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SUMMARY

The objectives of the Failure Analysis for Composite Structural Materials program were
to develop analytical and diagnostic techniques that can be used for determining the
causes of failure in composite materials and to incorporate these results into a
. compendium of procedures which may be used as a reference manual when conducting a
postfailure analysis of a composite structure, given the failed part as the starting point
' of the investigation. Such techniques included flow charts deseribing the logical
arrangement of investigative operations along with diagnostic procedures that reveal
the cause and mechanism of failure. To achieve these objectives, this program was

divided into five tasks:

] Task 1-Literature search and diagnostie technique selection.
. Task 2-Specimen production and test.

® Task 3-Diagnostic technique evaluation.

® Task 4-Creation of a failure analysis compendium.

. Task 5-Evaluation and demonstration of techniques.

This final report summarizes the progress and findings of activities carried out for tasks
1 through 5 which identified, organized, and examined a variety of postfailure analysis
methods for composite materials. Because such failures may arise from a wide variety
of causes, analysis techniques examined ineluded four basic disciplines: nondestructive
evaluation (NDE), stress analysis, fractography, and materials characterization. Results
of efforts in the first half of this program were reported in the interim report "Failure
Analysis of Composite Material Structures" (AFWAL-TR-86-4033), and included findings
from tasks 1, 2, and 3. This final report briefly presents these results, with the major

emphasis and detail covering efforts on tasks 2, 3, 4, and 5.

In task 1, each of these disciplines was reviewed, and specific methods valuable to the
postmortem analysis of failed composite structures were identified. This investigation
was accomplished by reviewing available literature in each diagnostic area and by

visiting experts throughout the United States.

The literature search revealed that there were well-developed capabilities applicable to
postfailure analysis using the techniques of nondestructive evaluation and materials
characterization. The techniques of fractography and stress analysis were also

identified in the literature, but were found insufficiently developed for direct
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incorporation into the program compendium. At the conclusion of task 1, detailed
flowcharts were developed outlining a logical, sequential procedure for conducting a

postfailure analysis of composite materials (see section 6.0).

Tasks 2 and 3 involved the fractographic examination of pedigree specimens that failed
under tightly controlled conditions of a 1770C (350°F) AS4/3501-6 graphite/epoxy
system. The results provided valuable baseline information for determination of the
specific fracture features relative to crack growth directions, relative load state, and
separation mechanisms for a variety of simple and complex failure conditions. The
simple conditions involved interlaminar Mode I tension and Mode II shear, translaminar
shear, and crack of both modes at various environmental conditions and crossply

orientations.

The complex conditions involved a study of structural/loading effects and
defect/contamination effects. Eight primary test specimen types were designed and
tested to evaluate operative failure causes, such as:

Contaminants.

Voids.

Fatigue.

Mixed modes (tension and shear).

Manufacturing/inservice damage.

Structure specific geometries.

Environmental exposure.

The completion of task 4 provided a reference document which presented an overview of
the analytical and diagnostic techniques that can be used to determire the causes of
failure in continuous fiber reinforced composite materials. Such techniques included
flow charts describing the logical arrangement of the investigative operations using
fractography, materials characterization, nondestructive evaluation, and stress analysis
as the primary diagnostic procedures. Interpretive methods were also presented to
illustrate how to evaluate the information obtained during the application of the various
analytical techniques. Finally, supportive data such as case histories of actual failure
analyses and an extensive atlas of fractographs were included to provide a comparative

reference source.
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The task 4 Compendium has been completed and published by AFWAL as AFWAL-TR-
86-4137, "Compendium of Post-Failure Analysis Techniques for Composite Materials".
The Compendium should be considered as a precursor to a more comprehensive handbook
which will be produced through current Air Force Contracts F33615-86-C-5071 (Boeing
Military Airplane Company) and F33615-87-C-5212 (Northrop Corporation).

Task § involved the demonstration and evaluation of the failure analysis logic sequences

(FALNSs), various analytical techniques, and the overall capability to adequately define

the cause of failure. During the performance of this task, the causes of failure of
three-composite structural components were successfully determined. The FALNs and

' the various analytical techniques developed within this program were used to identify

the sequance of failure, the origin locations, the loading conditions, and the direction of

crack propagation for the following structural components:

] V-22 Osprey full scale wing test box.

I . NASA HiMAT test wing.

(] I-beam.

The successful results obtained during the postfailure analyses investigations suggested
that the technology has come a long way since its initialization in the late 1970's.
Through efforts within this program as well as other research programs from the
scientific community, it is evident that many of the analytical instruments and methods
are approaching the capability currently available for metal failure analysis. The
primary deficiency evident through actual application of the various techniques on
failed components, such as those evaluated in task 5, is that the fractography
interpretive methods are still in the infancy stages. Although the capability to
unc'crstand the microscopic fracture mechanisms and the characteristic microscopic
racture features is rapidly evolving from programs such as this, future efforts need to

be aimed at lower magnification fracture analysis technique development.
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1.0 INTRODUCTION AND OBJECTIVES

The need to develop a comprehensive postfailure analysis capability for composite
materials has become apparent in recent years. With the increasing use of these
materials in aerospace applications, unanticipated failures under full-scale test
conditions as well as in service are more likely to occur. This likelihood makes it
necessary to develop the technology (or capability) to identify the causes and understand
the circumstances of such failures, so that improvements to future designs can be made

or appropriate corrective actions taken.

