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EXECUTIVE SUMMARY 

This document is a first levision of the Composite Failure Analysis Handbook, dated February 1992, which was 
issued jointly by the Air Force antl the FAA under report numbers WL.-TR-91-4032 and DOTFAAKT-91/23, 
respective1 y . 

The Composite Failure Analysis Handbook was developed to meet an obvious need on the part of accident 
investigators for kcy information o n  the failure characteristics of organic matrix fiber reinforced composites 
undergoing failure due to structurnl loatling. The scope of the Handbook included: 

Failure analysis logic networks 

Guidelines tor data gathering and handling techniques for field representatives 

F~actoynpt~ic  technques for composite failure analysis 

0 Data base on t~actog~aphic  characteristics of composite material failures 

Dcscr~ption ot  case studies illustrating the valiclity ot  the failure analysis system presented in the 
Handbook 

In addition to carbon-, :irarrritJ-, bo~on-,  and glass-reinforced epoxies. the fractographic data base of the Handbook 
dealt with carbon reinforced polyiniidc, bismaleimide, anti thermoplastic material systems. Both static and fatigue 
loaded specimens were considered for in-plane loading pa~allcl ("translarninar") anti normal ("intralaminar") to the 
fibers as well as out-of-planc ("interla~ninar") loading and in-plane shear loading. Effects of environment on the 
failure characteristics presented inclutled those of elevated temperature and hurnitlity. 

Subsequent to the initiation ot  effort lending to development of the Handbook it became apparent that information in 
addition to what Ilad been planned for the first release of the Handbook was desirable, as a result of which the 
present document was developed. In  addition to providing for an expansion of the fractographic database, additional 
case studies are provided. In particular, new fr actographic results are provided both on material types previously 
considered (AS41350 1-6 carbon epoxy and AS4lAPC-2 carbon thermoplastic) and on a number of additional carbon 
reinforced organic matrix materials (AS4IKTII carbon reinforced thermoplastic polyimide, C3K8-HSIPMR-I5 versus 
the AS4lPMR- 14 carbon polyimide considered in the first release, and AS4-5250-3 versus the AS4lMR-54-4 carbon 
bismalcirnide of the first release). In addition, carbon antl glass reinforced forms of the 150°F curing German resin 
"Rutapox" L.-2OlSL encountered i n  the European aircraft industry were characterized. This present Update 1 also 
provides characteri~ation results not available previously on honeycomb reinforced sandwich materials containing 
carbon epoxy skins. 

In addition to new composite material systems, characterization results are provided for additional loading modes, 
including open hole compression and tension. Results are also provided for structural fatigue exposures of the new 
materials, as well as t o r  the carbon epoxy materials previously considered for elevated temperature environments. 

P New results on environmental degradation effects of JP4 jet fuel, hydraulic fluid, and other potentially degrading 
substances encountered in the aircraft service environment are presented. 

New case studies aimed at verifying the failure analysis procedures provided by the Handbook include an assessment 
> 

of a failed aircratt wing component and evaluation of failure processes in a honeycomb sandwich specimen and a 
simple angle component 





SECTION 1 

INTRODUCTION 

1.1 Background 

With increasing use of carbon-fiber-reinforced plastics for structural applications, a handbook was needed that 

would assist in analyzing failed structural components. To address this concern, a number of contracts were initiated 

by the Air Force and the FAA to develop such a document, which dtimately resulted in the initial publication of a 
i composite failure analysis handbook. This handbook included all of the essential information and procedures needcd 

to thoroughly analyze a composite structural component failure. However, because of continual developments in 

) composite materials technology and their applications, it is nccessary for the handbook to be a "living document" 

and to be updated routinely. 

1.2 Program Objectives 

WRDC Contract F33615-85-C-5010, "Post Failure Analysis Compendium for Composite Structures," was 

m e  of the contracts that provided information for Lhc publication of the handbook. As an expansion to this contract, 

another conwact (F33615-86-C-5071, "Composite Failure Analysis Handbook") was awarded that consisted of the 

following tasks: 

= Task 1: 

Task 2: 

Task 3: 

Task 4: 

Task 5: 

Task 6: 
) 

Development of Handling and Data Gathering Techniques for Field Representatives 

Expansion of Fractographic Techniques in Composite Failure Analysis 

Expansion of the Fractographic Databaw 

Development of Data Formals 

Documentation of Material P~opcrties 

Verification of the Composite Failure Analysis System (by performing a demonstration on two 

structural test items) 

Task 7: Documentation 



Task 8: Administrative Management 

Task 9: Mee rings 

Tasks 1,2,4, and 5 were completed under the original contract, with the results of this work having been presented 

in the final interim report. Tasks 3,6, and 7 were expanded as an add-on contract to the original contract (F33615- 

86-C-5071). This report summarizes the work done as a part of the add-on contract to these tasks. 
< 



SECTION 2 

TASK 3: EXPANSION OF THE FRACTOGRAPHIC DATABASE 

2.1 Objective 

The objective for this task was to provide additional fractographic information for the existing database. The 

task included examining material systems that have been previously studied but tested under different conditions, 

which were not covered under the original SOW. In addition, other composite material systems not previously 

examined wcre studied: a thermoset epoxy from Germany (Rutapox) using both fiberglass and carbon reinforcing 

fibers, a toughened thermoset (BMI/AS4), a pscudothcrmoplastic (KIII/AS4), and a thermoplastic (LARC-TPIiAS4). 
d 

2.2 Approach 

The overall approach to the fractographic database expansion followed a sequence that involved purchasing the 

materials, fabricating test panels and specimens, testing the specimens according to an Air Force-approved test 

matrix, and documenting the fracture surfaces. 

Purchasing the materials was essentially routine, except for the LARC-PI and the Rutapox materials. The 

major problem with LARC-TPI is in achieving uniform wetting of the fibers with the resin matrix material. This 

was attempted twice by Mitsui Toatsu Chemicals. In both cases, they failed to produce a uniform prepreg material 

for subsequent fabrication. Because this program was not a development project, further work on this material was 

stopped. The other material that was difficult to purchase was the Rutapox resin. A number of difficulties were 

encountered in the purchasing procedure because the material was from a foreign source (Germany) for a U.S. Air 

Force program. Consequently, there was a long delay in receiving the material. 

Fabrication of the panels and specimens was also routine based on the standard processing parameters of the 

materials. Figures 2-1 and 2-2 show the types of specimens used to obtain the variety of fracture modes. All 

material was ordered in prepreg form, except for the Rutapox materials. Since this material is used primarily with 

fiberglass and carbon fiber fabrics, no prepreg forms were available. Consequently, it was initially proposed that a 

prepreg form, using the resin and fiberglass or carbon tows, would be made at Boeing and used to fabricate the panel. 
6 )  

However, after further investigation, that was determined to be unfeasible. It was then decided to lay up most of the 

panels using the fabric material. A few of the panels would still require a hand layup using the tows so as to 

produce a pure translaminar fracture. 

Except for the LARC-TPI material, testing, with several modifications as noted, was performed according to 

the proposed test matrix, shown in Figures 2-3 through 2-9. These tests were designed to provide a number of 

different fracture modes from which the kactography would be documented. Because most of the tests and specimens 

were considered to be standard, very few problems wcre encountered. Most of the problems appeared during fatigue 

testing, specifically the open hole tension and compression tests. The fatigue tests were limited by the number of 

cycles due to financial and schedule constraints. As a result, the open hole tension (OHT) and open hole compression 
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Figure 2-3. Test Plan for Expansion of the Fractographic Database (SOW 4.3.3) 
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Figure 2-4. Test Plan for Effects of Fatigue on Fracture Surfaces (SOW 4.3.4) 
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Figure 2-5. Test Plan for Short- Term Environmental Exposure (SOW 4.3.5) 
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(OHC) specimens did not exhibit the desired amount of damage to effectively document a transverse Fatigue fracture 

surface. The rest of the fatigue specimens were cycled enough to produce an adequate fracture surface for 

documentation. 

Fractographic documentation was done following testing of the specimens using optical and scanning electron 

microscopy. An exception was the work done to document the fractnres and damage in the tested honeycomb 

specimens. For the single cantilevered beam specimen, the fractured honeycomb material and resin meniscus regions 

were examined. The three-point bending shear specimens could only be analyzed initially by external observation, 

such as the deformation of the face shecls and the honeycomb side of the specimens. Other techniques were used to 

further document the honeycomb core damage, however they were unable to provide satistfactory results. 



SECTION 3 

TASK 3: RESULTS 



SECTION 3.1 

CAKBON/EPOXY 

3501-6lAS4 

3.1.1 Introduction 

This section presents the results 01" additional fractography performed on AS413501-6 graphitelthermoset 

(GrIEp) test coupons. This material system is used in many aerospace applications and is considered a 

"baseline" Ihermosct composite system. Consequently, this system has been studied extensively to niake the 

most complete fractographic database ~LS a baseline for thc other co~nposite system. 

The additional fractography includes examination of interlaminar fracture coupons that wcrc subjected 

to fatigue loading at high- and low-stress levels, both at room temperature and 270°F (dry). Also, a number of 

interlaminar and translaminar coupons were subjected to different long-term environmental exposures then 

statically tested. 

3.1.2 Fatigue 

Interlaminar Mode II  (Shear) High and Low Stress Levels, K T  and 270°F/Dry 

The typical mode 11 crack propagation features were easily identified on the surfaces of both specimens. 

In addition, indications of fatigue loading, in the torm of fatigue crack growth increments or striations. were 

visible on the low-stressed spcci~nen. They were observed only on Ihe exposed fibers at the high optical and 

SEM magnifications. Even though the high-stressed fracture surface was thoroughly examined, no striations 

were found. Figures 3.1-1 through 3.1 -4 show optical and SEM fractographs of interlaminar mode I1 fatigue at 

high and low stress levels. 

lnterlaminar Mode I (Tensile) Low Stress Level, 27O0E'/I)ry 

The mode I crack propagation featurcs were not easily seen on the fracture surlaces (Figures 3.1 -5 &, 

3.1-6) unlike a typical static load fracture surface. There were more features indicative of mode I1 (shear), 

such as hackles, throughout lhe surfaces. But these corresponded to the fiber pullout fractures than thc overall 

crack propagation. Neither did these features generally indicate the overall crack propagation direction. 

