cation of degree of cure of
Scanning measurements transition temperature | environmental etfects
Calonmetry (D3C)
e Determinesresidual
heat of reaction
Oynamic Measures mechanical & Determines glass ® Indication of degree of cure or
. ech§nical Analysis | response to oscillating traasition temperature environmental effects
OMA dynaric loadin
y 9 e Obhserves mechanical ® ndication of undercured
transition due to condition
additional crosslinking
Infrared Measures IR spectrum Distinguishes between Indicates amount of unreacted
spectroscopy reacted and urreacted functional groups to determine

functional groups

extent of cure

Solvent extraction

Exposure to an organic
solvent

Removes ynreacted
material leaving reacted
network behin

Indication of the degree of cure

Uncured Material
Identification

High-Pressure

Produces iquid

Identifies individual

Formulation verification

Liquid chrcmatograms of any components of differing
Chromatography solubie iquid solubihties ar size
(HPLC)
Infrared Measures IR spectra identifies functional groups | Formulation verification
spectroscopy attached te carbon
backtone
Mifferential Pertorms enthalpy Datermines haat of Formulation venfication
Scanmin measurements reacuon

9
Calorimetry (0SC)

X-ray fluorescence

Measures X-ray
fluorescence spectra

Determines sulfur content

Hardener content

Cured Matesial identitication

Pyrolysis - Gas
Chromatography
(PGQ)

Determines gas
chromatograms formed
from nonvolatile organics
by therinal decomposition

Qualitative and
quantitative analyss of
cured epoxy

Formulatiorvimpurity verification

P{Irolysi: - Gas
Chrormatography /

Allows mass spectrometer
to act as a detector for the

Quaktative and
quantitative analysis of

Formulation/impu-ity venification

Mass Spectroscopy gas chromatograph cured epoxy

(PGU/MS)

Infrared Maasures IR spectta functional gro.'0 analysis Formulation verification
spectroscop*”

X-ray fluorescence

Measures X-ray
fluorescence spectra

Determines sulfur content

Hardener content

Thermomechanical
Analysis
{TMA)

Measures material
thermal-mechanical
€3 p0Nnse

Determines glass transition

‘dentify general resin system

insufficient degree of cure was generated during processing. In making these analyses, it is important to
keep in mind that undercure can arise from several causes -- only one of which may be an improer cure
procedure. Alteravions in the prepreg formulation can reduce reaction rates during cure. Therefore, when
a sufficient degree of undercure is detected, it is generally recommended that additional tests be carried
out on the original prepreg (from that specific lot, if possible) to verify its chemistry.

In some analyses, ‘dentifying the specific resin system used may be important; however, the inves-
tigator should be aware that analytical capabilities are only partially developed, and are i their infancy for
more recent resin furmulations and systems. Sufficient differences exist in basic formulations so that
relatively simple tests may be used to identify different systems, but for the mast part, the ability to
identify resin systems within the same temperature-cure family is relatively difficult.




6.1 LAMINATE LAYUP AND PLY ORIENTATION ANALYSES

Unlike homogeneous materials, most modern composite materials are fabricated by laminating
together a large number of relatively thin gage woven or unidirectional plies. For structures made from
such materials it is important to recognize that engineering properties, and hence the component’s ability
to operate without failure, depend upon the correct number, sequence, and orientatior of plies being used
to make up the laminate. In general, the significance of errors depends upon the particular material in
question as weil as the magnitude of mistake in terms of the overall laminate construction. For example, an
overall off-axis rotatien of 5 degrees can reduce the ultimate comnpression strength of a unidirectional
graphite epoxy laminate by as much 54 percent. In contrast, a 5-degree rotation of only one ply out of a
30-ply laminate probably would produce less than a 2-percent decrease in ultimate stiength. From this
standpoint it is critical that the impact of identified discrepancies be identified accurately and taken into
consideration prior to their reporting or possible identification as a significant contributor to the cause of
failure.

Errors in layup can also have significant effects not directly related to those engineering proper-
ties considered as part of typical design. The materials’ coefficient of thermal expansion represents one
such property, where variations in stacking sequence can produce significant amcunts of panel warpage or
internal residual stresses. These internal stresses h. ve heen found to cause damage such as gross
delaminztion and matnx cracking within the laminate plies. Such damage, while not always directly
responsible for failure, may in many cases constitute one of several contributoiy conditions resulting in
premature failure.

For continuous fiber reinforced composite materials, the exact design properties which should be
checked as part of a ply layup analysis will depend strongly upon the requirements of the specific compenent
examined. However, as a general guideline, critical parameters which should be given consideration in the
event discrepancies are detected should include:

Young’s Modulus

Basic laminate strength (tension, compression, shear)
Notch sensitivity (tension and compression)
Buckling statility

5. Internal thermal stress or residual stress conditions

6. Alterations in environmental susceptibility.
Some of the most common errors in ply layup include:

Missing or additional plies

Improper angular orientation

Improper ply type, grade, or style.

1
2
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everal relatively straightforward methods exist for anaiyzing the orientation, stacking
sequence, and number of plies making up a composite struciure. Optical metallography is the most
obvious and direct technique. Adapted from he microstructural analysis of metals, this technique
involves the optical examination of finely polished cross sections using a standard reflected-light optical
microscope. Other methods, although not as quick or simple, includ: image analysis and radiography.
Specific details of each of these methods are presented in the following paragraphs.




Similar to standard metalluigical failure analysis procedures, selection of areas for examination
generally constitutes the eritical step involved in understanding internal material characteristics. For most
failures, detailed examinations should be carried out in all areas of the part representative of the typical
structure. For example, in a skin panel with attached stringers, a thorough analysis should examine both
the skin as well as the stringer constructions regardless of whether the failure occurred in only nne of these
primary components, such as the skin. Reductions in modulus due to a layup error of one component can
often produce higher loads in an adjacent part of the panel resulting in premature failure at a location not
related to the original error. Generally, as 2 final step, metaliographically prepared cross-sections should
also be taken through, or adjacent to, the origin area of failure to examine for local discrepancies and
ensure material uniformity.

€.1.1  Optical Microscopy (For Determination of Layup and Ply Orlentation)

Sectioning. Removal of sections for metallographic preparation can be performed utilizing a
wide variety of cutting devices as long as some care and forethought is given to the type and extent of
damage likely to be generated. Abrasively coated band saw or circular blades are the mosc desirable since
they generate the least damage (no further than 0.15 inch from the cut) and are widely available. If
possible, a coolant such as water should be applied during the cutting operation to prevent heat damage,
provided that subsequent contaminration of the remaining component structure is not a coencern. If
abrasive cutting equip'nent is not available or coolant contamination is a concern, hand operated toothed
blades or saws such as hack or coping saws can be used. With these blades every effort should be made to
use as fine a toothed blade as possible to limit damage. With these toothed biades, a substantial amount of
damage is often created adjacent to the cut edge, such as lecalized delamirations, The damage should be
removed during subsequent sanding operations.

Metaliographic Preparation. The basic preparation procedures for composites are the same as for
metals. Depending upon the size of the section, mounting in a supportive resin may be necessary to provide
a stable base for sanding and polishing. Resins requiring elevated temperature for cure or forming, such as
bakelite, should in general be avoided since many may approach or exceed the material’s original cure
temperatuie and thereby introduce additional damage such as embrittlement, creep, or microcracking.

For most applications room temperature cure systems such as two-part epoxies or methyl methacrylate
resins work well.

Sanding should proceed from a relatively coarse paper (120 grit) to the finer grits (600). Typically
wet-or-Gry sandpapers are used during this procedure with a substantial amount of water being applied at
all times to the surface being sanded to remove debris and prevent heat damage. For subsequent opera-
tions it is critical that the sanded surface produced is flat to ensure full surface contact during the final
polishing operations. For most composite materials, final polishing is best accomplished by utilizing a
high-speed polishing wheel covered with stretched silk {or other extremely low nap material such as nylon}
in combination with either diamond paste or an equivalent alumina polishing compound. Final polishing
usually does not require a large number of steps; usually 15 micron followed by 3 micron is adequate.
Resultsare further improved by fairly heavy downward pressure and counter-rotating the specimen to the
direction of whee! rotation.

6-6




Following polishing, etching is generally not required due to the distinct optical differences
which exist between most fibers and the surrounding matrix systems. An exception to this is fiberglass
where a dilute hydroformic or hydrofiuoric acid etch may be necessary to enhance fiber visibility.

Plies. The orientation, number, and stacking sequence of plies making up the section of interest
can be generally identified by optical microscopy at magnifications ranging from 50X to 400X. At the lower
magnifications, individual plies can be identified by pronounced alterations in overall reflectivity due to
the fiber orientation of each ply, or by the existence of a linear interfacial region of reduced fiber density
(matrix-rich layer) between each ply (see Figure 6-3). Determination of the precise angular orientation of
each ply requires higher magnification examinations. As illustrated in Figure 6-4, fibers intersecting the
polished surface at an angle appear oval in shape. With this method, large differences between ply
orientations are easily seen by large variances in the elliptical shape of the cross-sectioned fibers. In
determining and reporting ply orientations, it is important to reference the measured angle against the
compunent's defined 0-degree axis to prevent confusion and maintain consistency with other analyses such
as stress analysis. Commonly, most sections are taken at 0, 45, or 90 degrees to the defined 0-degree axis,
with a vertical section plane. This vertical section does not, however, allow one to distinguish between
certain ply orientations such as +45 and -45 degree plies. A recent technique has been developed which
provides differentiation of all ply angularities with a single cross-sectional planar view. In this method, the
cross-section is prepared such that the polished sectional plane is at a 45-degree angle through the
thickness of the part. This technique is presented in Figure 6-5. Small differences in fiber orientation, such
as fiber waviness, can be deiennined Ly measuring the intersecied fiber lengihs and utilizing suuple
trigonometric calculations. For such measurements, the sectional plane should be vertical so that fibers
from. the primary reference plies are normal to the polished surface. This will result in the reference plies
appearing circular and will allow measurement of nominal fiber diameter.

6.1.2 Image Analysis (For Determination of Layup and Ply Orientation)

Through the use of fairly low cost image analysis systems, both ply and individual fiber
orientations can be deternined. Through optical imaging of the polished cross-sections, the intersectional
fiber length or the aspect ratio for each fiber is measured. Simple trigonometric calculations wi*n these
data are then used to determine overall ply orientation in each region of view or the average and worst case
fiber waviness. Fiber waviness can be critical to certain product forms and applications like unidirectional
or filament wourd structures in which fiber nestiing and tow movement occurs. One advantage of image
analysis is that an automated or statistical evaluation of material integrity is available. Since fiber
resolution and differentiation from the surrounding matrix resin is required, high magnification (400X or
more) and various enhancement techniques such as etching (for fiberglass) or staining may be necessary.

Image analyses can also be used to determine the relative percentage of voids in the iaminate.
Either by cross-secticning or by evaluation of the fracture surfaces, a quantitative assessment of the
planar void content can be performed. By taking several measurements aleng parallel planes, a fairly
accurate determination of the void shape, distribution, and percent can be made.
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6.1.3 Radiography (For Determination of Layup and Ply Orientation)

A nondestructive technique is available in which a plan view image of ply orientations can be
determined. This involves the use of radiographically opaque tracer yarns, such that X-ray imaging can
detect these doped fiber bundles. For tape prepregs, the tracer yarns are placed in the O-degree
direction parallel to the fiber orientation. For fabric, the yarns are most often placed in the warp
direction. This technique is most useful for thin laminates, where the precise number of plies and
crientation can be determined. Thick laminates make it difficult to identify the number of plies,
although anomalous conditions such as ply orientation shift and ply dropoffs and pickups arc easily
detected. Figure 6-6 presents a radiograph in which the tracer yarns are evident,

6.2 DETERMINATION OF FIEER, MATRIX, VOID, AND MOISTURE CONTENT

The determination of the constituents present in the cured laminate is as important as
identifyinrg the layup of the individual plies. These details provide information regarding the
microstructure which in turn can be directly related to mechanical properties of the overall laminate.
For instance, a 20 percent shift in the fiber (or matrix) content has been shown to result in a decrease
in mechanical properties as large as 50 percent. Similarly, void contents above 3 percent (by volume)
can significantly reduce interlaminar tension and shear strength, particularly when the voids
concentrate between plies.
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Figure 6-6. Radiograph in Whict. the Tracer Yarns Are Evident for Determir-ation of the Piy Orientation in
a Thin Laminate

6.2.1 Fiber and ilatrix Content

The stiffness and strength of laminates are determined by the internal packing geometry of the
fibers and the constitutive behavior of the fiber and matrix. The volume fractions of the fibers or matrices
can be determined by three methods: (1) gradient density column, (2) ckemical matrix digestion, and
(3) photomicregraphic.

The gradient density column method is performed by placing the sample in a graduated column
cortaining a solution with a gradient of density from top to bottorn. The height at which the sample is
suspended in the solution can be used o calcuiate the overall density of the sample, The sp2cimen densit
can then be used to calculate fiber voiume and resin volume, given the resin density and {ier density as
known coastants.

The chemical matrix digestion method is performed by dissolving the resin wiath hot nitric acid
and weighing the amount of fibers remaining. The volume fractions of {ibers and resin can then be
deterained from the beginning and final weights and from the knowr densities of ihe constituents,

In the photomicrographics technique, the number of fibers in a given area ¢f polished cross-
section are counted and the volume fiactions are decermined as the area fractions of each constituent.
Both area methods and line interc pt methods can be used with an image anaiyzer to guickly determine
fiber volume fructions.

The first two metnods 1equire anuch larger specimen that the photom:icrographic technique. This

latter method must use 1nany sarpiing areas tu produce reliable results, since the area viewed is aboct a




. hundredth of a square millimeter. It does, however, give an accuiate view of the fiber-matrix disiribution
and void content. The first two methods do not irdicate »nid conient, which can result in erroneous data
with specimens containing kign void content or moisture coutent.

6.2.2 Void Content

The best method fi- dotes mining v=2id content is the photomiciugraphic analysis, as discussed in

the previous paragraph. W %en inspecting laminates for void content, the cross-sect:zn is usually taken

i transverse to the laminate plaine. In such cases where the voids are concentrated between plies, a polished

= section in the plane f the laininate zan be examined to determine void conient specific to the region

_ between plies. As indicated above, ¢ quantitative image analyzer can b2 used to determue void content
¥ more quickly anid accurztely.

LT 6.2.3 Moisture Contznt

.. Moistura ccneerit of cur=d Jaminates can be pertormed by thermal drying or with a moisture
i analyzer. The prima.y difference bztween the two methods is that the moisture analyzer can
differentize between water vapor a1¢ other ~olatiles which escagpe from the specimen. Thermal drying

v onlv requires an arcurate weighing halance zad a sma'l drying oven. The specimen is weighed before
o and after drying ‘e determin: moisture coniznt. The temperature selected should be much less than the
curz temperatire or the Tg. For a 177°C 350°F) sysrem, a temperature below 60°C (140°F) is
N reccmmeiaded. The meiswure analy-er 15 much quicker (hers versuc days) and more accurate; however,
A @ the analyzer is a reativel; expensive unit thi. also requires a irained operator.
!
i 6.3 MATERIAL IDENTIFICATION
4
g The idzptificatica of the composice n.«terial vsed in a failed part may be necessary to determine

the cause of failure. Material identi‘ication {>chniques are available which are suitable for cured or
sncurea ma:erial znalysis. Uncured identification techniques are rarely used in failure analysis because
the prepreg use< in part rabrication is rerely available. Once a material has cured, identification of
materials is a.ffi.:alt Gue *o *he ‘atractzbie rature of a tnermosetting polymer matrix. Since many of the
currentiy us<d enoxies exnibit nearly identical properties (within a cure-temperature family), identifica-
b tion of the exact res system m=2y not be as crucial as identifying a material within a cure-temperature

' family. Due tc the eriens.ve verder cerdification, receiving inspection testing, and quality control records
mainiaiued throughout the aerosrace industry, a large amount of data usually exists on the prepreg used in
any speciiic part. Major formulation or production errors are rare. The following paragraphs describe
techi.iques tor ider-tification of cured or uncured composite materials.

631 Uncured Material tdentification

E+aluation techniques for uncured epoxy prepreg are fairly well established. Several analytical

technigues to characterize the uncured prepreg including high performance liquid chromatography

(HPLC), infrared (IR) spectroscopy, differential scanning calorimetry (DSC), automatic absorption

e spectroscopy, and X-ray fluorescence provide detailed information to the investigator. Each technique is
discussed in more detail below.
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Generally, uncured material identification techniques are seldom used in failure analysis because
the prepreg materials used to fabricate the failed part are not available to analysis. The most commonly
used techniques, when the prepreg is available, are HPLC and IR spectroscopy. HPLC and iR are widely
utilized in the aerospace industry to “fingerprint” the prepreg resin formulation. Standard HPLC
chrematograms and IR spectra exist for al! qualified materials. These standards provide a quick check of
resin formulation. DSC is less frequently used for material identification. Although DSC can identify
reaction types, specific resin system formulations are difficult. X-ray fluorescence is used to detect sulfonyl
groups to verify the amount of diaminodiphenyl sulfone (DDS) hardener present. Atomic absorption
spectroscopy is utilized to detect boron which verifies the level of BF3 catalyst present. X-ray fluorescence
and atomic absorption spectroscopy are usually used only if anomalies are detected in HPLC, IR, or DSC.

High Pressure Liquid Chromatograpiny. HPLC is 4 common technique for chemical character-
ization of composite matrices. HPLC separates individual resin components according to their size or
solubility using high efficiency, microparticulate columns.

HPLC test procedures are well established in the aerospace industry because of the widespread
usage of HPLC for “fingerprint” inspection of resin formulation. Resin samples are extracted using an
HPLC grade solvent such as 63:37 CH3CN:H20. A schematic of a HPLC test setup and instrument
parameters are shown in Figure 6-7. The extracted sample is injected into the column and analyzed
using an ultraviclet detector. A typical HPLC chromatograph is shown in Figure 6-8. Components can
be identified by comparing the peak pcsitions on the chromatograms to a reference standard. Peak
areas can be used to determine relative concentrations.

Sample
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Pump — Injector > Column » Dotectors

Moblle phace
Instrument parameters
Columin: microbondapak C18 waters
Mobile phase. premixed 63% CH3CN/37% H0
Flow rate: 1.5 mbL/min
Injection volume: 10 ul
Detection: UV 220 nm
Attenuation: 0.2 AUFS
Chart speed. 1 cm/min (0.5 in/min)

Figure 6-7. HPLC Test Setup Schematic end Typical Instrument Parameters
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Figure 6-8. Chromatogram of Narmco Resin Matrix Showing Major Peak Assianment
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\nfrared Spectroscony. IR is an organic chemical analysis tool which is extremely sensitive to
the overall chemical makeup of a complex chemical formulation. IR measures the absorption of incident
infrared radiation, and is used to verify epoxy resin formulation. This technique is well suited for
characterizing commercial epoxy resins which often contain several components such as aromatic epoxy
main, reactive epoxy diluents for flow control, aliphatic epoxy flexiblizers, elastomers, curing agents,
catalysts, or accelerators. IR can accurately fingerprint the total resin formulation by detecting the
absorbed frequencies of infrared light associated with the vibrations of specific molecular functional
groups. The degree of absorbance is proportional to the amount of functionality in the resin
fcrmuiation,

Decause IR is able to fingerprint a given formulation accurately, it is used as a quality control
tool to assvre that lot-to-lot variations do not exceed certain limits. IR would also be useful to
determine the manufacturer of the material when unidentified material is encountered. The typical
application cequires that the resin is extracted from the prepreg with reagent grade acetone at room
temperature. Tie extract 's then allowed to dry onto a salt pellet for IR analysis. The resultant
sgectrum is then coinpared to a standard epoxy spectrum acquired from the supplier or orn a previous
batch of matenal. The spectrum is examined for contaminants (additional peaks) or gross formulation
changes (chauges in the relative peak ratios). An example of a standard epoxy resin spectrum is shown
in Figure €-9. If a deviation from the standard spectrum is observed, then each subcomponent should te
quantified and compared to standard forimulation quartities. Quantitative methods for the curing agent
and catalyst are corsidered below.
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Figure 6-9. Standard IR Spectrum of a Commercial Epoxy Resin Formulation

A quantitative method for determining the amount of DDS curing agent and carbony! epoxy has
been developed for the 3501 resin system {(Reference 2). This involves constructing a working
calibration curve for DDS conc-ntrations in solution versus IR absorbence for the sulfone peak followed
by a measurement u{ the absorbance of the unknown concentration of DS in an epoxy prepreg extract.
An alternate qualitative approach would rely on comparing the relative change in the ratio between
tnese peaks as the concentratin.. varied.




Differential Scanning Calorimetry. DSC is a thermal analysis technique which measures heat
flow into or out of a sample by measuring the differential heat (energy) necessary to keep the sample at
the same temperature as a reference sar:ple. In the case of a curing epoxy system, DSC measures the
heat released during the exothermic cure reactions as the specimen is heated at a constant heating rate.

DSC can be used to identify or characterize uncured nrepreg. The cure of typical aerospace
epoxy systems consists of several chemical reactions with different reaction rates and activation
energies which cause certain cure resctions to be favored over certain temperature ranges. The reaction
types occurring in a particular system depend on the formulation of the system. DSC can be used to
separate the different cure reactions to help identify a particular resin system.

A typical DSC cell is shown in Figure 6-10. The sample pan and reference pan are placed io the
cell. An inert atmosphere of nitrogen is then introduced into the test chamber. Heat is transferred o
the pans through the sample platforms and heet flow is monitored by thermocouples. Generally, prepreg
sample sizes of approximately 10 mg are used for DSC experiments depending on ihe size of the samnle
pan used. Low heating rates of about 2 to 5°C/minute are best to separate the various reaction peaks.
Heat flow versus temperature or versus time at constant heating rate from ambient to 300°C is
measured. An interface with a comruter or microprocessor for experiment control, data acquisition,
and data analysis provides greater accuracy and more informatior from each experiment.
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Figure 6-10. Cross-Sectional Diagram of the DSC Cell Used by DuFont DSC Module

A DSC thermogram for the Hercules 3501-6 resin system is shown in Figure 6-11. Exotherm
peaks are observed at two temperatures (149°C and 213°C). The lower temperature peak is attributed
to the catalyzed cure reactions while the higher temperature peak is attributed to the uncatalyzed cure
reactions. The total heat of reaction (the area between the thermogram peaks and baseline T1 to T4),
the relative peak size, and reaction temperature can identify resin constituents. Comparison to a
standard thermogram can identify a particular resin system.
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Figure 6-11. DSC Thermogram for 3501-6 Resin

The advantages of DSC formulation verificaticn are the small sample size and the experimental
ease. The disadvantage is the need for standard thermograms and background information for system
identification.

Atomic Absorption Spectroscopy. Atomic absorptien (AA) spectroscopy is used to quantify
the amount of BFg containing catalyst in the epoxy resin. AA determinations for catalyst concentration
are initiated when HPLC and IR indicate a significant deviation in resin formulation has occurred. The
underlying principle of AA is the absorption of a discrete wavelength of light by a vaporized prepreg
resin extract. For boron, 249.7 nm and 208.9 nm wavelength light will be attenuated proportionately to
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the boron concentration. A boron calibration curve is established using a certified standard. Typical
working range of concentrations for boron is 400 to 4,000 ul per ml of solution.

X-Ray Fluorescence Spectroscopy. X-ray fluorescence (XRF) spectroscopy can be used
qualitatively or quantitatively to determine the amount of DD5 curing agent in an epoxy prepreg
extract by quantifying the amount of sulfur present. XRF measurements are initiated when a
formulation change is suspected, based on HPLC or IR evaluation. The XRF determination is based on
the emission of X-rays characteristic of sulfur (0.537216 nmj when the sample is irradiated with an
X-ray source. The intensity of X-ray emission is proportional to the sulfur concentration. An example of
a qualitative comparison of different epoxy resin systems is given in Figure 6-12.

100
® Plot normalized to Fiberite 934 at 100% peak height
Relative ’
sulfur
peak
haight
percentage

NARMCO 5208 HERCULES 3501 FIBEFUITE 934

Figure 6-12. Sample Fingerprinting of Various Systems by Way of X-Ray Fluoresrence

$.3.2 Cured Material Identification

Once a material has cured, ascertaining its identity poses a relatively difficult problem arising
from the generally similar chemical structure of cross-iinked thermosetting systems and the tendency
of the cured resins to resist yielding their identities by typical analyticai methods. However, since many
of the currently used epoxies exhibit nearly identical properties (within a cure-temperature family),
identification of the exact resin system used may not be as critical as identifying a material with its
proper cure- temperature family. Through the combined use of determinations of Tg and residual heat
of reaction measurements, the particular cure-temperature family can be determined.




In some isolated cases during post-failure analysis investigations, identifving the specific resin
system used to fabricate the failed part may be impertant; however, the investigator should be aware
that extensive capabilities in this area are only partially developed. Sufficient differences exist in basic
formu'ation so that relatively simple tests, such as XRF, may be used to identify different systems. For
the most part, the ability *o identify resin systems within the same cure-temperature family is difficult.
Two of the most promising techniques are pyrolysis gas chromatography (PGC) and diffuse reflectance
(FTIR) spectroscopy. These teciiniques are discussed in the following paragraphs.

Pyrolysis Gas Chromatography. The PGC method is used to determine epoxy matrx
chemical formulation. Pyrolysis is the vaporization and degradation of ihe matrix resin under
controlled heating. The resulting decomposed products pass through a gas chromatograph which
separates the components by physical or chemical parameters such as molecuiar size or polarity.

PGC requires samples of approximately 25 te 50 micrograms. Pyrolysis is accomplished at
1,000°C. Typical PGC chromatograms are shown in Figure 6-13 for two commercial epoxy systems. The
resulting PGC chromatogram can be used to identify the matrix resin by comparing te a reference
fingerprint standard.

PGC/Mass Spectrometry. PGC/mass spectrometry (MS) consists of PGC, as described abcve,
coupled with a mass spectrometer. In order to identify separated pyrolysis products and to assign
component structure to chromatographic peaks, the pyrolysis products are passed through a capillary
column directly inio the mass spectrometer. A {ypical PGC chromatogram with MS peak assignments is

shown in Figure 6-14 for DDS hardener. Identification of resin formulation ¢an be accomplished using
PGC/MS.

Infrared Spectroscopy. Chemical characterization of a cured composite specimen is important
in order to establish if the proper resin system was selected and to establish if any environmental
degradation has occurred to the chemical structure. Using traditional transmission IR specimen
techriques, a cured composite can be analyzed. Small particles are scraped off a resin rich aren and
ground to a fine particulate using a mortar and pestle. The particulate is then mixed into a
potassium-bromide salt pellet for analysis. Figure 6-15 illustrates a comparison between this method for
cured resin analysis and the standard spectrum for the uncured resin. Qualitatively these spectra are
similar (evcept for the loss of epoxide groups upon curing) and may prove to he useful in a failure
analysis wheie a database of uncured and cured resin systems has been established.

Diffuse Reflectance Infrared Spectroscopy. The diffuse reflectance infrared spectroscopy
(DRIFTS} insthod permits direct measurement of the inirared spectrum from a cured composite resim.
Infrared radiation is focused on the sample. The resulting diffusely scattered infrared radiation i<
collected with a large solid angie detector. The spectrum is interpreted as a normal IR spectrum woulid
be except that a number of potential artifacts due to vanations in sample geometry, peak distortions,
and spectral interferinces may occur. Figure 6-1G (Reference 4) illustrates DRIFTS spectra of a
composite before and after thermal aging where increasing oxidation with aging is observed. Note the
increased absorbance leveis at 1,654 10 1,690 nm.
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Figure 6-13. Pyrolysis Gas Chromacography of Two Difficult Resin Systems

DEGREE OF CURE ANALYSIS

The degree of cure of a thermosetting polymeric compasite matrix is a critical variable affecting

the performance of the composite, especially in elevated ter-nerature or moist environments.

Insufficient cure may occur due to lower than required cure temperatures, shorter than required cure

times, cr errors in resin {ormulation or chemistry. Errors in resin formulation or chemistry are rare

erause o e stringent specification requirements, vendor certification, nd receiving inspection
t f the st t ficat t 1 tificat 1 pect

testing cammon throughout the aerospace industry. However, because conditions of undercure can

significantly impact structural mncegrity and can be rapidly and easily checked, their analysis should be

inciuded 4s a routine step in most failuve analyses. Verifying the degree of cure is analogous to checking
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Figure 6-14. Gas Chromatography of DDS, Diaminodipheny! Sulfore

the correct heat treat conditicn on fractured metal components, a procedure censidered routine in
metals failure analysis.

As described in the matenals characterization FALN contained in the heginuing of Section 6,
verifying the state of cure of a fractured component normally represents the first stage of materials
characterization analysis. There are several reasons for performing such analyses during the initial
stages of an investigation. Perhaps the most significant reason is that suen analyses can be performed
quickly and easily and preduce results which may have a significant timpact on downstream investigative
operations.

In most cases, evaluation of the degree of cure of a railed component is best addressed by a
two-stage process. In the first stage, Tg analysis establishes whether a lower than expected degres of
cure may exist. These analyses (Paragraph 6.3.1) are generally relatively easy to perform and therefore
impose a relatively small impact on the amount of effort necessary to carry-out an mvestigation. As

1th evaluating the heat treat of metals, most of the ume the appne =te thermal processing has Lsen
performed, and similarly for composites, the correct degree of cere w. . . etected and further analyses
will not be necessary. However, if the Tg of the laminate and a subsequent retest of a dried (desiccated)
laminate does not match that anticipated for the material used, the second stage analyses
(Paragraph 6.3.2) should be performed. This involves determination of the extent of anreacted material
— can be performed to «valuate if this anomaly represents u condition of undercure. Here it should be
noted that a low Tg may arise both from inadequate processing or resin formulation errors, as well as

the accidental use of a wrong aaterial such as a 25U°F curing prepreg in place of a 350°F curing
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Figure 6-15. IR Comparison of Resin

prepreg. A detailed description of the logical sequence of steps (FALN) involved in assessing the
materials’ degree of cure was presented at the beginning of Section 6.

6.4.1 Glass Transition Temperature Analysis

The temperature at whkich an amcerphous polymer reversibly changes from a brittle, glassy state
to a more flexible, rubbery state is the glass transition temperature. In the case of thermosetting
polymers this transition temperature directly reflects the degree of cure achieved by the material. This
transition tempeirature is manifested as a changs in slope of the curve ebtained by plotiing any of the
primary thermodynamic properties against temperature. This change in slope falls in the same
temperature range as that in which mechanical <oftening occurs. A variety of techiniques exist by which
the point of this softening can bz determined. The most comman are thermal analysis tests such as
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Figure 6-16. DRIFTS of Graphite-Epoxy (AS/3501-5) Composite Before and After Thermal Aging

thermomechanical analysis (TMA) and dynamic mechanical analysis (DMA), and DSC. TMA is the most ‘
common techrique for failure analysis because of the small sample requirement and the ease of testing

and evaluation. DMA and DSC can be used to determine the Tg, but are less attractive due to specimen
preparation, performance, and interpretation difficulties. These methods are more appropriately used in

failure analyses for determination of the extent of unreacted material and environmental effects, as

discussed in the following paragraph.