The steps for determining the causes of component failure in metallic structures are
well established. Not only do postfailure investigators have a well-established protocol,
but they can also draw on a battery of recognized analytical methods. Unfortunately,
that was not the case with composite materials. Neither a well accepted protocol, such
as a failure analysis logic network (FALN), or a set of analysis methods existed to

determine failure causes for composite materials.

This program was specifically aimed at correcting that situation. The Air Force overall
multiyear/multiprogram objective is to establish a widely disseminated and generally
accepted "Composite Structure Failure Analysis Handbook" - or the equivalent for
composite materials of such metal books as the Air Force sponsored "Electron
Fractography Handbook" and the American Society for Metals (ASM) "Failure Analysis
and Prevention" handbooks. While this program did not produce the fully comprehensive
handbook, it has produced the "Compendium of Post-Failure Analysis Techniques for
Composite Materials" (AFWAL-TR-86-4137), which should provide a strong basis for the
handbook.

To provide the basic technology required for successfully carrying out a composites

postfailure analysis investigation, this program consisted of three primary objectives:

] Establish, verify, compile, and demonstrate techniques and procedures for the
postfailure analysis of graphite/epoxy structures.

. Define a logical investigative sequence, using the above procedures, that identifies
the starting point, mode, and reason for in service failures.

* Establish a compendium that summarizes the techniques and investigative proce-

dures defined above.
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To achieve these objectives, the existing program has been restructured as follows:

. Task 1-Literature search and diagnostic technique evaluation.
° Task 2—Specimen production and test.

. Task 3—Diagnostic technique evaluation.

. Task 4—Creation of a failure analysis compendium.

. Task 5—Evaluation and documentation of techniques.

These tasks and their interrelationships are schematically illustrated in figure 1.
Tasks 1 through 3 address the compilation and review of the various diagnostic
techniques and protocols available, then select and evaluate their overall utility and
effectiveness on test specimens made to fail under controlled conditions. The resulting
compendium (task 4) provides a listing of the techniques and procedures found to be
applicable in tasks 1 through 3. This compendium is presented in an instructional format
and includes example data/information as well as appropriate FALNs to guide
investigators along a logical analysis path. In task 5, the techniques and procedures
developed within tasks 1 through 3 were applied to three failed components selected and

submitted by the Air Force.

This final report completes all technical efforts within this program. Results from all

efforts are included, with a brief description of research covered in the interim report,

and a detailed description of studies encountered in the latter half of this program.

Significant features are as follows:

. A review of existing technical literature.

° Detailed failure analysis logic networks (FALNSs).

. Descriptions of specimen test procedures for the generation of controlled
fractures for complex failure conditions.

® Fractographic findings for specimens failed under both simple, singular failure
conditions and complex failure conditions.

° Results of failure analyses for the three failed components, demonstrating the
developed failure analysis capability gained within this program.

° Results of in situ SEM analysis of interlaminar fracture, performed under

subcontract by Texas A&M University.
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2.0 APPROACH

This program was structured to produce a Compendium of Post-Failure Analysis
Techniques for Composite Materials, along with several supporting examples of its
application and effectiveness. The fundamental approach was to use the existing Boeing
expertise along with pertinent scientific literature, and then, through a series of five
tasks, identify, evaluate, summarize, and demonstrate the techniques and procedures

necessary for a rudimentary failure analysis. The tasks were as follows:

° Task 1-Literature search and diagnostic technique evaluation.
L] Task 2-Specimen production and test.

L Task 3—Diagnostic technique evaluation.

. Task 4—Creation of a failure analysis compendium.

° Task 5—Evaluation and documentation of techniques.

Figure 1 illustrates the specific interrelationships of these tasks, with Boeing experience
forming the basic foundation at program start. In general, comprehensive failure
analysis has been hampered by a lack of clearly defined information requirements.
Research, while moving forward, has not always addressed large scale in service failures
or the needs of the failure analyst. Because Boeing has been involved in composite
failure analyses since 1977, that experience provided an initial model defining the

necessary requirements, techniques, and procedures.

Tasks 1 through 3 systematically identified, reviewed, and evaluate diagnostic

techniques necessary for a failure analysis.

Task 1 compiled diagnostic techniques from the available literature for: (1) direct
incorporation into the final compendium, (2) additional study, or (3) elimination.
a . Because many of the techniques for performing a failure analysis already existed, the
literature review represented a logical starting point; it included nondestructive
evaluation, stress analysis, materials characterization, and fractographic analysis
techniques. Task | also involved on site visits with specific experts to further define

existing capabilities available from the scientific community.

Those techniques selected for further study were evaluated in tasks 2 and 3 by
examining pedigree specimens that failed under tightly controlled conditions. These

studies were carried out on a model state-of-the-art carbon fiber/3500F curing epoxy




system (Hercules 3501-6 resin with AS4 fibers) in order to provide standard baseline
data.

Information generated by tasks 1 through 3 provided the majority of information
necessary to establish a Compendium of Post-Failure Analysis Methods for Composite
Materials (Task 4). This compendium assembled the diagnostic techniques and FALNs
into an instructionally oriented failure analysis form. The diagnostic techniques and
interpretive skills developed in tasks 1 through 3 were evaluated by performing analyses
of three failed components during task 5. The exercises within task 5 evaluated the
investigative sequence, as well as the fractographic, nondestructive, and materials

characterization techniques examined and developed in this program.
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3.0 RESULTS

The following paragraphs briefly describe the results of tasks 1 through 5 during the
performance of this program. More detailed descriptions of program results are
provided in sections 4.0, 5.0, and 6.0, which present research findings obtained since the

interim reporting period.
3.1 TASK I-LITERATURE SEARCH AND FALN DEVELOPMENT

The objectives of this task were twofold: first, to review existing diagnostic techniques
and identify those of potential value for composite materials failure analysis, and
second, to organize these techniques into a logical framework describing their sequence
of use. The framework considers the type of information obtainable by each technique,

its value, and its relationship to other techniques.