3.1.3 Long-Term Environmental Exposure 

Interlam~nar mode I and translaminar (?4S0 tensile) specimens (Figures 3.1-7 - 3.1-26) were exposed to 

the following environmental conditions: 

Soaking in deicing fluid for 14 days 

Freezing the specimens at -20°F for 14 days 

Exposure to UV radiation per MIL-STD-810 



Thermal cycling between -65" F and 140°F for 2000 cycles 

Moisture - Dryout cycling for 4 monthly periods 

Following the exposures, the specimens were then tested and examined. Fractographic analysis of the 

surface morphologies revealed no abnormal or unusual surface featu~es on any ot the specimens. 
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Figure 3.1-4. SEM Fracfographs of a 3501-6/AS4 Interlaminar Mode 11 Fatigue Fracture Surface, High Stress, 270°F 

2405.09 9-5576 D l  ai 
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Figure 3.1-5. Optical Fractographs of a 350 l/AS4 Interlaminar Mode I (Tensile) Fatigue Fracture Surface. 270" F 
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Figure 3. I -  I 6. SEM Fractographs of 350 I -6/AS4 Interlaminar Mode I Tension, Specimen Exposed to U V Radiation 























SECTION 3.2 

CAKBONITHERMOPLASTIC POLYIMIDE 

AS4lKIII 

3.2.1 Introduction 

This section presents the results of fractography performed on the AS41KIII graphitelthermoplastic 

polyimidc (GrITPP) test coupons. The Cr/TPP composite system is a high-temperature thermoplastic that is 

being considered for a variety of applications in aerospace structures. The tests performed include both 

interlaminar and translaminar test coupons. These test coupons were loaded statically at room temperature 

and at 400°F (dry). Sectio~ls from the room temperature coupons were individually exposed to various 

environments to determine whether the surface morphology would be affected by these conditions. In addition, 

interlaminar mode I1 (shear) test coupons were subjected to cyclic loading to produce a fatigue crack fracture 

surface tor characterization. 

3.2.2 Static Loading 

lntcrlaminar Mode I (Tension), RTmry 

The fracture morphology of the specimens exhibited similar features as those of the PEEK material 

system, which is a true thermoplastic. On a macroscopic scale, numerous loose fibers were on the surface due 

t o  fiber pull-out. Microscopically, these features include the slow ductile peeling of the matrix craze filaments, 

which produce a limited river pattern and some cusps, which are generally associated with mode TI (shear) 

loading (Figures 3.2- 1 and 3.2-2). 

Interlaminar Modc 1 (Tension), 480"FDIry 

This tracture surface was generally similar to the RT surface but with minor differences such as fibers 

pulled out from the surface and slightly larger matrix craze filaments (Figures 3 2-3 and 3.2-4) 

Interlamimar Mode HI (Shear), RTlDry 

As with the mode 1 (tensile) case, the mode II (shear) surface morphology exhibited features similar to 

those ot the PEEK specimens, except that there wcre no loose fibers on the surface. This morphology was also 

similar to the KIIIlAS4 mode I surface, making it difficult to determine the loading condition (Figures 3.2-5 

and 3.2-6). 

Interlaminar Mode 11 (Shear), 400"FIDry 

There were no significant difterences between the fracture morphology of the RT and the elevated 

temperature test specimens as shown in Figures 3.2-7 and 3.2-8. 



Translaminar Mode I (Tension), RTIDry 

The overall appearance of the room temperature fracture morphology was typical of a notched four-point 

tensile specirnen, exhibiting a very jagged surface. 'The fracture origins on the fiber ends were easily visible 

and generally indicated the overall mechanically induced crack direction (Figure 3.2-9). The interlaminar 

surfaces (Figure 3.2-10) were identical to the mode I fracture morphology as described above. 

The specimen tested at 400°F did not fracture transversely; it only bent and buckled. Consequently, no 

fractographic data is available for this fracture configuration. ., 

3.2.3 Fatigue 

Interlaminar Mode I (Tension), RT and 350°F/Dry 

Both the RT (Figures 3.2-1 1 & 3.2-12) and the 350°F tested specimens (Figures 3 2-1 3 & 3.2-14) 

exhibited similar fracture features which appeared to resemble a mode I1 (shear) morphology. 'The resin 

tnaterial between the fibers contained hackles which indicated the overall crack growth orientation. No 

rivermarks or other distinctive mode 1 features were observed. 

Interlaminar Mode 11 (Shear), RT and 350°F/Dry 

Examination of the fracture surfaces did not reveal any definite indications of fatigue, except for a 

feature that may be related to the cyclic loading. This feature appcared to be typical of a mode I1 hackle. 

However, when observed at high magnification the feature appears to be wider and thinner than similar 

hackles on statically loaded specimens. This feature was observed both on the RT specirnen (Figures 3.2- 15 

arid 3.2-16) and the 350°F tested specitncns (Figures 3.2-17 and 3.2-18). 

3.2.4 Short-Term Environmental Exposure 

Interlaminar Mode 11 Surfaces 
i 

Examination of the mode I1 surfaces (Figure 3.2-19 through Figure 3.2-25) exposed to the various 

environments revealed that the hydraulic fluid (Figure 3.2-19) and JP4 jet fuel (Figure 3.2-20) slightly 

degraded the fracture features. The fibers appeared to be "cleaner" when compared to the control specimens. 

However, this did riot alter the surface morphology enough to prevent identification of the mode I1 fracture 

features, such as the cusp and matrix filaments 

Interlaminar Mode 1 Surfaces 

None of the exposure conditions appeared to have degraded the fracture features (Figure 3.2-26 through 

Figure 3.2-32). 





Mechan~cally induced 
crack direction 

30 degree tilt 20X 

30 degree tilt (b) AOOY 40 degree tilt !c) 2000X 

Figure 3.2-2. SEM fracfographs of a KIII/AS4 lnier/aminar Mode I Shear Fracture Surface Tesfed at RT/Dry 

2405.09 9-5576 D l  a1 
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Figure 3.2-8. SEM Fractographs of a KllI/AS4 Interlaminar Mode 11 (Shear) Fracture Surface, 400°F 

49754.24 9-5571 D l  a1 
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Figure 32-10. SEM Fractographs of a KI!!/AS4 N4ptT Spec~men, Inter!ammar Surface, Room Temperature 
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Figure 3.2-12. SEM Fractographs of a KlIl/AS4 Interlaminar Mode I (Tensile) Fatigue Fracture Surface, RT 
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Figure 3.2-19. SEM Fractographs of a KIII/AS4 Interlaminar Mode II Shear Fracture Surface Exposed to Hydraulic Fluid for 7 Days 
2405.07 9-5576 D l  ai 
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Figure 3.2-20. SEM Fractographs of a MlI/AS4 Interlaminar Mode I1 Shear Fracture Surface Exposed to JP4 Jet Fuel for 7 Days 

2405.06 9-5576 D l  ai 
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Figure 32-24, SEM Fracaographs of a KIII/AS4 lnterlaminar Mode 11 Shear Fracture Surface Exposed to Soap Solution for 24 Hours 

2405.04 9-5576 Dl a1 
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Figure 3.2-28. SEM Fractographs of a Klll /AS4 Interlaminar Mode I Tension Fracture Surface Exposed to Ultrasonic Agitat~on In Dist~lled Water for 
24 hours 
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Figure 3.2-32. SEM Fractographs of a KIII/AS4 Interlaminar Mode I Tension Fracture Surface Exposed to Fire Retardant Foam for 7 Days 



SECTION 3.3 

CARBON/POLY IMIDE 

AS4/PMR- 15 

3.3.f Introduction 

This section contains additional data for the AS4lPMR-15 graphitelpolyimide (GrIPI) fractographic 

database The additional tests were designed to allow the characterization of interlaminar fracture surfaces, 

which were the result of fatigue crack growth and surfaces that have been affected by various environmental 

exposures. 

3.3.2 Fatigue 

Interlaminar Mode I (Tension), RT and 350°F/Dry 

The overall surface morphology exhibited similar features as the tracture surface of a statically loaded 

specimen (Figure 3.3-1). Rivermarks and hackles were observed including fatigue striations. However, thc 

striation features, which were usually located in fiber pull out troughs, were very difficult to identify even at 

very high magnifications (Figure 3.3-2a). These striations were also observed in resin rich regions, which 

resembled typical "beach marks" in fatigued metals (Figure 3.3-2b). 

However the 350°F specimen fracture surface did not exhibit the typical mode I (tension) features. The 

fracture features were not distinct enough to determine the overall crack propagation direction 

Interlaminar Mode I1 (Shear), RT and 35O0FIDry 

The morphology of both the RT and 350°F (Figures 3.3-4 through 3.3-8) specimen surfaces exhibited 

characteristic shear features, such as hackles and cusps, in addition to fatigue striations (Figures 3.3-6 & 3.3- 

8). The striations were spaced very close together cnnlpared to the striations on the 3501-61AS4 specimens. On 

the high-temperature specimen, the striations could only be identified above 5000X (See Figure 3.3-6). 

Because of this, locating the striations was very difficult and required a careful examination at various angles 

and tilts before the striations could be identified 

3.3.3 Short-Term Environmental Exposure 

Interlaminar Mode P (Tensile) Surfaces 

The effects of the exposure did not affect the fracture morphology to any noticeable degree. All of the 

characteristic mode I surface features were easily identified (Figure 3.3-9 through 33-15). 