Thermomechanical Analysis. TMA is designed to measure (with extremely high sensitivity)

the relative linear displacement of a quartz probe placed in contact with the sample surface. During

' controlled heating, a record is generated revealing thermally dependent dimensional changes exhibited

by the sample and therefore the materials’ glass transition {emperature. For this method several

variations can be used to support the sample and measure dimensional behavior. Specific methods
commonly available on most instruments include:

Penetration. Inthis mode, a probeis place on the side of a smail rectangular specimen cut from the
sample. Typically, a cubic shaped specimen with 0.1 to 0.15 inch for each dimension is uscd for this
techknique. This sinall sample size lowers the concern of thermal lag. The generation of any thermal
lag between the temperature of the sample (which is uncontrolled) with that of the surrounding
chamber {which is controlled) can affect data accuracy. For most samples, the direction of fiber
orientation does not represent a critical parameter in this test since only relative dimensional

measurements are being made; however, placement of the probe directly on the carbon fibers ‘




instead of the epoxy resin may interfere with sharp definition of the glass transiticn. During the
test, the specimen is situated as shown in Figure 6-17, heated at a controiled rate, typically 5° to
25°C/minute, and the glass transition temperature determined by a pronounced downward
movement of the probe indicating matrix softening, Figure 6-18. Typically, several specimens from

apartare characterized. The measured Tg can then be averaged to minimize errors due to specimen
inhomogeneity on a small scale.
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Flexure. In this test mode, arectangular ;ample 0.1 inchin widthby 0.25t09.50inch inlength by 2
to 4 plies in thickness is placed in three pint flexural stress within the test chamber as shown in
Figure 6-19. With this configuration the probe measures beam deflection as a function of

temperature. Again, as the transition temperature is reached the resin softens, the beam
(specimen) deflects, and an ~flection in the slope of the thermogram being generated occurs.
Nominatlly, the heat-up rate is approximately 20°C/minute with a probe load of 10 grams. A
thermogram ofa 177°C (350°F) epoxy system is presented in Figure 6-20, showing the tangents to
the slope. The Tgis defined as the temperature at which the tangents intercept. Care should also be
taken not to remove specimens from the laminate near a surface which has a different chemistry or
cure temperature material attached. This includes adhesively bonded regions, potted areas, or

surfaces which have had surface prep fabric such as peel-ply.

Expansion. This test is run in much the same man' er as penetration, except a larger diameter
probe is utilized to prevent penetration into the sample at the poirt of softening. As the specimen s
heated, the resin is free tc expand in the transverse or lateral direction. Since a distinct increase in
the rate of thermal expansion normally occurs at the glass transition, the ti ermogram generated by
this technique typically provides an additional method by which to determine the materials’ glass
transition (Figure 6-21). As in the penetiation method, n'acement of the probe directly on carbon
fibers may interfere with accurate Tg determination.
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Of the three methods discussed above, the preferred miethod is the flexural technique.
Generally, the flexural test method produces sharper, more distinct inflections and oniy requires a very
small sample. The penetration and expansion methos are used less often because of the interference of
the carbon fibers with accurate Tg determination.

Dynamic Mechanical Analysis. High performance epoxy systems used in composite matrices
exhibit a viscoelastic response to applied mechanical strains. DMA techniques are a useful means of
delermining the viscoelastic nature of epoxy matrices. The glass transition temperature can be
determined from DMA expe.inents.

DMA involves the application of a sinusoidally oscillating tensile, torsional, or flexural strain to
a sample and measuring the response versus increasing temperature from -150°C to 400°C. Heating
rates vary from 1°C per minute to 10°C per minute depending on the sample size. Data are presented
in terms of storage modulus (elastic component), loss modulus (viscous component), and tangent delta
(ratio of loss modulus to storage modulus) versus test temperature.

Typical DMA data are shown in Figure 6-22. The glass transition temperature can be
determined as the peak temperature ¢f the high temperature transition in tangent delta or loss modulus
or as the knee of the storage modulus curve.

DMA is typically not used where suly glass transition temperature measurement is required.
Larger sample sizes and inore difficult sample preparation and test methods limit the utility of DMA
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fur glass transition measurement. Since carbon fibers tend to diminish the viscoelastic transition
magnitudes, samples should be tested in a matrix dominated direction if possible.

Difterentlal Scanning Calorimetry. DSC techniques similar to those described in Para-
graph 6.4.1 can be used to determine the glass transition temperature of a cured epoxy composite
sample except that sampie sizes of apprcximately 5 mg are tested at approximately 20°C per minute
heating rate.

A typical DSC thermogram for a cured epoxy is shown in Figure 6-23. The glass transition will
appear as a change in the slope of the DSC thermogram. Determination of glass transition temperature
using DSC is sometimes difficult because of the exotherm peaks due to additional reaction during the
DSC test.

6.4.2 Extent of Unreacted Materlal

An undercured condition may be indicated by a lower than expected glass transiticn
temperature determined as described in the beginning of Section 6. However, a low glass transition
temperature may alsc be due to environmental/moisture effects or to formulation errors. To shiow that
the low glass transition temperature is due to undercure it may be necessary to determine the extent of
reaction by aralysis of the residual unreacted material, as shown in the materals characterization at
the beginning of this section. Before testing for extent of reaction, glass transition tempcrature tests
should be rerun on a desiccated laminate to eliminate moisture effects as a ~ause of low Tg.

The most effective means of determining the extent of unreacted material is by measuring the
residual heat of reaction using DSC. This method has the advantage of small sample sizes and fast,
simple experimental procedures. DMA can show the effects of both undercure and environmental
exposure, although the larger sample size and difficult data analysis discourage widespread usag..
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Solvent extraction, with or without subsequent analysis using IR spectroscopy, may also be used to

indicate extent of unreacted material. Excessive handling and analysis difficulty discourage these

techniques.

bifferential Scanning Calorimetry. DSC can be used to measure the heat of residual reaction in
a partialiy cured epoxy matrix. Experimental procedures as described at the beginning of Section 6 are
used on cured laminates. The heat of residual reaction is the area between the DSC thermogram and a
baseline drawn from the reaction onset temperature, Ts, to the reaction completion temperature, Tc, as
shown in Figure 6-23. The presence of 1aeasurable heat of residual reaction indicates some undercure,
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The extent of unreacted material can be calculated by dividing the heat of residual reaction bty the total
heat of reaction of the prepreg.

Dynamic Mechanical Analysis. DMA can be used to detect undcrcure and moisture
degradation of cured laminates. Experimental procecures as described earlier are used. An undercured
laminate will exhibit a double high temperature peak in tangent delta and loss modulus plus an initial
loss with subsequent recoveiy of storage modulus as shown in Figure 6-24. The initial softening
(increase in tangent delta, loss modulus; decrease in storage modulus) is attributed to the glass
transition temperature of the original undercured materia). As the test temperature increases, the
matrix undergoes further cure allowing a recovery of properties. The final scftening is due to the glass
transition temperature of the fully cured material. Laminates with absorbed moisture exhibit a peak in
tangent delta and loss modulus at approximately 100°C due to the increased activity of moisture at this
temperature. The presence of this peak indicates significant absorbed moisture in the laminate.
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Figure 6-24. DMA Loss Modulus Versus Temperature Showing Effect of Undercure for Epoxy Resin

Solvent Extraction/Infrared Speciroscopy. This method can be used to remove low molecular

weight (uncured or partially cured) polymer from the surrounding cured matrix. A solvent such as
dimethyl acetamide (DMAc) or reagent grade acetone may be used to extract the uncured segments
from a thin sample laminate. By weighing a solvent extracted and desiccated (moisture free) sample, the
percent of unreacted material can be calculated. The extracted sample can be analyzed using IR
spectroscopy. The test procedure is identical to that described in Paragraph 3.1. The unreacted
functional groups can be identified by the peaks in the IR spectra. The extent of reaction can be
determined from ¢he peak intensities by comparison to standard prepreg spectra.




6.5 CURED MATERIAL CONTAMINATION ANALYSIS

Cured composites may contain defects due to contamination during manufacturing and
assembly of composites structures. Foreign material contamination present in the cured composite is
readily identified by ar array of traditional chemical analysis tools. This paragraph addresses the
metnods for selecting the techinique and interpreting the data. Emphasis is also placed on showing how
the contaminant affects the fracture morphology and the ultimate integrity of the failed component.

The essence of a successful material contamination analysis is: (I) recognizing the anomalous
fracture morphology, (2) exactly documenting and interpreting the anomalous features, (3) chemically
identifying the material contamination, (4) establishing that the detected contamination is not an
artifact of specimen handling or post-failure inservice exposures, (5) identifying possible sources of
contamination, and () evaluating the criticality of the contaminant as related to crack growth and
initiation.

Foreign material defects lead to lower crack propagation energies and a corresponding typical
fracture morphology. Contamination analysis is initiated when anomalous crack propagation or foreign
material inclusions are detected on the fracture surface during the course of the FALN execution. While
performing optical microscopy or scanning electron microscopy (SEM) examination of the fracture
surfaces, the specific fracture morphology allows the anzlyst to classify the contamination as either a
particulate or weak boundary layer contamination. This step is crucial t. selecting the steps needed -~
chemically identify the contamination and to relate the analysis to the overall failure analysis ana
location of the origin. It is also crucial to be able to reccgnize artifacts created by sample preparatior. or
due to post-failure exposure to contamination sources. The following definitions will serve to classify
contamination types.

6.5.1 Particulate Contamination

In this case, inhomogeneous resin fracture wiil be observed with inclusion particles on the
fracture plane with the optical or electron microscope. The particulate significantly reduces the net
cross-sectional load bearing area leading to lowered properties such as reduccd interlaminar shear and
tensile strength. Although composites with their fiber reinforced construction are less sensitive to small
localized defects, large particulates have been found to initiate failure. An individual particle defect, if
located at a critical location, may also act as a crack initiation site with corresponding fracture lines
radiating from the defect.

€.5.2 Weak Boundary Contamination

The presence of weak boundary surfaces account for the majority of crack initiation and
subsequent component failures due to contamination. The weak boundary layer acts as a barrier to
adhesive bonding between:

1. Adjacent plies

2. Dissimilar materials or microconstituents such as fiber and resin or honeycomb core and
laminate

3. Adhesively bonded subcomponents such as stringers and skin.
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. The weak boundary layer is formed by a chemical compound which interferes with the wetting

and adhesion mechanism between the epoxy adhesive layers. Interfering chemicals such as
hydrocarbons, fluorocarbons, and silicones are common in composite manufacturing as mold release
compounds and parting agents. During the fracture event, the weak boundary layer provides a low
energy crack propagation pathway through the structure. The fracture surfaces exhibit localized regions
of smooth and featureless mating fracture surfaces, as opposed to normal fractures, where there is
significant resin microflow deformation, hackle formation, and secondary cracking. When stress
analysis has indicated that a composite structure failed at a fraction of the design limit strength, and
delaminations are present, weak boundary contamination layers should be suspected.

As illustrated in Figures 6-25, 6-26, and 6-27, contamination caused by Teflon paddle and

Frekote release agent along the interlaminar ply interface exhibit inhomogeneous resin fracture s
compared to a typical uncontaminated baseline fracture specimen illustrated in Figure 6-28. A seccnd
example of an isolated foreign particle inclusion, in Figure 6-29, illustrates the distinctive fracture
surface asperity and crack initiation lines radiating from the particle. However, isolated particles will
not significantly degrade the structural integrity of the composite because the fibers already act as
primary sites of crack initiation. As a result, low delamination strengths are expected and incorporated
into the designs. Particuiate contamination along these directions can be tolerated in moderate amounts
without significantly affecting the performance.
<q=w= Mechanically induced
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Figure 6-25. SEM Micrograph of a Teflon-Contaminated Tension Specimen
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Figure 6-27. SEM Micrograph of a Frekote Release Agent Contaminated Tension Specimen (2,000X)



Figure 6-26. SEN! Micrographs of a Typical Uncontaminated Fracture Specimen




Figure 6-28. SEM Miucrographs of Foreign Farticle Inclusions illustrating the Characteristic Fracture
Surface Asperity and Radiating Fracture Lines




Special care must be taken to avoid confusing the post-failure surface debris on the fracture
surface with foreign particle inclusions in the resin. By definition, the surface debris will not initiate
radiating fracture lines. This is especially a problem where the fracture surface has had a long
environmental exposure or has experienced in-service cyclic loading conditions. Caution should alse be
exercised when extensive mechanical cutting was required to extract the specimen from the failed
component. Often the particle shape can lead to identification of the contamination source where the
particulate contains fractured carbon fibers and the source cculd be traced to machining debris.
Another concern in examining a resin system with particles ¢n the fracture surface is that the resin
may have intentional particle additions (or phases) which improve properties or manufacturing
characteristics. If there is a suspicion that the resin system may have beer modified in this way, the
analyst must prepare a iub fractured specimen for SEM examination as a reference fracture surface.

The flow diagram in Figure 6-30 reviews the sequence of steps taken to perform initial
inspections and to classify the contamination type. The next sequence of steps involve selection of the
appropriate analytical techniques to make an accurate chemical identification of the contaminant.
Direct chemical analysis probes can be very decisive in providing a chemical identification in a cost
efficient manner. The flow aiagram in Figure 6-31 for analytical work reflects this emphasis. A number
of analytical techniques are recommended in order of decreasing information per unit analysis time for
each application. There are specialists for each analytical technique whose expertise in instrumentation
and spectroscopy will be required. The following paragraphs on analytical techniques are designed to
inform the investigator of the special terminology used for these techniques and highlight special
concerns which arise during a composite failure analysis. The section concludes with an applied example
of contamination analysis during a failure analysis.

6.5.3 Scanning Electron Microscopy and Electron Microprebe Analysis

The scanning electron microscope and the electron probe microanalyzer (EPMA), commonly
known as the electron microprobe, are powerful tools for identification of contaminant particles on a
fracture surface. This paragraph covers the elemental detection capabilities of the SEM and EPMA for
foreign particle detection. The microscopic image formation is covered in this section. These
instruments are used when a quick qualitative identification is needed and provides information
regarding selection of more detailed methods to be performed later.

The SEM and EPMA instruments are equipped with X-ray detectors to monitor the X-ray
emission spectrum generated when a finely focused electron beam impinges on a microscopic feature of
interest. Electron beam induced X-ray emission produces a spectrum unique to each element present
allowing direct determination of particle composition. The analysis volume is determined by the
electron beam energy and the density of the specimen surface. Typically, the analysis volume is 0.5 to 2
micrometers in diameter. If the X-rays are measured with an 2nergy detector, then the analysis is
termed energy dispersive spectroscopy (EDS). If the X-rays are measured with a wavelength detector,
then the process is termed wavelength dispersive spectroscopy (WDS). Each method has its own unique
advantages. Conventional EDS can acquire a spectrum for all the elements from sodium to uranium
simultaneously in 30 seconds to a minute. (Ultrathin window EDS detectors can detect elements to the
boron range.) Because of the limited energy resolution of the EDS detector, there are a number of
spectral peak overlaps. For example, aluminum and bromine peaks occur at 1.48 KeV. WDS has
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Figure 6-30. Inftial inspection a. ~ Determination of a Foreign /Material Contamination

extremely high signal-to-noise sensitivity and resolution. WDS can also detect boron, carbon, oxygen,
and fluorine. The disadvantages are that only a single wavelength at a time can be detected, requiring
many minutes to scan even a limited range of elements. Of concern to composites failure analysis is the
ability to use WDS for light element detection. A partial list to assist the analyst in identifying elements
by EDS and WDS is given in Table 6-2. A SEM micrograph and EDS spectrum talc contamination at a
bondline is shown in Figure 6-32. The SEM reveals the sheet-like crystalline morphology and the EDS
spectrum exhibits the primary elements typical of talc powders, magnesium, and silicon, along with
other particulate impurities.

In using EDS or WDS szveral concerns shonld be mentioned. First, the composite specimen is
introduced into an instrument vacuum chamber at pressure ranging from 1X10°8 torr to 1X10~4 torr. If
the contaminant under investigation is volatile in the instrument vacuum chamber, there is a possibility
that important elemental information will be lost before anulysis. Second, these techniques were
originally developed as techniques to study conducting metal specimens. Polymers which are




‘ Chemical analysis

- }
ﬁmy disparsive o X-ray
spectroscopy photoelectron
* Wavelength spectroscopy
disperslve e Infrared
spectroscopy spectroscopy

«FT!R
* Attenuated total

reflectance
e Secondary ion
Organic Yes mass

compound spectroscopy

r X-ray amracuonj Infrared spectroscopy
o FTIR

o Diffuse reflectance

|

Further surface
< sensitivity of light . Yes
element detection” *

“\\needed
7 Surface analysis:
\_

K\lo ® X-ray
‘ photoelectron
spectroscopy
e Auger electron
spectroscony

e Secondary ion
mass Spectroscopyl

v .
b! Return to FALNJQ-—-——-—‘

Figure 6-31. Logic Network for Chemical Analysis ¢f Foreign Material Contamination of a Composite
Fracture Surface

nonconductive present a specimen charge buildup problem which is reduced by vapor depositing a
conductive coating on the specimen. Typically, a very thin 5 nanometer film of gold or cther noble metal
alloy is used. These films provide interfering peaks in the X-ray spectrum which may mask elements of
interest. When analyzing composite contamination, it is sometimes useful to coat these surfaces with
conductive carbon since carbon is to be expected and will not be detected in the EDS spectrum. There is
a significant literature base to suggest the electron beam can induce degradation and thermal effects to
polymers. The degradation can be minimized by using low electron beam accelerating voltages and low
current densities, Since WDS usually requires very high beam currents, this detection method should be

used as quickly as possible te reduce the detrimental beam damage effects.




Table 6-2. X-Ray Emission Lines, Partial Listing

£DS X-ray energles, keV
WDS X-ray wavelengths (K¢ ). nm

Ko K3
B 6.76 Na 1.04 1.07
C 4.47 Mg 1.2% 1.30
N 3.16 Al 1.49 1.56
(e} 2.36 Si 1.74 1.84
F 1.83 P 2.01 2.13
S 2.31 2.46
Cl 2.62 2.81

(Ret. 5)
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6.5.4 X-Ray Photoeiectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is based on electron emission when a sample is
irradiated with low energy X-rays. The process called photoelectron emission rauses each element to
emit photoelectrons at specific energies. All elements except hydrogen and helium can be detected by
this method. Typical instruments analyze a square centimeter of surface area. The latest generation of
instruments nas a small spot XPS capability to analyze areas 100 micrometers in diameter. This
development in XPS will make it increasingly important to the failure analyst. Several unique features
arise from the physics of this process. The surface sensitivity of XPS arises from the very short distance
that a low cnergy electron can travel in a solid without losing its initial energy. Since the detected
electrons must travel to the detector without losing energy, detected electrons can only originate within
this short characteristic distance (called the escape depth) from the surface. Typical escape depths in
organic solids are 5 nanometers.

The XPS spectrum is expressed as the detected electron number versus electron energy. The
measured kinetic energy (KE) relationship to binding energy (BE) of the electron from the parent ator:
is expressed as:

BE = hv-KE -9V charge (Eq. 1)

= energy of X-ray source
§ = spectrometer work function

V charge = correction due to specimen charging

The binding energies of some typically encountered elements are listed in Table €-3. Figurz 6-33
is a typical spectrum of an epoxy resin where the e¢lements carbon, nitrogen, oxygen, and sulfur are
shown. If one is examining a fracture surface for a chemical contaminant, comparison of the surface
relative to a fresh cohesive resin fracture surface will provide a very sensitive test for the presence of
foreign elements indicative of contamination.

The details of XPS quantitation are unique to each instrument depending on design and
detection efficiency. Tn Table 6-3, the relative probabilities for photoelectron emission, called
cross-sections, are given. These factors would need to be adjucted for detection efficiency to obtain the
relative sensitivity factor. Quantitation is accomplished by normalizing the observed intensities for each
element and is expressed as:

Ix/SxX 100
E = -
lement x atom% ?: 175 (Eq. 2)

relative sensitivity factor
observed intensities

each element




Relative intensity

Table 6-3. Approximaie XPS Peak Positions and Emission Probabilities for Common Elements

Relative emission

Binding* robabllity (cross
Element energ)c'l gectlon fgr (alumlnum
X-rays) (Ref. 4)

Boron 195 0.49
Carbon 285 1.00
Nitrogen 399 1.80
Oxygen 531 2.93
Fluorine 689 4.43
Sodium 1072 8.52
Silicon 102 0.82
151 0.96

Phosphorus 135 1.19
169 1.18

Sulfur 165 1.68
229 1.43

Chlorine 199 2.29
264 1.69
Bromine 69 2.34

*Laminating energles change depending on how the
elements are chamically bonded.

| 1

Binding energy, eV

Figure 6-33. Typical XPS Spectrum of an Epoxy Resin With Elements Identified




The binding energy concept is important because XPS peaks exhibit small binding energy shifis
due to the chemical bonding environment of the parent atom. Chemical functional groups on the
surface can be inferred from these binding energy shiftts. Inspection of the equation also shows that the
binding energy is dependent on the work function constant which is a spectrometer calibration constant
and the specimen charge correction facter which is determined for each non-conductive sprcimen (the
usual case for composite specimens). A charge correction can be made by shifting the binding energies
so that the carbon 1s peak due to the hydrocarbon-like chemical bond present in polymer resins occurs
al 285.0 ¢V Some investigutors use alternate charge correction metho.ls or a slightly different carbon 1s
peak correction value (284.6 eV). So when making comparisons te published literature values, the
author has to be careful. Table 6-4 gives a partial list of the carbon 1s peak shifts which might be
encountered with composite materials.

Table 6-4. Carbon Peak Shifts in XPS

Functional group Binding energy, eV B
Hydrocaroon 285.0
Ether or alcohol 286.5
Ketone 288.0
Ester 288.8
{Ret. 6)

When analyzing a composite fracture surface for foreign material contaminants, low surface
energy compounds cr releasing agents are high on the list of potential contaminants. These compounds
are typically hydrocarbon oils, fluorocarbons, or organic silicone oils. Table 6-5 summarizes a few rules
of thumb in interpreting the XPS data for these compounds. Some materials which could be
contamination sources are as follows:

1. Molding tool release compounds and sprays
2. Parting films and breather fabrics
3. Prepreg backing papers and films
4. Solvent impurity residues
5.  Vacuum pump oils
6. Machining debris
Plastic resin sweeps
Gloves
Vacuum bags

10. Molding compounds, vacuum bag secalants.

6.5.5 Infrared Spectroscopy and Fourler Transform Infrared

IR spectroscopy is the primary technique for identifying the compound or chemical family in
which a foreign organic contaminant belongs. Infrared spectroscopy is much less sensitive than XPS or
EDS/WDS but provides more chemical information. Special techniques have been developed to apply IR




Table 6-5. Rules of Thumb for XPS Iderttification of Typical Release Agents

& Hydrocarbon | ® Excesslvely high carbon lavels on the surtace - 1 compared with a cohesive resin fracture
e Confirm by FTIR analysils of the residue frum & olvent rinse oy the fracture surface

e Fuorocarbon | ® Carbon-shifted peak in the range 288.0 to 292.0 eV; fluorine peak at 689.0 eV B
¢ Ascertaln wnether there is a fluorocarbon additive to the resin

' e Compare with XPS spectrum of known flucrocarbon release agents or parting films used in
»
g manufacturing the part

e Sllicone ¢ Silicon peak 2( 102.0 eV: sllicon Auger parameter in the range 1708 5 to 1709.5 eV

® Whare there are significant s !con lavels. the carbon-tc-oxyQen ratio will exceed the resin value

® Bocause some inorganic minerals exhiblt the same XPS shifts, verify that there are no inorgznic
mineral particulates on the fracture surface ~itn SEM/EDS

® Ascertain whether there is a silicon additive to the resin

o Confirm by FTIR analysls of the residue from a solvent rince of the fracture surface

e Compare xith XPS spectrum of known slicon release agents used in manufacturing the
component

to the weak boundary layer and the purticulate contamination problem. These methods are addressed
in the following discussion.

Organic polymer molecules absorb infrared radiation at frequencies which relate to the
- chemical bonds within the molecule. The physics of this process can be attributed to a mechanism
. where the infrared light is absorbed at discrete frequencies associated with characteristic molecular
vibrations within the molecule. This principle forms the basis of infrared spectroscopy as an analytical ‘
technique to characterize polymer resins. Each polymer molecule absorbs infrared light in a distinctive o
pattern which can be used to fingerprint the molecule. Figure 6-34 illustrates a typical IR spectrum of oy
an epoxy spectrum. In a contamination analysis where one is investigating an unknown identificat’ n, it '
is useful to compare the spectrum of the unknown with infrared spectra of model compounds published
in an atlas or stored in a database. Infrared spectra are usually plotted as intensity versus wavenumber
(CM-1), wavelength (micrometers or microns), or {requency (s-1).
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‘ Intensity can be expressed as percent transmittance or absorbance as shown in the following
equ.tions.

Percent Transmittance

%T = é (Eq.3)
where:
%T = percent transmittance
I = selected radiation
Io = incident radiation
Absorbance
A = Log(l/lo) (Eq. 4)
where:
A = absorbance
I = detected radiation
Io = incident radiation
0 Recently, several developments in the field of IR analysis have allowed the technique to become

more practical for solid materials involved with composite failure analysis and contamination analysis.
The first development is the use of FTIR instruments. It is orders of magnitude greater in sensitivity
than conventional IR instruments. It is almost a necessity to select the FTIR instrument for sensitive
cont. aination detection. The FTIR sensitivity can be used to complement the XPS in weak boundary
layer identification. The analysis can be approached from several directions. First, a fracture surface
can be rinsed with an ultrapure solvent, such as methylene chloride, which is allowed to evaporate on a
salt pellet (the standard specimen holder). The residue can then be analyzed as in conventional FTIR
transmittance analysis. Often there is enough material on a contaminated surface to be detected and
the increased chemical information increases the celiability of the contamination source identification.
If a large amount of particulate contamination can be isolated, then particles can be dispersed into a
salt and then consolidated into a pellet. Often a reasonable spectrum can be obtained.

Reflectance methods are desirable in order to avoid the use of removal methods described
above. The attenuated total reflectance (ATR) method is implemented on an FTIR instrument which
uses an infrared transparent crystal with a high refrac.ve index. The IR radiation is then caused to
propagate through the crystal and the near surface region of a specimen. The depth of penetration is
typically 0.5 to 2 micrometers. The method has a limited application to fracture surfaces since it
requires a fairly smooth and flat surface to obtain a spectrum. Diffuse reflectance, an older reflectance
method, is coming back into use on the FTIR instruments. This method relies on the detection of
scattered IR radiation directly from a solid surface. The technique has scen limited application for

analysis of rough surfaces which are usually er.countered in composite fractures.




6.5.6  X-Ray Diffraction

X-ray diffraction (XRD) techniques are used for a wide variety of crystal structure
determinations. In composite failure analysis, XRD is primarily used for crystalline foreign material
particulates which can be isolated from a fracture surface. The cylindrical Debye-Scherer or Gandolfi
camera is commmonly employed for crystal phases in identification of particles. The basis for X-ray
diffraction is given by Braggs law:

A =2d58in6 (Eq. 5)
where
A = wavelength of incident X-ray beam
0 = measured angle of diffracted beam

d = crystal lattice spacing

X-rays diffracted from a particle strike a film from which the diffraction angle theta is
measured and consequently the crystal lattice spacing is determined. A tabulated index of lattice planes
(Reference 6) can be searched for cempound identification.

6.5.7 Secondary lon Mass Spectroscopy

Secondary ion mass spectroscopy (SIMS) can be used to obtain several inforination levels about
the surface and near surface region of a solid material. SIMS is used in composite failure analysis of
weak boundary layers when XPS cannot provide sufficient sensitivity or chemical information. SIMS is
based on energetic ion beam impact (or sputtering) on a surface with subsequent ionization and removal
of the surface atoms. The ejected surface ions are then detected with a mass spectrometer. The plotted
spectrum of intensity versus atomic mass units (amu) can be interpreted to identify the elements or
molecular fragments of the parent molecule. A number of SIMS instruments exist to perform specific
functions, the simplest of which (often the most frequently encountered) requires very high sputter
removal rates to provide sufficient secondary ions to the detector. These instruments operating in the
dynamiz SIMS mode can be used for detecting extremely low 'avels of elements as a function of depth
into the surface. Due to the very high current densities involved, this method does not work well on
nonconducting composite surfaces due to specimen charging. Static SIMS applications use very low
sputter removal rates to characterize the surface molecular layer. Future improvements in this method
to allow routine polymer characterization may find significant uses to complement XPS analysis of
composites. The SIMS microprobe, a variation of the static SIMS instrunient, has an imaging capability
which can be used to characterize particulates and map chemical inhomogeneitics across the surface.

6.5.8  Auger Electron Spectroscopy

Auger electron spectroscopy (AES) is a surface analysis technique based on electron beam
induced Auger electron emission, characteristic energy for each element, and escape from the surface in
a manner analogous to XPS, In fact, many surface analysis instruments are designed to perform AES
and XPS with the same spectrometer. Since AES requires a conducting specimen, its applications are
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limited in composite analysis. However, since the carbon fibers are conductive, AES can be useful in
determining whether an exposed carbon fiber failed at the fiber matrix interface or in the resin. The
analysis is based on the elemental differences between the fiber and the surrounding resin (which may
be a sizing resin different from the nominal epoxy resin composition) as shown in Figure 6-35. Usually
preparation methods are required to provide a conductive path from the fiber to the sample holder.

6.5.9 Contamination Analysis Example

A secondarily bonded composite structure was returned from service after visual inspection
revealed surface cracks on the outer painted skin surface. The composite construction had a lamirated
skin bonded to a honeycomb core. The bonding adhesive was a FM-300 adhesive. When the composite
part was sectioned, it was noted that the paint cracking resulted from the skin buckling away from the
honeycomb, An optical cross section is shown in Figure 6-36. Optical microscopic examination revealed
the FM-300 adhesive separated along the centerline of the adhesive layer. SEM micrographs of mating
separation surfaces are shown in Figure 6-37. The smooth surfaces lack any significant evidence of
fracture features or resin deformation, indicating that a low energy adhcsive failure had occurred. The
adhesively separated surface followed the contoured boundary between two plies of adhesive. The
mating surfaces are perfect replicas of each other. Even the protruding scrim fibers of one ply made an
impression on the other ply without showing any evidence of bonding.

The XPS spectra of the debuuded surfaces shown in Figure 6-38 revealed a significant amount
of silicon, fluorine, and carbon in addition te the expected composition of the adhesive. XPS peak shifts
indicate the presence of silicone, fluorocarbon, and hydrocarbon chemical functional groups. The next
step was to rinse the fracture surfaces with methylene chloride solvent and allow the soluble residucs
from the surfaces to precipitate on a salt pellet. The residue was then analyzed with the FTIR where
hydrocarbon oils were identified in the spectrum. It was important to remember that these surfaces
may have experienced a significant exposure to contaminants from the service environment. Because
the SEM micrographs implied the weak boun ury layer was present during the curing of the adhesive
by the presence of scrim fiber impressions on the mating adhesive plics, the contaminant must have
been present during manufacturing and curing of the bondline.