Literature published from 1978 to the present was reviewed to identify existing
diagnostic techniques for composite failure analysis. These documents addressed four
general areas: (1) nondestructive evaluation, (2) stress analysis, (3) fractography, and (4)
materials characterization. A total of 286 abstracts were identified, and 58 papers

were examined.

Well-developed diagnostic techniques were identified for both nondestructive evaluation
and materials characterization. In both these areas, there were many techniques that
were sufficiently mature for direct incorporation into the "Compendium of Post-Failure
Analysis Techniques for Composite Materials." However, in fractography and stress
analysis, the information available from the literature search was insufficiently

developed or documented for direct incorporation.

In the case of stress analysis, most of the surveyed literature focused on simple
specimens failed under idealized conditions. Such techniques generally assumed
relatively simple failure criteria and were capable only of roughly approximating the
load at failure. Consequently, while it is reasonable to assume that these techniques
might be improved to deal adequately with inservice failures, the accuracy,
documentation, and degree of detail in current stress analysis literature is inadequate

for direct incorporation into a useful compendium.
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In the area of fractography, the situation was similar. Again, a significant portion of
the literature reviewed relatively small coupons failed under ideal conditions, although
some documents dealt with methods for analyzing larger, full-scale coupons. In general,
while the available literature on fractography makes an important contribution to the
understanding of fractures, it did not appear sufficiently complete to be directly
incorporated into the final compendium. Detailed findings of the literature review have

been presented in the interim report.

Under task 1, the Boeing initial FALN was reviewed, updated, and expanded. This FALN
delineated the logical sequence of investigative operations required for carrying out a
failure analysis, and described when and where to employ nondestructive evaluation,
stress analysis, materials characterization, and fractography. This framework was
based upon well-established procedures utilized in the failure analyses of metallic
structures. It considered each major failure category, potential interrelationships, and
the prevention of premature destruction of evidence. It was organized in a manner
which emphasized the initial use of simple, inexpensive examinations followed by
progressively more dctailed analyses at later stages. Because the FALN applied these
techniques on a broad scale, four sub-FALN's were developed to describe the logical
flow of analysis in greater detail for each major discipline (see section 6.0). To aid
investigators in selecting the best techniques for these sub-FALN's, supporting charts
were also developed under task 1. The charts (contained in the interim report) describe

the uses, attributes, and drawbacks of the most useful analysis techniques.

3.2 TASK 2—-PRODUCTION OF SPECIALIZED TEST SPECIMENS

The primary objective of task 2 was to design, fabricate, and test specimens until they
failed under singular failure mode with known crack direction or under complex,
mulitiple conditions. The task was divided into two subtasks, 2A and 2B. The first of

these subtasks examined the simpler conditions of failure, whereas subtask 2B examined

multiple, complex conditions.

4 In accordance with Boeing procedures, these specimens were cured at 1770C (3500F),
and employed Hercules 3501-6 resin with AS4 fibers. Vendor tests of the materials were

performed prior to fabrication to establish the pedigree of the material.
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In addition to design and fabrication, specimen tests were completed for the subtask 2A
(single failure mode) specimens during the interim reporting period. Four specimen
configurations were tested, each of which was designed to provide control over the
mode and direction of crack propagation. In the case of interlaminar fractures, failures
were produced under Mode I (tension) conditions, using a double cantilever beam (DCB)
specimen configuration. Failures under Mode Il (shear) conditions were produced using
an end-notch flexural (ENF) specimen geometry. Controlled fractures through the
laminate thickness (translaminar) were generated using notched-beam flexure for Mode |
(tension and compression) and notched rails for Mode II (shear). As part of subtask 2A,

specimens were also tested at under the following conditions.

Conditions
Dry Wet*
c’ F° c° F°
-54 -65 21 70
21 70 82 180
82 180 132 270
132 270

*The wet specimens were preconditioned at
71°C (160°F) and 100% relative humidity
(condensing) environmental soak to an absorbed

moisture content of 1.0% by weight.

During this final reporting period, specimen tests were completed for the subtask 2B
(complex failure mode) specimens. Seven primary test specimen types were designed
and tested to study the effects of operative failure causes, such as:

Contaminants.

Voids.

Multiple load conditions.

Mixed mode delaminations.

Mechanical/inservice damage.

Structure specific geometries.

Environmental exposure.

Where possible, specimen configurations were tested to provide control over the mode

and direction of cracik propagation. For instance, the first four operative failure causcs




P listed above were produced under interlaminar Mode | and Mode lI conditions, utilizing

the DCB and ENF specimen configurations, respectively. The last three operative
t failure causes were produced witi; a wide variety of specimen configurations (that is,
compression after impact, drill breakout, fastener-filled-tension, and laminate flexure).
Each of the task 2B specimens were considered successful in generating the intended
operative type of failure.