Interlaminar Mode I1 (Shear) Surfaces 



Of all of the environments (Figures 3.3-16 through 3.3-22), only the exposure to the fire retardant (Figure 

3.3-16) and the hydraulic fluid (Figure 3.3-19) slightly degraded the resin microflow features observed on the 

mode I1 surface. Even though these features were degraded, the surface was readily identified as a result of a 

mode I1 fracture. 
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figure 3.3-2. HigMagnification SEM Fractographs of a PMR- 15/AS4 Interlaminar Mode I Tension Fatigue Fracture Surface, RT/D~Y 
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Figure 3.3-6. SEM Fracrographs of a PMR- 15/AS4 Interlaminar Mode I1 (Shear) Fatigue Fracture Surface, Room Temperature 

49754.22 9-5571 Dl ai 
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60 degree tilt 20X 

60 degree tilt 400X 60 degree tilt 2000X 

Figure 3.3-10. SEM Fractographs of a PMR- 15/AS4 Inrerlaminar Mode I Tension Fracture Surface Exposed to Ultrasonic Agitation in Distilled Water for 
24 hours 





Mechan~cally ~nduced 
crack dlrection 

60 degree tilt (a) 20X 

60 degree tilt 400X 60 degree t~ l t  2000X 

Figure 3.3-12. SEM Fractographs of a PMR- 15/AS4 Interlaminar Mode I Tension Fracture Surface Exposed to Hydraulic Fluid for 7 Days 



Mechan~cally Induced 
crack d~rect~on 

60 degree tilt 20X 

60 degree tilt (b) 400X 60 degree tilt (c)  2000X 

Figure 3.3-13. SEM Fractographs of a PMR-IS/AS4 Interlaminar Mode I Tension Fracture Surface Exposed to Acetone for 24 hours 
2387.05 L7220 D8 ai 





Mechanically Induced 
crack direction 

60 degree tilt 20X 

60 degree tilt (b) 400X 60 degree tilt (c) 2000X 

Figure 3.3-15. SEM Fractographs of a PMR- 15/AS4 Interlaminar Mode I Tension Fracture Surface Exposed to Fire Retardant Foam for 7 Days 
2387.02 L7220 D8 a1 





Mechan~cally induced 
crack d~rect~on 

60 degree tilt 20X 

60 degree tilt (b) 400X 60 degree tilt (c) 2000X 

Figure 33-17 SEM Fractographs of a PMR-15/AS4 Interlaminar Mode N Shear Fracture Surface Exposed to Ultrasonic Agitation in Distilled Water for 
24 hours 

2357.04 L7220 0 8  aiRl 



Mechanically mduced 
crack direction 

60 degree tilt (a) 20X 

60 degree tilt (b) 400X 60 degree tilt ( c )  2000X 

Figure 3.3-18. SEM Fractographs of a PMR- 75/AS4 Interlaminar Mode I1 Shear Fracture Surface Exposed to MEK for 24 Hours 

49829.06 9-5576 D l  ai 











SECTION 3.4 

CAKBON/THERMOPI,ASTlC 

3.4.1 Pntrodnrtion 

T h ~ a  sectloll contair~s additional data lor the AS4lAPC-2 grapli~te/polyetherctherkctor~e (Gr/PEEK) 

fractagraphic database. The additional tests were designed lo allow the charactcr~tation of ~n t e r lmi~ l a r  

fracture surtaccs, wh~ch were the result 01 tatrgue crack growth and surtacc\ that have been altectcd by vanoua 

environmental exposures. 

Interlaminar Mode I1 (Shear), KT and 250°F/Dry 

As \hewn III Figures 3.4-1 and 3.4-2, 11ic t~ac tu~ r :  \ortacc moiplrology ot the RT \pccirnen appeared 

typ~cal tor [he mode I1 (shear) GrIPEEK Iracture surtace. Howcver, the hncklc leatnrc on this sur lxe  wai\ 

con\~derablc mailer than the \tal~cally loaded specmen and wa\ ptobably unique to the cyclic load~ng 

The tractnre morphology wa\ very dll tcrent on the speclmen rested '11 250°F (F~gure\ 3.4-1 ;md 3.4-4) 

Thc resm w:b pulled out 111 "ribbon\" wli~ch did not ~ndtcare the overall crack propagaulon ilmc t~on. 

Interlaminar Mode I (Tension), KT and 250°F/l)ry 

The R7 lracture surtace (F~gure\ 3 4-5 and 3.4-6) exhibited Icaturcs smilar to Jarge hackle\ between 

thr I~her\ ,  or~enteti 111 Ihe duection of the overall crack propagat~on d~rcctlon The pla\t~c craze wa\ al\o 

pre\ent ~iroughout the entire wrtace incluchg the large hackle\. 

The morphology ot the 250°F frailure \usface (Figulc\ 3 4-7 mtl 14-8)  w,t\ ihlle~cnt trom thc RT 

\peclmen. It con\~\ted of  the "ribbon\" of r e w  that appear to have been pulled out torm lhc \urlat e This w,i\ 

( he rvcd  on the mode 11 (shmr) Jatiguc Iiaclure \urlace The\c "r~hbon\" dlti not g v e  any inti~i~atiorr to Lhc 

overall crack propagallon dlrectlon 

3.4.3 Short-Term Environmental Expost~re 

Interlaminar Mode 1 and I1 Surfaces 

Examlnat~on of the lracture surtace revealed the characlcr~stic \uslace fc;tLurc\ lor both the mode I 

(tension) (F~gurc 7.4-4) and mode 11 (\hear) (Fignre 3.4-lo), re\pei.tively Ttierc ;~ppcatretJ to he no  Oegr;~dat~on 

In the surface teature due to the exposure\ 



















Mechanically ~nduced 
crack direction 

30 degree tilt 20X 

30 degree tilt (b) 400X 30 degree tilt (C) 2000X 
Figure 3.4-9. SEM Fractographs of a PEEK/AS4 Interlaminar Mode I Tension Fracture Surface Exposed to MEK for 24 Hours 





SECTION 3.5 

CAKBON/BISMALEIMIDE 

AS4IMR-54-4 

3.5.1 Introduction 

T h ~ s  sectloll contams add~t~onal  tractograpliy performed on AS41MR-54-4 gr:tphltc/bi\malel~ii~de 

(GrIBMI) test coupons. 11iit1al fractograph~c analysw ha\ been previously docurnerited on this system and 1s 

~iicluded In the handbook. Work under lhls contract Included both ~nterlarn~~iar and timslainmar specmens. 

The coupons were to have been tested at both RT arid at 450°F. However, only tlie specmeris tested at R T  

were documented because the elevated-tempeiature-tested specimens buckled and did not produce either an 

mterlaminar or a trarislamlnar fracture surface. 

3.5.2 Static Loading 

lnterlaminar Mode I (Tensile), RT/h-y 

Visual observation revealed a smooth. glassy surface typical of an interlarni~lar mode I tension fracture. 

However, fragments of loose fibers were apparent 011 the fracture surfice. These Sibers were separated from tlie 

matrix (possibly due to weak tiberJmatrix adhesion). Under the optical microscope, fine rivennxks were 

observed, indicating the overall crack propagation direction (Figure 3.5-1). As sliown in Figure 3.5-2, SEM 

examination revealctl rivermarks between the carbon fibers. These sivermarks indicated the crack growth is 

consistent with the mechanically induced crack direction. 

Interlaminar Mode I1 (Shear), K'r/I)ry 

V~sual observat~ori ot llic fracture surlace revealed a flat hut ~nilky :ippe:uance when held at an angle to 

the hght. The ~nllky appearance 1s due to the hackle lormatmn created by shear lo;~dirig, wh~cli was ob~ervctl 

at h~gher mapnihcatlon under the opt~cal microscope (F~gure 3.5-3). SEM e x m ~ i i a t ~ o n  revealed h:rchlc\ of 

diftere~it s ~ x s ,  shapes, atid tilt angles located betwee11 the carbon lihers (Flgure 3.5-4). 

'Translaminar Tension, RT/l)ry 

SEM fractography (F~gure 3 5-5) revealed rad~al patterns on the flber ends, lndicatlrig a resultant crack 

d~rect~on consistent wlth the mechanically ~nduced dlrect~on. The specimen tested at 450" F d ~ d  not lnacture 

but only bent durlng the testlng (Flgure 3.5-6) 





Mechanically induced 
crack direction 

r'igure 3.5-2. SEM Fractographs of an AS4BMl Interlaminar Mode I Tension Specimen Tested at RT/Dry 





fvlechanically induced 
crack direction 

figure 3.5-4. §EM Fracfographs of an AS4/5MI Interlaminar Mode I1 Shear Specimen Tested at RT/Dry 







SECTION 3.6 

FIBERGL,ASS/THERMOSET 

EC 9-756-K43lRUTAPOX Ir2OlSI, 

3.6.1 Introduction 

This section shows the results of the fractography on L-20JSL (FGJRutapox) test coupons. This 

composite system is currently used by Grob Industries lo manufacture lightweight aircraft. Because the 

prim;uy stsucturcs on these aircralt are fabricated using fabric material, the interlaminar test coupons (DCB 

a id  ENF) also consisted of fabric made by using a wet hand lay-up technique. However, to evaluate basic 

Prractographic surfxcs, additional specimens were machined from panels fabricated using fiber rovings. A 

general co~np;lrison of the two fonns reveal sirnilxr fracture modes but the fabric did not appear to have ;IS 

good o f  tiber wet out as the roviitgs. 