Using this assumption, areas of the composite part with similarities of location and
construction (the disbond occurred adjacent to a core dropoff) were examined for bondline integrity. To
ensure chat no secondary contamination would occur, the part was cut with hand shears (cleaned in a
solvent) which produces very little particulate damage. The part was also cut in the analytical lab well
away from fabrication and machining areas where contaminants can be easily introduced. The result
was that the adhesive bondline was easily separated by hand after being cut out with the shears.
Separation occurred in a similar manner at the interface between the two adhesive plies and the mating
surfaces were smooth and featureless. The advantage of finding these weak boundaries is that the
specimen can be separated and introduced into the XPS spectrometer within minutes, thereby ensuring
that any contaminant found is directly related to the original debonding. Figure 6-39 shows the XPS
spectra in which the primary contaminant is silicon with the appropriate shift expected for a uilicone
release agent. Subsequent FTIR analysis of the soluble residues rinsed from the surface did not detect
any anomalous functional groups, which implies the contamination is very minute.
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Figure 6-36. Optical Micrograph in Cross Section of 8 Laminate Skin to Core Buckling Separation
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Figure 6-37. SEM Micrographs Showing a Replicated Surface Morphology
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SECTION 7
MECHANICAL TEST METHODS

Different mechanical tests are used to create fracture surfaces in simple test coupons. The six
mecharical tests used are:

(e

Interlaminar Mode I Tension (DCB)
Interlaminar Mode II Shear (ENF)

Translaminar Tension (NdPTT)

e

Translaminar Compression (N4PTC)
Rail-Shear
Compression After Impact ‘CAl)

o oA W

7.1  INTERLAMINAR MODE | TENSION (DCB)

Interlaminar Mode I tension {ractures are produced using a double cantilever beam specimen
geometry as shown in Figure 7-1. In this test, interlaminar tension conditions are generated at the
specimen midplane by deflecting two beam halves at one end of the specimen. This is made possible by
a release film (F ZP) insert. The specimen configuration is jilustrated in Figure 7-2. Special fixtures are
used for the specimen te allow free-pin rotation at the beam end and mechanical grip attachment. The
specimen grip fixtures, which are of a triangle grip configuration, are wedged into the crack tip formed
by the FEP insert as shown in Figure 7-3. This results in mouth opening displacement at the beam erd
prior to mechanical testing. Any precrack cbserved during clamping is marked on the specimen edge.
The specimen is loaded under deflection control on a Mechanical Testing System servohydraulic load
frame with the rate of cross-head deflection adjusted during the test to produce a relatively constant
rate of crack extension. In general, crack extension occurs in a progressive manner, with observed crack
growth rates of about 1.27 to 2.54 cm (0.5 to 1.0 in.)/min, Cross-head deflection rates range from 0.25
to 0.51 cm (0.1 to 0.2 in.)/min.

7.2 INTERLAMINAR MODE Il SHEAR {ENF)

Interlaminar Mode II shear fractures are produced using a modifieu end-notched flexural
specimen geometry as shown in Figure 7-4. Tests are carried out using a cantilever geometry fixture.
The uncracked end cannot rotate or move vertically, but can move horizontally. Such movement
prevents the introduction of extraneous (vertical) loads as the beam shortens under deflection. With
this geometry the top surface is loaded in pure compression, while the bottom surface is in pure tension

resulting in pure shear at the crack tip.




Figure 7-1. Double-Cantilever Beam Specimen Geometry
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Figure 7-4. End-Notched Flexural Specimen Geomelry

Crack propagai:on during testing typicaliy occurs by rapid extension of the crack aiong the
specimen midplane. In general, such rapid growth extends over 60 percent of the test span during the
first crack extension, and then is followed by several increments of slower, more observable growth.
Rapid crack growth precludes the full monitoring of the direction of cracking. However, during those

7-3




periods of slow, stable growth, crack extension is observed in a direction away from the FEP crack
starter region, and toward the cantilever beam support. fixture.

7.3 TRANSLAMINAR TENSION (N4PTT)

Conditions of controlled translaminar tension are generated using a simple, notched-bend-bar
specimen geometry as shown in Figure 7-5. The conditions of translaminar tension are produced by
four-point beam loading a Chevron-notched specimen with the rotch located transverse to the beam’s
lower tensile surface.

Figure 7-5. Notched-Bend-Bar (Tension) Specimen Geometry

7.4 TRANSLAMINAR COMPRESSION (N4PTC)

The conditions for this test are similar to the translaminar tension except the tran:laminar
compression is produced by four-point beam loading a Chevron-notched specimen with the notch
located transverse to the beam’s upper compression surface as shown in Figure 7-6.

7.5 RAIL SHEAR TESTS

Rail-shear testing is performed on coupons having a specimen geometry as illustrated in
Figure 7-7. Figure 7-8 shows the typical test configuration. In this test, the long sides of the rectangular
specimen are clamped to sieel rails. Stresses are transmitted to the specimen by means of a relative
displacement of one rail to another. This mode of testing results in a localized in-plane shear condition
in the test specimen,




Figure 7-6. Notched-Bend-Bar (Compression) Specimen Geometry
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7.6 COMPRESSION AFTER IMPACT (CAl)

Compression testing is performed on an impacted 4-inch by 6-inch quasi-isotropic laminate.
The specimen is mounted on an impact support fixture (Figure 7-9), centrally positioned, and impacted
on the tool side by an indenter with a 0.62 inch hemispherical tip at 1,200 in.-Ib/in. The specimens are
then placed on a 50 kip servohydraulic machine, utilizing a deflectometer, and loaded to failure with a
displacement typically of the order of 0.05 in./min.
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SECTIOr 8
FRACTOGRAPHY

Fractography, the science of studying fracture surfaces, is the key not only to the determination
of the sequence of fracture events that took place during the failure process but also for the
identification of the state of stress that existed at the time of fracture (tension, compression, and
shear). Other factors such as environment, mateiial defects, or other material anomalies that may have
contributed to crack initiation, growth, and ultimate failure can also be evaluated using the tools
presented in the following paragraphs.

Due to their laminated construction and high level cf anisotropy, particularly on a localized
scale, failures in composite materials tend to be extremely complex in appearance as well as in
mechanism. The actual failure process and fundamental fracture mechanisms in this class of materials
are not sufficiently well understood at this time. However, many of the analytical methods presently
used for fractography of composite structures have been previously developed for use in failure analysis
of metallic materials, and therefore have a fairly sound fundamental basis. Efforts within the past 10 or
so years in the area of composite fractography have been directed toward modifying these weil
developed metals techniques, which include:

1. Visual and optical macroscopy
2. Optical microscopy
3. Scanning electron microscopy

4. Transmission electron microscopy.

Each of these analytica! techniques provide the investigator with a significant amount of
information regarding the fracture by examination ot the morphology and other topographical features
related to the fracture process. As a general rule, all failure analyses should involve each of the above
techniques (with the exception of TEM) in the order of increasing magnification. Each investigation
requires a combination of the above methods, dependent on variables such as size, time available, and
type of fracture. Fractography, as an investigative post-failure analysis method, involves the use of the
various techniques listed above in conjunction with the interpreiation of the results as related to the
fracture process. These paragraphs describe in detail the techniques used to identify the morphological
fracture features. The physical principles involved in each technique are presented, including comments
on how these principles can be used to control image type and the type of features observed in ihe
fractographs. Specific examples of how to obtain suitable fractographs and gather data related to
propagation type (interlaminar versus transiaminar), crack propagation mode (tension versus shear),
crack propagation relative to the fibers, and other divisions are illustrated.

In Section 4, the interpretive methods and specific examples of liow the fractographic data
relates to fracture mode, crack growth, and other faults are presented.




In addition to identifying the fracture morphology, the other primary responsibility of the
investigator is to document the key features relevant to the determination of the cause of failure. This
involves photo decumentation for reports or presentations, as well as later analyses, and can eften
require extra effort during an investigation so that the photos convey the message to nontechnical
personnel. For examgle, a significant portion of the analyses can be performed using optical microscopy.
and although the image can be evaluated during use of the instrument, the details of resin fracture are
often too fine and their fracture topography too rough (at high magnification) to be documented on
optical photomicrographs. In this case, the SEM is required to dorument these features, although it
may not be required to analyze resin fracture details. The two techniques are complimentary to one
another. The value and methodology of both photo documentation and the identification of the fracture
morphology are presented and considerations relative to specimen preparation prior to anajyses are
provided.

In fractographic analyses, primary emphasis is placed on:
1. Locating the origin of the failure

Establishing the direction of fracture

Identifying the load state and modes of crack growth

Determining if environmental conditions or degradation were present

AR R A

Identifying if anomalous condition contributed to reduced material strength or premature
fracture.

The use of fractography for the analysis of metals dates back to the early 1900s, znd well
established procedures exist for its application. Recent work has revie ved and mcdified these guidelines
to yield the detailed fractography FALN illustrated in Figure 8-1. 'the chart diagrams three distinct
operations: classification of failure types, crack mapping, and fracture surface chemical sxaminations.

The first failure classification breaks down the relatively complex nature of composite fractures
into two distinct types, interlaminar and wranslaminar. This classification is useful because different
analytical methods are best suited for each type of fracture. Interlaminar fractures, or delaminations,
are best analyzed for crack growth direction using optical micrescopy, whereas translaminar fracture
(which break the fibers} are best analyzed by scanning ¢lectron microscopy.

Determining the direction of crack propagation is ene of the most significart concerns in
fractography. The recommended echnique for crack mapping uses the lowest magnification capalle of
perforraing the job. This recommendation is made because one of the fundamental problems in detailed
microscopy of large fractures is that there is an extremely limited perspective 6n how 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 for eariy
investigations, the FALN imposes a sense of perspective on later, higher magnification inspections.

The chemical analysis of fracture surface features may be reguired to determine the sequence of
fracture events. By carrying out these examinations after identifying the fracture origin, emphasis can
be placed on any anomalies encountered. Table 8-1 and Table 8-2 summarize the techniques used in
fractography.
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Table 8-1. Failure Analysis Techniques — Fractography
TECHRMIJUE Ot CRPTION ust VALUE
Ogptical Om'l examination st Pan-view oum'mmon and Documentation of fracture
macroscopy | megmification generslly at | rdentification of fracture
or below 10X surfgce faatures, damage identif:cation of frocture types
and defects (translaminsr vs. interiaminar)
o Daeterminavion of trenslaminar fracture
modes
Optcal JQptical enaminat:on at Plan viaw axaminat:on and o identification of fracture types
Mo oPy magnitications above 10X dentification of fracture {translaminar vs interlaminar)
surface features, damage,
and defects ® Determination of interlaminary fracture
direction, mode, and environment
Determination of onigin
igent:fication and characterization of
defect end damage conditions
Optical Aetailographic optical Cross-sectionsl gnamingtion identification of feacture locations
X-sgrtion examination at ol laminate, detect. and
magnifications above 10X damage conditions Determination of iamnate orientation and
drawing compliance
o identification and characterization of
defect conditions
Scanning Microscopy perforened by High-magmfication ¢ Documentation of fracture surtace
electron mapping, sacondary examination of fracture
microse olectrons from the sample | surfaces and defects with 3 identitication of interlaminar fracture
(SEM) genarated by a primary excallent depth of field mode, diraction, and environment
electron beam raster e 1gentification of transiaminar fracture
mode, direction, and environment
® Determination of ongin
o identifiation and characténization of
detect conditions
Transmisuon | Microscopy performed by Righ-magnitication ¢ Limited to delamination fractures
electron examining the focused exasminat:on of rephcated
MIrosc partern of electrons fracture surfaces with better Documentation of fracture surface
(TEM) attenuated by a thin depth of field than in optical
' e identification of interiamingr fracture
racture surface replica MICTOSCORY mode. direction, arid environment
¢ Determinationofongin
e identification and characternzation of
select conditions
Cack-scatter | Microscopy pertormed by In:ermediate magmtication o Documentation as 3 function ot atomic
elactron wraqing back-refiectad of frecture surface and number
microscopy primary baam electrons defects Back-reflectad
generstad by arastered electrons sre sensitive to © Identitication and characterization of
electron beam atomi nymbar and can be defectconditions
used t0 distingursh surface
details a3 3 function of
atomi number

The following paragraphs describe the failure analysis methodology associated with fractog-
raphy, the decision points, and the use of most of the analytical tools. ali combined with the background
reasoning that led to the sequencing and structure of the fractography FALN.

Beginning with a failed structural component, the initial responsibility of the investigator is to
document the fracture surfaces, both by extensive photodocumentation and by visual and optical
macroscopy. At this important stage, while the entire part or structure is intact, significant critical
information may be gained through assessment of the overall types of fracture, their locations, and
obvious anomalous production or service conditions, all of which give an investigator a feeling of the

primary loading events, sequence, and other contributory conditions that occurred prior to or during




Table 8-2. Fa'lure Analysis Techniques — Fracture Surface Material and Chemical Characterization

TECHNIQUE

DESCRIPTION

Ust

VALUE

SEM/microprode
energy dispersive
X-ray analys:s (EOX)

Quantitative microchemucal
analysis, photographic
mappm%of X-ray engrgies
created by primary electron
beam raster

Determines microchemical
elemental composition of
micro-inhomogeneities and
particles

Identification of metallic contam-
inants {(atomic number >1)

Particle size analyses

SEM/microprobe
wavelength
dispersive X-ray
analysis (WDX)

Quantitative macrochemical
analysis, photographic
mapping of X-ray
wavelengths crezted Dy
primary electron beam raster

Determ:nes microchemical
elemental composition of
micro-inhomogeneities and
particles

Identification of metallic contam-
Inants (atomic number >5)

Particle size analyses

Ayger electron
spectroscepy (AES)

Quantitative surtace chemucal
analysis (top 5 nm) ot Auger
clectrons ejected due to
primary electron beam

Determines elemental
chemistry of upper 5 nm of
surface (requires
conductive syrfaces)

identificat:an of contaminant
monolayers

Identification of adhesive tailure
interfaces

X-ray
photoelectron
spectroscopy (XPS)

Quantitative surface chemical
analysis (top S nm) of photo-
electrons ejected due to
primary X-ray beam

Determines elemental
chemistry and chemical
state of upper S nm of
surface (does not require
surface conductivity

Identification of contaminant
monolayers

iogentification of adhesive faslure
interfaces

Secondary 10n mass
spectroscopy (SIMS)

Qualitative surface chemcal
analysis of surface monolayer
atoms removed by ion
sputtening

Determines elemental and
chemical state of surface
monolayers; repeated
aopreration aliows elements

identification of contaminant
monolayers

t¢ he profiled versus depth

failure. Dependent upon the size and location of the component, further fractographic analysis may be
delayed for nondestructive analysis such as hand-heid pulse-echo ultrasonics and part breakdown
(fastener removal) into separate components such as skin and spar. As the separated pieces become
available during breakdown, the investigator should identify, define, and document the individuai
fracture types such as translaminar or interlaminar. Visual and optical macroscopy should be employed
for these analyses.

Following definition of fracture types, and more detailed NDE examinations of the damage
regions, the most labor intensive and critical portion of the fractographic examinations involve the use
of detailed macroscopic and microscopic analysis. These analyses require the investigator to use
specialized ‘ractographic techniques to determine the fracture directions, modes, and environmental
conditions at fracture. For translaminar fractures, the majority of the analyses involve fiber fracture
details, while for interlaminar fractures, resin fracture analyses predominate. Emphasis should be
placed upon performing as much examination as possible at the lower magnification ranges, thereby
increasing confidence and reliability in the determination of crack directions, modes, and any
anomalous conditions which may exist.

If determination of the fracture origin is made, through the use of detailed crack mapping or
visual and macroscopic analyses, the next step is to assess whether or not an anomalous condition
exists in the origin zone. If such a defect is evident or suspected, such as adhesive separation which has
a general lack of fracture features, commonly associated with contamination, then further examinations
like surface chemical analysis ni:ay be required.




8.1 CARE, HANDLING, AND PROTECTION OF FRACTURE SURFACES

The preservation of the physical evidence should be viewed as one of the most important
responsibilities for the investigator. Education on proper handling and protection prior to any
fractographic examination is strongly recommended for anyone dealing in fractures either in the field or
in the laboratory. When a fracture occurs, and there is even a slight chance that it will be submitted for
laboratory examination, several important steps must be followed so that maximum information can be
obtained. The important factor is prevention of damage that might preclude the use of various
analytical methods. Most of the procedures described are independent of the particular fractographic
techniques being employed.

The care and handling procedures that must be followed are based on general methods that
have been proven for metals and modified for application to composite structures. These procedures
rely on the fact that the fracture surface contains an enormous amount of valuable information and
that anything done to obliterate or alter this information may obstruct important information related
to the fracture. The damage that can occur can be separated into two types, either mechanical or
chemical.

8.1.1  Mechanical Damage

This type may arise from several sources, including allowing the fracture to impact other
objects. This can occur during the fracture process itself (for example, departure from the aircraft and
subsequent ground impact), during removal of a fractured portion from the remainder of the structure,
during transportation to the laboratory, or by careless accidents such as dropping the romponent. For
composites, the consequences of damage can be detrimental to the prop«r determination of the cause of
failure, since quite often the post-failure damage cannot be differentiated from that actually created
during the failure event. Notably different than metallic structures, fractures created during rapid
loading, such as impact from dropping, often cannot be differentiated from fractures created under
slower loading which might be encountered during part service. Crack growth created during handling
such as peeling delamination surfaces apart by hand are especially undesirable as they are often
impossible to differentiate from delaminations created during the fracture event.

The fracture can usually be protected during shipment by properly crating the structure, if it is
large and intact, so that motion of the component will not create rubbing or translation of the mating
fracture surfaces. Where possible, particularly for components that have translaminar fractures, the
amount of motion-induced damage can be eliminated by total separation of the fracture halves prior to
shipment. Parts with only delamination damage can usually be left intact for shipment. To prevent
contamination or fluid ingression such as rain, the structure should be wrapped with a clean plastic
sheet. Smaller components or test coupons should be placed in zip lock bags or other airtight bagging to
maintain the level of absorbed moisture and more completely protect the structure {rom contaminants.
If necessary, the fracture can be protected during shipment by tap.ng cloth or cotton to the surface, as
long as loosely adhering material, commonly associated with the critical fracture regions, is not
dislodged.

Tot:ching the fracture with the fingers or rubbing it should definitely be avoided, as this can
leave oils or othes contaminants on the fracture surface which may alter or prevent surface chemical




analysis results. One of the most common sources of fracture surface damage is when two halves of a
fracture are fit together. This accomplishes nothing important and always results in some microscopic
damage to the fracture surface, and thus should be avoided.

8.1.2 Chemical Damage

This type of damage to fractures can be prevented in a number of ways, each using common
sense and requiring an awareness of the necessity of protecting the surface from chemical
contamination or degradation. Since the identification of a foreign material (such as release agent)
present on a fracture surface may be critical in the overall interpretation of the cause of fracture, all
chemical protection schemes such as plastic coatings or desiccants are to be avoided. If such a condition
exists where a substance must be cleaned from the part prior to shipment, such as fire retardant foams,
the most desirable solvent is plenty of clean water.

8.1.3 Laboratory Cleaning

Usually soine sort of cleaning of the fracture surface is required prior to examinzation, since
small pieces of fibers and matrix are present due to either the fracture process or mechanical cutting
operations. However, to prevent potential loss of contamination evidence, cleaning should be avoideq
early in the investigations if possible. Numerous cleaning procedures have been attempted, each suited
for the extent and type of deposit, or the preference of a particular laboratory. The most commonly
employed cleaning techniques, in order of Jeast-to-most damage or destruction of evidence, are:

1. Dryairblast: This method will remove many loosely adhering materials. If possible, canned air
for laboratory use is preferred over the piped-in compressed air which can often contain oils
and moisture. A soft artist’s brush will assist in the removal, but extreme care must be
exercised to see that no damage is done to the fracture surface.

2. Detergent wash: This method can effectively clean most specimens for high magnification
investigations. A large, soft artist’s brush can be used to apply a mild, water-base detergent
(such as dishwashing detergent), followed by a thorough rinse in lukewarm tap water and
drying by air blast. Stubborn deposits of particulate dust, which can occur on cyclically loaded
parts, can be removed by uitrasonic agitation while the detergent solution is present.
Ultrasonic durations of only a few seconds are usually satisfactory, although up to 15 minutes
have been required to remove physically imbedded dust particles.

3. Chemical solvents: Chemical solvents should be avoided and used only when other techniques
do not remove the tenacious deposits or chemical coatings. Prior to using chemical solvenis on
critical fracture surface regions, these solvents such as acetone, methy! ethyl ketone (MEK) or
alcohols should be trial tested on fracture surfaces of the same material to check for
degradation or loss of morphological details. Soak durations should be kept to a minimum.
These solvents may also be used with ultrasonic agitation, which muy shorten the soak
duration quite significantly. This should be followed by detergent wash, rinse, and dry as above.




8.2 PHOTO MACROGRAPHY

Photography plays an important role in fractographic reporting as well as analysis of the
physical features associated with a post-failure investigation. Photographic documentation always
begins with several pictures of the broken part. This is followed by successively more detailed
photography of the fracture surface and associated details, including the documentation of the
successive steps carried out during the analyses.

Prior to photo documenting a fractured part, a detailed and thorough visual examination of the
specimen in the as-received condition should be performed. This should determine which features are
most important, which aspects are extraneous (such as post-failure damage), and whether any special
treatment is necessary. This inspection should begin with unaided visual examination, followed with a
hand-held magnifier. The fractured part should be scrutinized with a low power optical stereo widefield
macroscope if possible.

The next step should be to photograph the entire surface of the fractured part, with several
angles and lighting conditions, to record the extent and type of damage relative to the components of
the part. The documentation should begin with room overhead lighting and proceed using varicus
angles of oblique lighting, to assess how tha fracture characteristics can best be delineated and
emphasized.

Accident related parts are often best photographed in the field and sometimes test parts are too
Jarge to be photographed in the laboratory. In such cases, outdoor phetography using 35mm or 4-inch
by 5-inch view cameras provide the best results. Where adequate daylight lighting exists, it should be
utilized, although flash or flood lighting can provide necessary illumination of shadowed or fine details.

Where most of the photography in the laboratory consists of overall pictures of fractured parts
and details of fracture surfaces at low magnification, a view camera offers the highest degree of
flexibility. While 8-inch by 10-inch cameras are available, the 4-inch by 5-inch cameras are most popular,
lending themselves to a wider range of photographic media such as Polarcid and cut negative films.
Other advantages include a wide range of magnifications with the use of the bellows and various lenses.
The ground glass backing allows accurate framing and focusing, and film or lens planes can be tilted to
provide focus or perspective on large components. The major disadvantages to these cameras are that
they are slower to use than other smaller cameras and require a camera stand or tripod. A workable
setup for photographing fracture surtfaces or small specimens is a view camera mounted on an enlarger
type stand. This allows vertical, o1 top-down view of the specimen and conveniently provides a fairly
quick setup and photo documentation time.

The 35mm single lens reflex (SLR) cameras offer ease of use with small size and, as stated
above, offer a particular advantage for field work and color photography. The 35mm SLR provides a
quick, “see what you get” feature. With the closeup “macro” lenses, magnifications less than iX can be
obtained. The major disadvantages are that they offer a small viewing port which provides a limited
assessment of the lighting and focus, the small negative may not always be adequate for enlargements

with high speed/large grain film, and the tilt and swing functions of the lens and film planes are not
available as in the view cameras.

Low magnification stereo macroscopes with attached cameras are often required to provide a
light optical view and documentation of the fracture features at magnification ranges beyond those
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possible for the 35mm and view cameras. These systems also permit three dimensional viewing at
magnifications up to and beyond the lower limits offered by the light optical microscopes. The practical
ranges of magnification for these systems range from 5X to 80X. These systems often have the
additional advantage that detailed macroscopic examinations of the fracture surface details and origin
regions can be performed, while allowing documentation of the features identified.

8.3 OPTICAL MICROSCOPY

Optical microscopy has proven itself as a most critical tocl for failure analyses, for the
examination of both fracture surfaces and cross sections. For cross sections, the optical microscope
remains the most important technique available. The analyses of cross sections provide ir.sight into the
microstructural features related to construction, crack propagation, and defect conditions. For fracture
surfaces, particularly the delamination surfaces, the optical microscope is possibly the best technique,
and at the least should be used in conjunction with the SEM and TEM, rather than as a substitute. The
fractography of delaminations by optical microscopy can provide information regarding the crack
growth direction, loading conditions at fracture, the origin locations, and anomalous corditions related
to the origin. Undoubtedly, this information is considered paramount to the determination of the cause
and sequence of failure and thus should be required for all investigations of delamination surfaces.

8.3.1 Microscope Systems

Optical microscopes are availabie from a wide variety of sources and range considerably in cost
and capability. Reflected light is the illumination mode used for composites. These microscopes are
classified as upright or inverted, relative to the location of the stage with respect to the objective lenses.
The upright microscope is the preferred type for examination of fracture surfaces, as the fractures
surface does not contact the stage which can potentially damage the surface. The inverted stage,
however, can accept an extremely large specimen, whereas the upright stage is limited to approximately
6 inches by 6 inches maximum size.

The bench type microscope is the least expensive type and often can provide all of the
capabilities required to perform the investigations during fractographic analyses of composites. Various
metallographs, although usually more expensive, provide more flexibility and resolution. These can
range from simple to full-scale research units, with assorted illumination modes, objectives, light
sources, hot stages, and cther features.

8.3.2 Mumination

A variety of light sources for optical microscopy are available. The low voltage tungsten
filament lamp is most often used on bench microscopes and has adequate light intensity for most
observation and photography requirements. Where mcre light intensity is required for photo
documentation, xenon arc sources (intensity adjusted by neutral density filters) and tungsten halogen
filament lamps (adjusted by filters or electrical current) are the most common.




8.3.3 Dlaphragms

Two diaphragms are available within all systems to provide improved image quality. A field
diaphragm is placed near the light source to minimize internal reflections and giare within the
microscope. This diaphragm is stopped down to the edge of the field of view, while not impairing
examination or photography. A second diaphragm, the aperture, is placed in the light path just before
the vertical illuminator. Opening or closing this diaphragm alters the amount and the cone shape of
light, varying the contrast, sharpness, and depth of field. As magnification is increased, the aperture
should be stopped down. At a given magnification, closing the aperture increases contrast and depth of
field while reducing the image sharpness. A general rule of thumb for aperture setting on rough fracture
surfaces, which require maximum available depth of field, is to stop down the aperture until there is a
noticeable decrease in image quality and then open it slightly to eliminate most of the aberration.

8.3.4 Objective Lens

This forms the primary image and is therefore the most important component of the optical
microscope. The apochromatic and plano type objectives provide the highest degree of correction for
aberrations, produce the best results, and reduce eye strain. There are long-distance-working objectives
which are particularly valuable for examiration of fracture surfaces with rough topography, and are
usually only necessary for objectives in the upper ranges of magnification such as 20 to 60X. Other
desirable featurcs for fractographic examinations are parfocal lenses (maintains focus when objectives
are changed) and spring loaded lenses (moves when contacted with specimen to reduce damage to
lenses).

8.3.5 Specimen Preparation

Reflected light illumination mode requires a relatively flat surface due to depth of field
limitations and therefore specimen preparation is important to provide the best situation for
examination and documentation. Specimen preparation for cross sections are presenied earlier, with
descriptions of the steps for cutting, mountirg, and polishing. Specimer preparation for fracture surface
examinations involve cutting the desired fracture regior from the remaining structure followed by
cleaning.

8.3.6  Fracture Surface Inspections

Optical fractography is by far the mnst efficient and cost-effective method for examination of
delamination surfaces. Since the specimen setup and examination times are very short, an enormous
amount of fracture surface is covered with this technique. As a result, a reliable and accurate
determination of the typical and representative fracture surface features is obtained in a relatively
quick fashion. Translaminar fractures, on the other hand, are too rough and the features (fiber ends)
are too fine for optical microscopy. Low magnification inspections can be used on delaminations to
verify the plane of fracture and the location of crack growth features such as beach marks and
transverse cracking. More detailed, higher magnification inspections provide resolution of the fine
matrix resin fracture features. These features are used to identify the direction of crack growth (by
evaluating river marks), the fracture mode (tension versus shear), and indications of contamination and
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envirecnmental extremes. Bright field illumination, a stopped-down aperture, and long working distance
objective lenses provide the best combination for examination at high magnifications required for crack
mapping and identificaticn of the fracture modes. Crack mapping methods and interpretation of the
fracture features are presented in Part 2, Volume II, Section 1. The features found with the optical
microscope, even though they are visible through the eyepiece, are often too small to document with
photographic film. In these situations where photomicrographs are desired, the SEM is required.

8.3.7 Cross-Section Analysis

Metallographically prepared cross sections provide the following types of information:
1. Determination of the overall laminate quality

2. Quantitative evaluations of:

a. Extent of porosity

* Relative percent and morphology of phases or microconstituents

c. Ply count and orientztions

Origin examinations

Inspections of interfacial conditions

Crack propagation regions (intraply versus interply)

A

Extent of degradation due to wear, thermal cycling, and fatigue.

Where sible, specimens should be selected from at least two areas to most accurately
characterize ¢ - :atures, particularly when anomalous conditions are identified. These two areas
include (1) as ¢l *o the origin as possible, and (2) at an area away from damage.

Several illuminaticn metheds are available for cross-section analyses, with bright-field being the
most widely used. Dark-field or oblique illumination provides an excellent image contrast for
differentiating surfac topographical features such as microcracks and phase interfaces. Polarized light
can be used to enhance differences between ply orientations for easier ply count and orientation
analyses.

8.4 SCANNING ELECTRON MICROSCOPY

Since its relatively recent origin, SEM has found a wide range of applications in failure analysis,
materials research and development, and quality control. Fractography is probably the most popular
application of the SEM. The three dimensional appearance of SEM fractographs, the large depth of
focus, large magnification range, and simple specimen preparation with direct inspection make the SEM
a versatile and indispensable tool in failure studies and fracture mechanism research. This unique
instrument offers possibilities for image formation of fractured parts that are usually easy to interpret
and provides clear photomicrographs of rough surfaces as well as polisted cross sections. The
development of an assortment of related capabilities such as stereo viewing, quantitative microchemical
analyses, in situ fracture studies and image formation that is easy to interpret all contribute to the
value of this investigative and research tool. Energy dispersive X-ray (EDX) analysis equipment is
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routinely attached to the SEM, providing semiquantitative and, in favorable situations, quantitative
analysis of composition from a small volume. For composites, EDX analysis is usually only required for
contamination analysis.

The SEM is capable of magnifications from about 5X to 250,000, although the majority of
composite fractography analyses do not go beyond 20,000X. SEM is normally a resolution of
approximately 100 angstroms. The depth of field is about 300 times that of the light optical microscope,
providing an excellent three-dimensional view of the specimen at focal depths of aver 1000 microns at
100X and 5 microns at 20,000X. Specimens can be tilted up to approximately 70 degrees to the incident
beam, whiie maintaining focus over most of the surface. The working depth ranges from 8mm to about
25mm, allowing an extremely rough surface (such as with protruding fibers) to be examined. The
specimen size is usually limited by the size of the chamber door. The maximum size for the latest SEM
equipment is approximately 6 inches by 6 inches, with limitations in tilt and thickness at this size.
Usually specimens are much smaller (0.5 to 1.0 inch square), so that thicker specimens and maximum
tilting may be allowed. Since the specimen size is limited, very large specimens must be partially
destroyed. This particular limitation indicates that lower magrifications and less destructive inspection
methods such as optical macroscopy and microscopy should be employed prior to SEM analyses.