) 3.3 TASK 3—DIAGNOSTIC TECHNIQUE EVALUATION
3.3.1 Results Prior to Interim Report
)G This task established and evaluated the fractographic means for identifying the

4 direction and mode of ecrack propagation, and contributing conditions such as

environment, defects, or other factors, involved in failure. During the earlier interim

2 reporting period, interlaminar Modes I and I, and translaminar Mode I tension and

: compression failures were examined. For each of these fractures, a variety of

analytical methods for identifying the direction and mode of failure were evaluated.
Consistent with the failure analysis logic networks developed under task 1, this task

'c: employed both optical and scanning electron microscope (SEM) analysis methods for

'.E'. examining these relatively simple singular failure condiiions.

1

N

K Through extensive analyses of over 500 specimens in this program, sound evidence

;.; supported the use of low magnifications investigations wherever possible. Particularly

:‘ for inspection of delamination surfaces, the optical microscope provided significantly

'o; more information in a given timeframe than the SEM. Crack mapping and fracture

" mode determinations can be performed two or three times faster with the optical

:‘ microscope; therefore, the amount of surface area and thus the reliability of the data )

7, can be greatly increased. The SEM has proven itself as a unique and powerful

;:‘; instrument, with primary advantages over the optical microscope for topographically <
rough fracture surfaces (translaminar) or high magnification inspection of fine details

“ (fiber ends, striations, etc.).

: . Detailed examinations of interlaminar and translaminar singular fracture mode failures

revealed significant differences in fracture characteristics.
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Interlaminar Mode | fractures were relatively easy to identify and analyze. For this
mode of failure, the direction of crack propagation could be discerned by examining the
direction of cumulative river mark coalescence or detailed resin microflow. Mode I

failures were easily identified by their consistently flat planar fracture topography.

Interlaminar Mode Il (shear) fractures typically exhibited a rougher and more complex
appearance than those noted under Mode I (tension). Because of their more complex
appearance, it was more difficult to determine the crack propagation direction of Mode
il fractures. For crossply layups (ply orientations other than 0/0-degree), the tilt of the
fractured epoxy platelets or hackles were aligned in the direction of crack propagation.
However, for 0/0-degree ply layups, the hackles were aligned roughly parallel to the
crack, but are oriented both toward and away from the direction of crack propagation,

and therefore do not reliably indicate crack growth direction.

Translaminar Mode | fractures are easily identified by extensive fiber pullout and the
distinctively radial morpaology of the fractured fiber ends. This radial morphology
indicates the local direction of fiber end fracture. The cumulative direction of these

individual fiber end fractures corresponded to the direction of crack growth.

Translaminar compression fractures typically exhibited extensive fracture surface
damage and fiber mierobuckling. Though this mode was relatively easy to identify, no
combination of discrete features was found that could be used to clearly determine the

direction of crack propagation.

3.3.2 Results Since Interim Report

During this final reporting period, efforts were completed for subtasks 3A and 3B.
Subtask 3JA work involved a continuation of efforts initiated earlier in this program
(reported in the interim report), including translaminar Mode 1 and Mode II fractures the
(four-point side notched and the rail shear specimens, respectively). Subtask 3B
research included fractographic analysis of more complex failures involving structural
and defect conditions. For each of these fractures, a variety of analytical methods for
determining the direction and mode of failure were evaluated. Consistent with the
failure analysis logic networks previously developed under task 1, this task employed
both optical and scanning electron microscope (SEM) analysis methods for examining

both the simple (task 3A) and complex (task 3B) failure conditions.
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Detailed examinations of the task 3A translaminar fractures revealed significant
variations in the appearance of the macroscopic and microscopic fracture morphologies.
The four-point translaminar tension and compression specimens that were subjected to a
variety of environmental conditions exhibited the same basic features identified for
room temperature dry fractures, except that more fiber-matrix separation was evident
at conditions of elevated temperature and absorbed moisture. The rail shear trans-
laminar Mode I specimens exhibited a failure morphology consisting of compression
damage and fiber microbuckling. The appearance was different from compression
Mode I fractures as evident by the much rougher overall topography, extensive amounts

of protruding isolated fibers, and a slant type fracture at each individual fiber end.

Subtask 3B specimens involved two primary conditions of complex fracture, namely,

structural/loading conditions and defect/contamination conditions. Detailed
examination of the interlaminar mixed mode flexure specimens revealed a dominant
morphology found on the Mode II shear interlaminar specimens. Hackles, scallops, and
river marks were observed, with interfacial failure occurring by both mechanisms A and

B, with the tilt of the hackles oriented parallel to the direction of induced propagation.

The interlaminar fatigue specimens exhibited the primary features representative of
static type fractures. Microscopic striations were evident for both the Mode I and
Mode Il specimens, with striations located in the resin matrix fracture regions for the
Mode I fractures, and striations located in the fiber-matrix separation regions for the

Mode II fractures.

Laminate flexure specimens proved interesting in that pronounced differences in failure
mode occurred for each specimen layup. Failure of the 0/90 and the quasi-isotropic
laminated occurred along the tensile surface and involved both translaminar splitting
and delamination. In contrast, failure of the unidirectional 0-degree specimen occurred
through the full specimen thickness with very little delamination. Failure of the
+45/-45 specimens occurred without any identifiable conditions of fracture, however

cross sections showed localized minor internal cracking.

The drill breakout specimens exhibited extensive backside breakout damage. The
backside delaminations exhibited mixed mode failure morphology (initiating at the bore
edge) and machining debris was lodged into the delamination cracks.
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. Microscopic analysis of the interlaminar defect/contamination specimens exhibited
3 unique and easily distinguishable features representative of defect conditions such as
voids, Teflon, and Frekote. Each defect type exhibited localized regions which lacked

resin fracture features, indicative of little or no fracture toughness.