3.6.2 Static Idoatling 

Interlaminar Mode I (Tension), Normal and High Strain Rate RTIDry 

V~\ual  exam~natlon revealed an opaque white Iractnrc surface and an easlly diwern~ble fiber tabric 

weave. A5 \hewn in F~gurc 3.6-1 & 3 6-2, SEM exarnlnatlon revealed very few reg~ons containing r~vermxks, 

winch would mdit ate the crack growth d~rectlon. In atidition, there wcre numerous area\ of matrlx mater~al 

c r x k ~ n g  fcat~~res that appear to be \~milau to hackles, whlch are usually indlcatlve ot a mode I1 \hear loadmg 

dun mode I tens~le The high \tram rate lc\t tracture surlaces Figure 3.6-3 & 3.6-4, exh~bited a smaller reglon 

ot frdc ture between the iabnc p lm.  The "h~gh" \pots of the tabric weave wcre apparently the only areas thal 

had fractured 

lnterlaminar Mode I1 (Shear), K'll'flh-y and H o r n e t  

The fracture surfaces oP both specimens exhibited similar features (Figure 3.6-4 &. 3.6-S), The Itbric 

tows parallel to the crack propagation orientation contained the hackles typical of a shex  loading. Whereas 

the tows perpentliculx to the crack direction exhibited ribbons of resin tearing from the fibers. The torn ends 

were generally bent towards the crack propagation direction. 

The fracture surface of the RTIDry specimen was composed mainly of resin which indicalcs that the 

crack propagated through the interlace between the fabric surhcc (as seen in the Hot/Wet fractographs) and 

the resin. In addition, voids were also present at the fabric tow intersections 



+4S0 Tensile Fracture Specimen 

The fabric specimen l~acture surfaces (Figure 3.6-7) were more corisolidated as compared lo lhe 

roving specimen surfaces. There were fewer fiber pullout regions but wetting of the fibers did not appear to be 

as thorough. Furthermore, unlike the roving specimen, the fabric fiber ends exhibited a fracture morphology 

indicative of' a colnpression loading. These were also grouped in more bundles compared to the roving 

specirne~i fiber ends. 

In the specimen made using only ravings (Figure 3.6-8). the f'racturc surfkce exhibited primarily mode 

11 l"racture features with some limited regions of mode I. The overall appearance was very fibrous with a 

considerable amount of fiber pullout. 

Open Hole 'Tension, Fahric 

The overdl liaclure surface (Figure 3.6-9) was very fibrous and jagged with numerous regions of mode 

I1 (shear). No river patterns, indicative of mode I (tension) fraclures, appeared in the intralami~iar fracture 

surfaces. The fracture morphology appeared to resemble a tearing of groups of fibers from the tow bundle with 

resin attaching to both surfaces of separated fiber bundle. I11 addition, the fibers did not appear to have 

complete liber wet out by the resin. 

Open Hole Compression, Rovings, 

T h ~ s  fracture plane (Flgure 3.6-10) was more distorted than the g r q h ~ t e  speclmen tracture surface h t  

~t wa\ a more conslsterit morphology throughout t l~c surface. The overall wrface cons~sted of f~ber  bundie\ 

wh~ch had iractured together In one layer, generally coverlng the eritlre tracturc surtace. The 11ber end4 and 

surround~ng resm exhlblted the class~c compressloll load~rig morphology 

Translaminar Mode I (Tensile), 4ptN'1', Kovings, KTn)ry and HotIWet 

Large amounts of llber pullout were present throughout h e  surfaces of both speclmem (F~gure 3.6-1 1 

& 3.612). Flbels that pulled out from along the mtralammar surfaccs (the YO0 d~rectlon tows) were riot wetted 

very thoroughly and the resm fracture surlaces on t h ~ \  hacture surlacc contiuned only a few fracture icatu~cs. 

Unl~ke the other rovmg speclmcns, there d~dn't appear to bc thorough f~ber wet out 111 these rovtng specimens. 

3.6.3 Short-Term Environmental Exposure 

For U I ~  Rutapox epoxy Iesln system, only four specimens were examined that were of Ihe most severe 

env~ronmcnts, JP4, Acetone, MEK, and Hydrauhc Flu~d (F~gure 3 6-14 through 3.6-16). Examinat~on of the 

tracture surfaces revealed no degradatmn of the fracture features 1eg;udless of the exposure condit~ons. 





Mechanically Induced 
Crack Direction 

Figure 3.6-2. SEM Fractograpns of a Wutapox/FG Fabric lnterlarr~~nar Mode I (Tens~le) Fracture Surface, RT 































3.7.1 ltntroduction 

This section presents the fractographic examination ot the HTA-5 13 1 -12KIRu tapox L-20/SL, 

( G r l R ~ t i ~ p o ~ )  test specimens. This system is also used on ligl~tweight aircratt manuiactu~ed by Grob 

Industries, although primarily on a high-altitude research version. Similar to the fiberglass system, these 

mcratt  structures are fabricated pr~mar~ly uwig carbon fiber Lahr~c. Consequently, most of the text spccmens 

werz tabricatcd u\ing fahr~c lor the ~nterlamlnar (DCB and ENF) fracture \pecinwis. made usmg a wet hand 

lay-up technique. However, to evaluate othcr has~c tractograph~c morpholog~es, atld~t~onal \pecimen\ were 

rnai liincd from pauiels that wcre lahricatcd uxrn? t~her  rovmgs One unrque tcature ot the fabnc wax that these 

c ,libon Iibcr\ werc sl~ghtly oval and c ontamed nuinerous longtud~nal iidge\. Thee tcatuies were not seen in 

rtrc ccuhon Iher  rovmgs nor werc they plcscnt I I I  thc t~bcrglas\ t h e n  01 cltlicr lhe fabric or the roving\ 

3.7.2 Static 1,oading 

Intrrlamrnar Mode I (Tension), Normal and High Strain Kate ilYT/B)rp 

The trncture w r t x e  (Figure 3.7-1 & 3.7-2) containccl nurnerou\ rcun-r~ch region\ w~th  void\ 

d~ \~~ lbu t c t l  throughout the surlace. T h a e  voitls werc likely thc rewlt of panel proces\lng rather than a \pcclf~c 

rrlati:ria~l attribute. This resulted in an overall shiny appearance when cxarnirictf visually. SEM examination 

I F i y i ! ~  3.7-1) revealed numerous rivermarks in the resin-rich legions indicating the crack growth dirtxtion. 

Tile resin between the f'ibers perpendicular to the fracture direction was composed of hackles with no  specific 

discernible Iracturc direction. 

The high strain rate specimcn fracture surlaces (Figure 3.7-3 & 3.7-4) werc similar ro thc normal rate 

qxcirnens, but the river patterns were more evident. 

Interlaminar Mode II (Shear), RT/Dry and Hot/Wet 

The visual appearance was generally rough similar to the rnotlc I s~rfil(:c~ but with fewer shiny rezions 

(Figure 3.7-5 BL 3.7-6). The fracture surlaces wcre similar to the fiberglass specimens with the exc 

eption of the carbon fiber features as mentioned above. The fabric tows parallel to the crack propagation 

orientation contained the hackles typical of a shear loading and the tows perpentlicular to the crack direction 

exhibited the ribbons of resin. The tom ends of the resin werc generally hcnt towards the crack propagation 

direction. 

The fracture surface of the RT/dry specimen was composed mainly of resin which indicates that the 

crack propagated through the interface between the fabric surface (as seen in the H o r n e t  fractographs) and 



the resin. This resin fracture surlitce also contained translaminar cracks, perpendicular to Ule fibers, which are 

typical of shear cracked resin surface$. In addition, voids were also present at the fabric tow intersections. 

Translaminar Mode I (Tensile), 4ptN'I', Kovinps, KTIDry & HoVWet 

Both fracture \urtaces (F~gures 3 7-7 & 3 7-8) were s m ~ l a r  arid both contiuned slrghtly oval fiber\ w ~ t h  

lor~grtudrnal \tnat~ori\ There wa\ l~ttlc correlat~on between the fiber eud fractures and the macrocxoplc 

fracture ti~rectron In & l ~ t r o n ,  even there wd\ tarrly good wetting of the hber\ by the resrn, i t  was d~tlicult to 

tleterminc the fracture dlre~tiorr on UK ply \urface\ p,uallel the Iralture duection Few frdc ture ~norphology 

feAurc\ were evident on the thex  surt,uc\ 

f 45" Tensile Fracture Surface Ko*inp\ and Fabric, KI' 

The ove~all appe;u;uicc of the fabrrc wrface exli~bited both mode I drid I1 Iracture\ lcarurz\ (Frgure 

3 7-9) 'The orrerr1;tllon ot the hackle\ drtl not glve an ohvrou\ md~catron of the obcrail crack propagdtron 

Jlr cctlori 

Open Hole 'I'emion. F;il)ric, KT 

The til)cr en& d ~ d  not clcxLy ~nrlicdte tlx ocerall clack direc11011 from rxanunat~on of a 4 1 1 1 ~ 1  sarnple 

(Flsure 3 7-10) [hi: t~bers were o\al and contamed dlstmct long~tutlinal ridges. r~acer  vxrrls iti the labnc 

were clearly vr\ible and were 1111t1,illv contused wlth w n e  t)pe of libcr pull-out contlrtior~. Thc p11w parailel 

to the clack driecr~on had 11xhle\ on the surfx2s, but 11 gencrall! appealed that t h e e  tow icp011.s nzre pullcct 

apart 111 a  node 1. 

Open Hole Co~npression 

Two d~\tinct ~ r g l o i ~  were plexnt on the tr;icture suit,~ce\ (Ftgurc 3.7-1 1) The reyon ;tc?pce~it to h e  

hole cont;ri~ictl 21 gleat deal of ruhhlc covered wth  srnall \ccrion\ 0 1  tractn~cd fiber\ The regruns fullher awit\i 

Irom the hole exli~b~ted the classnc comprcswn tractuse morphology w~ th  the chht~nct centerl~ric throngh thc 

tiher\. 111 addrtm, some ol the tiher\ were actually split along their centerline to aui unknown depth. 















Mechanically Induced 
Crack Direction 1 

Figure 3.7-7. SEM Fracfographs of a Rutapox/Graphite Roving 4ptNT Fracture Surface. Hot/Wef 







Mechanically Induced 
Crack Direction 

Figure 3.7-10. SEM Fractographs of a Rutapox/Graphite Fabric Open Hole Tension Fracture Surface, RT 

. 