8.4.1 SEM Specimen Preparation

Proper specimen preparation is basically simple and requires only a smaill amount of time. The
preparation sequence is usually as follows:

1. Specimen selection: Commonly visual or optical inspections of the fracture surfaces to define
areas of interest for analyses or documentation

o

Specimen cutting/removal: Involves mechanical methods such as abrasive cutoff machines or
hand saws

3. Specimen cleaning: Used to remove dust pariiculate (from the fracture and cutting processes)
and oils, etc., as discussed earlier; cleaning and coating should not be performed if
contamination is a concern

4. Specimen mounting: Involves adhering the specimen to a mounting stub to secure it and to
provide a conductive path from the specimen to the SEM chamber

5. Specimen coating: Usually required for nonconducting materials such as composites when high
KeVs are used.

Good imaging requires careful specimen preparation, such that electrical charging, electron
beam damage, and outgasing of volatiles are minimized. Composites, due to their laminated
construction and organic structure, are subject to all of these problems if the proper preparation
procedures are not followed. Because of this, the latier two preparation steps (mounting and coating)
are discussed in detail below,

To prevent charging, conductive adhesives such as silver, carbon, or aluminum containiug glues
are used to bond the specimen to the stub. Drying times are on the order of 30 minutes, although time
can be significantly reduced with the aid of a warm air blower. In order to maintain proper specimen
identification, labeling the stub with a scribe is often recommended.
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Nonconducting materials such as composites are usually coated to prevent electron charging,
caused by a buildup of a space charge region of absorbed electrons. This charging appears dark at the
site of absorbed electrons and deflects the incident beam, leading to image distortion and significantly
changes the emission of secondary electrons so that the surrounding region appears washed out or
over-bright. Charging can be prevented by operating at low acceleration voliages (less than 5 KeV) or
applying conductive coatings. The latter method is preferred by most laboratories, since the
magnification ranges do not ever approach conditions where the coating would affect microstructural
resolution. It should be noted that non-coated low KeV analyses offer shorter preparation times and do
not cover or obstruct surface contaminations, but do usually require an image enhancement systein to
properly process the limited image output.

The coating layer must be thin as feasible to minimize the possibility of obscuring fine details
and thick enough to provide a conductive path for the impinging electrons. The minimum thickness is
dependent upon the general roughness of the specimen surface, and may range from 10 nanometers for
relatively flat specimens to 50 nanometers for extremely rough topographies. Carbon, copper
aluminum, platinum, palladium, silver, gold, or gold-palladium (Au-Pd) are applied by high vacuum
vapor deposition or sputtering. The gold-palladium sputtered is the preferred method, since sputtered
layers provide better adhesion and more even condensation, and it provides the finest microstructure
and lowest possibility of obscuring fine details. A combination that seems to work well for most
fractures is to sputter coat approximately 20 nm of Au-Pd using the DC-pulse mode for five minutes
after backfilling the vacuum chamber to 4.0 to 7.0 Pascal (30 to 50 millitorr) with argon.

It should be noted that a nondestructive method for SEM examination is available for
snuations where destructive cutting examination is not possible or the fracture surface may not be
removable from the structure. In these situations, 2 two stage acetate replica may be produced with the
same techniques described for TEM analyses. The only difference is that the specimen must be made
conductive, and therefore requires an additional layer of vapor deposited gold or similar material.

8.4.2 SEM Techniques

The basic features of the SEM are presented in Figure 8-2. This instrument is a combination of
electron-optical, vacuum, and electronic control devices for impinging a narrow beam of electrons from
a heated cathode and focused by a system of magnets to a pinpoint spot on the surface of the specimen,
An image is gained from collecting, modifying, and displaying the resulting emission from the
specimen’s surface. The cathode, or filament, is usually tungsten. Accelera »n voltages range from
1,000 to 50,000 volts, although the usual range for composites are 2 to 30 KeV. A more effective and
longer life electron source is lanthanum hexaboride (LaBg). This new cathode requires more care and
warm-up time, a better vacuum, and higher initial cost. To generate the required vacuum, a diffusion
pump or a turbomolecular pump is used.

The electron beam scans the specimen similarly to the way a cathode ray tube is used to image
a scanning raster on a television screen. A scanning generator controls the current to the scanning coils,
which, in turn, deflect the incident beam along closely spaced lines. The magnification is controlled by
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Figure 8-2. Basic Features of the SEM

varying the current in the deflection coils. The electron beam impacts the specimen surface, and the
electrons that return from the specimen surtace are coliected by a detector. Amplification of this
electron signal is required for imaging the scanning cathode ray tube.

When the primary electron beam is impinged upon the specimen, electrons and other radiations
are emitted from the surface that can be used to produce images and to microchemically determine the
elements present. Figure 8-3 shows the types of emissions radiated from the surface and the
relationship to the type of detection modes avatlable. The most common detection modes for composite
materials are: (1) the secondary electron (SE) mode, (2) the backscatter electron (BSE) mode, (3) the
pseudo backscatter electron (PBE) mode, and (4) X-ray spectroscopy. These are used routinely with a
sound understanding of the types of information available and the limitations of each detection mode.
Each of these detection techniques is described below except X-ray spectroscopy, which is presented in
Section 6.

Although both secondary and backscatter electrons are used for fractography, the secondary
electrons are usually the preferred source since they offer better resolution, provide an abundant signal,
permit viewing areas of the specimen that are not in direct line with the detector, and provide a better
three dimensional effect due to the shadowing loss of electrons at topographical features. There are
situations where it is necessary to sacrifice resoiution for improved image contrast and differentiation

of features or phases by their atomic number. In such a case, backscatter electrons provide image
contrast in specimens which are especially smooth or are viewed at low magnifications.
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Figure 8-3. SEM Beam-Specimen Interaction Details

Secondary electrons are produced by interaction of the primary electrons with the atoms in the
first 1 to 10 nm, resulting in emission of the loosely bound atomic electrons. The energy spectrum of
these secondary electrons is independent of the energy of the incident beam and material type. The
energy spectrum is fairly limited in range, with a pronounced maximum at approximately 3 eV, As a
general rule, all electrons below 50 eV are considered to be secondary eiectrons and eiectrons with more
energy are in the backscatter range. The primary factor for secondary yield is due to topographical
features such as small variations in the surface angle. Since the secondary are emitted from the top few
nanometers, the envelope of the excited and emitted electron volume moves closer to the surface when
the beam contacts the surface at an angle, thus increasing secondary electron yield, and therefore
brightness on the visual image.

As shown in Figure 8-3, the backscatter electrons are produced by single large-angle or multiple
small-angle elastic scattering of the primary electrons as they impact the atoms from 0.1 to 1.0 pm
beneath the surface of the specimen. Different than secondary electrons, the energy distribution of the
backscatter electrons depend directly on the energy of the primary electrons and the atomic number of
the material. In a similar manner, although with a more pronounced effect, surface inclination of the
specimen provides an accentuation of the topographical features of the specimen. In specimens with
high atomic numbers, which have larger atomic sizes, a larger percentage of the electrons are
backscattered from atoms closer to the surface, with little change in energy. Therefore, the yield and
thus the brightness are increased with materials that have higher atomic numbers. For those specimens
which have a very smooth tapography, the use of pseudo-backscatter electron is employed. This invoives
using the secondary electron detector with gating of the allc wed electron energies for those electrons
with more than 50 eV. This detection mode does not “see” the secondary electrons thai have energies
around 3 eV. Figure 8-4 illustrates the use of secondary, backscatter, and pseudo-backscatter for the
imaging of a composite fracture surface.

Optimization of imaging can enhance the image for analysis and documentation. Some
components of a scanning electron microscope have their own characteristics of resolution and noise,
which determine the image quality, however, most instrument parameters are fixed by the designer to
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Figure 8-4. onrrast/'ng Differences in SEM Photomicrographs
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. achieve maximum performance. The SEM provides flexibility so that the operator can adjust the
instrument parameters for a specific specimen and investigation. Several commonly adjusted
parameters which are available include:

1. Object tilt angle

2. Aperture size and working distance

3. Beam characteristics such as beam KeV and spot size
4. Detection method such as SE or BE.

Object tilt probably provides the greatest effect on the overall image and thus should be
optimized. Specimen tilt, which causes the beam penetration depth and scattering to vary, results in
contrast between topographical features, similar to side lighting in optical macrosccpy or shadowing for
the TEM. The effect of tilting is more pronounced for the backscatter mode than the secondary
emission mode. Since tilting can be used to enhance subtle features on smooth fractures, the use of high
tilts is often required for examination of fatigue features, as shown in Figure 8-5, where fatigue
striations are not visible until tilts beyond 30 degrees are employed. Similarly, the use of tilt often
provides a quite different perspective of the fracture morphology such as hackles, as shown in
Figure 8-6.

The aperture size and working distance determine the depth of focus. For rough surfaces at low
magnifications, a small aperture and large working distance are selected. For high magnifications, a
short working distance, smali aperture, and high lens currents must be used Lo nunimice the spot size.

Interlaminar Fractures. The basic fracture types and the general SEM instrument optimization
for each type are presented helcw:

1. Crack mode and direction of propagation: Magnification in the range of 400X to 2,000X is used
to inspect the direction of river marks, resin microflow, and tilt of hackles. For most
observations, a tilt of approximately 30 degrees in the SE detection mode appears to be best.

Fatigue: Where this crack growth mode is suspected, high tilts beyond 60 degrees are often
required, with viewing angle perpendicular to the striation. For instance, Mode II shear
striations usually appear within the fiber matrix separation region, and therefore the viewing
angle should be running parallel to the direction of fibers in a tape material. Pscudo backscatter
and backscatter detection modes have been used successfully to identify and provide
accentuated contrast to striations that are not easily detected using the secondary electron
detector.

Disbond or contamination: For areas suspected of contamination or regions suspected of
having a thin coating with different atomic number, the use of backscatter is invaluable.
Usually a tilt is not required for this detection method.

Translaminar Fractures. For these fractures which have a very rough topography, the use of

small apertures is desirable to increase the depth of field. Increasing the working distanc: also provides

‘ increased depth of field, although the resolution is degraded at extremely long distances and higher
magnifications. Higher accelerating voltages do not provide any additional benefit since the secondary
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Figure 8-5. SEM Photomicrographs of Effect of Tilt on Striation Resolution
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Figure 8-6. SEM fractographs of Mode !l Deiamination Between Adjacent 0-deg Plies lllustrating
the Etfect of Tilt Angle




electron emission is independent of the beam energy. For most of these investigations, the magnification
range is from 5X {for macroscopic view to differentiate between compression or tension) to 2,5t -X (to
identify the individua! fiber end fracture morphology). Translaminar fractures provide an enc mous
amount of contrast and topography changes. Accordingly, the SE detection mode is most useful since it
is least sensitive to roughness extremes.

8.5 TRANSMISSION ELECTRON MICRCSCOPY

The use of transmission electron microscopy (TEM) is fairly limited in investigation of
composite fracture surfaces. Since the application of the SEM, which provides an excellent view of the
fracture morphology, the TEM has been only applied to analyses of interlaminar fatigue. For this failure
type, the striations related to cyclic crack growth are usually faint and limited to small zones in the
fracture surface. The TEM has advantages over the SEM in that extremely fine resclution and a high
degree of image enhancement is available through the specimen preparation methods and specimen tilt
during analyses. The TEM however, requires a labor intensive specimen preparation and a trained
operator to interpret the features observed. Quite d:fferent than the SEM, the transmitted electrons
provide an image that is difficult to interpret and differentiate the actual fracture features from
artifacts created during the replication process and microscope operation.

8.5.1 TEM Specimen Preparation

The basic specimen used for TEM anilyses is the two-stage replica. Direct examination of the
fracture surface can be made with the other techniques discussed above, but replicas offer the unique
capability of transposing topographical information of composite delaminations to a high-fidelity
facsimile that can be conveniently handled and transported, and readily examined in the TEM, SEM, or
light optical microscope. The use of replication has significant value when the fracture surface of the
failed part cannot be transported to the laboratory. Additional value is the ability to generate several
replicas of the fracture surface, all of which may be destructively analyzed tc determine the physical
features relative to the determination of the cause of failure.

The initial cleaning of the composite fracture surface was covered in the beginning of Section 8.
This usually involves detergent wash with ultrasonic agitation to displace particulate that may be
physically impacted into the fracture surfaces during fatigue cyclic loading. The final stage of cleaning
usually consists of successively applying and stripping several acetate tape replicas. The thin acetate
tape is first wetted with a small amcunt of acetate solution, allowed to soften, and then applied to the
fracture surface which also has some acetated solution applied to the area. Hand pressure is maintained
without moving for at least a full minute. Following full drying of the replica, it is carefully removed to
limit the damage from lifting fibers from the fracture surface. Usually two replicas are required to
properly clean the fracture surface.

For most composite laminates, the matrix material can withstand short periods of contact with
solvent, even those within their own functional chemical groups. This is particularly true for chemically
stable epoxy resins that are thermosetting and are highly cross-linked. For these resin systems, the use
of the most common replication rnaterials, acetate film and acetone, do not exhibit damage of even the




finest fracture details. Other matrix materials, particularly those that are thermoplastic and are not
cross-linked, should be spot tested in an area iun the replication technique.

Following the generation of several clean replicas, they are then prepared in the same marner
that is used for metals, in which the plastic replica is first shadowed with a high Z (atomic number)
material such as germanium, and then coated with carbon. Figure 8-7 illustrates the two stage
replication technique. For fatigue striation evaluation and maximum enhancement of the subtle features
involved, the direction of germanium shadowing should be parallel to the direction of anticipated
fatigue crack growth.
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Figure 8-7. Two-Stage TEM Replication Technique

These replicas are then cut to size, for fit to the copper grids, and then floated in an acetone
solution te remove the plastic portion from the replica. This stage is the most difficult and often very
frustrating. Due to the fiber reinforcements, the replicas have a pronounced tendency to curl along the
ridges formed by the fibers. Laminate tape fractures are extremely sensitive to this problem,
particularly when the fracture involves only unidirectional fiber orientation. Specialized methods can be
attempted, which include:

1. Dilute theacetone solution with distilled water to reduce the chemical mixing and curling, thus
reducing the possibility of tearing and breakup.

2. Provide more than one carbon coating, each at different angles, to provide a more complete
covering of the specimen. This increases the thickress which tends to reduce the curling.

3.  When the above methods fail, scribe the specimen in the direction perpendicular to the fiber

direction, creating a crosshatched effect, also reducing the chance of curling or breakup. The
crosshatching has been successfully performed using a hot blade, attached to the tip of a smali
soldering gun, so that the damage is lessened hy the smooth cutting action on the plastic film.
The cuts should be made very close together, as close as 0.01 to 0.02 inches, with very light
pressure to the coated side of the replica.




4. Place the small replica specimen between two copper grids. (There are butterfly types for this
purpose.) The plastic may be removed overnight by acetone va,or. (There are instruments
sold for this purpose.)

8.5.2 TEM Techniques

The TEM shown in Figure 8-8 contains an electron source, or filament, that emits a stream of
electrons into a vacuum chamber. The filament is held at high accelerating potential relative to the
grounded anode beneath it. The electrons pass through the hole located in the center of the anode and
then through a condenser lens which consists of a electrically variable magnet. The condenser leus
focuses the beam on the specimen. The electrons are either reflected, absorbed, or transmitted. The
electrons which are transmitted through the specimen are allowed to pass through three magnetic
lenses, forming a succession of three images, each magnified in turn to yield the intended overall
magnification. The range of magnification is from 200X to about 25,000X for two-stage replicas;
however the limit of use for composite laminate resin is about 10,000X.

The quality of the TEM image is affected by magnification, image intensity, image contrast, and
the resolution obtainable. For increased resolition, higher magnification and better focus is necessary.
For increased contrast, the objective-lens aperture may be varied, lower KeV's can be used, or the
specimen can be tilted. Specimen tilt is usually the best method for identifying the faint striations
present in the resin fracture regicns. Figure 8-9 presents fractogiaphs of a specimen which had been
subjected to a compression-compression fatigue cyclic loading. The faint striations are barely visitle and
lie perpendicular to the localized crack growth directions. River marks and resin microflow are also
evident. The river marks and resin microfiow features can be used to identify the localized direction so
that the tilting of the specimen can be made on the cerrect plane to maximize the enhancement of the
striations. Figure 8-10 illustrates the striations evident at the fiber/matrix interface region for crack lap
shear specimens (80 percent interlaminar Mode II shear). Tilts between 15 and 30 degrees were
required ‘or creating enough contrast and striation enhancement for the fractograph examples
presented in this paragraph.
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Note the curved striations equally spaced along the fiber surface
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SECTION 9
STRESS ANALYSIS

9.1 INTRODUCTION TO COMPOSITE STRESS ANALYSIS

The purpose of stress analysis in the context of this compendium is to provide information
which may lead to defining the cause of failure damage in a composite structural component. Although
other methods of analysis may identify the origin, direction, end mode of crack propagation, stress
analysis most often provides a quantitative explanation for the cause of failure initiation.

Stress Analysis Techniques. In the following paragraphs, literature on stress analysis is
reviewed in detail. While these writings by no means encompass the entire field of stress analysis, they
provide a perspective on the techniques and procedures available for composite materials. Before
discussing the application of these technigues, however, it is impertant to recognize the rele of stress
analysis in a postfailure investigation.

Most components are subjected to detailed stress analyses as part of their initial design.
Consequently, in the as-designed configuration, failure should not occur as long as the component is
operated within its design life and envelope. However, real-world experience indicates that component
fractures do occur in service. Common causes of such failures include:

1. Design deficiencies, such as insufficient assessment of loads and stresses, either of design
details or individual plies; also, oversimplification of oads, load paths, and combined effects of
load, damage, and environment

2. Manufacturing and process discrepancies, such as mismatched radii, ply layup errors, and
mislocated or misdrilled fastener holes

8. Service damage, including foreign object impact, subcriticai cracking, and improper
maintenance or repair.

For each case, the objective in analyzing stress is to determine if the occurrence of a failure not
predicted during initial design can be explained and understood. While techniques such as fractography
may be able to identify the origin and mode of fracture, it is stress analysis that most often determines
the cause of failure.
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The stress analysis required to investigate part failure can be relatively complex, but from the '
point of view of the failure analyst, the process involved can be divided into two discrete tasks, thus
making the review of available literature most straightforward. The two tasks are:

1. Assessment of the component strength in the as-fabricated condition
2.  Assessment of component residual strength considering flaws, damage, and subcritical cracks.

Table U-1 illustrates the relationship between the methods identified in the literature and these
two tasks. The first task, assessing the part strength in the as-fabricated condition, evaluates stresses at
a greater level of detail than during initial design. In most cases, this assessment focuses on the crack
origin, with special attention to discrepant manufacturing and production conditions. Principal
techniques at this level of assessment, likely to be of value, include individual-ply, point, and
average-failure criteria, laminate strength criteria, and the Damaged Zone Model.

The individual-ply failure criterion examines stresses at the individual ply level and establishes
the onset of first-ply failure. The chief benefit of this analysis method to failed structures is its ability to
predict the point of initial failure on a microscale. This ability is particularly significant since most
initial design analyses consider stresses on a gross average basis. However, even though there is
potential value in this methodology, some drawbacks exist. The most significant of these is that to
examine edge-effect stresses of individual-ply failure criterion requires a knowledge of plan view stress
distributions (surface stress flow) and detailed finite-element grids. For organizations with experts in
siress analysis, neither of these factors is a limitation. More significantly, hewever, the individual-ply
failure criterion predicts failure initiation, not catastrophic failure. It also exhibits significant
inaccuracies when applied to predicting strengths of muitidirectional laminates. Consequently, failure O
onset cannot be meaningfully determined based on the individual-ply failure criterion. As a result,
prediction of the stress required for catastrophic failure is more likely to be calculated by gross area
stress calculations with fine, finite-element grid structures placed in the area of failure origin.

Other considerations in estimated gross area stress are the point and the average-failure stress
criteria and the Damaged Zone Model. As described in the works of Daniel (Reference 7), Mikulas
(Reference 8), or Aronsson (Reference 9) on laminate failure criteria, the stress at failure can be
determined for any hole, given a characteristic parameter for the particular material and layup. Based
on results reported in these researchers’ works, this method appears to work relatively well, its only
apparent constraints being that it requires empirical reasurement of the characteristic parameter and
knowledge of the plan view stresses for the area of interest. In actual application, neither of these
constraints should be significant; however, additional concerns that must be addressed include the
effects of environment, absorbed moisture, and resin formulation on the validity of a single value used
as a characteristic material property.

Table 9-1 depicts the second major task involved in the stress analysis of a failed component —
assessing its residual strength. Considerable investigation has been done that can be directly translated
to the analysis of through-thickness flaws such as cracks emanating from holes. Either the Damaged
Zone Model or point-stress failure criterion appear to work well for predicting the onset of crack
instability. The limit in applying either of these methodologies lies in the ability of disciplines such as
fractography to identify and define the size of original damage. Given this measurement, establishing
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program that Incorporates
finite element model, first
ply fallure, and point or
average fallure criteila;
program is lterative,
allowing preadiction of
fallure ssquence and
residual strength

Table 9-1. Stress Analysis Methods
ANAL. - AUTHORS s
TASK METHOD DESCRIPTION (ret. number) COMMENTS
Laminate Laminate theory is used ¢ Chamis (10) e Valuable for simple prediction of ply
theory and |[to identify iwo-dimension e Craddock (11) failure
first ply stresses: one of several ® McLaughlin (12) | ® Laminate theory requires knowledge of
failure fallure criterla are app'iad local stresses
criteria to define occurrence of ® Tsai (13) e Laminate thecry cannot handie edge
first ply fallure effects/complex geometrles
s Jones (14) ¢ Predicted tailure stresses vary widely
with criterlon usad
o Fallure criterlon not accurate
a Does not proedict catastrophic failure
Finlte Finite element anatysis is ® Crossman (15) e Valuable for simple prediction of ply
Assess. |eloment used to define stresses in ® Herakovich (16) failure
ment of analysis three dimensions for edge e Wu(17) e Finlte ‘elemem techniques can be used
as-fapri-)and first eftects/onvircnments/bolted to define laocar stresses
cated ply failure joint configurations; one of e Method accounts for edge effef:ts,
strength criteria several criterla are applied environment, complex geometries
) to define occurrence of e Predicted failure stresses vary widely
first ply tailure with criterion used
o Failure criterion not accurate
o Does not predict full fallure
Polnt or A semiempirical method o Mikulas (8) ¢ Vajuable for prediction of strangth with
average for describing the & Wilson (18) holes
tatlure strength of open or filied © Danis! (7) ® Requlres knowledge of characteristic
stress holes, fallure occurs whsn | o Aronsson (9) distances for material
criterla, point or average stress at ® Rogulres knowledge of stress distribution
DZM a characteristic distance around hole
from hole equals material
strength
Point Adaptec semlampirical o Mikulas (8) ® Valuable for predicting residual strength
fallure method from predicting & Starnes (19) with impact of through-thickness cracks
stress strength with holes: failure |e¢ Aronsson (9) o Roquires knowledge ot characteristic
criterion, occurs when stress at a distance for material
DZM characteristic distance ® Requires knowledge of stress distribution
from damage radius equals around hole
materlal strength ® Requires estimation of initial damage size
to predict strength
K¢ fracture | Fracture toughness method |e Bathias (20) e Valuable for predicting resldual strength
toughness commonly used with metals |e McGarry (21) with through-thickness cracks under
& Awerbuch (22) tension loads
» Requires knowledge of K¢ for materiat
layup
e Requires astimation of initial crack size
Assess- to predict strength
ment of |G strain Pradicts onset of » O'Brien (23) ® Valuyable for predicting delamination
residual |energy delamination Instability © Whitcomb (24) Instability
strength {release based on Gy, for e Rothschilds (25) | ® Requires knowledge of G for material
rate material and G level layup
generated by applled lnad e Requires calculation of buzkie stability
for compresslon case
@ At cresent, can handle only very simple
geometries
CODSTRAN | Integrated computer ¢ Chamis (10)

¢ Attempts to meld varlous techniques
discussed above

e Requires expert computer programmer

e Requires material data, as described
above

¢ Inaccurate prediction of strength




the point of stress necessary to cause failure requires only that values for the characteristic parameter
be known. The literature shows that these values have been measured for a variety of layups. However,
these characteristic material properties may vary with resin system and environment, making the
calculation of residual strength more difficult.

Methods of evaluating the criticality of interlaminar defects has been maturing rapidly in the
last five years. To accompany this, researchers have identified characteristic surface morphologies for
pure Mode I or Mode 1I crack growth. Crack growth directions under Mede I loading can be determined
quite readily from the surface microfeatures. These emerging technologies in the area of delamination
provide the failure analyst with useful tools for determining the cause of a structural failure.

In summary, reviewing the stress analysis literature revealed several techniques for assessing
the strength of failed components either as-fabricated, or with through-thickness damage or fracture.
These techniques, their value and their limitations are summarized in Table 9-1. Some of these
teciiniques are somewhat inaccurate, or may require measured properties not readily available; however,
at the very least, the techniques define the applicable methodologies and their attributes.

Stress Analysis Fallure Analysis Logic Network. Defining the cause of component failure
vequires the accurate understanding of the loads and stresses involved as a part functions. In metals,
this understanding is commonplace. Fracture mechanic calculations are usually carried out during
initial design stages as well as after component failure. Stress analyses are run after failure to review
initial design stresses in more detail, to evaluate configurational and material errors, and tc determine
if damage (cracking) was incurred in service or during maintenance. The logical investigative sequence
for metals and composites is similar. Figure 9-1 illustrates the detailed stress analysis FALN based upon
existing metals procedures and inputs from experts in the area of composite materials stress analysis.

Stress analysis of a failed component is carried out at three different levels: initial design
review, a structura! level, and a lamina level.

At the initial design review, the analyst’s objective is to verify initial design assumptions and
calculations with respect to the availahle service history and the location of fracture. This review
establishes what analyses were performed and their adequacy.

The next level of investigation encompasses the most critical stage. At the structural level,
inputs from the main FALN are incorporated, and detailed strains and stability at fracture origin area
are defined. Since most components are designed to gross average strain and stability criteria, the
informaticn from this analysis usually provides adequate detail to understand the cause of failure. For
the analyst, investigations at this level may involve detailed finitc-element modeling, depending upon
the level of initial analyses.

Investigation of stress at the lamina level is unique to composite materials. Because of the
highly anisotropic nature of laminated composites, internal stresses can exist on a ply-by-ply level, and
individual ply stresses and failure predictions can be handled with varying degrees of detail. The
simplest level of investigation employs laminate theory combined with relatively simple failure criteria.
However, since individual ply failure does not usually constitute catastrophic fracture, additional
iterative analyses are required. These analyses can be performed with a variety of computer programs
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(Figure 9-1); however, using such programs requires a detailed understanding of the methods used, their
accuracy, and most importantly, their limitations.

9.1.1  Relevance to Stress Analysis FALN

Stress analysis as depicted by the Stress Analysis FALN (see Table 9-2) is conducted at one or
more of the following levels of complexity depending on the type of damage and economic
considerations: (1) initial ¢ .ign review, (2) a structural level analysis, and (3) a lamina or
microstructural level analysis. Throughout the investigation the failure analyst must communica!: with
the stress analyst to understand how the structure was loaded in the damage region (for example,

tension, compression, shear, flexure).

Table 9-2. Computer Analysis Programs

NAME FEATURES USER MANUAL COMPUTER APPLICATION
AC-50 Inplane laminate Rockwell COC 6600 Advanied composite analyss
arllowable stress TFD-75-1180
Nov 1975
NASTRAN o Finke element NASA Analysis and resizing of complex structures
analysis $P-222 (01)
® Resize for 1972
min:mum weight
8OP Combined NASA TND-7996 CDC 6600 Graphite-epoxy composite panels
compression and Oct 1975
(Buckiing of | shear of stittened,
panels) variable-thicknass flat
rectangular
orthotropic panels on
discrete springs
SOS Pownt stress analysis of | AFFDL techmemo | CDC 6600 Advanced composite analysis
laminated composites | F8C-74-107 July
or: 1974
® (nnlane loads
e Moments
¢ Temperature
® Transverse shear
STAGS Stress analysis and Lockheed COC 6600 Plotting of buckling mode shapes
panel stability document,
evalLations Structural
Anaiysis of
General Shelts,
Volume 3, Dec
1975
VIPASA Natural frequencies of | COSMIC file CDC 6600 Compression loaded stitfened graphite-epoxy
loaded structures 1SCL panels
(vibration ® (rinical buckling Doc 1D 00
and loads 17437 Jan 1973
instabihty of | ® Thin, tiat NASA TMX.73914
plate assem- rectangular plates | May 1976
blies ® Thermalstress
including
shear and
anisotrophy)

During the initial design review, the stress analyst's objective is to verify initial design
assumptions and calculations with respect to the available loading history, the lacation of fracture, and




environmental conditions. This review establishes what analyses were performed during original design
and evaluates their adequacy.

The next level of investigation encompasses the most critical analysis. At the structural level
th> analyst’s understanding of the loads and stresses derived from the initial design review will help
evaluate the significance of inputs or anomalies from the main FALN (for example, load types or errors
in number of plies or ply orientation). It may Le determined that these defects significantly affect the
stresses or strengths in the damaged region. In this case, parts of the initial stress analysis wouid be
repeated to assess the impact of the anomalies at the origin of failure. At the structural level, the stress
aralyst employs finite elements and analytical models to compare the gross average strain to strength
critical strain and stability conditions. This information, incorporating the effect of anomalies, usually
provides adequate detail to understand the cause of failure. Redesigns at this level of analysis would be
focused towards reducing gross average design strain to account for anomalies discovered during the
initial design review.

If the cause of failure has not been adequately explained in terms of gross average strains,
stress analysis at the microstructurai or lamina level ic required. This is often the case when failure may
have initiated at a design detail such as a hole, edge, or other stress concentrator. At the lamina level,
highly refined finite element meshes in the region of failure initiation are employed to determine
detailed three-dimen ional strain distributions. Loads or displacements applied to the finite element
meshes are derived from the stress analysis at the structural level. This detailed type of analysis,
although aot often done during the initial design, provides information needed to evaluate interlaminar
norma! and shear stress concentrations at free edges. Fracture mechanics, coupled with finite element
analysis, have been successful at predicting the onset of interlaminar crack growth (see Reference 24
and Reference 25). Redesigns, resulting from lamina level studies, may be required to eliminate or
reduce the effect of design details that cause stress concentrations.

The thermoelastic properties of the anisotropic, or more specifically, orthotropic plies or lamina can
be predicted from the properties of the fiber and matrix constituents with micromechanics. Lamination
theory is then employed to calculate the thermoelastic properties of a group of lamina bonded togetherinto
a laminate. References (13, 26, 27 and 28) provide lucid descriptions of the limitations and value of

lamination theory. Stress analysis of fiber reinforced polymers is quite different than that of metals for the
following reasons:

1. Laminastiffnessin the fiber directionis typically greater than 10 times the < tiffness transverse
to the fibers.

2. Lamina strength in the fiber direction is generally greater than 30 times the strength
transverse to the fibers.

3. Thediffcrences in the stiffness coefficicnts between plies v.i*hin a laminate cause interlaminar
stresses.

4. Thedifferences in the hygrothermal expansion coefficients betweer fiber and matrix within a
ply and between plies within a laminate may lead to significant residual stresses due to changes
in temperature or moisture content.
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Lamination theory can be used to determine the strains and stresses in a composite structure
without considering interlaminar stresses. Finite element, finite difference and analytical methods
beyond the scope of this text have been used to evaluate interlaminar stresses. However, the failure
analyst must recognize that these stresses exist in ccmposite structures and that the resistance to
interlaminar crack growth is hundreds of times less than the resistance to transply crazk growth. This
result is expected since the fracture of fibers requires far greater energy than that needed to propagate
an interlaminar crack in which matrix fracture dominates.

9.1.2 Overview of Topics

The following paragraphs provide the failure analyst with an overview of the techniques used to
determine the stresses in laminated composites. These tools vary widely in their ease of application and
accuracy of results. In addition, it is intended to familiarize the reader with design details,
manufactering and processing defects, and other considerations which must be applied to composite
failure analysis.