The analysis of the compression after impact (CAI) specimens indicated that

interpretive methods developed for the singular failure conditions were directly

0
=

!
e microscopic load state of failure was identified and the point of origin was located.
f‘r
‘5-:;-: In situ SEM studies were performed by Dr. Walter L. Bradley through a subcontract
N with Texas A&M. Real time and postmortem observations for both pure Mode I and
::"3 Mode II delaminations indicate there is an extensive zone of mierocracking in the resin
a,'r ahead of the main crack tip (at least 90um for Mode I and 200um for Mode Ii). For each
C:.;'. loading condition, cracking occurred by microcrack coalescence and interfacial
‘.'f‘- debonding. Dr. Bradley's interpretations indicate that the orientation of hackles do not
* in any simple way relate to the direction of crack growth, and that the inclination of
_: hackles relative to the plane of fracture is indicative of the fractional percentage of
‘ .:: Mode II during the fracture process.
)
3 3.4 TASK 4-COMPENDIUM OF POST-FAILURE ANALYSIS PROCEDURES
fi."
‘\5 This task provided a reference document which presents an overview of the analytical
b/ and diagnostic techniques that can be used to determine the causes of failure in
' ) continuous fiber reinforced composite materials, Such techniques included flow charts
:.'.:-: describing the logical arrangement of the investigative operations using fractography,
v r materials characterization, nondestructive evaluation, and stress analysis as the primary
E:.‘ diagnostic procedures. Interpretive methods are also presented to illustrate how to
. evaluate the information obtained during the application of the various analytical
_.- techniques. Finally, supportive data such as case histories of actual failure analyses and
an extensive atlas of fractographs are included to provide a comparative reference
: ::: source.
[
jT" The Compendium has been provided to AFWAL as contract data requirements list
E (CDRIL) item rumber ~ix, and is considered as a precursor to a more comprchensive
it 13
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applicable to complex failure conditions such as CAl. By utilizing these methods, the
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handbook which will be generated through Air Force Contract numbers F33615-86-C-
5071 (Boeing) and F33615-87-C-5212 (Northrop).

3.5 TASK 5-VERIFICATION AND DEMONSTRATION OF THREE FAILED
COMPONENTS

The objectives of task 5 were to demonstrate and evaluate the FALN and various
analytical techniques, as well as the overall capability to adequately define the cause of
failure. During the performance of this task, the causes of failure of three composite
structural components were successfully determined. The FALN and the various
analytical techniques developed within this program were used to identify the sequence
of failure, the origin locations, the loading conditions, the effect of material
deficiencies or environmental influences, and the direction of crack propagation for the

following structural components:

) V-22 Osprey full scale wing test box.
o NASA HiMAT test wing.

] [-beam.
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-1.. 4.0 TASK 2-SPECIMEN FABRICATION AND TESTING
4.1 OBJECTIVES
' The objectives of task 2 were to design, fabricate, and test specimens to failure under
':3 singular and multiple causative conditions, producing both simple and complex fractures.
This task was divided into two subtasks that reflect the division of specimen types.
s Under subtask 2A, specimens were designed, fabricated, and tested to create fractures
, under controlled conditions of ecrack propagation, direction, mode, origin, and
" environment. In task 2B, complex failure specimens were designed, fabricated, and
tested to study the effects of:
3_’ ° Contaminants.
:‘): ° Voids and porosity.
b ° Mechanical damage.
° Inservice damage.
- . Structure specific geometric configuration.
:. ° Multiple load conditions.
Y The interim report covered all of the testing for subtask 2A. The following discussion
.;: reviews the pedigree of the materials used, specimen fabrication for tasks 2A and 2B,
’j and the test history of subtask 2B specimens.
_ 4,2 GENERAL APPROACH TO TASK 2
.
, j For task 2, there were two sets of specimens, namely, those failed by a singular cause
o (subtask 2A) and those failed under multiple conditions (subtask 2B). Figure 2
i summarizes the test matrix and test geometries used in these subtasks. In subtask 2A
singular-failure-mode specimens were designed to create the Mode I and Mode II failure
.f; circumstances illustrated in figure 3. The specimens fabricated for subtask 2A differ
- from the typical ultimate strength test specimens used in some failure analysis
35 investigations in that they are specifically designed to generate well characterized sites
3-:: of failure initiation, crack propagation, and failure mode. The effect of varying fiber
; orientations on failure characteristics was assessed by testing a variety of layups and
interfacial ply orientations. For all specimens in this program, the 0-degree plies were
__ oriented along the longitudinal axis. In the case of interfacial failures, five interfacial
orientations were examined: 0/0, 0/90, 0/45, +45/-45, and 90/90 degrees (indicating the
b
'- 15
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Mode Ii

Interlaminar Crack Modes

P4
Mode It
Translaminar Crack Modes
[:::] Denotes ply orientation
Mode i Opening or tensile mode. where the crack surfaces move directly apart
Mode ll Shdingorin piace shear mode, where the crack surtaces shide over one another in a direction perpendicutar

tothe leading edge of the crack
Figure 3 Basic Modes of Loading Involving Different Crack Types and Surface
Displacements (Interlaminar and Translaminar)
6-B70236-003
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angular orientation of the plies between which delamination was produced). For
example, 90/90 indicates a condition where interlaminar fracture was produced between
: two adjacent 90-degree plies. In the latter part of the subtask 2A, the effect of
environmental conditions on fracture characteristics was assessed by testing at a

variety of temperatures, both with and without absorbed moisture.