SECTION 3.8 

HONEYCOMB STRUCTURES 

3501-6 FACE SEIEETS/NOMEX HONEYCOMB 

3.8.1 Introduction 

This section present> the fractographic characterization of failed 3501-6INoniex honeycornb sandwich 

components. The tests performed consisted of single cantilevered beam and three-point bending shear test 

coupons. For each type of test condition, a fractographic analysis technique was developed that desc~ibcd thc 

various fracture modes and how to determine the failure mode and possibly the cracking direction or dlreclions 

In addition to providing baseline data for the failure analysis development, processing variables ' ~ I I C  

environmerltal conditions were also investigated. 

3.8.2 Single Cantilevered Beam 

Determining Failure Propagation Direction 

Failure propagation in honeycornb material is best determined by examination of the fiber pullout and 

by the direction in which the fiber is bent. As the honeycomb fails, the fiber and resin fail separately. The 

fiber is often freed from the resin by the failure and is drawn plastically in the direction of the ctisplscenier~t 

due to the propagation of' the failure. For tensile failure this displacement is nearly normal to the direction oi' 

propagation, with a slight bias in the direction of p1,opagation. 'The bias can result in plastic deformation ot the 

side of the fiber away from the propagation direction or breakage of the fiber with the propagatioil direction oi 

the crack in the fiber the same as that in the honeycomb. The result of these effects is that the propaption 

direction is indicated by the lay of the loose ends of fibers along the failed surfacc (see Figure 3.8-1). 

Studying the crack propagation directions in the resin meniscus whcrc the honeycomb ribbons join is a m o ~ e  

difficult method of determining the failure propagation direction. 

The locations where the ribbons join have a double ribbon thickness and additional resin to strengthcrl 

that location (see Figure 3.8-2). The resin meniscus is a trilobate structure, with its weakest points at the 

terminations of these lobes or arms, which are directed 120 degrees from one another. In all the test 

specimens, the loading occurred such that propagation direction for the failure would be parallel to the ribbon 

direction. The failure could propagate only along one of three paths. Two of these paths were along single 

plies of ribbon oriented at 60 degrees from the line of the ribbon junctures. The other direction was that of the 

ribbon juncture (see Figure 3.8-3). Whenever one of these juncture areas failed, both menisci were involved. 

If the failure was the result of a traveling failure front, then one of the menisci broke from the juncture outward 

(the trailing meniscus) and one broke from one of the arms along the single-ply edge of the cell (see Figure 

3.8-4). This meniscus set thereby indicates the propagation direction for that joint. The propagation direction 

for any one meniscus set may not be consistent with the overall direction of failure. The failure propagation 



front 1s not always a stra~ght line (rce F~gure 3.8-5), wh~ch can result 111 local atreas where the ta~lurc front may 

temporarily loop back on itselt beiore jumping back to the main front. Thls would generate a meniscus pair 

wlth a iallure propagallon dlrect~ori that war the reverse of the general propagation d~rec t~on tor the panel. 

Other possibilit~es ~nclutle patterns that would indicate a d~rect~on ot propagatlor1 at r~ght  anglcs to the nbbon 

tlirec-tion (Flgure 3.8-6) or vertical, with both mcni\ci breakmg 111 toward the center (Figure 3.8-7). As a result, 

the propagation cllrcct~on on the scale of an intilvldual honeycomb cell based on the meniscus remi tailures 

would not rehably indicate the overall dircctlon ot the ta~lure. Multlple sets of rrielilsci would have to be 

exarnined to be confident in the overall direction ot tailure. 

Fractography of the Specimens 

Vlsual obscrwuons werc docnrnented before more dctailetl analysis. These observations included Ihe 

gencral appealawe ot the atlheslve layer, ~ntl~cations ot any adhesive la~lure, amount 01 tallurc m a plane, and 

hber hur\t In the honeycomb tallu~c Figure 3.8-8 shows some of the v~\ual observations on the modc I 

honcycomh \;uldwlc.h \pccnncn<. The tallurc 4uriaces were then exam~ned micro\copically to document the 

tractogritphy ol the rc\m hurtace\ and the crack propagation dlrectmns 

Control Specimen. No adhewe or cohe\lve lailure\ werc \een In the\e 4peclmen types. As shown In F~gure 

3 8-9, 100% core fullurc was oh\erved 

Aged Atfhesive Specimen. The horleycomb cells appeared LO be more distorted in these specimens than in 

the others. I t  has not bee~i dctcrrnined i f  this is the result of processing or testing. The amount of burst ilbers 

was less than that seen in the control specimen. As shown in Figure 3.8-10, the failure was in the honeycomb. 

Eight-Pound Core Specimen. The failurc occurred primarily in the adhesive layer. Both adhesive and 

cohesive failure was evident. The adhesive failure, between the adhesive and the tace sheet, occurred near 

the center of the specimen. ApproxirnateJy 25% of the core failure was observed in these spccinrei~s. Optical 

frxtographs laken ;it 200X showed a lower velocity fracture characteristic as evidenced by the mirror and mist 

fracture features shown in Figure 3.8- 1 1 .  

I!ndercored Adhesive Specimen. There was more burst liber on the failure surface in this sample than in 

most of the others, except the control specimens, (Figure 3.8-12). 

Undercured Face Sheet Specimen. The honeycomb material embossed the face sheet, and there was more 

evidence of out gassing in the form of many bubbles in the adhesive layer, as s h o w  in Figure 3.8-13. 



3.8.3 Three-Point Bending Shear Test 

Samples were photographed as received, and surface failure pattern was documented graphically (see 

Figure 3.8-14). The pattern of the visible distortion on each of the sides related to the failure is schematically 

represented. 'The illustration of the labeled side of the panel is in the same orientation as the photograph of the 

panel. The edge illustrated just below the labeled side illustration is of the right edge with the labeled side of 

the panel on the top. The left end of the right-edge view is the lower section of the view, while the right side 

is higher along the edge. The illustration of the unlabeled side is drawn as though viewed frorn the labeled 

side to indicate the relative pattern of the failure on the two sides. The associated photograph is a mirror 

image of the illustration in this case. The left edge is illustrated below the illustration of the unlabeled side. 

The left end of the left-edge view is the higher section of the view, while the right side is lower along the 

edge. 

The crack pattern in the honeycomb is illustrated in the edge view drawings. 'The alternating light and 

dark vertical bands signify individual cell walls of the honeycomb; walls normal to the edge are now shown. 

The lines indicate visible cracks in the honeycomb walls, and the thickened surface sheets indicate 

delamination of the carbon fiberlresin composite, cohesive failure of the adhesive, adhesive failure of the 

adhesive, or honeycomb fracture at the adhesive meniscus. The type of failure at that surface is identified in 

Figure 3.8-15. Figures 3.8-16 through 3.8-30 show the specimens and the crack diagrams. 

The extent of damage to the honeycomb within the panel was evaluated with a water intrusion 

technique. The approach was to place the panel in a beaker of water and weigh it down so that the crack area 

was submerged. This was then placed in a vacuum bell jar, and a vacuum was created. The vacuum was held 

until the escape of gas bubbles frorn the panel ceased. The bell jar was then repressurized and the panel was 

reweighed. After weighing, the process was repeated to ensure complete filling of the damaged area. More 

gas bubbles were generally released, suggesting this procedure may be causing the cracks to continue to 

propagate. This approach is still being evaluated. A related approach is the use of silicone rubber intrusion 

methods to create a rubber cast of the failure site. 



Figure 3.8- 1. Fibers Torn and Bent in the Direction of the Propagation of the Failure 

A Miniscus Set 

Figure 3.8-2. Orientation of the Continuous Ribbons in the Honeycomb Denoting the Ribbon 
Direction and the Associated Meniscus Set 

Open Area of Cell 

Resin at Ribbon Juncture 

Figure 3.8-3. Trilobate Resin Structure at the Ribbon Juncture Forming a Pair of Menisci or a Meniscus Set 

153 



figure 3.8-4. Failure Patterns in the Resin Menisci Indicating the Propagation Direct~ons 

The illustxation on the left shows "Wallner" lines indicating the failure initiated at the apex of the upper 
an of the meniscus. It then propagated across the joint and caused a conchoicial fracture in the trailing 
meniscus. The illustration on the right shows the same type of event but with a Waliner line failure pattern 
at the trailing meniscus. 