Paragraph 9.1.3 deals with predicting the strength of unnotchea multi-directional laminates
with and without edge effects. Criteria for predicting failure of an individual ply are discussed and then
applied to predicting laminate sirength. Paragraph 9.2 addresses the influence of ply thickness and
orientation on transverse cracking and delamination. Paragraph $.3 describes some of the approaches
for predicting reductions in strength caused by inplane stress concentrators such as cutouts and notches
are described. Other strength reductions incorporated into design such as environmenta! effects and
impact damage are also discussed. Semi-empirical fracture mechanics and stress based approaches are
discussed with respect to their ease cf use and generality of application. Paragraph 9.4 discusses, in
more detail, design details causing interlaminar stress concentrations (unique to composites), such as
holes and free edges. This is itnportant because interlaminar stresses cause delamination to grow under
fatigue or static loading leading to sigmificant reductions in compressive strength. Paragraph 9.5 is
designed to familiarize the reader with some of the extrinsic factors (fcr example manufacturing
defects) which may reduce the strength of laminated composites. The stress analyst would then evaluate
the significance of these factors or anomalies with respect to the cause of failure.

9.1.3  Analytical Prediction of Strength (of Unnotched Multidirectional Laminates)

Methods for predicting the strength of laminates composed of plies at various angles are needed
to allow designers to orient the fibers in the loa: bearing and stiffness critical directions. The methods
are semi-empirical in that they rely on measured strengths in the principal material directions for
calibration. The theories are focused toward the strength of an orthotropic laminate under in-plane
loading. Laminate level analysis is always based on ply level analysis. This is fundamental to the concept
of lamination theory.

9.1.4  Individual Ply Failure Criteria

At this level of analysis the failure of an individual ply is predicted in terms of the strengths in
the principal material directions and an appropriate failure criterion. The overview presented here is
drawn from the excellent discussions given in References 13, 14, and 26,




Maximum Stress and Maximum Strain Theories. The maximum stress theory states that
fracture occurs when the stress in any of the principal laminate orientations exceeds its respective
strength. This criterion defines a failure envelope described by the following equations:

¢ < X foro, > 0and jg,| < X foro, < 0O (Eq. 6)
ana

o, < Y foro, > Cand {o;| < Y* foro, < 0 (Eq. 1
and

g2 < S (Eq. 8
where:

0, = stress along the fiber direction
o, = stress transverse to fiber direction
g2 = in-plane shear stress
X', X* = tension and compression strength along the fiber direction
Y, Y* = tension and compression strength transverse to the fiber direction
S = in-plane shear strength

For in-plane loading of an off-axis ply, the principal stresses can be calculated by the
transformation equations below and then substituted into the failure criteria in the previous equations.

01 = M%, + n%, + 2mno,, (Eq.9)
02 = N?%, + Mg, - 2mno,, (Eq. 10)
o012 = -MNo, + mnag, + (m*-n%a, (Eq. 11)
where:
m = cos
n = sin

An analogous failure criterion in terms of strains {see Reference 13) generates strength
predictions in close agreement with the maximum stress theory. Figure 5-2 illustrates data taken by
Tsai (Reference 29) that shows there are significant discrepancies between theoretical strength
predictions based on the maximum stress failure criteria and experimental data for glass/epoxy. This is
expected since interactions between stress components are not accounted for.
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Figure 9-2. Maximum Stress Failure Theo:y

Tsal-HIll Theory. A strength criterion based on von Mises' isotropic yield criterion was
proposed by Hill (Reference 30) for anisotropic materials. For biaxial loading and plane stress
conditions, lainina faiiure would occur when,

Py 00 0, Py .
X @yt s ! (Ba.12)

where:
= X'when g, is positive

X® when v, is negative

< X X
Il

= Y'when 03 is positive
Y = Y®when 0; is negative

X% X° := tension and compression strength along the fiber direction

Y" Y¢ = tension and compression strength transverse to the fiber direction
S = in-plan~ shear strength.

The Tsai-Hill strength criterion for uniaxial loading of an off-axis ply is developed by
substituting Equations (9), (10}, and (11), into Equation (12). The resulting criterion shown below

provides an excellent {it to the experimental data for glass:epoxy (Reference 29) as shown in Figure 9-3.
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It should be noted that the Tsai-Hill critericn provides for interactions Letween stresses and
yields a smooth curve when compared to the maximum stress or strain criteria. However, von Mises
isotropic yield criterion and hence the Tsai-Hill theory is related to distortional energy as opposed to
dilatational (volume change) energy. The disadvantage to Tsai-Hill's criterion is that biaxial loading of
orthotropic materials always causes distortional and dilatational energy. Hence failure may not be
directly related to distortional energy as it was for isotropic materials. A more general streagth
criterion including additional interaction terms is discussed in the next paragraph.

Tsal-Wu Quadratic Interaction Fallure Criterion. The Tsai-Wu strength criterion reduces to the
equation below for inplane loading of a thir (plane stress conditions) orthotropic ply.

FUUI 2 + F22022 + F5¢5052 + 2F]20|Uz + F',ol + FzG; + F(;Us 2 1 (Eq 14)




where Xt X¢, Yt Y€, and S have the same meanings as denoted previously.

Fi2, which represents the interaction between normal stresses, must be determined by
performing a biaxial stress test. Since this test is relatively complicated, it has been recommended in
References 13 and 26 to use:

Fio = Fy (Fy, F)? (Eq. 15)
where:
F,=-05

It should also be emphasized that for uniaxial loading of a unidirectional lamina the failure
strength is insensitive to values of Fy3 within the stability limits in the following equation.

~(Fy FP3 < Fyy < (Fy, Fp?

This insensitivity is demonstrated in Figure 3-4 where predicted strengths are in excellent
agreement with experimental data for boron/epoxy (Reference 31). Figure 9-4 also demonstrates that
for uniaxial loading there is little difference between the Tsai-Hill and Tsai-Wu criteria. Although the
Tsai-Wu strength theory is more complicated, the well founded mathematical operations cf tensor
theory can be used to transform the strength parameters i these equations. This is important since it
leads to straightforward computer implementation. References 13 and 26 provide invaluable discussions
and examples on the Tsai-Wu strength theories in terms of stress and an aralogous strain criteria.

Christensen has recently developed a new failure criterion for continuous fiber composites that
represents a major departure from traditional analyses (Reference 32). This theory was developed from
an effort to extend conventional laminate theory to thick composite sections. To include out-of-plane
stresses that are present in thick laminates, Christensen postulated the simplifying assumption that the
out-of-plane stresses in a laminate were independent of the orientation of the fibers. In doing so,
Christensen reported that the failure criterion consisted of one in which fiber-dominated failure could
be separated from matrix failure, and matrix-interface failure. Thus fiber failure and matrix failure
could be treated as two separate events. A more detailed summary of this theory has been presented in
Volume I, Appendix A, of this report.

Lamina level strength theories presented in these paragraphs differ primarily in the number of
empirically determined coefficients used in the curve fitling equations. The relatively simple maximum
stress or strain criteria indicate the failure mode while the others do not. However, the Tsai-Hill and
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Figure 9-4. Tsal-Wu Tensor Theory

Tsai-Wu strength criteria are recognized as useful design tools. Predicting strength using the strain
based analogies of the theories presented here is a generally accepted practice in the aircraft industry.
This results from the fact that design allowables are given in terms of strain. The lan ina strength
theories in this paragraph will be apylied to predicting laminate strength in the next paragraph.

9.1.5 Lamlinate Level Strength Criteria

First Ply Fallure. At some point during loading of a multidirectional laminate, the ply or group
of plies with the lowest strength will start accumulating damage. This event, often described as first ply
failure, can be predicted using the lamina level theories presented in this section. Figure 9-5 shows a
comparison between predicted strengths for plies in a uniaxially loaded multidirectional graphite/epoxy
laminate based on the quadratic interaction criterion (Reference 33). It is seen that first ply failure
(that is, the 90-degree plies) occurs at a lower load level than catastrophic laminate failure. This is
expected, since load shedding from the damaged 90-degree plies to the rest of the plies continues until
the laminate cannot carry additional load. In this case, a more accurate, but nonconservative, prediction
of the strength would be based on the strength of the 0-llegree plies as shown in Figure 9-5. The first
ply failure envelope for a multidirectional laminate is the intersection of the failure envelopes for each
ply angle in the laminate. This is shown schematically in Figure 9-6 based on the quadratic interaction
criterion and ply strength data from (Reference 13).

Ply Discount Methods. First ply failure is quite conservative because the initial damage in a
multidirectional laminate is cracks running parallel to the fibers. These cracks are modeled by reducing
the matrix modulus of the cracked ply group. Micromechanics (References 13 and 26) can then be used




1000

T300/5208 graphite-epoxy
© [0/2H/30]g
® {0/90/;1 1]

800

600

Strength, MR

400

200

o | 1 1 | 1
0 15 30 45 60 75 90
8. deg (Rel. 33)

Figure 9-5. Comparison of Calculated In-plane Tensile Strength With Experiment

to calculate the reduced transverse and shear modulus of the plies. In the next step, lamination theory
is employed io predict the redistribution of loads within the laminate. Loads are then reapplied
incre “entally until compressive or tensile fiber failure occurs. Since the fibers carry most of the load,
th's point often corresponds to the peak load or strength of the laminate. Ply discount methods
inccrporating the effect of hygrothermal stresses are being used with limited success by designers.

It should be noted that these methods are based ¢n lamination theory which does uot accourt
for the interlaminar stress concentrations at the free edges. Transverse cracks also cause interlaminar
stiess concentratinns which may lead to delamination and significant reductions in laminate strength.
Two or three dimensional finite element modeling, discusse¢ in the next paragraph, is one of the
methods emplcyed to investigate these microstructural failure modes.




o.M

Qf—
Firt ply fallure
-0.01 S
-0.02 |-
-0.03 ! L L
-0.03 -0.02 -0.01 0 0.01

€1 (Rel. 26)

Figure 9-6. Quadratic Interaction First Ply Failure Envelope for T300/5208

Finite Element Modeling. Incorporating the effects of free edge interlaminar stress concentra-
tions with environmental and cure stress considerations represents the next level of complexity mn
predicting failure onset using individual-ply failure criteria. For the failure analyst, these works are
useful in that they embcdy considerations likely to be necessary with real-werld structures. Both
crossman and Herakovich (References 15 and 16, respectively) observed that significant variations in
stresses and strains can occur at the free edge of specimens. Both authors show the magnitude of these
stresses for relatively simple layups and specimen geometries. Generally, the most significant stresses
are those develuped near the specimen’s free edge. In analyzing these stresses, both authors employed
iwo dimensional finite-element grids artanged along the specimen cross-section. Using these grids
illustrates the degree of complexity involved in determining the interlaminar stresses (or strains) in
microscale with such design details. As noted by Crossman, particularly large gradients can occur in
Loth Z and Y directions near the free edge (Figure 9-7). Regarding the application of individual-ply
failure criteria, the large increase in 0,,0, and T, stresses near the edge of the specimen are
particularly significant, since laminate theory methods would have ignored these increases.

Furthermore, Crossman and Herakovich predicted that stresses weuld be further influenced by
internal cure stress, test temperature, and conditions of moisture absorption or desorption (Figure 9-8).
In Herakovich’s ~ork, the relationship of these stresses to failure prediction were considered. Since his
finite-element model examined stresses along three dimensions, it was necessary to develop a full
three-dimensional failure criterion. Herakovich used the tensor polynominal criteria advanced by

Tsai-Wu, in which strength tensors are given in terms of material principal strengths. As illustrated in
Figure 9-9, Herakovich predicted that the onset of failure depends quite strongly on edge stresses,




particularly for small (+0) laminate angles. While not verified against actual test. data, these results,
when considered with Crossman'’s, clearly indicate that both edge and environmental stress effects must
be carefully evaluated in predicting the
employed.
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Perhaps the farthest advancement of first-ply failure criteria as a method of prediction has been
made by Chamis (Reference 10). In attempting to predict the defect growth and damage of composite
materials subjected to load, Chamis developed an integrated computer program called CODSTRAN.
Within this program, a detailed finite-element grid is constructed and evaluated for failure using both
individual first-ply failure criteria and laminate-level fracture criteria. In the case of individual-ply
failures, Chamis’ program incorporates both general quadratic and modified distortional energy (Von
Mises’) criteria to predict the occurrence of failure for each element of the overall finite element model.
What is unique about Chamis’ work, however, is that failed-ply elements are eliminated, and the
analysis process is reiterated. As a resuit, CODSTRAN describes the sequence of events leading to
failure, and an approximate prediction of the load at failure.

9.1.6 Summary — Unnotched Laminate Strength

The failure modes of composites are far more complex than those discussed in these
paragraphs. At the ply-level, Tsai-Wu's quadratic interaction failure criterion seems to provide
sufficiently accurate results for unidirectionai laminate strength under biaxial loading. Prediciion of
multidirectional laminate strength is quite complex since free-edge interlaminar stress cencerntrations
and hygrothermal stresses must be considered. Firite elemenis ond interactive ply discount methods
have been used with limited success.

It can be seen from the discussions above that computers play an important role in the stress
analysis of coinposites. Lamiration theory predictions of stiffness and the laminate sirengih theories
discussed here have been implemented on microcomputers (that is, References 26 and 34).

The methods presented in the following pzragraphs can provide criteria for selecting the
laminate geometry providing optimium strength in the load bearing directions. However, predictions of
laminate strenyth, at this time, are not quantitatively accurate. Thus, the designer must rely on coupon
or full scale tests to determine the actual strength for a particular laminate geometry. This requires
large and expensive databases to design structural composite parts. If needed, the failure analyst should
consult designers or stress analysts to find out what methods were used to establish the allowables. The
overview presented in this section is intended to familiarize the reader with some of the considerations,
many of which are unique to composites, that must be applied te predicting laminated composite
strength.

9.2 INFLUENCE OF PLY THICKNESS ON TRANSVERSE CRACKING

In the previous paragraph, it was noted that transverse cracking and free-edge delamination
reduce laminate strength. In this puragraph, the influence of ply thickness and orientation on these
microstructural failure modes is discussed. it is intended to provide the reader with an introduction to
microstructural failure features unique to laminated composites,

In the previous paragraphs, the strain required to cause cracks parailel to the fibers (transverse
matrix cracking) was assumed equal to the transverse failure strain of a 90-degree ply. However, it has
been shown by numerous researchers (References 35 to 39) that the strain to cracking of an off-axis ply
group depends upon its thickness. Flaggs and Kural (Reference 55) have clearly demonstrated that the
in situ strain to cracking decreases as the thickness of an off-axis ply group (30-, 60- or 90-degrce)
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increases (see Figure 9-10). The fact that the in situ strength of a 90-degree ply is greater than that of a
laminate composed only of 90-degree plies has been attributed to the constraint provided by the stiffer
surrounding ply groups Flaggs (Reference 39) used a fracture mechanics approach combined with 2-D
shear lag analysis to successfully model the in situ strain to cracking as shown in Figure 9-10. This
model has also been applied successfully to predicting in situ cracking of 30- and 60-degree ply groups
(Reference 39).

Legend:
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Figure 9-10. Comparison of Experimentally Derived In Situ Lamina Elastic Strains at Onset of Matrix
Cracking With 2D Shear Lag Mode! Predictions for (0/90) T300/934 Laminate Family

With this type of analysis, the first ply failure predictions of laminate strength could be made
more accurate. To accomplish this, Flaggs’ model would be used to predict the in situ strain to cracking
of the off-axis ply groups in a multidirectional laminate. Then these strains would be used as the strain
to failure transverse to the fibers in the lamina level tailure models. This represents an effort to
integrate the prediction of microstructural failure with gross laminate failure features.

9.3 STRENGTH REDUCTIONS INCORPORATED INTO DESIGN

The methods described in Section 9 are commonly used to predict the strength of an unnotched
laminate (that is, without in-plane stress concentrations). However, composite structural components
may contain cutouts, fastener holes, or impact damage which reduce the in-plane strength below that of
the virgin laminate. These laminates must be designed “a priori” such that the residual strength will be
greater by some safety factor than the operating stresses. Some of the more popular approaches applied

to predicting residual strength are reviewed in the following paragraphs.




Most of the analytic techniques for predicting residuai strength employ semi-empirical
approaches similar to the fracture toughness methods commonly used with metal structures. These
methods typically involve the experimental determination of an intrinsic material property related to
crack growth — such as material fracture toughness. This value, when considered with the size and
geometry of the flaw, aliows the stress at the fracture to be calculated.

The anisotropy of composites complicates the analyses considerably. Critical stress intensity
factors used in metals analysis are independent of the direction of crack growth. However, the
translaminar toughness of composites may be hundreds of times greater than the interlaminar
toughness. This is expected since breaking fibers is a much higher energy fracture mode than matrix
cracking. Often, the interaction of these two failure modes occurs as in impact damage. In this case the
assessment of residual strength becomes so complicated that the designer must rely on empirical data.
However, when the translaminar and interlaminar modes are acting independently, the rapidly maturing
fracture mechanics approach for composites are being used successfully.

Notched Laminate Strength. The easiest-to-understand methodologies for determining
iaminate failure are those adapted directly from metals fracture toughness analyses.

These analyses predict the onset of component fracture threugh the experimental determina-
tion of a characteristic K. fracture toughness value. In these cases, K, indicates the stress intensity
factor at which fracture occurs, based on the initial crack length and maximum load at failure. (For
reference, this value is often referred (0 as Kapparene in mietals fracture toughness.) In works by Bathias
(Reference 20), McGarry (Reference 21), and Awerbuch (Reference 22), K, values have been determined
for a variety of layups. In measuring values, these researchers used specimens adapted directly from
traditional metals toughness testing, such as compact tension coupons or large center-crack tension
panels. In Bathias' work, K. values were measured for a variety of layups. As illustrated in Table 9-3,
values ranging from 16 to 43 MPa times the squ “re root of m were measured, and demonstrated a clear
dependence on the ply stacking sequence and orientations examined. (For 7075-T7351 aluminum, K,
typically equals 80 to 90 MPa times the square root of m.) Each author suggests that knowledge of this
material property for a layup can be used to estimate the stress at fracture instability for a given crack
and component geometry.

Table 9-3. ¥racture Tougnness of Various Crientations

LAYUP (DEGREES)
'“ACL‘:"‘E‘;S 0/85:9C:135.90/a5/0 0/30:60.90:120:150/0 2/85:135/0/135/85/0
:rf\);’ac\/rﬁ) 16 ples 13 phes 16 phes
¥oe (943 2335 16.22

(Ret 20)




This point of intability can be defined by using the equation:

K. = Yo, times the square root of a (Eq. 17)

where:

Y = geometric factor related to the crack iength and location within component being
examined

g. = stress at instability

a

K.

A more detailed review of this technology can be found in any cf several texts dealing with the
fracture behavior of metals.

full crack length

4

material fracture toughness

Numerous researchers have also attempted to predict the criticality of holes, cracks, and
damage by empirically measuring other characteristic fracture properties, in much the same way as is
done with fracture toughness (References 7 to 9 and 40 to 51). Two of the significant efforts include
failure criteria which assume failure occurs when the stress at some distance away from the flaw
reaches the ultimate material strength. These two are the average stress, and the point stress failure
criteria models presented by Whitney and Nuismer (References 43, 44). As described in Daniel’s paper
(Reference 7), the average stress failure criterion proposes that fallure occurs when the average stress
over a characteristic material dimension (a,) equals the matcrial strength. This criterion is illustrated in
Figure 9-11, where a, represents the length dimension of a particular layup and material. Similarly, the
noint-stress failure criterion presented by Mikulas (Reference 8) predicts that panel failure occurs when
the axial stress at s¢me distance (d,) from the hole boundary equals the strength of the unnotched
laminate as shown in Figure 9-12. Daniel, Mikulas, and other investigators measured both a, and d, for
a variety of layups and found a relatively good correspondence of predicted and measured strengths for
open holes (Figure 9-13). The disadvantage of the point or average stress criteria is that they require
different characteristic lengths for various notch sizes in the same type laminate (References 45 to 48).

a
oy = &o €2 - a+ag

a, - characteristic length cimension, ~0.36 ¢cm {~0.15 In)

strengths of notched and unnotched laminates, respectively

Syy - 2

g X = a S 2
of o (146, (2+e,y2)

\_'/ (Re!. 7. Rgonnleo w:th permission from B K. Noten et al., "ICCM I The Metaliu:gica'

Sociely, 420 Commonwealth Drive, War.endaale. Pennsyivana 15686.)

Figure §-11. Strength Reduction of Uniaxially Loaded Plate With Circular FHole According to
Average Stress Criterion
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Figure 9-12. Strength Reduction of Uniaxially Loaded Hole According to Point Failure Stress Criteria
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Figure 9-13. Strength Reductions as a Function of the Hole Radius for (0] + 45/-45/90 deg) Graphite-
Epoxy Plates With Circular Holes Under Iniaxial Tensile Loading

The more general Damaged Zone Model discussed by Aronsson in (Reference 9) requires only
basic laminate properties (strength and stiffness) and the apparent fracture energy to predict the
fracture behavior of brittle and ductile notched three point bend specimens.

In this model, the damaged (as opposed to a crack in metals) zone which develops in composites
around a crack or hole is modeled by a crack with cohesive stresses acting on its surfaces. As the
applied load is increased, the damage grows. This is approximated by reducing the cohesive forces on
the cracked region in the model. The Damaged Zone Mcdel (DZM) and the Point Stress Criteria (PSC)
(Reference 93 accurately predict the failure load for brittle and ductile matrix three-point bend




specimens. The real utility of the DZM lies in its ability to analyze complex geometries. The PSC, which
relies on exact calculations of the stress distribution around a flaw, is limited to very simple flaw
geometries such as holes. Tensile failure loads have been predicted by the DZM to within 10 percent of
the experimental values for laminates with the hole geometries in Figure 9-14 (Reference 52). The DZM
should be a tool for the aerospace industry that can be used for predicting the residual strength of
laminates with cutouts.

—++ 1 \T/
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(Ret. 52)
Figure 9 14. Hole Geometries Analyzed With the Damaged Zone Modei (DZM)

Of particular concern to the failure analyst, however, is the ability to predict failure onset for
flaw conditions such as through-cracks or impact damage. In this area, Mikulas (Reference 8) examined
the applicability of the point stress failure criteria; for the case of a through-crack, stress as a function
of distunce fron. the crack was expressed as:

X
.  the square root of X* - ()? (Eq. 18)

2

a
X e
1+2

distance along the x-axis, away from the crack
crack length
stress at infinite distance from crack

stress in the y direction




As a result, Mikulas indicated that the residual strength for a given crack of size a can be
determined if X is set equal to d,.

With respect to impact damage, Mikulas reported that the characteristic length d, depends or
the toughness of the resin system examined. As illustrated in Figure 9-15, a relatively good correlation
exists for tough resin chemistries, but not for britile, delamination-prone resin systems. These
observations indicate that the accuracy of failure predictions will depend strongly on the resin system
used, and the configuration of damage examined. An excellent discussion of impact damage with respect
to failure modes and the effects of resin toughness has been given by Starnes, Williams, and Rhodes in
References 19, 53, 54, and 55. Their studies have clearly shown that:

1. Tough resins reduce the size of the damage zone caused by impact

2. Several graphite/epoxy systems with varying toughness exhibited similar residual post-impact
compression strength for the same damage zone size

3. The dominant failure mechanisms causing post-impact compression failure are delamination
and shear crippling.
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Figure 9-15. Effect of Impact Damage on the Compressive Strength of a Quasi-Isotropic Laminate

9.4 INTRODUCTION TO DELAMINATION

While the works discussed earlier in this section examined the residual strength of the
laminates with translaminar through-thickness flaws, other investigators have considered the criticality

of interlaminar defects. This paragraph has been included to acquaint the reader with some of the



significar:t results and tests applicable to assessing the criticality of interlaminar defects in composites.
Delaminations may grow and initiate component failure due to sudden loss of stiffness and strength.
Fractography can be used to detect dela:aination and interlaminar crack growth directions, but the
methods discussed here can be employed to evaiuate the criticality of delaminations.

As a result of processing and service condi ns, delaminaiions may be introduced into
composite structures. Fatigue and static loading of laminated composite structure may initiate
delamiinations near interlaminar stress concentrations. Some of the common design features found in
composite structures such as bolted joints, ply drops, and cutcuts contain interlaminar stress
concentrations (see Figure9-16). In addition, muitiple delaminations represent characteristic
post-impact damage. Local instability of a delaminated subregion in composite structures under
compressive loading precipitates out-of-plane deformations and may lead to subsequent crack growth.
Under these circumstances, it has been well documented that structural strength and stiffness
reductions are significant (References 57 to 65).

Free edge
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Figure 9-16. Design Details That Cause interlaminar Stress Concentrations

9.4.1  Fracture Anslysls and Specimens (For Interiaminar Toughness)

In the presence of interlaminar stress singularities, the fracture mechanics approach is now
frequently used to assess defect criticality in composites. Double cantilever beamm (DCB), Mode I, and
end notched flexure (ENF) Mode Il specimens, as shown in Figure 9-17 (a aud b), are being used io
evaluate the pure made critical strain energy release rates. Strain energy release rates are utilized in
these pure mode tests because G is a physically well defirod quantity experimentally measurable with
compliance calibration techniques. But, in general, cracks in composite structures are subjected to all
three modes of loading at the crack tip as shown in Figure 9-18,

To study mixed-inode crack growth criteria, the imbedded through-width delamination (ITWD)
and cracked lap shear (CLS) specimens shown in Figure 9-19 have been used by a number of
researchers.




The opening moment and the eccentricity in load path at the crack tip of the CLS and iTWD specimens

are the mechanisms causing interlaminar normal (Mode I) and shear (Mode II) stress conceritrations
(see Figure 9-20).
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Figure 9-17. End-Notched Flexure (ENF) and Double-Cartilaver Beam (DCB) Specimens
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Figure 9-18. Modes of Crack Propagation
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Figure 9-19. Mixed Modes | and Il Delamination Specimens
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Figure 9-29. Crack Tip Loading Mechanisms Causing Interlaminar Normal and Shear Stress

Concentrations

9-28




The strain energy release rate methods for evaluating the criticality of delaminations assume
that G, is a material property. This type of analysis is based on the equation below presented by Griffith
{Reference 66).

(Eq. 19)

width of crack

G = strain energy release rate

compliance

crack length

P = load

For a single mode of loading at the crack tip, the load on the specimen, B is increased until G
reaches its critical value G, at the onset of crack growth. In this case, the failure criterion can be stated
as crack growth occurs when G reaches G.. Once G¢ has been mcasured, the fracture load, P, can be
found for any other crack length or geometry by evaluating the change in compliance with respect to
crack length (dC/da). Then, dC/da can be adequately determined analytically for simple pure Mode I or
Mode II geometries such as the DCB and ENF, respectively; however, finite element methods combined
with the virtual crack closure analysis (Reference 67) are required to evaluate dC/da in more
complicated structural applications. These types of complex geometries often have more than one mode
of loading present at the crack tip (that is, mixed mode). In this case the interaction of modes must be
considered, thus invalidating the simple crack growth criterion mertioned above. The mixed mode
fracture criterion becomes more complicated since the critical value of the Mode II interlaminar
toughness of composites can range from one to ten times that in Mode I as shown in Table 2-4.
However it has been recently shown by Rothschilds (Reference 25) and Johnso- (Refei ence 68) that the
linear mixed-mode crack growth criterion, in the following equation, provides accurate predictions of
the critical loads at the onset of mixed mode crack growth.

Table 9-4. Gic and Gy Values Obtained From DCB and ENF Testing Reported in citerature

G Ref. G Ref.
Material kJI/Cm 2" number le}?n 2* number

AS-4/PEEK | 1.75 ¢ 0.13 65 1.80 + 0.16 61
AS-4/PEEK 2.1 -2.4 66

AS-4/PEEK | 1.54 ¢ CG.06 63 1.77 £+ 0.24 63
T300/5208 0.103 67 0.92 + 0.14 64
AS-1/3506-6 | 0.131 62

AS-1/3501-610.19 + 0.6 63 0.61 +£0.3 63
Celion 6000/

CYCOM 982 1 0.25 + 0.02 65 0.77 £ 0.07 65

“1kJ/im2 = 5.71 In IB/in°.




G . Gp . .
G G _ . (Eq. 20)
Ge ' Cue d

(Where the values are as defined for the previous equa.ion.)

With this criterion, the criticality of interlaminar cracks can be evaluated in complex
mixed-mode geometries. 1t shouid be noted that the criterion in the above equation reduces to the
cesired result in the case of pure mode loading. It is also seen that the mixed-mode criterion above
requires the pure Mode I, Mode II, and or Made III critical strain energy release rates. Fracture testing
exhibits rate dependence, material nonlinearity, and subcritical crack growth. To be consistent. these
effects must be considered whea using the results of pure mode fracture testing in the analysis of
‘racture in structural componants.

9.4.2 interlaminar Fatigue Crack Growth

The previous paragraph discussed methods usea to evaluate the criticality of interlaminar
cracks under quasi-static loading. Some excellent investigations or interlaminar fatigue crack growth
were performed by Wilkins (Reference 69) and Russell (Reference 70). They have shown that a power
law relation exists between the change in G during a fatigue cycle and the crack growth rate. Table 9-5
shows the crack growth rate equations in Mode I and Mode II for AS-1/3501-6 (Gr/Ep). Similar
equations for other materials could be used in conjunction with the methods for predicting G (discussed
above) to evaluate the criticality of interlaminar fatigue in laminated composites. Figure 9-21 shows
rather surprisingly that over a certain range of cyclic Mode II crack loading, the tougher thermoplastic
AS4/PEEK has a higner cracic growth rate than the relatively brittle epoxy. The characteristic surface
yricrofeatures hiave been decumented in a thorough investigation of composite interlaminar crack
growth by Russell (Reference 70). Failure analysts can use this information to characterize the loading
(siatic or fatigue) ard interlaminar stress state (Mode I or Mode II) in the region of failure initiation.
Recreating the Icads at the onset of failure may illuminate the cause of failure.

Tabie 9-5. Fatigue Crack Growth of AS-1/3501-6

Mode Governing equation ::::;2?09 B n f/.—Tn'-'? AGC;I:H'.
Mode | ‘—;%). = B(AG)N 62 1.47x10-64 28.6 105 0.6
Mode li %)” = B(AG|)n 63 22.3x10-138 5.8 82 0.14
Mode Il ({%)mm: B(AGTIN 62 1.04x10 20 7.7 74 0.16

*Gtp Is the cyclic strain energy release rate corresponding te a threshold crack growth
rate of 2.54x10-6 mm/cycle.
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Figure 9-21. Mede Il Fatigue

9.4.3 Reductions in Strength Due to Manufacturing Defects

While the stre.gth reductions due to holes, cutouts, and impact damage are incorporated into
design, manufacturing defects are not accounted for. Some of the typical manufacturing defects that
may cause strength reductions are listed in Table 9-6. This chart also lists the mechanical properties
likely to be affected by the defects and some of the methods and data needed to evaluate the criticality
of the flaw. Althcugh the list in Table 9-6 is incomplete, it provides the failure analyst with an
understanding of some causes and effects related to typical manufacturing defects.