The task 2B specimens were designed to produce multiple failures while maintaining as

- -

much control as possible over the variables being analyzed. Two basic kinds of

specimens were tested; specimens that use the singular-failure-condition configurations

- ---
-

employed in subtask 2A (with the addition of fatigue and defect conditions), and

specimens designed to create mixed loading and structural detail simulations that are

-
..‘.

complex in load state and application. By using these types of specimens, a set of

-
Pl

failure types and modes were generated that, when analyzed in task 3, provided basic
information concerning the effect of these multiple conditions and aided in verifying

. and evaluating the diagnostic techniques developed in subtask 3A.

4.3 MATERIAL PEDIGREE

Currently, a fairly wide variety of resin systems and fiber combinations exist for use in

graphite/epoxy composite materials. However, due to the high performance demands of

Y L il

military and commercial aircraft structures, the types of available materials are limited
to those systems that exhibit good environmental behavior, toughness, and high ultimate
strength. These systems are typically 1770C (3500F) cured graphite/epoxy systems
d based on tetraglycidyl diaminodiphenyl methane-diaminodiphenyl sulfone (TGDDM-DDS)

-
o

epoxy matrices, with or without BF3-amine catalyst additions. For this program,

Hercules 3501-6/AS4 carbon epoxy tape was selected.

LY

To guarantee the pedigree of the material, the prepreg tape was purchased in

&

accordance with XHMS 8 294, Type 1, Form |, Class 1, Grade 145. Basic properties

were verified by vendor testing.

4.4 SPECIMEN FABRICATION

Specimens for subtask 2A and 2B were fabricated per Boeing process specification

BAC 5562, in which panels were cured at 586 Pa (85 Ib/in2) and 1790C (355°F) for 120 to

180 minutes, us’rza nonl od vacaum b ag system,

Y -y Y
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Through-transmission ultrasonic (TTU) techniques were used to inspect each specimen
for defects resulting from panel fabrication or subsequent machining. Those specimens
with areas greater than approximately 0.322 cm2 (0.05 in2) that exhibited ultrasonic
indications three levels higher (18 dB) than the baseline were rejected and scrapped.
Over 97% of the fabricated specimens were found to be acceptable. [n addition to
ultrasonic inspection, representative samples from each of the panels were optically
examined in cross section, and subjected to thermomechanical analysis (TMA). Optical
microscnpy of representative cross sections confirmed that the ply stacking sequence
for all but one of the paneis was correct. For this one panel, a plus 45-degree ply was
inadvertently laid up with a minus 45-degree orientation. However, this error was
considered inconsequentia; given the strictly fractographic aims of task 3. Additional
microscopy evaluated defect cunditions identified by TTU on rejected specimens. The
TTU identified defects corresponded with matrix voids. The degree of panel cure was
evaluated by determining the glass transition temperature of each panel by TMA in the
flexure mode. All measured values were found to be typical of full cure and were

judged acceptable.

4.5 ENVIRONMENTAIL MOISTURE PRECONDITIONING

Moisture preconditioning of sabtask 2A specimens, which required an absorbed moisture
ievel at fracturce, were piaced in a 719C (1600F), 100% relative humidity environment

antila s vaoisture content by weight was achieved.

This mo-stare content wias selected as representative of typical values that can be
anticipated Tor cong term inservice exposure. Moisture gain data gathered by NASA on
ground raexk eaposed sampres at ovarious locations around the world have indicated a

stable eguidbr wr o value of about [ Tor 3501 epoxy svstems.

4.6 INTERLAMINAR MIXKD MODE FLEXURK (MMF) TESTING

(O, a0 b s B, ard A0S0 nterrgees)
Patertames e ey e 0 re o8 Mode | oand Mode [ conditions were produced by
ANVIT e gt 7 e T 2 v dounte canti.ever beam specimens. In order
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ethylene propylene (FEP) insert end as shown in figure 4. This condition produces
approximately 57% Mode | and 43% Mode Il (based on elastic beam behavior).
" Cantilever support of the specimen during test was achieved by using the end-notch
" flexure (ENF) specimen fixture, which also provided freedom for the specimen to move
2 laterally during test. In order to establish a relatively uniform rate of crack
propagation, a variety of crosshead rates were utilized. In general, fracture of these
specimens occurred in a controlled manner with fracture initiating at the FEP insert and

. progressing down the length of the specimen.

4.7 INTERLAMINAR FATIGUE TESTING (MODE I AND MODE II)

:" These tests were carried out utilizing the double cantilever beam (DCB) and crack lap
::': shear (CLS) specimen geometries. The DCB Mode | specimen geometry was identical to
L that optimized earlier in the program for task 2A specimens. The CLS Mode Il specimen
. geometry was selected to simulate primarily shear loading conditions. Although the
.. load states are actually 80% shear and 20% tension, this specimen geometry has been
:j proven by Boeing independent research and development (IR&D) studies to give well

* controlled erack growth under fatigue conditions. The CLS specimen dimensions are
"N identical to that of the DCB specimen and the loading is presented in figure 5.