Locations of Reverse Direction Failures 

Figure 3.8-5. The Failure Front Doesn't Travel as a Straight Line and May, for Short Distances, Change Direction 



Figure 3.8-7. The Wallner Line Pattern for a Failure Propagating Inward From Both Sides Indicating a Vertical 
or Twisting Failore 
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Figure 3.8-9. Optical Fmctographs of Mode I Sandwich, Conhol Specimen 
Sheet 1 of 2 
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Sample 2B 

See 200X 
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on next page 

Figure 3.8-10. Optical Fractographs of Mode I Sandwich, Aged Adhesive Specimen 
Sheet 1 of 2 
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Sample 28-2 

Figure 3.8- 10. Optical Fractogaphs of Mode I Sandwich, Aged 
Adhesive Specimen (Sheet 2 of 2) 
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Sample 38 see mdagnification below 

50X 
Sample 3A-2 

Figure 3.8-1 1. Optical Fractographs of Mode I Sandwich, Stronger Core Used (8-lb) Specimen 
Sheet 1 of 2 
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Figure 3.8-1 1. Optical Fractoyraphs of Mode I Sandwich, Stronger Core Used (8-lb) Specimen 
Sheet 2 of 2 
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Figure 3.8- 12. Op fical Fracfographs of Mode I Sandwich Specimen, Undercured Adhesive 
Sheet 2 of 2 



Figure 
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next page 

Bubbles in adhesive layer 

Sample 5A 

See magnification below 

3.8-13. Optical Fractographs of Mode I Sandwich Specimen, Undercured Face Sheet 
Sheet 1 of 2 



Sample 5A-1 200X 

Figure 3.8- 13. Optical Fractographs of Mode I Sandwich Specimen, Undercured Face Sheet 
Sheet 2 of 2 
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Figure 3.8-14 /lustration of the Position of the Two Photographs and Four Drawings of Each Sample 



SAMPLE TREATMENT PERCENT' BREAKAGE AT 
NUMBER CARBON/RESIN ADHESIVE MENISCUS HONEYCOMB 

AGED ADHESIVE 

IMPROPER CORE 

UNDERCUREO ADHESIVE 

UNDERCURED FACE SHEET 

RIGHT --- 

67  
40 
8 0  

LEFT -- 
13 

5 6  

80 

1 8  

RIGHT 

75  
5 0  

33  
25  

1 0  
40 

80  
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67  
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CRUSH 
100 

82  

RIGHT 
100 
25 
5 0  
100 
CRUSH 
100 

50 

9 0  
60  
100 
20 
100 
96 -- 

7gure 3-8-75. Linear Distribution of the Three Crack Modes Near the Honeycomb/Adhesive/CarOon Fiber Corrposjte 

Interface and the Amount of Crackir~g Through the Honeycomb 

The failure visible at the edge of the sample is reported in terms of the linear percent of the length for 
each crack mode. The CarhonlResin category indicates delanzination in the face sheet composite. The 
subcolumns indicate the left and right sides respectively as indicated on the schematic sheet for that sample. 
The Adhesive category indicates cohesive failure in the udhesive layer itself The Meniscus category 
indicates that the honeycomb failed ut the point of the adhesive meniscus. The final category, Honeyconah, 
indicates the percentage of failure in the honeycomb material away from the face sheets. 



Figure 3.8- 16. Control Sample 1-2.4X Reduction 
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Figure 3.8- 17. Control Sample 2-2.4X Reduction 



Figure 3.8- 18. Control Sample 3-2.4X Reduction 
17 1 



Figure 3.8- 19. Aged Adhesive Sample 6A 1-2.4X Reduction 



Figure 3.8-20. Aged Adhesive Sample 6A2-2.4X Redllction 
173 



figure 3.8-2 1. Aged Adhesive Sample 6 A S Z . d X  Reduction 





figure 3.8-23. Improper Core Sample 7A2-2.4X Reduction 





3-8-25. Urldercured Adhesive Sample &3A 1 

-2.4X Reduction 



Figure 3.8-26. Undercured Adhesive Sample 8A2-2.4X Reduction 
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Figure 3.8-2 7. Undercured Adhesive Sample 8A3-2.4X Reduction 
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Figifre 3.8-28. Undercifred Face Sheet Sample 9A 1-2.4X Redifction 
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Figure 3.8-29. Undercured Face Sheet Sample 9A2-2.4X Reduction 
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Figure 3.8-30. Undercured Face Sheet Sample 9A3-2.4X Reduction 

183 



SECTION 4 

TASK 6: VERIFICATION OF THE COMPOSITE FAILURE ANALYSIS SYSTEM 

4.1 Objective 

The objective of this task was to determine the capabilities and effectiveness of the composite failure 

analysis handbook by demonstrating the use of the handbook on actual components. 

4.2 Approach 

Two simple components were fabricated, tested, and submitted by the Air Force to Boeing for failure 

analysis. To make this analysis more realistic, various aspects regarding the background of the fabrication and 

testing of these components were withheld from the investigator. The failure analyses would then be conlpared 
f 

with the known causes of failure, resulting in a rrlore effective evaluation of the procedures and techniques in 

the handbook 

4.3 Reports 

The failure analysis performed on a simple angle component is in Appendix A, a metal core 

honeycomb sandwich analysis in Appendix B and a fracture analysis of a GROB wing section in Appendix C. 
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ABSTRACT 

As a requirement for the Composite Failure Analysis Handbook contract, a small-scale component was 
fabricated, mechanically tested, and submitted to Boeing for failure analysis. The purpose of this 
analysis was to demonstrate and evaluate the procedures to be included in the handbook, including the 
Fracture Analysis Logic Network (FALN). As part of the evaluation, information was withheld from 
the investigator regarding the loading parameters and fabrication specifications. By comparing the 
analysis with the actual event, improvements can be made to the procedures and techniques which will 
provide more accurate analyses in the future. 

The analysis followed the simplified FALN since the component was not considered a complex part 
which did not require an extensive investigation. Visual and optical examination revealed multiple 
delaminations as the primary damage incurred by testing. Chemical characterization indicated that 
some sections of the part may have been undercured during fabrication. High magnification optical arid 
scanning electron microscopic examination of the fracture surfaces revealed the presence of two fracture 
modes emanating from the angle region and propagating toward the flarige edges. A possible scenario 
describing the test conditions was developed to explain the cause of the damage and the multiple 
propagation fracture sequence. 
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composites 

failure analysis 

delamination 
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1. INTRODUCTION 

This report summarizes the failure analysis of the angle component provided by the Air Force. This work 
was conducted under task 6 of the add-on contract to F33615-86-5071, Composite Failure Analysis 
Handbook. The add-on expands tasks 3,6, and 7. Tasks 1,2,4, and 5 were completed under the original 
contract. 

The overall program objective is to create a failure analysis handbook containing the procedures, tech- 
niques, and data necessary to conduct failure analysis of fiber-reinforced composite structures. In addi- 
tion, the handbook will describe a Limited number of documented case histories conducted on small-scale 
components. Contract F33615-86-5071 is an expansion of WRDC Contract F33615-84-C-5010 
Postfailure Analysis Compendium for Composite Structures. The present contract consists of the follow- 
ing tasks: 

a. Task 1 : Development of Handling and Data Gathering Techniques for Field Representatives 

b. Task 2: Expansion of Fractographic Tcchniqucs in Cornpositc Failure Analysis 

c. Task 3: Expansion of the Fractographic Database 

d. Task 4: Development of Data Formats 

e. Task 5: Documentation of Materials Properlies 

f. Task 6: Verification of the Composite Failure Analysis System (by performing a demonstration of 
two structural demonstration items) 

g. Task 7: Documentation 

h. Task 8: Administrative Management 

i. Task 9: Meetings 

The technical direction for the contract is provided by Patricia L. Stumpff, Wright Research and Develop- 
ment Center, Wright-Patterson Air Force Base (WPAFB), Ohio. Donald F. Sekits is the Boeing program 
manager and Gregory M. Walker is the principal investigator. 

Other contributors for this report include: G. Georgeson and J. Linn, Nondestructive Inspection; J. Chen, 
Chemical and Thermal Analysis; G. Tuss, Surface Analysis; D. Banning, Scanning Electron Microscopy. 
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2. TECHNICAL 

2.1 Background and History 

The submitted composite pan was one of two small-scale components that were to be analyzed by 
Boeing. The analysis is to demonstrate the concepts and procedures which are to be included in the 
Composite Failure Analysis Handbook, such as the Fracture Analysis Logic Network (fig. I). 

To evaluate the effectiveness of the procedures, various details regarding the history and background of 
the component were withheld from the investigator such as; intentional defects, information regarding the 
original dimensions and drawing specifications, and process specifications. Testing parameters and the 
loading configuration were also unknown to the investigator such as; the failure criteria, the loading 
direction and component orientation, and the loading spectrum. After comparing the analysis to the 
actual event, improvements to the procedures and techniques can be made to provide more accurate 
analyses in the future. 

Nondestructive Evaluation 

Various techniques were used for the nondestructive evaluation of the component including: visual and 
low magnification inspection, X-ray computed tomography, pulse echo, and through-transmission ultra- 
sound. Each technique provides different types of information; however, for this investigation, the visual 
inspection and the pulse echo examination provided the most data. 

a. Visual Examination 

The submitted component (shown in fig. 2) was approximately 14 inches long with 5-inch wide flanges. 
The thickness was approximately 0.17 to 0.20 inch. The angle between the two flanges was approxi- 
mately 95 to 100 degrees. The overall color and appearance was indicative of a carbon fiber-reinforced 
plastic system. 

A "padup" strip was placed along the inner and outer radius of the knee region. The depressed regions, 
containing the fastener holes and probably used for grips, appeared to be thinner due to the absence of 
plies. However, closer examination revealed that it was actually the result of the same number of plies 
being compressed closer together. 

Internal delaminations, observe from both ends of the part, extended from the "knee" or angle region to 
the edges of the flanges (fig. 3). A 3-inch long delamination was located along the center plies. 'I'his 
delamination extended from an inserted ply placed within the center of the fiber plies at the knee region. 

Surface fibers within the inner radius of the "knee" were cracked (fig. 4). Deformations, such as rippling 
and buckling, were also present along the entire length of the inner radius of the knee. Small indentations 
and elongated depressions or "tracks" were present along the inner knee surface (fig. 5). The surface of 
the depressions was shiny indicating that the depressions probably occurred during the fabrication pro- 
cess. Some of the "tracks" contained cracks which went through the surface ply. There were no surface 
defects or anomalies on the outside surface of the component. Strain gages were located on both sides of 
one of the flanges. 
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Figure 1. Diagram Showing the Simplified Fracture Analysis Logic Network 
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Figure 2. Photographs of the As-Received Component 
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(a) Overall View of the Edge 
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(b) Close-up View of the Delaminated Regions 

Figure 3. Photographs of the Edge of the Component Showing the Extent of Delamination 
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Figure 4. Micrographs Showing Regions of Surface Fibers Delamination and Cracking 
Along the Middle and Edges of the Inner Radius 
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Fig6lre 5. Micrograph of the Indentat~ons and "Tracks" Along the Inner Radius - 
b. X-Ray Computed Tomography (CTj 

Computed tomography was pefformcd on the angle component to determine the extcnt of internal crack- 
ing and delamination. The results of the CT scan arc shown in figure 6. Thc "L" gcometry is not wcll 
suited for CT examination/evaluation. Artifacts, such as the dark hori~ontal streak in thc CT image, wcre 
caused by thc "L" geometry. Evcn with thcse artifacts, somc dela~ninatcd regions were identified which 
wcrc located along the length of rhc part and concentrated at the knee region. 

c. Pulse Echo 

Examination using a handhcld pulse-ccho unit (C-scan) with a -2.5-inch transducer identified dclamina- 
tions throughout the component (see fig. 7) except at cenain locations along the region containing the 
Fastener holes. 

d. Through-Transmission Illtrasound (TTIJ) 

An attempt was made to further characterize the extcnt of delaminations using TTIJ (C-scan). However, 
since the part was exposed to water jets Lo pcrfonn the TTIJ analysis, large amounts of water entered the 
part through the edges and caused incorrect indications of delaminadons and damage (fig. 8). These werc 
grossly inconsistent with the pulse-echo analysis. 