Table 9-6. Manufacturing Defects

Cefect

Tyre of delect

-

Cause

Mechan.cal
prepertas

Siress (-ll.\-.ﬂ-v_SIS
mell:od used 1o
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01 defecls

Data needed 10
perform analysis

Small error In ply
angle
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deiect

Layup tecnn que

Strengin. sufiness,
ard hygrothermal
stabity

Lam.nation theory.
laminate fracture
cniterion. tinite
element

[
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size of phes. gross
eiror in ply droction

)

Laminate
fabrication
dotoct

Strength  sutfness,
resistarce to edge
delamination.
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stabity

L am.nation theory.
faminate fracture
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element

[

Low-level porosity
{1e. 2%-5%)

Laminate
fabricaticn
detect
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ply not compacted
correctiy. interply
porosity :n 1apes.
intraply and inter -
ply porosity in tabnic

Reduction in
ntertamanar
shear strength
and merlam nas
toughness

Emp rnical pvalea-
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theory tnite
€lements . crach
arowth critenon

lateam nae shear
strergth and/or
nterlaim.nar tcugh-
ness versus per-

centage of
G D

porosiy

Low -level porosity
e, 2%-5%)

Quthne-lanwnate
held abecve storage
temparature 100
long before final
curing

Schedule wnproper or
not fo'owed. treezer
malfusicticn

Reducton in
Interlarrnar
shaar strengih
and Inteclarminar
tcughness

Emp r:cal evalua-
tion. laminat.on
thecry finite
elements . crack
Qrowth criter:on

Interlaminar shear
strength andsor
nterlaminar tough-
ness versus per-

centage of D)

poOrosity

Low-level porosity

Fiocessing error

Prepreg resin con-
tent 100 low. 100

Reduction n
intfertaminar

Emputical evawa-
tion_ lam nation

Interlaminar shear
strergth and.of
Interlamunar tcugh-

. shear strength thecry . finite
0. 2%~ much resin fl R
(e 2 during cure o and nterlam nar elements_ crack ness ve15\.'|s per
; toughness growln criterion centage o D
porosity

Low-level porosity
lie. 2%-5%)

Processing error

Cure pressurp 100
low

Reduznon In
Interlam nar
shear strength
and interlarmnar
toughness

Empr:cal evalua-
tlon. lanunation
theory finite
elemerts crach
growth cnterion

-ow-level porosity
{l.e. 2%-5%)

Processing error

Poor impregnation
of resin Iinto tiber
tow

Interlaminar touyh-
ness~--susceptibie
19 transverse

Empincal evalua-
tion. lanvnation
theory finite

elements_ crack

Interlaminar shear
strength and/or
interiaminar 1ough-
ness versus per-
centage of
porostty } t>_
interlamnar shear
strength and.or
nterlanunar teugh-
ness versus per-

r kin:
cracking growlh criteron centaga of [>
porcsity
Emplrical evatua- 's"‘:ee:_';:‘:n:r:c?zfa'
tion._ lamination .
High-level porostt Samsa as for low- me as fcr low- :gh-
gh-level porosity a Sal s fcr low Al theory . finite interiaminar tough

(i.9.. 5%-10%)

1ovel porosity

tevel porosity

elenents, crack
growth criterion

ness versus per-

ceniage of [>'

porosity

Low giass transition
temperature (Tg)

Processing arror

fabrnication detezis

solvent sensitivity

Incorrect process-
Ing temperature.
Incorrect mater:al
exposure 1o solvents

Strength and
suftness a1 tem-
peratures near Tg

Emprical evalua-
tcn lantaion
theory. finite
eiements, crack
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Stengtn any
stttness versus

temperature [>

Incorrect materlai

Laminate
tapbrication
cefacts

Layup technique

All

Lammnaton theory.
f:nite elements.
laminate fracture
critencn crack
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Inptang and inter -
Limnar fracture
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Ceomvpresoien and
Intezlaminar

shear strangth
susceotble to statc
or fat:gue delami-
natdn grawth
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analyt.cal fracture
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Incoiract--sze
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hole or cutcut
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amnate strength
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laminate strength
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laminate strength
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elements. notched
suenzth cnter:on
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mpreperiy curcd
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surtace presaranen
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SECTION 10
INVESTIGATIVE AND REPORTING FORMATS

This section presents formats for reporting failure analysis and fractographic data, with the

intent that eventually all the information can be incorporated into a computerized database.




FAILURE ANALYSIS COLLECTION .
AND TRACKING SYSTEM (FACTS)
DATA INPUT SHEET

QPERATOR: . DATE: e
REPORTNUMBEK: ____ _ _ ____ DESIGN DRAWING PART NAME/NUMBER:

PART LOCATION ON AIRCRAFT:
MATERIALPROCESSING INFORMATION/SPECIFICATION:

AIRPLANE INFORMATION: CUSTODIAN AFB:
MODEL: FLIGAT HOURS:
NUMBER OF LANDINGS. ___

BACKGROUMD/INFORMATION:
LOCATION OF DAMAGE: __ "
ENVIRONMENTAL CONCERNS: ‘
(OTHERS): .

DATA:

ANALYSES CONDUCTED

RESULTS: . .‘_

RECOMMENDATIONS:

KEYWORDS:

Figure 10-1. Figure Analysis Collection and Tracking System (FACTS) Data Input Sheet
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' NON-DESTRUCTIVE

EXAMINATION
DATA INPUT SHEET

OPERATOR. — DATE
PART NAME/NUMBER- -
MATERIALS & CONSTRUCTION:

LOCATION OF ANALYSIS.
REASON FUR ANALYSIS:

ANALYTICAL INSTRUMENT/SETTINGS:. —

SUPPORTIVE DATA:

QESULTY/INTERPRETATIONS

KEYWORDS. ——— —

Figure 10-2. Nondestructive Examination Date Input Sheet




MATERIALS CHARACTERIZATION
DATAINPUT SHEET

OPERATOR: DATE
PART NAME:NUMBER.
MATERIALS/SPECIFICATIONS.

SPECIFICATION REQUIREMENTS:

CURE TEMP-

FIBER/RESIN DEnSITIES"

VERIFICATION DATA

e TgDETERMINATION-
INSTRUMENTATION:

RESULTS:

®  RESIN CHARACTERIZATION-
INSTRUMENTATION —_ —

RESULTS ___

® RESINCONTENT-
INSTRUMENTATION

RESULTS

®  SPECIALIZED ANALYSES METHGOS USED (HPLC, GRC, DSC, SURF ANALYSIS ETC)

RESULTS

KEYWORDS

Figure 1G-3. Materials Characterization Data Input Sheet
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& Dagram of specmen location

¢ Data/Graphs from analysis

MATERIALS CHARACTERIZATION
DATAINPUT SHEET
(FIGURE ATTACHMENT)

COMMENTS ___

Figure 10-4. Materials Characterization Data inprut Sheet (Figure Attachment)




FRACTOGRAPHY
MACROSCOPIC ANALYSIS
DATAINPUTSHEET

OPERATOR- DATE.

PART NAME/NUMBER: —_—
MATERIAL:
VISUAL OBSERVATIONS.

KEYWORDS.

Figure 10-5. Fractography Macroscopic Analysis Data Input Sheet
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MAGNIFICATION:
COMMENTS:

FRACTOGRAPHY MACROSCOPIC ANALYSIS
DATA INPUT SHEET
(PHOTO ATTACHMENT)

Diagram or photo of part location

onstructure

Photo of overall part

Closeup of fracture ongin or defect

MAG

Figure 10-6. Fractography Macroscopic Analysis Data input Sheet (Photo Attachment)
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FRACTGGRAPHY
MICROSCCPIC ANALYSIS
DATA INPUT SHEET

OPERATOR:
PART NAME/NUMBER.
MATERIAL.
RESIN/FIBER SYSTEM: —_—
LAYUP:
MICROSCOPIC OBSERVATIONS.

DATE:

KEYWORDS:

Figure 10-7. Fractography Microscopic Analysis Data Input Sheet
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MAGNIFICATICN:
COMMENTS:

FRACTOGRAPHY MICROSCOFIC ANALYSIS
DATAINPUT SHEET
{(PHOTO ATTACHMENT)

Optical photomucregraph

Low-Mag photomicrograph
& 3EM

° TEM

® STEM

High-Maq photomicrograph
e SEM

e TEM

® STEm

MAG

Figure 10-8. Fractography Microscopic Analysis Data Input Shest (Photo Attachment)
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STRESS ANALYSIS
DATAINPUT SHEET

QPERATOR: DATE:
PART NAME/NUMBER:

MATERIALSSPECIFICATION/CONSTRUCTION,

ENVIRONMENTAL AND LOAD CONDITIONS (PRIGR TO AND DURING FRACTURE):

INPUTS FROM FRACTOGRAPHY (ORIGIN, LOAD TYPES, DEFECTS):

INITIAL STRUCTURAL REVIEW:
®  GPROSSSTRAIN AT ORIGINS:

®  ALLOWABLES AT ORIGINS:

¢  ANALYSIS METHODS: .

e RESULIS/ICOMMENTS.

LAMINA LEVEL REVIEW:
e  FAILURE CRITERIA USED:

9 ANALYSIS METHODS USED-

e  RESULTS:

SUMMARYANTERPRETATIONS:

KEYWORDS:

Figure 10-9. Stress Analysis Data Input Sheet




‘ STRESS ANALYSIS

OATA INPUT SHEET
{OIAGRAM ATTACHMENT)

& Diagram of partloading

COMMENTS:

Figure 10-10. Stress Analysis Data Input Sheet (Diagram Attachment)

10-11




10

2.0

3.0

40

50

INTRODUCTION

MATERIAL

- Prepreg Type (Fiber/Resin)
- Laminate /Onentation
- Processing Information

MECHANICAL TEST INFORMATION

- Test Specimen Configuration
- Loading Condition

- Test Conditions

- Mechanical Test Data

FRACTOGRAPHIC DATA

- Visual /Microscopic Observations
- SEM Macroscopic Obscervations
- SEM Microscopic Observations
- Analysis of Data - Initiation Site

- Analysis of Data - Crack Propagation Direction

SUMMARY AND CONCLUSIONS

Figure 10-11. Fractographic Data Reporting Format




1.0 ABSTRACT
20 BACKGROUND

- Part Identification

- Manufacturing History

- Service History

- Field Information Relatirg To Fracture
- Detection of Problem

30 ANALYSIS OF FAILURE

- NDI Techniques Used and Results

- Fractographic Technigues Used and Results
- Chemical Properties

- Mechanical Properties

- Engincering Analysis

vr o I

‘ 4.0 CONCLUSIONS

50 RECOMMENDATIONS

Figure 10-12. Failure Analysis Data Reporting Format
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SECTION 11
GLOSSARY

A-Basls. The mec nical property value above which at least 99 percent of the population of
values is expected to fall, with a confidence of 95 percent.

A-Stage. An early stage in the polymerization reaction of a thermosetting resin in which the
material is still soluble and fusible.

Adhesive. A substance capable of holding two materials together by surface attachment.
Structural adhesives produce attachments capable of transmitting significant structural loads.

Advanced Composites. A family of high-performance materials that consists of a high-
strength, high-modulus continuous fiber systern embedded within an essentially homogeneous matrix
material.

Advanced Filaments. Continuous filaments made from high-strength, high-modulus materials

i R

for use as a reinforcement constituent in advanced composites.
Angle-Ply Laminate. A laminate in which the fiber orientations in successive plies alternate

between “+ " and “-” with respect to the global reference coordinates.

Anisotropic. Not isotropic; having mechanical and/or physical properties which vary with
orientation at any point within the maierial.

Arumid Fibers. A class of aromatic polyamide fibers, presently including Kevlar, Kevlar 29,
Kevlar 49, and Nomex, all products of the DuPont Company.

Autociave. A closed vessel that produces an environment of gas pressure, with or without heat.

B-Basis. The mechanical preperty value above which at least 90 percent of the population of
values is expected to fall, with a confidence of 95 percent.

B-Stage. An intermediate stage in the veaction of a thermosetting resin in which the material
softens when heated and swells when in contact with certain solvents, but does not. entirely fuse or
dissolve. Materials are usually precured to this stage to facilitate handling and lay-up prior to final cure.

Bagging. An operation consisting of thermocouple placement, bleeder cloth, and blanket
arrangement cver a laminate iay-up, placement of a caul sheet (if required), installation of vacuum bag
and vacuum lines, and sealing of the vacuum bag.

Balanced Laminate. A laminate in which laminae at angles other than 0 degree and 90 degrees
occur only in +-- pairs {not necessarily adjacent to one another). Every “+" lamina has a correspnndiny
lamina.




Batch (or Lot). In genesal, 2 quantity of material formed using the same process and having
identical characteristics throughout. A batch of prepreg tape is produced from a single batch of matrix
material. The prepreg tape batch is not necessarily produced at one time, but all sub-batches are
produced in the same equipment under identical conditions.

Binders. Either liquid emulsions ar pulverized rasin solids, directly applied to virgin blown
fibers to form mat products.

Bleeder Cloth. A nonstructural layer of material used in the manufacture of coraposite parts to
allow the escape of excess gas and resin during cure. The bleeder cloth is removed after the laminate
layup is cured, and is not part of the fina! laminated part.

Bond. The adhesion of one surface to another, with or without the use of an adhesive as a
bonding agent.

Brald. Yarn ihat is interlaced by a process simiiar to that used in the weaving of fabrics;
available in flat, round, or tubular fortws; often referred to as “sleeving” or “sraided fabric.”

Broadgoods. A term loosely applied to prepreg material greater than 12 inches in width,

usually furnished by suppliers in continuous rolls, epplied to both collimated unaxial tupe and woven
fabric prepregs.

Carbon fibers. Fibers preduced via oyrolyvtic de=tad-tion of zvnthetic organic libers, rayon, or
polyacrylonitrile (PAN), which have about $2-99% carbon c. .tent. The fibers have moduli greater tharn
or equal to 70 GPa (10 million psi).

C-Stage. The firal stage of curing of a thermocsetting resin in which the material 1s infusible
and insoluble in common solvents. Fully cured thermosets are n this stage.

Cable. Yarn that is plied more than once; yarn made by plying two or mere previously plied
yarns.

Caul Plate. Smooth metal plate, free of surface defects, the same shape as o composite layup;
used to transmit normal pressure during the curing proress and to provide a smooth surface on the
finished laminate.

Chemical Size. A surface finish applied to the fiber that cuntains some chemical consiituents
other than water.

Cocuring. The process of curing a composite laminate and simultanesusly bonding it to some
other prepared surface during the same cure cycle.

Collimated. Rendered par:llel.

Composite Materlal. A muterial composed of two or more diffcrent constituent matenals.
Current structural composites consist of 2ny combination of fibers, whiskers, and paticles in a
common matrix material. Composite materials may be classified us follows:

1. Fibrous composites — Fibers in a matrix

2. Laminated composites — Layers of the same or various materials
3. Particulate composites — Particles in a matrix
4

Hybrid composites — Composed of more chan one kind of fiber'matrix material system.
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Consolidated Monolayer. A form of metal matrix vreply in which the fiber system and the
encapsulating metallic matrix material are fully or partially consolidatec into a stable lamina.
fcnolayers are combined into oriented stacks which are then further consolidated into a finished
laminate.

Consiituent Class. A group of fiber or matrix censtituents of the same generic chemical type
or family; e.g., graphite is a generic fiber class and epoxy is a generic matrix class.

Continuous Filament Yarn. A yarn formed by twisting two or more continuous filarents into a
single, coentinuous strand.

Core. A sandwich filler material, generally cellelar in nature, resembling a honeycomb and
referred to by that name. The core material may be paper, nylon, phenaolic, aluminum foil, etc.

Coupling Agent. That part of a sizing or finish which is designed to provide a bond between
the reintforcement and the matrix material.

Cure. To change the propertics of a thermosetting resin irreversibly by chemical reaction
which may be condensation, ring closure, or addition. Cure may be accomplished by the addition of
curing (cross-linkirg) agents, with or without catalyst, and wath or without heat.

Debond or Lisbond. An adhesive failure or separation along a bonded interface between two
adherends.

Cebulk (Densificaticn). Tue comnpacting of plies and removal of air pockets trom a laminate
lay-up prior to curing. This is generally done in stages, under full vacuum, under ambient or elevated
temperature conditions.

Dealamination. A separation between adjacent layers of matenial in a laminate,
Orape. The ability of tape and broadgoods to conform to & contoured shape.
End. An individual warp yarn, fiber, thread, mgnofilament, or roving.

Fabric (Woven Fabric). A generic material construction manufactured by interlacing two varns
at right angles. The warp is tiie system of yarn or threads running iengthwise in the fabric, and the fill
or filling is the systein of yarn or threads running crosswise in the fabric. Warp is also referred to as
“warp ends” or simply “ends.” Filling is also referred to as “filling picks,” “weft,” or "picks.”

Fiber. A single homogenous strand of material, essentially one-dimansional in the macrome-
chanical sense, used as a principal constituent 1 advanced conposites becavse ot its high axial strength
and moduluys.

Fiber Contemt. The amount of fiber present in a corposite, usually expressed as voiume
fraction or weight fraztio.. of the composite.

Fiber Direction. The orientation or alignment of the longitudinal axis of the fiber with respect
to a selecied globa!l reference axis (X).

Fiber System. The type of arrangenient of the fiber constituent of an advanced compaosite.
Examples of fiber systems are collimated filaments or filament yarns, woven fabric, randomly oriented

short-fiber ribbons, random fiber mats, whiskers, etc.




Filament. A fiber characterized by extreme length, such that there is normally no filament end
within a part except at geometric discontinuities. Filaments are used in filamentary composites and are
also used in filament winding processes, which require long continuous strands.

Filamentary Composite. One form of advanced composites in which the fiber constituent
consists of continuous filaments. Specifically, a filamentary composite is a laminate composed of a
number of laminae, each of which consists of a nonwoven, parallel, unidirectional planar array of
filaments (or filament yarns) embedded in the selected matrix material.

Fill. Yarn oriented at right angles to the warp in the woven fabric.

Finish. A materiai with which filaments are treated, coataining a coupling agent to improve the
bond between the filament surface and the resin matrix in a composite material. A finisl: often contains
ingredients which provide high-temperature lubricity to the filament surface preventing abrasive
damage during handling, and a binder which promotes strand integrity and facilitates packing of the
filaments.

Flame-Sprayed Tape. A metal matrix preply form in which the fiber system is held in place on
a foil sheet of matrix alloy by a metallic flame-spray deposit.

Flash. Excess material which forms at the parting line of a mold or a die, or that which is
extruded from a closed mold.

Foamed Plastics. Resins in sponge form, flexible or rigid, with closed or interconnected cells
that vary in density from that of the solid parent resin to 2 pounds/cubic foot; good heat barriers, and
the fiber compressive strength of rigid foams makes them useful as core materials for sandwich
constructions. Also, a chemical cellular plastic whose structure is produced by gases generated from the
chemical interaction of its constituents.

Fugitive Binder. A resinous material used in the fabrication of metal matrix preplies to hold
the fiber system in place on the metallic foil sheet during shipping, storage, handling, and layup. During
laminate consolidation, the fugitive binder decomposes and the products completely vaporize.

Gel. A semisolid system consisting of a network of solid aggregates in which liquid is held; the
initial jelly-like solid phase that develops during the formation of a resin from a liquid.

Gel Coat. A quick-setting resin used in molding processes to provide an improved surface for
the composite. It is applied to the mold after the mold-release agent.

Graphite Fibers. A group of carbon fibers with a carbon content of 99 percent and high
modulus values (greater than 20 GPa or 3 million psi).

Green Tape. A metal matirix preply form in which the fiber system is held in place on a foil
sheet of matrix alloy by a resinous fugitive binder.

Greige. Loom state fabric that has received no finishing.

HandJ Layup. The process of placing and working successive plies of prepreg in position on a
mold by hand.
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0 Homogeneous Materlal. A material of unifurm composition throughout with no internal
physical boundaries; a material whose properties are constant at every point within the material (but
not necessarily with respect to directional coordinates).

Hybrid Laminate. A laminate composed of laminae of two or more composite material systems
(intraply or interply).

Impregnate. To apply resin onto fibers or fabrics by one of several processes: hot melt, solution
coat, or hand lay-up.

Integral Composite Structure. A composite structure in which several structural elements,
which would conventionally be assembled together by bonding or mechanical fastening after separate
fabrication, are instead laid up and cured as a single, complex, continuous structure.

interlaminar. A descriptive term referring to a location between adjacent laminae.

Intralamlnar. A descriptive term referring to a location entirely within a single lamina without
reference to any adjacent laminae,

isotropic. Having properties that are uniform in all directions at any point within the material
(independent of the axis of testing).

Kevlar. Trade name for Aramid Fibers from DuPont.
l.amina. A single ply or layer in a laminate.
Laminae. Plural of lamina.

‘ Laminate. A product obtained by bonding together two or more laminae of the same material
or of different materials.

Layup. A fabrication process invelving the placement of successive layers of materials. Also,
the arranged set of laminae.

Mandrel. A form fixture or a male mold used as a base in the production of a part by layup or
filament winding.

Matrix. The essentially homogeneous material in which the fiber system of a composite
material is imbedded.

Matrix Class. The generic type of matrix material; organic, metallic, or ceramic.

Mold Release Agent. A lubricant applied te the mold surface to facilitate the release of the
molded article.

Molding. The process of forming a polymer or a composite into a solid mass of prescribed
shape and size by the application of pressure and heat.

Orthotropic. Having three mutually perpendicular planes of elastic (naterial property)
symmetry.

Peel Ply. A layer of resin-free material used to protect a laminate for later secondary bonding.

Pitch Fibess. Fibers derived from pitch precursor and not as strong as the low-modulus PAN
0 fibers, but easily processed to increase their modulus and excellent for stiffness-critical applications.




Plastic. An organic substance of large molecula: weight which is solid in its finished state and,
at some stage during its manufacture or its processing into a finished article, can be shaped by flow.

Plasticlzer. A material of lower molecular weight which, when added to a polymer, separates
the melecular chains and results in a lowering of the polymer glass transition temperature (with
concomitant property degradation).

Plied Yarn. An assembly of previously twisted yarns.

Polymer. A high molecular weight organic material, natural or synthetic, formed by the linking
together of a large number of repeating chemical units (monomers). When two or more nomomers are
involved, the product is called a copolymer.

Porosity. A distribution of trapped pockets of air, gas, or vacuum within a solid material,
usually expressed as a percentage of the total nonsolid volume to the tetal volume (solid plus nonsolid)
of a unit quantity of material. Also referred tn as voids or microvoids.

Posteure. After the initial cure, an additional elevated temperature exposure, usually above the
cure temperature and without pressure, to improve final properties and/or complete the cure. In certain
resins, complete cure and ultimate mechanical properties are attained only by exposure of the cured
resin to higher temperatures than those of curing.

Pot Life (of a resin). The length of time that a resin system retains viscosity that is low enough
to be used in processing.

Precursor. Organic material from which carbon fibers are prepared via pyrolysis. Polyacryloni-
trile (PAN), rayon, and pitch are commonly used precursor materials.

Preply. A lamina in the “raw material” stage, as furnished by a materiais supplier, including all
of the fiber system placed in position relative to all or part of the required matrix material. An organic
matrix preply is called a prepreg. Metal matrix preplies include green tape, ilame-sprayed tape, and
consolidated monolayers.

Prepreg, Preimpregnated. A mat, a fabric, nonwoven material, or a roving, with resin usually
advanced to the B-stage (when it is a thermoset resin), ready for lay-up and cure.

Quasi-lsotropic Laminate. A Jaminate that approximates isotropic mechanical behavior on a
macro-scale.

Reinforced Plastics. Composite materials which have a polymer matrix and a modulus that is
less than 20 GPa (3 million psi).

Resin. A solid, semisolid, or pseudosolid organic material which has an indefinite and often
high molecular weight, exhibits a tendency to flow when subjected to stress, usually has a softening or
melting range, and usually fractures conchoidally. Mest resins are polymers.

Roving. An assembly of two or more strands, without a twist.

Sandwich Construction. A structural panel concept consisting in its simplest form of two
relatively thin, parallel sheets (face sheets) of structural material bonded ¢ and separated by a
relatively thick, lightweight core.
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Scrim Cioth (also calied glass cloth, carrier). A reinforcing prepreg fabric woven into an open
mesh construction, used in the processing of a tape or any other B-staged material to facilitate
handling.

Secondary Bonding. The joining together of two or more already-cured composite parts by the
process of adhesive bonding, during which the only chemical or thermal reaction is the curing of the
adhesive itself.

Shelf Life. The length of time a material can be stored under specified environmental
conditions and meet all applicable specification requirements and/or remain suitable for its intended
function.

Sizing. Chemical compounds which, when applied to manufactured filaments, create a loose
bond between the filaments, and provide the desired handling and processing properties.

Strand. A primary bund!le of untwisted filaments.

Symmetric Laminate. A laminate in which the ply properties (material and geometric) and
fiber orientation are symmetrical about the laminate midplane (midplane symmetry).

Tack. Stickiness of a prepreg or an adhesive.
Tape. Narrow fabric or material that ranges in width from 1/4 to 12 inches.

Thermoplastic Materlal. A material that is capable of being repeatedly softened by an increase
in the temperature and hardened by a decrease in the temperature with no accompanying chemical
change.

Thermoset Material. A material which becenies substantially infusible and insoluble when
cured by the application of heat or by chemical means.

Tow. A loose, untwisted bundle of filaments,

Typlcal Basls. A “typical basis” property value is the average value. No statistical assurance is
associated with this value.

Unidirectional Laminate. A laminate with nonwoven prepreg plies that are all laid up in the
same direction.

Vacuum Bag Molding. A fabrication process in which the lay-up is cured under pressure
generated by drawing a vacuum in the space between the lay-up and a flexible sheet that is placed over
it and sealed at the edges.

Verlfilm. A nonadhesive curing film used to check the bond line thickness of mating parts prior
to adhesive bonding.

Void. A physical discontinuity in the form of 2 gaseous pocket, occurring within a material or
part.

Volatiles. Materials in the sizing or the resin formulation in a prepreg which are released as a
vapor at temperatures near or above room temperature.

Warp. The longitudinally oriented yarn in a woven fabric.




Whisker. A single filamentary crystal. Whisker diameter- range from 1 to 25 microns, with
length to diameter (aspect) ratios between 100 and 14,000.

X-Axis. The axis in the plane of a laminate . hich is used as the 0 degree reference for
designating the fiber orientation of a lamina.

XY Plane. The reference laminate midplane that is parallel to the plane of the laminae.
Y-Axis. The axis in the plane of the laminate which is perpendicular to the X-axis.

Yarn. A yarn is produced by twisting and plying either strands of fiber or continuous filaments
in a form suitable for weaving.

Z-Axls. The reference axis normal to the plane of the laminate.
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APPENDIX A

CHEMICAL AND MECHANICAL PROPERTIES OF FIBER-REINFORCED COMPOSITE
MATERIALS COMPILED BY NORTHROP

This section presents a compilation of chemical and mechanical properties of fiber-reinforced
composite materials. Literature searches were performed on the Defense Technical Information Center
(DTIC), the Plastics Center, and NASA databases. The keywords used and associated source(s) and
abstracts that were found are shown in Table A-1. Northrop requested copies for review and compiled
properties obtained into database files using a personal computer. These were subsequently condensed
into tabular forms.




Table A-1. Keywords, Sources and Abstracts in Literature Search of DTIC, NASA and Plastics Center

Data Bases
KEYWORD(S) SOURCE(S) NO. OF ABSTRACTS

CHEMICAL/MECHANICAL oTic 2
PROPERTIES ~

THERMOSETTING RESINS

THERMOPLASTIC RESINS

FIBERS

EPOXY RESINS
CHEMICAL/MECHANICAL DTIC. PLASTICS 103
PROPERTIES — CENTER DATABASE

FIBER REINFORCED

COMPOSITES
EPOXY/GRAPHITE NASA 598
FEEK/GRAPHITE NASA 86
BISMALEIMIDE/GRAPHITE NASA 28
FIBER REINFORCED COMPOSITES — oTIC 3

MULTI-PLY LAMINATES

TOTAL 839
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. Table A-2, Comme:cial Fiber Properties

COMMERCIAL ULT. TENSILE ELASTIC ELONGATION FIBER GENERIC

NAME STRENGTH MODULUS {%) DENSITY TYPE .
(XS (MSH) (Ib/im} L
Celion 550 30 1.62 0.064 C Pan Fiber + Epoxy Sizing
G30-500
Calion 630 34 1.85 0.064 C Pan Fiber + Epoxy Sizing .
G30-600 -
Calion €20 A35 143 0.062 C Pan Fiber + Epoxy Sizing
G40-600
Celion 720 4315 1.66 0064 C Pan Fiber + Epoxy Sizing
G40-700
Celion 470 34 14 0.064 High Suength C Fiter for
(30400 Weaving
Celion 350 52 or 0.064 High Modulus Carbon Fiber
G50-300
Celion 270 75 Q.36 0.071% Uttra High Modulus C Fibet
GY-70 Unidirectional Tape
.
Celion 270 75 036 0.071 Ultra High Modultus C Fiber .
0 GY-70SE Tow
Celion 270 83 0.32 oo Witra High Modulus C Fiber
GY-80 Unidirectional 1ape
Celion 270 a3 032 0.071 Uttra High P20dulus C Fiber
GY-80SE Tow
Calion 6-S 550 35 1.64 0.064 Sired. Cnopped High Stiength
C Fibe:
Amoco 1024 42 247 0.066 High Strength High Modulus
11000 C Fiber
Amoco 731 415 0 064 Low Strength Intermediate
T650,42 Modulus C Fiber
Keoviar 49 400 178 25 0651 High Tensile Modulus Organi.
Fiber
Magnamite 450 3 132 0065 Continuous PAN fiber, high
AS1 strength, surface tieated
Magnamite 520 34 1.53 C 065 Continyous PAN fibe:. high

ASa svreagth, surtace treated




Manufaciuser

AMERICAN CYANAMIO

CIBA-GEIGY

FERRQ CORPORATION

HERCULES

HEXCEL

HICO

Product Number

CYCOM 8C7 /T 30C
CYCOM 818,7-300
CYCOM 885 'CELION
CYCOM 885/CEUON
CYCOM 885/T-300
CYCOM 883 /T-300
CYCOM 980/T-300
CYCOM 880/1-300

RB268
RAC 6350
R8JI76

CE 9000 1/T-300
CE-B000-2
CE-p000-9/1-300
CE 343/CELIOMN 8000
CE-3201,T 300
CE-BO00-9/P-75S
CE-339/HMS
CE-338/GY 70
CE-339/T-300
CE-324/T-300
CE-324/1-300

A®370 5H/3501 5A
A*379 SH/3501-6
A®370-8H/3501! 3A
A*370 81/3501 6
A®18) P/3I5C1 SA
A*193 P/3501-6
M5 /3508

HMS /55016

HMS /3501-5A
AS4/1908
AS4/1608
AS4/3502
AS4/3501-6
AS/35018
AS4/3501 %A
AS/35%01-5A

G360 511/3501 6
AS4 ORIM7X/8551-T
AS4/8551-7
ASA/2220-3

AS4 /4502
AS4/1919
HMS4/3501-5A
HMS4/3501-€
IM6/3501-8
A*185-CSW/3501-5A
A*18%-CSW/35016
A®183-CSW/3502
A*370 53502
A*370-8H/3502
A*193-P /3502
A*280-5H/3501-5A
A*280-5H/3501-6
A*280-5H/3502

1-300/F263
1.300/F250
1-300/F 263
1.300/F 163
T-200/F 163
TBT100/F 584
TeA145/F584
TBA145/F584
T8A190/F 584
T8U145/F584
TaA145/F584

EM- 71257
E787HM
€787

Preprey Type/
Orantation

UNID-REC T IONAL

F-134 WEAVE
UNIDIRECTIONAL TAPE 145
7 MIL PLAIL WEAVE
UN:DIRECTIONAL TAPE
F.134 WEAVE

YARN 134 WEAVE
UNIDIRECTIONAL TAPE

UNIDIRECTIONAL

2424 BH SATIN WEAVE
2424

UNIDIREC IONAL
UNIDIRECTIONAL
UNIDIRECTIONAL

UNIDIRECTIONAL

UNIDIRECTIONAL
UNIDIRECTIONAL
2424

SH WEAVE

SH WEAVE

8+ WEAVS

8H WEAVE

PLAIN WEAVE

PLAIN WEAVE
UNICIRCCTICNAL
UNIDIRECTIONAL
UNID'IRECTIONAL
UNIDIRECTIONAL W/O GLASS SCRM
UNID'RECTYONAL /108 GLASS SCRIM
NDIRECTIONAL
UNIDIRECTIONAL
UNID'RECTIONAL
UNID'RECTIONAL
UNIDIRECTIONAL

5H SATIN WEAVE

TAFE

TAPE & FABRIC
UNIDIRECTIONAL TAFE
UNIDIRECTIONAL TAPE
UNIDIRECTIONAL TAPE
UNIDIRECTIONAL TAPE
UNIDIRECTIONAL TAPE
UNIDIRECTIONAL TAPE
CRAOW'S-FOOT SATIN WEAVE
CROW S-FOOT SATIN WEAVE
CROW S-FOOT SATIN WEAVE
SH WEAVE

8H WEAVE

PLAIN WEAVE

5H WEAVE

S5H WEAVE

5H WEAVE

UNDIRECTIONAL 3000 TOW
UNIDIRECTIONAL 3000 TOW
B'DIRECTIONAL WOVEN 3000 TOW
UNIDIRECTIONAL 3000 TOW
UNIDIRE CTIONAL 3000 TOW
T-300 8K

ASE 12K

IMB 12K

1048 12K

T-700 6K

2.54 12K

CHOPPEQD STRAND MOLDING CMPD

UNIDIRECTIONAL TAPE
3K PLAIN WEAVE
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Table A-3. Properties of Carbon/Epoxy Prepreg (Page 1 of 2)
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OVEN CURE
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Resin Flow (%)

8 (50 PSI/35%0F)
S (50 PSIj2%0F)
7 (50 PS1/300 F)
7 {50 PSI/500 F)
8 (50 PSY/350 F)
& (50 PSI/350 F)
8 (50 PSI/350 F)
8 (50 PSI/350 F)

45 (S0 PSYINF)
1545 (100 P$1/350 F)

20 + 4 {10 MIN/100 PSY325 F)
745 (15PS/325F)

T (15PSI/2% A

4.-1% (15PSI/324 F)

182 (15 PSI/3I%0F)

175 (10 MIN/1S pai /250 F)
98 (10 MIN/15 PSIj 250 F)
% .20 NS PSI2ISF)
4-15 (10PSI/215 F)

10 {10 MIN/15 P51/250 F)

22 + 4 (100 PSY/3%0F)
22 4+ 4 (100 PSI/250 F)
20 4+ 4 (100 PSI/I%0 F)
10 ¢ 4 (15PSIJISC F;
17 + 4 (50PS1IS0 R
5. 13 (50 PSI/I%0 F)

5-.15 (50 PSI/I50 F)
515 {50 PSI/350 F)
8- 18 (50 PSI/350 F)
8- 15 (S0 PSI/I50 F)
$- 13 (90 PSIJA% A
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Volstile Content (%}

1

15
20
292
10
10
10
1.0

2
2
1.5

2

2 (YO MIN/325 F}

1 (10 MIN/3SO F)
2 (250 F)

15 (10 MIN/3?5 F)
11 (15SMIN275 )
01 (10 MINj2950 F)
09 (10 MIN/250 F)
1.5 (10 MIN/275 F)
1.5 (10 MINJ275 F)
2 (YO MIN/250 F)
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-4 (350F)
-4 (350F)
-4 (350F)
-4 (3%0F)
-4 {(350F)
-4 (350F)

- ot . = VRNNN

Tk Deape

MEDIUM MEDIUM

MEOIUM

GOOOD

GOQD .
GOODL GOOD
GOOD GOOD

000D GOOD

Fiber Areal
walght (g/m?)