",

_‘ The DCB specimens were static load precracked with a mechanical testing systems
' (MTS) servohydraulic load frame until the crack extended about 2 in. The stroke was
S recorded at the maximum crack growth. Each specimen was then fatigued from 1 to
: 6 hz (depending on the span required). The first set of 3500 fatigue cycles was
Y conducted between 40% and 90% of the specimen's maximum recorded stroke at failure
3 ard the second set of 3500 fatigue cycles was conducted between 10% and 60%
A maximum stroke. ‘
v
:: The CLS specimens were static load precracked until the crack extended about 2 in. 4

The ultimate load was recorded. Fach specimen was then fatigued at 5 hz. The first
f fatigue set of 3500 cycles was conducted between 20% and 60% of the specimen's
o recorded ultimate load and the second fatigue set of 3500 cycles was conducted between

‘ 40% and 809% of ultimate load.

o
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Figure 4. The Interlaminar Mixed Mode
Flexural Specimen Geometry
(57% Mode I, 43% Mode 1)

6-B70236R2-004

FEP precrack

po——————— 10 ————

A shear stress gradient is generated at the crack tip so
that cracking is driven from the FEP precrack toward
the opposite end.
Figure 5. Crack Lap Shear (CLS) Specimen
Geometry and Loading Conditions
6-B70236R1-005
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4.8 LAMINATE FLEXURE TESTING
(0 Degree, Quasi-isotropic, 0/90, and +45/-45 Degree Layups)

Laminate flexure failures were produced under four-point bend. These 32 ply and 5- by
0.5-in specimens were loaded utilizing a 4.5-in span and 2-in center span. All testing
was performed with a mechanical secrew-driven Tinius Olsen machine at a load rate of
0.05 in/min. Failure of these specimens occurred catastrophically, with no visible

identifiable origin or direction of crack propagation during the testing process.

4.9 FASTENER-FILLED-HOLE TESTING (TENSION AND COMPRESSION)

These tests failed a lap joint fabricated with 32 ply quasi-isotropic laminates bolted
together with a single 3/16-in flush Hi-lok fastener. Testing was performed on a Tinius
Olsen screw-driven test machine at 0.05 in/min. In order to prevent gross buckling,
compression testing was carried out utilizing antibuckling restraining plates on both

sides of the test specimen.

4.10 BUCKLING SPECIMEN TESTING (WITH FEP INSERT)

FEP insert compression tests were carried out by end loading each specimen while
maintaining knife edge support along the unloaded specimen edges. These specimens
were fabricated with a 1.5-in diameter FEP circular defect implanted at the
approximate specimen center. Failure of this specimen was intended to produce a
complex mixed mode delamination with a known point of origin. Testing of these
specimens, however, failed to generate any delamination growth out of the central FEP
defect region, as inC'cated by posttest TTU inspection. Catastrophic through-thickness
fracture occurred at the loaded specimen end, approximately 0.1 in from the load
platen. Since fracture did not occur in the vicinity of the implanted defect, the analysis

of these specimens was not performed in task 3B.

4.11 DRILL B*EAKOUT SPECIMENS

The drill breakout specimens were created by drilling a 0.24-in diameter hole in a 1- by

2-in, 32 ply quasi-laminate. Conditions of heavy drill force and lack of backside support

material resulted in damage of the laminate on the drill exit side.
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";-_:— 4.12 INTERLAMINAR DEFECT AND CONTAMINATION SPECIMENS
AAA
RN This involved creation of defect conditions of interlaminar Mode [ tension (DCB) and
O
o) Mode Il shear (ENF) specimen geometries followed by fracture in the same test fixturing
" used for the task 2A singular failure mode testing. These test fractures were produced
e ' between 0/0, 0/906, +45/-45, and 0/45 ply orientations with the following defect
oag conditions:
Jo
L]
: ° Voids (due to lack of autoclave pressure).
)
KX ° Frekote (applied to prepreg).
. Y ® Teflon (squeegee application).
B3
3
~"‘,-t:
‘:". Testing of these specimens produced zones of local crack plane divergence. However,
O
:J: as with the singular failure mode specimens, a sufficient amount of failure was produced
) between the planes of interest.
...P‘
%
0 4.13 COMPRESSION AFTER IMPACT (CAIl)
Bl
o Compression testing was performed on 4- by 6-in quasi-isotropic laminates after impact
\l
X I’ testing. In order to provide visible surface damage and a critical level of internal
" H
'\-(‘Q damage, each specimen was impacted at 384 in-lbs at the approximate specimen center.
")‘ Figure 6 illustrates the extent of internal damage generated as a result of impact
N testing. Compression failure after impact was produced by end loading the short
: x - . PO . . .
;: dimension of the coupon, with edge fixity provided along all four sides by knife edge
f.::: contact with a support jig (see figure 7). In general, buckling of these samples was
" observable at 80% to 90% of compression ultimate strength. However, fracture of the
) ..» sp2cimens typically occurred in a rapid and catastrophic manner, precluding visual
-;-':{ identification of either the origin or direction of fracture during test.
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5.0 TASK 3-DIAGNOSTIC TECHNIQUE EVALUATION

5.1 OBJECTIVES

Activities in task 3 were aimed at developing a detailed understanding of the fracture
surface characteristies of composite materials. The literature search performed earlier
in this program revealed that a number of investigations have been carried out to this
end. However, since the overall objective of this program is the failure analysis of
composite structures, effort was specifically devoted to understanding how fracture
features relate to the direction of crack propagation, the load state at failure, and
contributory factors such as environment, defects, and structural details. By
understanding these relationships, physical evidence such as fracture features can be

used by an investigator to reconstruct the order of events involved in component failure.