The part was subsequently dried in an oven at 90°F for 30 minutes bcfore another set of scans was 
performed. This time the edges were scaled, the surface of the pan was sprayed with a lacquer, and the 
fastener holes were plugged (fig 9). The part was thcn rescanned which reveled that it was almost com- 
pletely delaminated (fig. 10). The grip areas were not delaminated as observed in the pulse-echo analysis. 
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Figure 6. CT Image Showing the imaging Artifacts and Some of fhe Actual Delaminations 
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Figure 9. Photograph of the Part After the Edges and Fastener Holes Were Sealed 
Before the Second Series of TTU Scans 

2.3 Material Characterization 

a. Material Identification 

The resin material was examined using infrared spectroscopy analysis (IR). This identified the material 
as similar to the Hercules 3501-6 epoxy resin system (figs. 1 1  and 12). This material has a curing tem- 
perature of 350°F. 1K also identified the peel ply material to be a 'Teflon/Fiberglass film. 

The fibers within epoxy resin system were identified to be carbon using a surface analyzer. 

b. Glass Transition Temperature (Tg) and Extent of Cure 

Both differential scanning calorimetry (DSC) and thermornechanical analysis (TMA) were used to 
determine the glass transition temperature of the composite. Specimens analyzed using TMA revealed 
peaks at 343°F and at 357°F which indicates that the part may have been undercured in some locations. 
In addition, during cutting of a section to obtain syecirriens for TMA, the section split into two halves. 
The Tg was consistently at 156°C for some halves and at 185°C for others. This indicates that sonic 
regions of the component might have been undercured. DSC analysis did not detect any appreciable heat 
of curing which indicates the part was fully cured. However, because of the low resin content of the 
composite, the residual heat of curing may not have been detectable. 

c. Resin Content 

The resin content was determined to be 26.79% by weight using the acid digestion method. 
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Figure I I. lR Spectrum From a Sample of Hefcules 350 1-6 358" F Cure Epoxy Resi:~ 
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Figure 12. IR Spectrum From a Sample of the Resin From the Component 
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d. Density 

The density was determined to be 1.596 $/cc using the displacement method. 

e. Microscopic Exarnination 

Cross sections of the component werc examined at 100X. No anomalies or features, such as voids, that 
could contribute to fracture were found. The stacking sequence was: [+45,0,90, -4514 *Peel Ply* [45, 
90,0, +45]4, for a total ply thickness of 32 (plus the pe l  ply). The peel ply extended approximately 1 
inch from the knee into both flanges. The plies also appeared to be properly aligned in their respective 
orientations. 

2.4 Fractography 

a. Optical Examination 

The component was sectioned and peeled apart to expose the delaminated fracture surfaces. High magni- 
fication (100X to 400X) optical examination of the crack surfaces revealed the presence of two different 
fracture modes; mode ]I which is caused by a tensile loading and mode I1 which is caused by shearing. 
The most prevalent fracture mode observed was the mode I1 shearing mechanism. The results of 
translaminar crack mapping indicate that the delaminations initiated at the edge of the peel ply and 
propagated towards the flange edges. 

Some fracture surfaces exhibited a change in fracture modes from shearing to a tensile mechanism then 
back to the shearing mode. As seen in figure 13, the crack initiated at the edge of the peel ply and 
propagated along the flanges to their edge while changing its crack propagation mode. 

b. Scanning Electron Microscopy (SEM) Examination 

Exarnination using the SEM coniirmed that the fracture modes identified visually werc correct. SEM 
micrographs of the surfaces in the different regions in figure 13 are shown in figures 14 through 16. 
Comparison of the micrographs with a fractographic database reveals that the component was most likely 
tested at room temperature in a dry air environment. 

2.5 Stress Analysis 

Given the fact that the actual test parameters and fixtures were unknown, the following is a proposed 
loading configuration based on the information that had been collected. This assumes that the component 
was originally fabricated with a 90-degree angle and that the testing resulted in a permanent deformation. 

Initially, the component was gripped at the edges of the flanges using the fastener holes. As loading 
began, one edge was pulled away from the other edge which induced an initial shear loading condition 
inside the component at the edge of the peel ply. The presence of the peel ply in the center (where the 
maximum shear stress occurred) provided a high stress concentration region which allowed the cracks to 
initiate. As the edges were pulled further apart, the cracks continued to propagate by shear. 
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Overall crack growth direction 
Saw cut---\ 

\ Reaion 4 Reaion 2 Reaion 1 

Peel ply Region 3 

Note: Four regions are identified, exhibiting two different fracture modes: 
Region 1 : Mode Il (shear) - Region 2: Mode I (tension) 
Region 3: Mode I1 (shear) 0-degree fibers 
Region 4: Mode I1 (shear) 45-degree fibers 

The arrows show the crack growth directions or orientations at those locations 
determined using high magnification optical examination. 

Figure 13. SEM Micrograph Showing a Section of the Delaminated Surface 
Which Initiated at the Peel Ply 

For the one flange, the crack propagated entirely by shear. However, the cracking on the other flange 
changed modes because the stress orientation had altered significantly enough, due to the component's 
deformation, to continue the shcaring mechanism. As a result, localized buckling occurred which caused 
a change in the propagation mode from shear to tensile. After further displacement, deformation of the 
part again changed the loading orientation which changed the propagation mode back to the more ener- 
getically favorable shearing mode. Also, the stresses were now sufficient at this point to cause additional 
delarninations to initiate and propagate in the knee region. This continued until the crack reached the 
gripped region which was clamped and restricted further crack propagation. 
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Figure 15. SEM Micrograph of a Mode /-Type (Tension) Fractlfre Surface in Region 2 
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SEM Micrograph of a Mode 11- Type (Shear) Fracture Surface in Reninn 1 
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3. CONCLUSIONS 

a. Nondestructive evaluation revealed that delaminations were present throughout the component with 
a major delamination emanating from the knee of the component in the center. 

b. Based on the infared analysis, the material is a 350°F cure epoxy/graphite fiber composite which is 
similar to the Hercules 3501-6 resin. A Teflon peel ply was observed at the knee region extending 
approximately 1 inch into both flanges. 

e. TMA identified some undercured regions in the component. It could not be determined whether this 
contributed to fracture initiation. 

d. The fracture surface exhibited different modes of crack propagation initiating from the peel ply. 

e. Bccausc the actual testing configuration was not given, a scenario was developed to explain the 
fracture sequence. The component was gripped at both edges and then pulled apart. This caused a crack 
to initiate primarily in the center adjacent to the peel ply and propagate by a shearing mechanism (mode 
11). In some regions, changing stress conditions and material constraints caused the crack propagation 
mode to change to a mode I (tensile) and back to mode 11. 
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ABSTRACT 

As a requirement for the composite Failure Analysis Handbook contract, two small-scale components were 

fabricated, mechanically tested and submitted to Boeing for failure analysis. The purpose of this analysis was 

to demonstrate and evaluate the procedures in the handbook on a failed part. 

This analysis was performed on a small rectangular metal honeycomb sandwich panel with carbon fiber 

reinforced plastic facesheets. This represents the second part of the two small scale components. For this 

analysis, a simplified version of the Fracture Analysis Logic Network (FALN) was used. 

Following the steps of the FALN, the part was initially examined by non-destructive methods which revealed 

damage throughout the panel, including damage to the honeycomb core and a major delaminated region was 

located in the middle of one of the panel orientated across the transverse direction. There were no failures 

between the cell walls and the adhesive material. 

Material analysis of the panel identified; the face sheets were CFFW similar to the 3501-6BM6 material, the 

honeycomb was a 5000 series aluminum alloy, and the adhesive was an epoxy with additional compounds. 

A microstructural examination of the face sheets revealed porosity uniformly distributed throughout the 

matrix. 

Based on the information obtained in the examination, the most probable explanation which would account 

for the damage would have been a simple longitudinal compressive loading. In addition, because no evidence 

of prior damage was found, it was assumed that all of the damage was a result of this compressive loading. 
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1.0 INTRODUCTION 

This report is a Technical Operating Report (TOR) describing the failure analysis of a honeycomb sandwich 

component provided to Boeing by the Air Force. As a requirement for the Composite Failure Analysis 

Handbook contract, two small-scale and one large-scale components were fabricated, mechanically tested and 

submitted to Boeing for failure analysis. This work was conducted under the Add-on contract to the F33615- 

86-507 1 contract. The overall contract program objective is to create a handbook containing the procedures, 

techriiques, and datanecessary to conduct failure analysis of fiber reinforcedcomposite structures. In addition, 

the handbook will include case histories demonstrating the use of these techniques and procedures. 

As part of this demonstration, certain aspects of the design, fabrication, and testing of the component were 

withheld from this i~ivestigation. The primary reason for this was to provide a number of unknown factors 

which will allow for a more realistic analysis of a component that has failed. In addition, by comparing the 

failure analysis results and conclusion with the known parameters, an evaluation of the procedures and 

technique utilized in the investigation could be made. Since the part was considered a "small-scale" 

component, only the simplified fracture analysis logic network (FALN) was utilized (Figure 1 ). This network 

illustrates the most effective sequence of steps to perform a complete and thorough analysis. 