370+ 14
370+ 14
370+ 14
3704 14
18348
183+ 8
148
148
146
146
145
164
150
130
150
150

180
14%
14%

145
145

Bhell Lt

{monthe 10 F)

e (70F)

] .
1)

[}

L}

] .
- 14
0 (40F) 14
] 21
12 10
12 10
12 10
12 10
12 10
12 10
12 14
12 10
2 10
12 14
12 14
12 10
12 10
2 10
°? 10
12 10
12 10
12 ?
12 7
12 14
12 17
12 14
12 10
12 10
12 10
12 10
12 10
12 10
12 10
12 10
12 10
12 0
12 10
12 10

Qut Time
(Gays &t 77 F)

Gel Time (min)

4-13 (325F)
4-50 (350F)
10-18 (3%0F}
13 (250 F)

4-20 [325F)
1029 (350 F)
768 (2%0F)

128 (2%F)

4-26 (275F)
4-20 (275F)
8 (250F)

1 {3%0F)
<14 (250 F)
<14 {250F)
2-32 (3%F)
-2 (3%0F)
S12 (3%0F)
-7 {350F)
-7 (350F)
12

-20 (3%0F)
-20 (350 F)
2.5 (350F)
19 (30F)
$-12 (25%F)
3.7 (3%0F)
8-12 (350F)
6-12 (350F)
3.7 (350F)
@-12 (350F)
12-32 (350F)
12.32 (35%F)
12.32 (350F)
12-32 (350F)
3.7 P5%0FH)
6-12 (3%0F)
12-32 (350F)

S NNLIONDOLOL O
I
o)

POV

1-8 (35%0R
4-10 (@50F)
1-8 (350F
6-10 (350 F)
6-10 (350F)




Manutacturer

AMERICAN CYANAMID

CIBA-GEIGY

FIBERITE

Table A-4. Precperties of Glass/Epoxy Prepreg (Page 1 of 2)

Product Number

CYCOM 3143

C /COM 5105
CYTRON 5104
CYTRON 5104
CYTRON 5104
CYTRON 5104
CYTRON 5104
CYTRON 5104
CYTRON 5104
CYTRON 5104
CYTRON 5104
CYTRON 5104
CYTRCN 51508
CYTON 51508
CYTRON 51508
CYTRON 51508
CYTRON 51508
CYCOM 985 /E-GLASS
CYCOM 880/€-GLASS
CYCOM 5102/E-GLASS
CYCOM 5134

R1604
RR520
RAC 7350
R7373

CE-8010A
CE-9000-1
CE-90900-2
CE-9000-2
CE-3330
CE-3201
CE-347/E GLASS
CE-345

CE-339

CE-339

CE-324

CE-306

€292
CE-9000/MPC-4
ZE-9000/VOL. A
CE-5000/MPC-8
CE-207HM
CE-307HM
CE-307HM
CE-307
CE-3201/VOLAN A
CE-BOD0/S-2 GLASS
€-8300
EF.2/$-601
EF-2/8-2

MXB-7016
MX8-7203
MXB-770%

EM-7205A
EM-7302L0
€M-7302-XLD
EM-7302
ETIRT/1583

REGULAR GEL-GPACE C/104
REGUIAR GEL-GRADE C/108
REGULAR GEL-GRADE C/112
REGULAR GEL-GRADE C/113
REGULAR GEL-GRADE C/118
MEDIUM GEL-GRADE D/104
MEOILM GEL-GRADE D/108
MEDIUM GEL-GRADE D/112
MEOIUM GEL-GRADE D/113
MEOIUM GEL-GRADE D/118
104

108

112

112

118

7781 8-H SATIN

781 A1100

7583

7581

7681
120
77861
7781
T8
458 UNIDIRECTIONAL
731
7781
120
78
7783
781
181
1543
7576
7544
1582
78281
T8
12
6581
7788
RAOMING
ROVING

Rarin Content (%)
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Resin Flow (%)

8's
kS
3
&
D

{200 PSi/340 F)
PS1/340 F)
PSI/340 F)
PS1/340 F)
P51/340 F)
PS1/340 F)
PS1/340 F)
PS1/340 F)
PSi/340 F)
PS1/340 7)
PSt/340 F)
PSi/340 F)

33333333382

8

A A R R R R R R R R 2 R R L D RN RN

co33NBELERERBSEEEL858

17 (19 MIN/SO PSI/350 F)
140 (10 MIN/15 PSI/325 F)
15- 30 {15 PSI/225 F)

153 (10 MIN/15PSI/325 H)
14.7 (15 PSIj250 F)

10-20 (10 MIN/15 PSI/325 F)
28 + 4 (10 MIN/50 PSI/325 F)
9.0 (15PSI/25% F)

8.1 (15PSI/250 F)

18.3 (15 PSI/250 F)

10 + 5 (10 MIN/15 PSI/250 F)
15+ 4 (S0 PSI/275F)

15-25 (SMINJ15 PSI/325 F)
9-15 (10MIN/15 PSI/325F)
10- 18 (10 MIN/15 PSI/325 F}
10- 18 (10 MIN/15 PSI/325 F)
5.0 (15 PSI/250 F)

3.0 (1S PSI/2%0 A

215 (15PSI/250 F)

220 (15PSI/250 F)

15 (15 PS)

202 (50 PSI/325F)

8.65

5-12 (325F)

5-12 (10MIN/I2SF)

14 (100 FSIJA25 F)
220 (SUFSI/25C F)
18 (SO PSIETS F)

5-20




12
1.2
1

2.0
0%
0.3
05
1.5

‘ Table A-4. Properties of Glass/Epoxy Prepreg (Page 2 of 2)
Volatiie Content {%) Teck Otape Shelf Lite (doys) Out Time (days !t 77 F) Gei Time (minutes)
6.9 {325 F) - . - 10-14 1-168 (325F)
19 - . 80 (40F) . -
078 - - . . 366+ 0.3 (340F)
0.7% . - - . 3.66 4+ 0.3 (340F)
078 - . - . 386103 (300F)
0.7 . . - . 3.6+ 0.3 {M40F)
075 . . - - 366303 [340F)
0.73 . . . . 2403 (340F)
078 . . . - 2703 (240F)
0.73 . - . . 24 0.3 (340F)
0.75 . . . - 2203 (M0F)
075 - . - - 2:03 (340F)
073 - - . . 4305 (30A
0.715 - . . . 4405 340F)
ors - - 4305 (340F)
0.7% . . . 44085 {300F)
0.75 . 4405 (340F)
20 . - - . -
1.0 . . 160 {0 F) . 1234 (350F)
3 (325F) - - 80 (40 F) . .
1.5 . - 0 (OF) . .
22 - - 180 (a0 F) 0 -
2 - . 180 (40F) 10 3.8 (275F)
2 - - 180 (40 %) 14 .
1 - - 180 14 8§+ 2 (325F)
1.9 (10 MIN/3S0 F) - - 10 (80 F)
08 (10 MIN/325 F) - - 10 (8O F)
3 (10 MIN/22Y F) MEDIUK MAEDIUM
U4 {(IGMIN/ZRSF) . - 10 @agRn - 12
1.4 (10 MIN/325 F) MEDIUM EXCELLENT 30 (80R) - A9 (260F)
3 (10 MiN/325 Fy . . 14 (80 F) . .
15 (20 MIN/325 F) MEDIUM MEDIUM 10 (80 F) . A1+ 2 (300F)
‘ 0.8 (10 MIN/2%0 F) JAEDIUM . 30 (80 F) . 4 (25 F)

0.4 (250F) - . 60 {80 F) . 6.25 R0F)
0.3 250F) - . 6C (80F) - 533 250 F)
2 (10 MIN/250 F) - . 60 (80 F) - 8 @50 )
1.5 (3715F) . . 30 (&0 F) . 2-10 {250F)
2-6 (YOMIN/325F) UGHT . - . 15-25 (325 F)
2 (15 MIN/325 F) - . . . .
2 (YOMIN/15PSI/325 F)
2 (10 MIN/325 F) . . - - .
0.3 (250F) MEDIUM MEDIUM . . 128 250
03 (250 F) MEDiUM MEDIUM - . 12.5 (250 F)
0.3 (250 F) MEDIUM MEOIUM . . 12.25 (250 F)
0.28 . - . 142 12.5 (250 F)
0.7 (10 MIN/325 F) - - - . 155 (325 F)
Q8 (13 MIN/325 F) . - - - 11.8 (325 F)
1.08 ©.833

3 (10 MINJA25F) 1-39% (325F)
3.0 (10MiIN/3I25 F) - 1-4 [325F)




Manufacturer

AMERICAN CYANAMIO

CIBAGEIGY

FERRO CORPORATION

FIBERITE

Table A-5. Properties of Kevlar/Epoxy Prepreg (Page 1 of 2)

Product Number

CYCOM 5116L/KEVLAR 48
CYCOM 51058/KEVLAR 48
CYCOM B50/KEVLAR 48
CYCOM 850/KEVLAR 49
CYCOM 885/KEVLAR 49
CYCOM 085/KEVLAR 49
CYCOM 880/KEVLAR 49
CYCOM S102/KEVLAR 48

Re258-1
R9256-2
RY257
R9269
Ag260
RAC 3350
RAC 835C
RBJ69
RE368
RO521

CE-8010A

CE-9010

CE-9010
CE-9000-2/KEVLAR 49
CE-9000/KEVLAR 48
CE-345/KEVLAR 49
CE-345/KEVLAR 49
CE-345,KEVLAR 49
CE-343/KEVLAR
CE-308

CE-306

CE-321R
CE-324/KEVLAR 49

MXM-7880/KEVLAR 49
MXM-7880/KEVLAR 49
MXM-7876 /KEVLAR 49
MXM-7876/KEVLAR 49
MXM-7669/KEVLAR 49
MXM-7764 /KEVLAR 49
MXM-7064 /KEVLAR 49
MXM-7714/KEVLAR 49
MXM-77 14 /KEVLAR 49
MAM-7251 /KEVLAR 49

Prepreg Type/
Orlentation

181

181

281
UNIDIRECTIONAL
K-285

281

281

181

285

120 CROWFOOT
1814

288

120

281,285

120

285

120

131,285

181

18

120

285

181

281

181

UNIDIRECTIONAL TAPE
4560 UNIDIRECTIONAL TAPE
281

2681

4560 UNIGIRECTIONAL TAPE
28%

120
28%
120
288
285
18¢, 285
181, 285
120
285
285

Resin Content (%)

58
288

E558¢
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Resin Flow (%)

17-25

27-35 (15MINJI25 F)
18 » 7 (50 P31/250 F)
25+ 10 (%0 PSI/250 F)
33+ 7 (50 PSI/3%0 F)
20 + 7 (50 PSI/350 F)
18 + 7 (50 PSI/350 F)
22.5 (10 PSI/3%0 F)

10-40 (50 PSI1/250 F)
10-40 (50 PS!/250 F)
17-37 (50 PSI/250 F)
15-30 (50 PSI1/275 F)
15-30 (50 PSI/275 F)
2045

20+ 5

33+ 6 (50PSI325 F

30 + 6 {50 PSI/325 F}
15-35 (50 PSIJ225 F)

28.4 {10 MIN/S0 PSI/A25 F)
225 (1OMIN/1S PSI/325F)
25 (10 MIN/1S PSI/325 F)
20-35 (15 PSIf325 F)

17.9 (15 PSI1/325 F)

25.2 {15PSI/2% F)

252 (15PSI/250 F)

280 (¥5PSI/250F)

8.4 (SOPSI/250 F)

30+ 5 (30PSI/260 F)

10.5

1%+ 6 (SOPS/280F)

23 (S0 PSI/250F)

280 (SO PSI/325 F)
28.9 (S0 PSI/325F)
24 (100 PSI/350 F)
30 (100 PS!/350 F)
29 (50 PSI/325 F)
15-35 (S0 PSI/275 F)
2-7 (SOPSI/275F)
20-30 (30 PSI/250 F)
26-30 (50 PSH/250 F)
30 (50 PSI/250F)




Volatile Contant (%)

2

2 (10MIN/325F)
1.0

1.0

20

1.0

1.0

1.4

[LRTNLY

WNNRRRON — = =

1.14 (YO MIN/325F)
1.0 (Y0 MIN/325 F)
1.2 (10 MIN/325F)
3 (10MN/325 F)
2.0 [10MIN/325F)
1.1 ('OMIN/2%OF)
1.1 (10 MIN/250 F)
1.4 (10 MIN/250 F)
3.8 (2% F)

2 (\5MIN/260 F)
08

35 peo R
1.5 (10 MIN/250 )

1 (BMN/325F)
1 (8 MIN/23SF)
1 (15MIN/325F)
1 (15MIN/325F)
12

2 (BMIN/275F)
Z (8 MIN/275F)
2 (8 MIN/27S F}
2 (8 MIN/27SF)
1 (10 MIN/250 F)

Table A-5. Properties of Keviar/Epoxy Prepreg (Page 2 of 2)

1k

UGHT
UGHT
LIGHT

PR

MEDIUM

MEDIUM
MEDIUM
MEDIUM

MEDIUM

e e e e

Otape

MEDIUM

MEDIUM

Fiber Aseal
Welght (g/n2)

-

e e e

3

21-23

A9

Shelf Life
(months)

(#0F)
(“oF)
©n
©F)

oW

0F)
©F
(40 F)

(0 f)
o)
(10 A
(10 R
(10F)
(40 F)
(40 F)
Y}

Iy (40 F)

voo

Y- K- N NN NN

e e e e

Out Time
(days ot 77 F)

10
10

e e

Qel Time (min)

1015

1743 (750 F)
1743 (250F)

1543 (350 F)
154+ 3 (350F)
20 (325F)

212 (250 P
212 230 F)
38 R50F
212 275F)
242 275 F)

104 4 (250F)
9 (250F)

24.3
278
16 {350F)
16 (350 F)
24 (325F)
27 (27159

410 (275F)
410 {275F)
10 (250 F)




Table A-6. Properties of Glass/Polyimide Prepreg (Page 1 of 2) .

Prepreg Tyne/
Manutacturer Product Number Orientation taminate Cure Resin Content (%}
AMERICAN CYANAMID CYCOM 3001 112 - 50-55 (8 MiN/325F)
CYCOM 3001 120 - 35-40 (8 MIN/J25 F)
CYCOM 3001 143 - 3540 {5 MNJI2HF)
CYCOM 3002 108 . .
CYCOM 2507 104 - -
CYCOM 3002 7781 - 2733
CYCOM 3003 A1100 E GLASS/ 7781 - 3236
CIBAGEIGY A7451 - . 38 +2 .
FERRO CORPORATICN CP1-2274 7781 . 40,1 '
cP.2272 7781 - 37.0
CPl.2249 781 VACUUM BAG 48-50
CPI1-2240 7781 HIGH PRESSURE de-44
CP-2237 7781 . B3
CPI-2214 7781 . a7
FIBERITE MXB-5004 181-150 - 288
HEXCEL Fi7a . . 25-45

A-10




Resin Flow (%)

35-45 (3 MIN/1S PSI/350 F)
20-25 {5 MIN/15 PSI/350 F)
25-35 (3 MIN/15 PSI/350 F)
52 £ 7 (5 MiN/15 PSI/450 F)
33 + 4 (5 MIN/15PS1/a50 F)
20-29 (15PSI/450 F)

32-38

19 (88 PS1/3%0 F)

20.2 (10 MIN/15 PSI/350 F)
20-30 (10 MIN/15 PSI/350 F)
11-17 (16 MIN/15 PSI/350 F)
NOT APPUCABLE

17.5 (10 MIN/200 PSI/370 F)
12.1 (1C MIN/ 1S PS1/350 F)

Table A-6. Properties of Glass/Polyimide Prepreg (Page 2 of 2)

Volatite Content (%)

912 (8 MIN/323 F)

69 {8 MIN/325 F)

09 (8 MIN/325 F)
3143 (25MIN/TSOF)
337 4 [2.5 MIN/7SOF)
1707 (2.5 MIN;750 F)
168-21 (2.5 MIN/750 F)

8 (325F)

8.7 (5 MIN/BYO F)
12-18 (10 MIN/350 F)
§-8.5 (10 MIN/350 F)
©+ 3 (5 MIN/BOOF)
037 {10 MIN/3TO F)

2 (10 MIN/I25F)

613

8helf Lite
(monthe st 40 F)

W W W W

Qut Time
(days 77 F)

Qel Time (min)

34 (350F)
34 (350F)
3-4 (350F)

4 (350R

30 {300 F}




Table A-7. Properties of Carbon/Epoxy Laminates (Page 1 of 2) ‘

urs ufs urs
Laminate Laminate Type/ Long Trans Long
Menutacturer Product Number Fiber Reeln Cure Orlenution {si) keh hel}
AMERICAN CYANAMID CYCOM 907/1-500 THORNEL 300 . . UNDIRECTIONAL 0 137
CYCOM 919/T 300 THORNEL 300 - - . 107 - 8
CYCOM 083 CEUON/E - 32 MSt CYCOM ues UNIDIR JORADE 148 230
CYCOM 283 CEUON/E =32 MS! CYCOM 968 IKT0 PLAIN WEAVE. [
CYCOM 083/1-30C THOANEL 300 CYOOM 963 - UNOHECTIONAL F) 28
CYCOM 983/T X0 THORNEL 300 CYCOM 983 - . 0 - (3
C¥COM 980/T 300 THORNEL 300 CYQUM Wb - UNIDIRE CNONAL 1% [
CYCOM 080/T-300 THORNEL 300/F 134 CYCOM 060 . FABRIC STYLE F134 100 s
CIBA GEXGY RAC 8350 A3 - - - 240 - 200
FAC 8350 Hus - . 103 . 138
FAC 83%0 AS/104 GLASS . . - 0 198
RAC 8350 HIS - - . 268 FIt
raate HERCULES AS-8 . . Tapg 202 - 00
ra3re HERCULES I - TAPE ki - W
FERAQ CORPORATION CE 90001 THORNEL 30072424 CE 9030-1 FABRIC 104 - [
CE-900U-2 2024 CE-9000-2 . FABRC e 100.1 23
CE-9000-0/1-300 THORNEL 300 CE-9000 8 - UNDIRECTIONAL 280 2 0
CE-343/CELION 6000 CEUON 8000 CE-343 . 20 . Ee
CE 3201/1-300 THORNEL 300 CEA20 . UNDIRECTIONAL nr .
CE -9000-9/P-79S . CE-$000-9 . [ R] - 1.03
CE-330;hMS HMS CE 3% . - 183 143 .
CE-230/07-70 3Y-70 CEA - 1008 LY
€£.339/1-300 THOANEL 300 CE3M - UNIDIRECTIONAL 203
-324,T-300 THORNEL 300/0K CE-324 - UNUARECTIONAL ar . -
CE-324/2424 THORNEL 30072424 - . FABRIC ng 100 s
FIBERITE EY-E 1534 av-10 [ - LIOIRECTIONAL 134 as
HY-E 13344 M-S 034 - UN DrRECTONAL 120 - 120
HY-E 13348 Mg 93 UNIDIRECTIONAL 20 - 03
HY-E 1334C as oM - UNICARE CTIONAL 200 . FEC)
HY-E 10340 THORNEL 300/3K M - UNIDIRECTONAL 210 - 230
HY-£ 1076C THORNEL 300/3K [ 2L ] UNIDIRE CTIONAL 298 - 233
HY-€ 10766 THOHNEL. 300/6K ore . U DiR: CTIONAL 7 . ns
MY-€ 1034C THORNEL 300/3K o . CROSS ALY TAPE 120 - [
HMF-133/34 - - . FABRIC 100 - 2
HMF 330C /34 - - - A 1ISOTROPC . . 687
13007034 . . QUAS! ISOTROPIC - - ni
HMF 176/34 THORNEL 300/1000 - - 4M SATIN . - %0
HMF 174/34 THORNEL 300/3000 - . PLAN WEAVE %
HIME 708/ THORNEL 300/8000 . - P2 AIN WEAVE 200
HME 11337768 CELION/ 300 - . aH SATIN . . %0
HMF 131/484 THORNEL 300/3000 - - 81 SATN . - )
HMF 1123/604 CELION /3000 - 8H SATIN . 0
HMF 133780 THORNEL 200/3000 - - & SATIN 0
HERCULES ~s70-SH/3501-3A A370-8H 3801-34 . 31 SATIN 150 . 100
AS70-81/3501-3A A3TO-6H 210034 . &+ BATIN 10 - %0
A103-P/3%01-5A AP 350184 . PUUN WEAVE . - 100
HMS /1908 HMS 1008 - TAPE 188 . 190
HMS/3501-8 HMS 0014 - TAPE 180 - 180
HMS /3601 8A HMS 6IV-BA - TAPE 188 90
AS4/1698 AS4 W/O SCRM 1008 - TAPE 240 . 2%
AS4/1008 AS4 W/ 108 SCRIM 1908 - TAE 20 22
AS4/3502 AS4 £ TAPE 200 280
AS4/35014 AS4 38018 : TAPE 0 a0
AS/35018 A3 38014 - TAPE 20 - 2%
AS4/M01 2A AS4 330184 - TAPE 20 310
AS/3801 34 AS 3801-3A - TAPE 20 250
STYLE AJ70-5H ASajexX . . SH SATIN 150 100
STVLE A3 20-84 AS4/3K . - 8H SATIN 120 w0
STNLE AIS3P AS4/IK . PLAN - . 100
TYPE HMS TYPE HMS/ 10K - - - 188 . 198
TYPE ASY TYPE AS1/10K . : - 2% - 200
TYPE ASe TYPE AS4 - . - 280 - 313
AJ70-3H/2901-8 AT 33010 . a1 SADN 130 - 100
A30.8H/302 237084 s 3H SATIN 130 - 100
A310.81/35018 A3708H 3%018 : 120 : w0
AJ70-84/3502 A370-8H L : - 120 hod
AVS3-P/3501-8 A18)-P 8516 AAIN - - 100
1G300- 34 /33010 1G380-8H 3014 : SH FABRC . .
AS4;8581-7 AS4 asdr.7 B . . ns
wr/8531.7 M7 as31-7 - - - 400
4g/8581 7 M8 88817 - - . 400
AS4/8382 AS4 8362 : . 308
W778552 [} a5a? - . - st
I8 18332 ') 8352 - - . - e
1735018 [} B1e : - - - 310
WA/ 25016 L 01 - - - ol
AS4/ 72203 AS4 22209 . UNIDRECTIONAL 200 a0
AS4/4302 ASs as0Q . UNIDIRE CTIONAL 260 270
AS4/1010 AS4 019 - UNIDRECTIONAL 230 . 30
HM54/3501-5A HMSS 3501-3A . URIGRECTIONAL 188 - 198
HMS4/35018 HMSe %016 UNOIKEC TIONAL 160 - 188
WA8/3801 4 [ 014 . UNID-RECTIONAL 200 . ar
A*183-CSW/3501-5A A*188-CSW 3301-5A - CLW FABRIC - . 20
A"1853-CSw/35018 A*185-CSW 38014 CSW FABRIC - 120
A*183-CSwW/3302 A*1B3-CSW 2502 - CSW FARRC - . 2
A*183 P/2801-8A A*100-P 330184 - P FABHIC - . 100
A193-P/2501-8 A*102p 35018 . © FABRIC - . 100
A*193.P/3502 AP an0e - P FABAC - . 100
A*380-5H/1501-38 AvZ80.6H 350184 . SH FABRIC 1% . 100
A"280-51/3501-8 A*280-3H 0014 - SH FABRIC 150 . 100
A*260-544/3802 A*280-3H 3502 - 5 FABRIC 150 . 100
HEXCEL THOHNEL 300/F 283 T.300/3000 TOW F283 UN'DIRECTIONAL 280 . o
THORNEL 300/F 250 T-300/3000 TOW F250 - LN PRECTONAL 260 - 20
THOHNEL 300/F 263 T.300/3000 TOW F263 - DI FABRG 120 - 80
TrORNEL J00/F 163 1-300/3000 10W F1e) VATCIM UNIDIREC TIONAL 226 . 100
THORNEL 300/ 183 T 300, 3000 TOW F13 AUTOCLAVE UNDIRECTIONAL F3l - 210
. Te1100 Fan4 TAPE - - Fill
TeA143 Fo84 TAPE 289 - 404
TEA1AS Faga TAPE 263 - a4
154190 Fsa4 . TAPE - . 443 ’
Teu14s £584 - TAPE 242 30
Tearas Faoa . 1APE - - 3
wico EN 71294 172 CHOP LENCTH MOLDNG CMPD : oo : £
€M 71294 1 CHOP LENGTY MOLINNG CMPD - " - »
€201 . A . LN AL CTIONAL - - 100
£787/3K PUAIN WEAVE 164 [

A-12




Trone
(Xl

21
00
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70

BEE8588
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34
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ucs
Loay
{xs))

(T
100

10
100

214

n

190
75

UFS - Unimals Flexuial Sirength
UTS . Unirnale Tonsiie Sirength

UCS - Unimate Comp-etsnve Strengih

uce
Teane
(aet)

728

USS - Unimale Srder Sirengih
ISS - Intediamisas Shews Strength

£M - Franu'al Modutvs
TM - Tenu'e Modylus

CM - Compress’ve Mordulus

SM - Sheas Modu'ud
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Table A-8. Properties of Glass/Epoxy Laminates (Page 1 of 2) .

urs urs uTs
wng Yrans Long Teang
Manvtacturer Product Mmbes Fiber Resia Lsminste Curs (L] (LI o) [LLL]
AMEQICAN CYANA' WD CYCOM 5143 150 CYCOM 9143 9 8
CYCOM 108 - CYCOM 5100 230+ 0 ol
CYCOM B108 - CYCOM 3108 I0F [ 72
CYCOM D83 &H SATIN/ 7781 CYOOM 983 . bt
CYCOM B30 € OLASS/?781 CYCOM voo 102 00
CTCOM 9134 5801 CYOOM 6134 780 a0
CiBA GEGY A180a/ 1381 1581 R1804 k2] . &0
R820/1181 p2L 0] R2020 77 - % -
R2320/120 120 R0 a0 - 448
AAC 7350 UNIDR 4835 2 GLASS RAC 1330 2 x0
RAC 1350 UNIDWR 430 € GLASS HAC 7330 201 158
H137) e ATy 110 1
ERRD CORPORATION CL 901GA/ 7181 1781 CEgo10A w1 a0 103 &0
C£-9000-1,7 b2l 1} CE-9000-1 1 HR/350 F JVACUL M BAG 90 - "
CE- @000 1 /1781 7600 €€ 90001 1 HA; 350 F ;200 PSIFAUTOCIAVE &3 64 .
CE-9000-2,12¢ 120 CE-a000-2 a8 739 8 Ll
CE-9000-2/1 1781 7781 CE @000 2 81 . s -
CE 333071781 70 CE-33%0 882 38
CE-3201/7781 701 CE-3201 wo . 58
CE 347 UNIDIR 458 € GLASS CE-347 153 - 140
CE 3 na CE 343 AUTOCLAVE 77 - e 3
CE 33/ g CE-34) 100 F /VAZUUM BAG - -
CE da2/7781 7781 CE 248 250 F ;VACUUM BAG . - wo
CE 339, 1781 e CE2% - . es
CE-330/120 0 CE-339 : . n
CE-224/7781 74 CE-d2e 108 LN
CE 308/7781 T781/MPC « C£.308 AUTOLLAVE asa - 4
C£-300,7781 7781, MPC-4 C£-308 VACUUM BAG e : 20
£ 203/7781 rrey E-203 PRESS CURED 76 88 - 31 84
€ 203/7781 ey €20 AUTOCLAVE ) - L
€ 200/7781 781 E203 VACL'UM BAG w? - .
CE 0000/7781 T181/MPC a CE-0000 $0 PSI/AUTQCLAVE 83 . ” .
CE Qou0/7781 7781,MPC-4 CE 9000 33 PSI/VATUUNM/AUTOC AVE 07 s - na -
CE 900071581 15817uPC 4 CE- 9000 38 PSI/VACUUMN/AJTOCLAVE 888 e -
CE @00/ 7781 7781,MPC-4 CE 9000 60 M N/330 F/13 PSIJPRESSED a6 B
CE 9000/ 7781 7181/MPC 4 CE 9000 00 MIN/350 £ fVALUUM [ - 829
CE-QUNO/ 1543 1343/vOL A CE 3000 144 8 . -
CE 9000;7376 7926;MPC & CE 9000 014 . 472
CE 0000/%81 881-9073 QUARTZ C£-9000 [ X . 140
CE-J0THM{7344 7344 CE-30THM LX) - a1
CE 307HM/ 1982 15402 CE-30MHM rre - Lo -
CE 30THaey 76201 70281 CE-J07i4M [~ 1 . an? .
CE JOTHM; 78281 76Q8;PIGMENTED CE-207THM 30 - SHE - .
CE-3:07/7781 744 CE207 %2 - ™ .
CE A201/112 1ZVOLAN A C£-320 e . .
CE-9n00/8381 6581/8-2 CE-9000 192 - (7]
€ 9300, 7781 1701 £ 9000 w2 - L3
€F-2/8 061 S 001 ROV.NG €2 . - 100 200
€F-3,52 S-2AOVING EF-2 . - - - -
SIBERAME MXE-7018/181 18 - [ R - eso
MXB-720377581 7581 - PRESS CURE 3 - 344
MKB- 1203/ 7381 73581 . VAZUUM BAG %00 - X
WA 770171581 1%1 . . - (18]
HY E 90340 SQLASS UN DR [V 270 - 233
HEXCEL F181/S 904 5004 [31.1} 108 - [
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Manufacturer

AMERICAN CYANAMIO

CIBA-GEIGY

FERAO CORPORATION

FIBERITE

Table A-9. Properties of Keviar/Epoxy Laminates (Page 1 of 2)

Product Numbet

s116L
61008

CE-0010A/181
CE-9010/181
CE-0010/120

CE 9000-2/283
CE-8000/181
CE-349/261
CE-348/281
CE-343/KEVLAR 49
CE-343/4%60
CE-308/281
CE-321RA/KEVLAR 4580
CE-324/KEV1AR 48
CE-B000/KFVLAR
CE-800C/KEVLAR

AXM-7880 /KEVLAR 49
MXM-7876 /HEVLAR 49
MXM-7078 /KEVIAR 49
MXM-7660 /KEVLAR 49
MXM.-7764 /KEVLAR 49
MXM-7764 /KEVLAR 40
MXM-7084 /KEVLAR 49
MXM-7084 /KEVLAR 49
MXM-77 14 /KEVLAR 49
MXM-7714/XEVIAR 48
MXM-7251/KEVLAR 49
1734A

UFS - Ullimate Flexural Strength
UTS - Utimate Tensile Stiength
UCS - Utimate Compcessive Strength

Fiber

KEVLAR 49/181
KEVLAR 45/18°
KEVLAR 4./281
KEVLAR 48/281
KEVILAR 49
KEVLAR 49
KEVUAR 49
KEVLAR 49
KEVLAR 49
KEVUAR 49
KEVLAR 49
KEVLAR 49
KEEVLAR 49
KEVLAR 49

KEVLAR

KEVLAR/181
KEVLAR/28%
KEVLAR/ 120
KEVLAR/120
KEVIAR/281
KEVLAR/ 2085
KEVLAR/285
KEVLAR/ 120
KEVLAR/ 181
KEVLAR/28%

KEVLAR 40
KEVUAR 40
KEVLAR 40
KEVLAR 49
KEVLAR 48
KEVLAR 49

STYLE 181
STYLE &1
STYLE 120
KEVLAR 49/20%
KEVLAR 49/181
KEVLAR 43 /28t
KEVLAR 49/281
I EVLAR 49
4500

STYLE 281
KEVIAR 4560
KEVLAR 48/28%

KEVLAR 49
KEVLARA 49
KEVLAR 49
KEVLAR 49
KEVLAR 48
KEVLAR 48
KEVLAR 40
KEVLAR 49
KEVLAR 48
KEVLAR 48
KEVUAR 40
KEVLAR 49

CYCOM 983
CYCOM 983
CYCOM 983
CYCOM 880
CYCOM 5102
CYCOM 5134
CYCOM 3134
CYCOM 8134

voe e e

CE-9010A
CE-9010
CE-9010
CE-0000-2
CE-9000
CE-243
CE-245
CE-245
CE-343
CE-308
CE-321R
CE-324
CE-8000
CE-9000

MXM-7880
MXM-7¢78
MXM-7978
MXM-7668
MXM-7764
MXM-7764
MXM-T0C4
MXM-T064
MXM-7714
MXM-7714
MXM-T251
834

U39 - Utimale Shear Strengih
1SS - Interlaminar Sheas Strength

Lamingts Tyoe/
QOrlentation

FABRIC

FABRIC
UNIDIRECTIONAL
UNIDIRECTIONAL
K-288/FABRIC
281/FABRIC
181/FABRIC
STYLE 281
181/FABRIC
181/FABRIC
120/FABRIC

281 /FABRIC

FABRIC
FABRIC

8H FABRIC
CROWFOOT FABRIC

STYLE 243
STYLE 281
STYLE 288
STYLE 328
STYLE 1080X
STYLE 1203x

FABRIC

FABRIC.