5.2 APPROACH

In task 3 the objective was to learn the basic relationship between fracture features and
crack direction, load state, and environment by examining relatively simple specimens
with well-controlled failure conditions. Using this approach, direct comparisons could
be made between fracture features and simple failure conditions, thereby eliminating
much of the complexity associated with most fractographic studies. After simple
failure specimens were thoroughly characterized, a well-developed data base was
generated, in which subtle changes in fracture features (likely to occur under more
complex failure conditions) are more readily distinguishable. To understand these
changes and to determine how the developed data base can be applied to real structures,

the later stages of task 3 examined specimens with relatively complex modes of failure.

Task 3 has two subtasks, 3A and 3B. In subtask 3A, specimens with relatively simple
modes of failure were examined with respect to crack direction, load state, and
environment. During the previous report period nearly all of the specimens in this
subtask were examined, and were reviewed in the interim report. I[n subtask 3B,

specimens which were tested under relatively complex modes of failure were analyzed.

In examining the fracture surfaces of specimens failed during this program, a number of
techniques were used involving examination at successively higher magnifications.

Initial low magnificatior ‘nspection wis earried out from 8X to 40X on a Bausch & LLomb
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stereo-zoom widefield microscope. Higher magnification inspections were performed on
the majority of fractures at magnifications ranging from 50X to 400X using a Nikon
Optiphot microscope fitted with long-working-distance objectives that give greater
depth of field than other systems at equivalent magnifications. The finest fracture
details were examined using an AmRay 1400 scanning electron microscope (SEM) at

magnifications ranging from 20X to 20,000X.

Optical characterization of task 2 fractures contributed to a critical task 3 step in the
development of a comprehensive failure analysis capability. Optical examinations of
the characteristics of fracture identified specific features and morphologies that are
valuable in performing failure analyses. Low magnification examinations verified the
plane of intended interlaminar fracture, the location of visible macroscopic beach
marks, and identified the local direction of crack propagation. More detailed
examination using the Nikon Optiphot characterized specific fracture features with
respect to their appearance, consistency over the fracture surface, and relationship with
the imposed mode and direction of fracture. Correlation of these features with the
crack direction and mode under which failure occurred is directed toward development
of an optical fractography data base. In general, optical fractography is performed in
metals fracture analysis as a means of rapidly identifying fracture origins and areas of
further interest. Similar benefits will result from the development of a methodology in

which optical analysis is used to analyze failed composite material structures.

Each fracture surface was characterized and inspected using an AmRay 1400 SEM with
a beam acceleration voltage of 20 keV. This voltage was selected to enhance the
resolution of shallow surface details such as resin microflow. Prior to examination,
approximately 20 nm (7.9 by 10-7 in) gold-palladium was applied to the specimens in a
Hummer V sputter coater. The coating was applied using the DC-pulsed mode for 5 min
after backfilling the vacuum chamber with argon 4.0 to 6.6 Pa (30 to 50 millitorr). To
provide a controlled point of reference, SEM examinations were performed at two
standard tilt angles,15- and 60-degrees. The 15-degree tilt was chosen to give a
relatively flat perspective similar to that characteristic of optical microscope examina-
tions. Sixty degree examinations revealed more of the dimension and height of specific
features. In a manner similar to earlier optical examinations, photomicrographs with

successively higher magnifications were taken to document the fracture topography and

guarantee analysis of an area typical of the overall surface.
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$ 5.3 TRANSLAMINAR MODE 1 TENSION, ENVIRONMENTAL

This paragraph describes the results of optical and SEM characterization of the typical

morphology of translaminar tension specimens failed under environmental conditions.

A _a e B_¥]

The examination revealed increasing amounts of fiber pull out at elevated temperatures

‘ and absorbed moisture conditions. As with the room temperature tensile failures

2 discussed in the interim report, these specimens were found to exhibit radial patterns on
E the fractured fiber ends and river marks on the localized intralaminar ply fracture
N, regions. The specific morphology of these features were found to correspond with the
' direction of crack propagation.
‘ Optical microscopic analyses of the fracture surface for these specimens revealed a
;« mottled texture with no truly distinctive features (see figure 8). Part of the problem in
’ optically examining these fibers occurs due to the limited depth of field of the optical
.: microscope and the highly tiered structure characteristic of such fractures. In contrast,
-\. scanning electron microscopy of typical fiber fracture areas revealed a distinct radial
\; morphology on the end of each fiber, as presented later in these paragraphs.
K)
. However, detailed optical inspections were carried out on the intralaminar fracture
o~ regions which were oriented at 90-degrees to the applied load axis. Plies oriented at 45-
: degrees could not be examined due to the irregularity of their fracture plane and
b objective clearance restrictions caused by crossply oriented fiber fractures. For the 90-
D degree plies, however, a distinet Mode [ interlaminar tension morphology was observed.
j As shown in figure 9, matrix areas of these fractures exhibited pronounced river mark
? structures as well as less distinet conditions of microflow. With reference to the
0 direction of induced cracking, these river markings were found to coalesce in the
. direction of crack growth, providing a positive means of identifying the direction of
s fracture progression.
,:.
a 5.3.1 Temperature Extremes, Dry
! E For translaminar tension failures, alterations in the temperature of fracture were found
‘.. to generate changes in the amount of fiber pull out. As illustrated for the 0/90 layup in
: figure 10, fracture at -65°F was found to produce relatively dense bundles of 0-degree
fiber fracture. Fiber breakage within these bundles tends to occur alo~ * the same
b5 approximate plane. As a result, individual fiber pull out for this failure c..vironment is
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Figure 9. Optical Photomicrograph of Intralaminar Fracture Area (Transiarminar Tension, 0/30, 5
M 180°F Dry) o
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