FABRIC

FABRIC

FABRIC

12 PLY FABRIC
12 PLY FABRIC
UNIDIRECTIONAL
UNIDIRECTIONAL

UNIDIR. TAPE

STYLE 181
STYLE 181

STYLE 283
STYLE 120
STYLE 248

STYLE 181
STYLE 2as
STYLE 181
STYLE 285
STYLE 120
STYLE 285
STYLE 288
UNIOIR. TAPE

FM - Flexural Modulus
T™ - Tensiie Modulus
CM - Compressive Vodulus

Lamingte Cure

30 PSI/250 F/1 HR
14.7 PSI/2%0 F/1 HR
30 PSIF2% F /1 HR
100 PSI;250 F/1 HR

AUTOCLAVE
VACUUM BAG

13 PLY/50 PSI/350 F/1 HR

12 PLY/38 PSI/350 F/1.5 HR

Long - Longitudinal
Trans - Transverse

uFs
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(ko)
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6.0
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0.0
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e e e
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23
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Table A-10. Properties of Glass/Polyimide Laminates {Page 1 of 2)

Alanutacturer

AMERICAN CYANAMID

CIBA-GEIGY

FERRO CORPORATION

FIBERITE

HEXCEL

UFS - Uitimate Flexural Strengih
UTS - Ultimate Tensile Strength
UCS - Unimate Compressive Strength

Product Number

CYCOM 302
CYCOM 3003

Rr451
R7451

CP1-2274/7781
CPL2272/7781
CP1-2249/7781
CPI-2248/7781
CP-2237/7781
CP1-2214/7781

P1-750
Pi-740
P.730
MXB-5004

F174
F174

USS - Unimate Shear Strength
iSS - Interlaminas Shear Sirength

Fiber Resin

- 3002
E GLASS 3003

R7451 (BMj)
RT451 (BMI)

- CP-2274

- CP1-2272

. CP1-2249

- CPi-2249

. CP1-2237

. CPI1-2214
1/Z GLASS P1-750 CMPD
<1/2'GLASS P1.740 CMPO
SEED FORM £1.720 CMPD
E GLASS .

- F174
- F174

FM - Flexural bAoduius
T™ - Tensile Modulus
CM - Compressive Modulus

Laminate Type/
Orientation

7781 FABRIC
A1100-7781 FABRIC

7781 FABRIC
5381 FABRIC

7781 FABRIC
7781 FABRIC
7781 FABRC
7781 FABRIC
7781 FABRIC
7781 FABRIC

MOLDED
MOLDED
MOLDED
181150 FABRIC

7781 FABRIC
7781 FABRIC

Long - Longitudinal
Trans - Transverse




’ Table A-10. Properties of Glass/Polyimide Laminates {Page 2 of 2)

UFS uTs ucs uss 188 m ™ (o}

Long tong tong Long Long Long
Wminate Curs (ksl) (ksl) (keh) (ksl) (ksl) (kal) (xsl) {xel)
VACUUM BAG €5.0 $3.0 85.0 5.4 888 . 3500 - -

. 85.0 65.0 70.0 8.0SBS - 2500 2000 4000

. €14 - 138 . - - 3000 4100

. 84.1 84.2 839 5.26 Ses - 3160 - 2910

8.0 . . 7.55 - . . .

. 84.2 63.4 70.7 5.07 - 4370 3920 4230
HIGH PRESSURE 85 5.0 . . - 3200 . . k
VACUUM BAG 833 50.0 . - - 2800 - .

- 103 820 78.4 106 - 4230 . 4430

. 840 - 79.8 - an 3810 . 3840
COMPRESSION MOLDED 360 290 R0 - - 3100 . .
TRANSFER MOLDED 36.0 15.0 34.0 - - 2800 - -
INJECTION MOLDED 190 80 350 - - 2000 . .

- 762 84.6 . - - 3500 3700 -
VACUUM CURE T0.2 60.9 50.8 10,81 HORIZONTAL 3688 33s0 3300 4470
AUTOCLAVE (3K ) 812 SR 10.68 HORIZONTAL 315 3500 4040 4670

A-19




Table A-11. Properties of Carbon/Polyimide Laminates (Page 1 of 2) ‘

Urs UFs uTs
Laminats Type/ Long Trans Long
Manufactuier Product Numbar Fiber Resin Onentation (ksi) (xs1) (xel)
BOEING PMR-15 . - UNIDIRECTIONAL 269 - -
CIBA-GEIGY RE431 T-3000 . UNIDIRCCTIONAL 278 150 208.0
FERRQ CORPORATION CPI-Z237/H1S-1 HTS- CM-2237 UNIDIRECTIONAL 210 . 180
CPi-2237 /CEUON 3000 CELION 3000 CPI-2237 2424 WOVEN 13 1”218 o7
CP1-2237 T-300 CP1-2237 2424 WCVEN 126.9 N -
GENERAL DYNAMICS NA15082 - - UNIDIRECTIONAL 264 - .
NR15082S5X . . UNIDIRECTIONAL 284 - .
HEXCEL F178/T-300 T-300 HMG F178 3K UNIDIRECTIONAL 260 . 0
F850,T300 T300 Fes0 FABRIC 134 . N
Fa50/T300 T500 Fa30 FABRIC 161 . a7
F630/T300 7300 F850 TAPE 208 17.8 21
HTCO USPMR-15 CEUON USPM3-15 TAPE 28 . 210
USPMR-15 CELON USPMR-1% FABRIC 17 . 112
U. 8. POLYMERIC V-378A/T-200 T-300 V-378A 6K UNIDIRECTIONAL 240.3 - .
V-378A/T-300 T-300 HMG V-378A 6K TAPE 285.0 . 289
V-378A/T300 T-300 HMG V-378A 8K 268 B .
V-378A/PW-70 FW-70 HMG V-378A BIDIRECTIONAL FABRIC 88.8 - -
UFS - Utimate Flaxural Sirengih USS - Ulimete Shear Strength FM - Flexural Modulus TFS - Tenslle Fellure Strain

UCS - Utimate Compressive Strength CM - Compressive Modulus Trans - Tansverse

UTS - Uttimate Tensile Strength 1SS - intedaminar Shear Strength T™ - Y enslie Modulus Long - Longltudinal ‘




Table A-11. Properties of Carbon/Polyimide Laminates (Page 2 of 2)

uTs ucs ucs uss 188 [0} FM ™ T™ [+ ] TF8
Trane Long Trans Long Trans tong Trans Long Long
(wsl) (kal) {xsl} (ksl) {in/in)




Manutacturer

FERRO CORPORATION

HITCO

Table A-12. Properties of Ablative/Phenolic Prepreg (Page 1 of 2)

Product Number

CA-2204
CA-2221
CA-2221 MC
CA-2230
CA-2230 MC
CA-2212
CA-2226
CA-2248
CA-g207
CA-8208
CA-8214
CA-8217
CA-8220
CA-8203
CA-2270
CA-2227

FM-5503

Prepreg Type/
Orientstion

PHENOLIC /SILUCA
PHENOUC/SILICA
PHENOUC/SIUCA
PHENOLIC/SILICA
PHENOUC /SILICA
PHENOLUIC/ASBESTOS
PHENOLIC/ASBESTOS
PHENOUC/ASBESTOS
PHENOLIC /CARBON
FHENOLIC, CARBON
PHENOUIC /CARBON
PHEMOLIC /CARBON
PHENOLIC/CARBON
PHENOLIC /CARBON
PHENOLIC/QUARTZ

PHENOLIC/QUARTZ 581

PHENOUC/SILICA

A-22

Raesin Content (%)

27-33
26-32
27-32
28-32
268-32
40-50
40-5%0
a7.48
34-40
a6 40
32-40
31-36
31.38
32-38
27-33
28 32

24-30

Retin Flow (%)

8-12 (10 MIN/325 F /150 PS))
6-12 (325 F /150 PST)

10

6-12 {10 MIN/325 F /150 PSI)
3-11 (60 MiIN/300 F /1000 PS1)
14.22 (10 MIN/325 £/15 PS))
14-22 (10 MIN/325 F /15 PSI)
2-12 (10 MIN/325F /15 PSH)
2-8 (10 MIN/325F /15 PSI)
S-11 (10 MIN/325 F /15 PSI)
1-8

311 (10 MIN/325 F /150 PSI
311 (10 MIN/325F /15 PSI)
57 (10 MIN/3I25F /15 PSY
7-13 (10 MIN/32S F /15 PS)
6-11 (10 MIN/325 F /150 PSI)

1.0-12.0 (150 PSY)




‘ Table A-12. Properties of Ablative/Phenoiic Prepreg (Page 2 of 2)

Shetf Lite out Time

Volatils Conent (%) Tack Orape (months at 0 F) (days t 77 F) Gel Yime (min)
60 (10 MIN/325 F) 3 (AR 30

4 {(1OMIN/325 F) 3 (60F) 30

4 3 (406 o}

& (10OMN/323F) 3 (40F) 0

4 (15 MIN/325 F) 3 (R 0

713 (10MIN/328 F) 3 (40R 0

613 (10MIN/32% F} 3 (40A 20

S (TOMIN/IRF) . - 3 (40F) K]

26 (10MIN/325F) - . 3 (40F) 30

26 (10MIN/32SF) - 3 (0F 30 -
99 3 40R 30

47 (10 MIN/I2SF) 3 (40F) 30 -
47 (10MIN/323F) 3 (40F) 30 -
27 (YOMIN/I2SF) . 3 (e0F) o}

6 (1ICMIN/325P) . 3 (40F) 0 -
5 (10MIN/323F) . 3 (40R 7 .

60-9.0 B . -

A-23




Manufacturer

FRRRO CORPORATION

HITCO

Table A-13. Properties of Ablative/Phenolic Laminates (Page 1 of 2)

Fiber/Resin System Product Number Fiber

SILICA/PHENOLIC CA-2204 48

SILKCA/PHENOLIC CA-221 48

SILCA /PHENCLIC CA-2221 MC 48

SILICA/PHENOUC CA-2% 48

SIUCA /PHENQUC CA-2230 MC 48

ASBESTOS/MHENOLIC CA-2212 RFD 40 RAYBESTOS-MANHAT AN
ASBESTOS/PHENOUC CA-2220 RPD 40 RAYBESTOS-MANHATTAN
ASBESTOS/PHENOUC CA-2248 RPD 40 RAYBESTOS-MANHATTAN
GRAPHITE /PHENOUC CA-8207 .

GRAPHITE ;PHENOUC CA-8208 .

CARBON/PHENOLIC CA-8214 .

CARBON/PHENOLIC CA-8220 .

CARBON/PHENOUC CA-8203 ¥

QUARTZ/PHENCUC CA-2270 ASTROQUARTZ 570

QUARTZ /PHENOCLIC CA-2227 /581 .

CARBON/PHENQUC CA-8217

SIUCA/PHENOLIC FM-5503

Laminate Type/
Orientation

FABRIC
FABRIC
FABRIC
FABRIC
FABRIC

FABRIC
FABRIC

FABRIC
FABRIC
FABRIC
FABRIC
FABRIC

FABRIC




. Table A-13. Properties of Ablative/Phenolic Laminates (Page 2 of 2)

UFS UFs uTs uTS ucs uCs 188 FM ™
Long Teane leng Trans Long Trans Long Long
(ksl) (ksl) (kel) {kel) (ksl) (kei) (kst) (ksh) {ksl)




Manutscturer

AMERICAN CYANAMID

CIBA-GEIGY

FERRO CORPORATION

FIBERME

HICO

Table A-14. Properties of Glass/Phenolic Laminates (Page 1 of 2}

Product Number

81012
6102

A7273
R7273

AC

AC
CPi-2209/7781
CPH-2224/7781
CPH-2251/120
CPH-2251/7731
CPH-2280/7781

MXB-8032
MXB§0C1
MXB-6032
MXB-6032

FM-5042

Fiber

7581 (A1100 FINISH) CYCOM 6101-2

181

120
7781

7781
701
120

7781
7781

1581

181
181-1505
1581

CYCOM 6102

CPH-2208
CPH-2224
CPH-2251
CPH-2251
CPH-2280

181 (A1100 FiNISH}

Laminate Type/
Otientation Laminate Cure

FABRIC
FABRIC

WOVEN PREPREG
WOVEN PREPREG

FABRIC VACUUM BAG
FABRIC PRESS MOLOED

FABRIC -
FABRIC . *
FABRIC -
FABRIC -

FABRIC -

UFS
Long
(ks})

730
73.0

70.5
78.8
71.0
73.4
7489
882

663
87.2

66.3

75




UF8
Trans
(ko)

Table A-14. Properties of Glass/Phenolic Lam.nates (Page 2 of 2)

tong
(wei)

520
52.0

a7
44.5

56.1
51.96

52.2
6.7
58.4
583

430
57.2
430
43.0

Trans
xsi)

ucs
Long
()

59.0
59.0

36.1
r3

35.0 EOGEWISE
47.3 EDGEWISE
500
67.0
51.4
441
69.3

$1.7 EDGEWISE
3.7

91.7 EDGEWISE

435

188

(xol)

™
Long
(nst)

3r00
4100

3200
3840
4100
3700

3700
3700

Long
(ki)

2400
2500

3560
2850
4500

CM
Long
(kel)

2400
2500

5100




Table A-15. Properties of Glass/Polyester Laminates (Page 1 of 2) ‘

Laminaste Type/
Manutscturer Product Number Fiber Resin Drientation
s,
AMERICAN CYANAMID CYCOM 4104 GLASS - - .
CYCOM 4104/581 QUARTZ 581 QUARTZ - .
CYCOM 41021543 1543 FIRERGLASS - -
4102 7381 FIBERGLASS . .
4101 - . -
FERRO CORPORATION CP-1304/7781 771 FIBERGLASS CP-13C4 FABRIC et
CP-1201/7781 7781 CP-1301 FABRIC
PE-285/7781 7181 PE-28% .
PE-285/7781 7781 PE.285 . i
UVFR/7781 7781 UVFR .
\FRR/7781 7781 FRR .
IFAR/ 7781 718 IFRR .
H-200C /7781 77181 H-200C .
H-200C /7781 77181 H-200C . o
0s/7781 7781 [o1] . .
«
‘. 2
e
® B
8
A-28 u




‘ Table A-15. Properties of Glass/Polyester Laminates (Page 2 of 2)
UFS urs ucs IR ™
Long Long Long Long
Laminate Cure (ksi) (kal) (ksi) (wal) (kat)
- 66.0 54.0 440 - 3000
- 650 700 a50 . .
- - a3.0 70.0 . .
. 8.0 84.4 86.0 . 3800
- 68.0 6840 450 - -
- 83%.0 47.0 45.0 - 3300
. 70.0 470 400 N 3800
VACUUM BAG MCLDED 65.48 44.62 46.08 EDGEWISE - 2%
PRESS MOLD (30 psi) 79.4 52.4 52.3 EDCEWISE - 3420
. 86.7 53.7 50.&% EOGEWISE J.e2 3080
VACUIIM BAG 654 w40 41.1 EDGEWISE . 3320
PRESS MOLD 80.7 520 5286 - 3400
VACUUM BAG 96.0 7o 60.0 EOGEWISE . 3300
AUTOCLAVE CURED 116.0 T2.4 68.9 F£OGEWISC . 4060
- 58.8 412 57.3 EDGEWISE - 2700




APPENDIX B

CHEMICAL AND MECHANICAL PROPERTIES OF FIBER-REINFCRCED COMPOSITE
MATERIALS COMPILED BY BOEING

This appendix lists a compiliation of chemicai and mechanical properties of composite materials
compiled by Boeing under Air Ferce Contract F33615-86-C-5071.




Table B-1. Mechanical Properties of Hercules Fibers

Typ:cal fiber propertes AS? AS2 AS4 ASS 1M6 M7
Tensile strength, ks 451 401 551 601 636 684
MPa 3105 2760 3795 4140 4382 4713
Tensile modulus, msi 33 33 34 35 40 :
GPa 228 228 235 242 276 283
Ultimate elongation, % 1.32 1.20 1.53 1.65 1.50 1.60
Carbon content, % 92 94 94 94 94 -
Density, g/cm3 180 1.80 1.80 1.83 173 178

Typical epoxy composite

properties at RT AS1 AS2 AS4 AS6 IM6 M7
Tensile strength, ksi 280 290 342 373 395 424
MPa 1932 2001 2393 2567 2719 2922
Tensile modulus, msi 20 20 21 22 20 25
GPa 138 138 145 151 138 175
Fiexural strength, ks 250 240 260 272 250 237
MPa 1725 1656 1794 1877 1725 1635
Flexural mogulus, msi 18 18 19 20 22 24
GPa 124 124 131 139 150 166
Short beam shear. ks 19 18 18 19 18 19
MPa 13 124 124 129 128 129

Fiber volume, % 62 62 62 62 62 62 ]




4800 MPa 300 GPa

(696.7 ks1) {43 S ms1)
[ Steength [ ]
4600 | -
(667.6) _
=7 Modulus
4300 | 1 1 280
{638.6) (40 6)
4200 | i
(609 6)
|
apoo 1 260
(5806) [ 377)
Tensile 3800 | -
strength (551.%) Tensile
modulus
3600 I - - ] 1 240
(5225) ( (32 8)
3400 4
(493 5) [‘ - _
r== [ i)
1 ] ] ]
1l 1 1 [}
3200 o Vo 4 220
(46aa) [ ' | Vo (31 9)
' [} ]
1 1
3000 Vo 4
(435 4) TR
] 1
] ]
[} ]
1 1 4 200
(aég(fﬁ ~! | 4 (290)
AS1 AS2 AS4 ASE M6 M7

(1.80) (1.80} (180) (1.83) (1.73) (1.78)

Fiber type
(Fiber density, gicm?)

Figure B-1. Hercules Fiber Properties at Room Temperature
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3000 MPa

190 GP
(435 4 ks1) (2706sz|)
| I Strength |
2800 | i 180 0
{406 4) F==% Modulus (26 M)
2600 17
@774 | 1 Gan
Tensile ) 1
ensile
strength 2800 160 modulus
(3183 | 1 @
2200 - 1
393 I ] (zs 10 8)
r—-
2000 140
(290.2) I r--4 -~ -- ] (20 3)
1800 P~ P~ 130
{261.2) (189)
AS1 AS2 ASa AS6 IM6 M7
Fiber type (62% fiber volume)
Figure B-2. Typical Epoxy Cemposite Properties at Room Temperature
Table B-2. Properties of Typical Epoxy Composites at Room Temperature
Tensile strength Young's modulus Density
Fiber < o ° o Poisson’s .
type * 0 90 0 90 e
MPa ksi MPa kst GPa msi GPa msi glems | ib/Aind
E-Glass 1020 150 40 7 45 65 12 18 0.28 2.08 0075
S-Glass 1620 230 40 7 S5 80 16 23 0.28 202 0073
Boron 1240 180 70 10 210 300 19 27 0.25 202 0073
Kevlar 49 1240 180 280 a0 76 10 SS 08 034 i.39 0050

* Fiber volume, V; = 60%
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80 | > s
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s ’ 60 | I >
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3
»
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20 } w
. |

Composite tyne

fFigure B-3. 0° Strength-to-Density Ratio of Typical Epoxy Composites

250
(36.3)
200 ©
(290) [ Boron/epoxy
150 |
(21.8)
00
Tensile
modulus 100 L
(14 5)
©
Kevlar 49/epoxy ©
50 GPa S-glass/epoxy
(73ms1) [
O
E-glass'epoxy
0 £ . i A . 1 L
1000 M~>a 1200 o3 2136902
(185 1 ken) (174.2; {203 2) ( )

0° Tenule strength

Figure B-4. 0° Tensile Froperties of Typical Epoxy Composites
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1© 9,
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graphite/epoxy

1 5%-strain
bidirectional
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bidirectional
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bidirectional
graphite/epoxy

Figure B-5. Tensile Properties of Graphite Fabric Prepreg
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Tensie strength
Ltegend-

LM = Low modulus
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IMHS = Intermediate modulus high strergth
HM = High modulus

Figure B-6. Tensile Properties of Matrices
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]
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PMR

Matrix type

Figure B-7. Strength-to-Density Ratio of Matrices

7able B-5. Table of Neat Resin Properties at Room Temperature

Tensile modulus, GPa

—
Tensile strength, MPa

Resin Type Specific gravity (ms1) (ks1)

Epoxy Thermoset 1.1-1.4 21-55(03-08) 40-85(6-12)
Phenolic Thermoset 12-148 2.7-341(04.06) 35-60(5-9)
Polyester Thermoset 11-1.4 1.3-41(0.2-06) 40-85(6-12)
Acetal Thermoplastic 14 35(0.5) 70(10)

Nylon Thermoplastic 1.1 1.3-3570.2-059) §5-90(8-13)
Polycarbonate Thermoplastic 1.2 21-35(03-05) 55-70(8-10)
Polyethylene Thermoplastic 09-1.0 07-14(01-02) 20-35(2-5)
Polyester Thermoplastic 13-14 2.1-28(03-04) 55-60(8-9)
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* four stages of deformation of fibers, matrix, and

compesite.
Stage!

Stage !l
Stage I

Stage IV

elastic deformation of both fibers

and matrix

elasticdeformation of fibers, piastic
deformation of mateix
plastic deformation of both fibers

and matrix

failure of both fibers and matrix

Figure B-9. Deformatian Stages of Fiber, Matrix, and Compaosite

Table B-6. Properties of Graphite {Carbon) Fibers

High strength High modulus Ugg%':l'&h
Specific grawty, y 18 19 20-21
Modulus. E, msi 34 53 75-90
(GPa) (230) 370) (520 -620)
Tensile strength®, o, kst 360 260 150- 190
(MP3) (2480) (1790) (1030-1310)
Tensile elongation, *% 1M 0s 02
Specific modulus, Ery, msi 19 20 38-45
(GPa) (130) (190} {260 - 310}
Specific strength®, ofy, ksi 200 137 75-90
(MPa) (1380) (940) (520 - 620)
Ltongitudinal CTE, 106 in/in°F 02 03 0 6. est.
(104 m/m °C) (-0 8) (-0 5) (-1.1,es1)

* tn a typical composite
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Table B-7. Properties of Kevlar and Glasc Fibers

Propertues g-glass S-glass Keviar 29 Kevlar 49
Speathic gravity, v 260 25 144 144
Modulus, €, ms: 105 126 12°¢ 18
(GPa) (72) (87) (83) (124)
Tensde strength®, g, ks 230 360 330 330
(MPa) (1,720) (2.530) (2.270) (2.27C)
Tensile elongation®, % 24 29 28 18
Specific modulus, E/y msi 4 S 83 125
{GPa) (28) (35) (s7) (86)
Specific strength®, gry ks 96 145 230 230
(MPa) {661) (1,000) (1.580) (1,580:
Longitudinal, C T E.. 10-6innn °F 28 31 -1
(10-8m:m °C) (50) {5 6) (-2)
" in a typical composite
Table B-8. Tensile Strength of Neat Resins
23°C (73 &°F) 82°C (179 6°F) 121°C (249 8°F)
-t
Neat Resin System Dry Wet Dry Wet Dry Wet
[ B
MPa kst T MPa| kst | MPa| ke [ MPa| kst | MPa | ku | MPa} ks
Hercules 3502 - epoxy a3 60 36 S2 a2 €1 25 36 sS4 78 15 22
Fibredux 314 - epoxy 28 40 48 70 32 a6 32 a6 19 ‘9 8 12
Hercutes 2220-1 - epoxy 43 €13 €8 99 73 106 | a6 67 60 87?7 23 34
Hercules 2220-3 - epoxy a6 | 67 | 67 | 97} 70 | 102 aa | 64 | 62 | 90 | 21 | 30
—V——
Hexcel 1504 - epoxy 77 11.2 51 74 n 103 48 69 62 90 16 23
Narmco 5245C - Bismaleimide 74 107 | a7 68 62 9.0 57 82 76 110 28 49
amerncanCyanamid CYCOM 907 - 85 1251 59 84 67 97 2 03 1 o - -
multiphase epoxy, forme:ly BP907
uni~a Carbide 4901A - epoxy cured 109 158 79 118 S7 82 3 04 10 14 - - —_i
with MDA (Methylered.analine)

B-13
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Figure B-10. Tensile Strength of Neat Resins




. Table B-9. Young's Modulus of Neat Resins

23°C(73 a°F) 82°C (179 6°F) 121°C (249 8°F)
Neat Resin System Ory Wet Dry Wet Dry Wwet
GPa | mst { GPa | mst | GPal mu [ GPa | ms | GPa | mau | GPa | mu

Hercules 3502 - epory 38 1 0SS5 35 ;0% 31 oa4s ' 26 1037) 28 |C0a0 ] 19 | Q.8
Fibredux 914 - epoxy 40 | 058 3 045 32 |04 | 20 0N 07 j01w0; 03 | 004
Hercules 2220-1 - epoxry 30 | 043 31 045 ) 26 1038 2 o301t 22 |032 10 | 018
Hercules 2220-3 - epoxy 30 1044 ) 31 JOaS | 2% |036] 21 JON 2y §0311 09 |03
Hexce! 1504 - epoxy 39 105721 35 |0 23 (048 | 28 |0Q40 | 27 |029 ]| 09 |03
Narmco $245C - Bisrmale:mide 371054 ] 40 J0S8| 34 1050 ; 31 045 ] 31 045 ] 09 {013
American Cyanamd CY{ONM 907 - 32 1047 | 29 |0A2 ]| 28 |04yl 01 |00V | 26 | 038 - -
muitiphase epcxy. formerly 8P9Q7 I

Union Carbice 49014 - edoxy. cured | 48 |om | 36 losz; 28 {oar | 01 oo | os Joor| - -
L:wtll MUA (metnylenediancine) J J'
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Table B-11. Properties of Commercial Carbon Fibers ‘

Fiber Tensile Tensile
diameter Density strength modulus
pm mils g/em3 Ib/in3 MPa ksi GPa | ma
Magnamte AS!? 800 ] 0.315 1.80 0.065 3100| as0 | 230 33 _
Magnamite AS4 800} 0.315| 180 0.065 3590 ] s20 | 235 34 .
Magnamite AS6 - - 1.82 0.066 4140 | 600 243 35
Magnamite IM6 - - 1.74 0.063 4380 635 279 40
Celion GY-70 638 ] 0.330f 191-197| 0069-0071] 1520 220 485 70
Celion 3000 7111 0280 1.77 0.064 3790} S50 23 34
Thornei 7-300 693 ] 0273 1.77 0064 3230} 470 23 34
S00
(72 6)
®©
Celion
GY-70
aco |
(58 1)
Tensile
modulus o
300 |
(43 5)
©
Cehon IM6
3000
™ 1-300
2.9 ase
o © AS4
g AS1
200 GPa T,
(29 G ms) 7 1 1 1
1000 MPa 3000 S000
(1 5 1ks1) (435 4) (725 7)
Tensile strength
Figure B-12. Tensile Properties of Commercial Carbon Fibers .
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Figure B-13. Strength-to-Density Ratio of Commercial Carbon Fibers
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