2.0 TECHNICAL 

2.1 BACKGROUND AND HISTORY 

As explained above, various aspects of the fabrication and testing of the components were withheld from the 

investigator. As a consequence there is essentially no background or history available for this analysis. 
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Figure I .  Diagram Showing the Simplified Fracture Analysis Logic Netowk 



2.2 NON-DESTRUCTIVE EVALUATION / EXAMINATION (NDE) 

Optical Examination 

The component was a rectangle metal honeycomb sandwich panel with carbon fiber composite face sheets. 

It was approximately 0.6 inch thick, measuring 9.0 inches by 6.0 inches (see Figures 2 & 3). The top surface 

contained a transverse bulge located in the middle of the panel approximately 1 inch wide. The bottom surface 

was generally warped. Examination of the honeycomb core along the edges revealed that all of the honeycomb 

core was damaged (see Figure 3). However, no honeycomb/adhesive failures were observed, only the cell 

walls were deformed with the bonds to the facesheets being intact. 

Slit Illumination Photography 

Following the visual examination, the surface of the component was analyzed using slit illumination 

photography. This technique involves photographing a series of beams of light projected at an angle onto the 

panel (Figures 4 & 5). Variations in the surface are seen as curvatures of the slit of light which have been 

calibrated to correspond to the variations in depth and height of the surface. This allows for quantitative 

documentation of the surface deformation as shown in Figure 6. Examination of the data reveals that the entire 

back side of the panel was warped. This is shown as both in a twisting and buckling type of deformation. It 

also indicates that no region of the panel was undamaged. 

Computed Tomography 

Because the structure of the honeycomb core does not lend itself very well to a number of commonly used 

NDE techniques, the component was examined using Computed Tomography. This technique involves the 

use of multiple x-ray images of the specimen which are then mathematically reconstructed to produce a 3-D 

image. This allows for the examination of "slices" of the internal structure at various angles and depths. The 

CT system employed for this analysis was the Boeing ACTIS system using a 2mm beam thickness. Figure 

7 illustrates the approximate locations of the these scans. 
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Figure 2. Photographs Showing the Top and Bottom Surfaces of the As-Received Component 
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Figure 3. Photographs Showir~g the Front, Back and Sides of the Compor~ent 
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Figure 4. Buckled Surface Showing the Angled Slit Lighting Contours 



(b) 

Figure 5. Smooth Surface Showing the Angled Slit Lighting Contours 



Horizontal displacement of lines 1 through 11 in millimeters at intervals of one inch along the length of the panel 

Figure 6. The Vertical Displacemenf is Equal to 0.39X of the Horizontal Displacement of the 
Slit image. Horizontal Displacement of the Slit Image as a Function of Length. 
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Figure 7. Diagram Showing the Approximate Locations Where the 
Honeycomb Panel was Scanned by the CT System 



Figures 8 through 1 1 through show the various images of the slices through the component. The longitudinal 

slices 1,2, & 3 show the damage present in the honeycomb regions in the center of the component. The front 

half of the panel appears to have been crushed by a macroscopic shearing of the upper front half of the 

facesheet. The back half exhibited little if no damage. However near the bulge, the core appeared to be crushed 

in the short transverse direction. There was no evidence showing any longitudinal buckling trends to either 

end (from one end to the other). This transverse damage was located all along the back half of the component. 

In addition, there was no evidence indicating that any honeycomb/adhesive failures occurred. All of the 

fractures in the core were located in the middle of the cell walls. This result is similar to the optical examination 

on the exposed edges of the panel. 

Through Transmission Ultrasound Analysis 

Because there was a major delamination in the center of the part, no TTU analysis was performed. ' f ie  

damaged regions would have allowed excessive water to enter the honeycomb cell causing false indications 

of voids and delaminations. Pulse Echo was not performed for similar reasons. 

2.3 MATERIALS CRARAC'rEWIZATIBN 

Chemical Analysis 

A sample of the panel was removed and submitted for chemical analysis. The facesheet and the adhesive 

materials were examined using an Infra-red Fourier Transform instrument for chemical identification. 

Determination of the honeycomb core of the material was done by Energy Dispersive Spectroscopy (EDS) 

in a microprobe instrument. A Differential Scanning Calorimetry (DSC) instrument was used to determine 

the glass transition temperature (Tg) and moisture content. 

I 



Figure 8. CT Images of the Pansverse Scan Through the Delaminated Zone 
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Figure 9. CT Images of the First Longitudinal Scan 
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Figure 10. CT Images of the Second Longitudinal Scan 
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Figure 11. CT Image of the Third Longitudinal Scan 



The following are the results of the analysis: 

Facesheets 

The facesheets were composed of carbon fibers in a350° F cure epoxy resin system similar to the Herculea 

3501-6 resin (see Figure 12 ). DSC analysis of the resin system revealed that the resin was fully cured (as 

shown in Figure 13a). 

Adhesive 

The adhesive was identified as an epoxy with additional compounds (Figure 13b). DSC plots revealed 311 

endotherm peak which was determined to be the result of melting. Further analysis indicated that the 

adhesive was fully cured. 

Honeycomb 

The honeycomb core was composed of a 5000 series aluminum as determined by the EDS analysis (Figure 

14). Although aluminum honeycomb cores are usually made from 5000 type alloys, the EDS i~istrument 

is not accurate enough to identify the specific alloy in this series. 

Microstructural Analysis 

A small section of the panel was cut, mounted, ground and polished. The facesheer ply orientaion sequence 

was: [(+45/90/0/-45)2]s. Major voids were observed rl~oughout the facesheet (see Figure 15). This could be 

the result of incorrect processing of the composite material prior to assembly of the entire coniponent because 

the adhesive bond appeared to have been processed correctly. 

2.4 DESTRUCTIVE EXAMINATION 

The component was sectioned longitudinally along the same three locations as the CT scan slices to obtain 

a more detailed examination of the damage within the panel. Figure 16 shows the cross-section at the right 
I' 

edges of each section which correspond to the CT images in Figures 9 to 1 1. Examination of the surfaces reveal 

damage similar to the CT images. 
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Figure 15. Cross-Sectional Micrograph of the CFRP Face Sheets 
Showing the Extent of Porosity and the Lay-Up Sequence 



Figure 16. Photographs of Cross Sections Through the Panel Corresponding 
to the CT Scans: 
(a) CT Slice 3 
(b) CT Slice 2 
(c) CT Slice 1 



2.5 FRACTOGRAPHY 

Because the facesheets buckled in a uniform manner typical of a compression loading, no fractographic 

examination was done. 

2.6 DISCUSSION 

The transverse delamination region of the facesheets is indicative of compressive loading. There are two 

general ways in which the panel could have been loaded in order to cause acompressive loaded; the first would 

be a three point loading configuration; the other would be a simple longitudinal compressive loading applied 

to the ends of the panel. If the component had been loaded in the three point loading configuration, the bottom 

side should exhibit tensile cracking and the honeycomb core on either side of the transverse delaminated 

region would not have been damaged or deformed. However, examination of the internal structure by both 

the CT scans and the sectioning revealed a non-uniform deformation. The longitudinal compressive loading 

configuration would most likely have produced this type of damage. Figure 17 shows a diagram of the panel 

illustrating a plausible loading sequence that could account for the damage to the panel. As the load was 

applied to both ends of the panel, the top facesheet began to delaminate and eventually buckle. Then the front 

half of the top facesheet shifted towards the back, deforming the honeycomb core in the process. This in turn 

caused the panel to bend with the backhalf of the panel remaining relatively straight while the front half twisted 

downward which resulted in the edge of the bottom facesheet being frayed. The downward twisting movement 

also deformed the bottom of the panel. 

This description of the fracture sequence assumes that all of the damage to the panel was caused by the simple 

compressive loading. The porosity in the facesheets was the only anomaly discovered on the panel that wasn't 

the result of the loading. However these voids did not appear to have influenced the placement of the origins 

or crack propagation direction, they probably only effected the overall strength of the panel. If there was 

evidence of damage in the panel prior to the compression loading, it would have been destroyed by the 

subsequent loading. 
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Figure 1 7. Diagram Showing the Probable Loading Configuration and 
Subsequent Deformation of the Panel 

3.0 CONCLUSIONS 

a. Optical examination of the panel revealed a transverse delamination across the panel with the metal 

honeycomb deformed along the edges of the panel. 

b. Non-destructive and subsequent destructive evaluation of the panel revealed that the honeycomb core 

was deformed throughout the panel. 

c. Analysis of the materials identified the facesheets to be fabricated from a ClFRP material similar to 

a 3501-6DM6 system, the metal honeycomb core was a 5000 series aluminum alloy and the adhesive 

was a typical epoxy with additional compounds. 

d. There was a uniform distribution of voids or porosity throughout the CE%P face sheets. 

e. Damage to the honeycomb core was either deformation or fracturing. In both cases, the damage only 

occurred in the center of the cell walls and not at the core-adhesive region. 

f. Based on the information collected from the examination, the damage most likely occurred as a result 

of longitudinal compressive loading. 

g. Other than the porosity, no other anomalies were identified that could have caused premature failure 

or crack initiation. 
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1.0 LNTHODUC'J'ION 

As part of the Composire Failure Analysis Handbook Contract (5071) a full scale test article was fractured and 

submitted lor failure analysis. The purpose of this efhrt is to demonstrate and evaluate the effectiveness of the 

Failure Analysis Logic Network (FALN) outlined in the Composite Failure Analysis Handbook (Figure I). In 

iiddition, to more eflectively evaluate this analysis tool, some of the facts pertaining to the actual test 

p;lr;uncters and component configurations were withheld from die investigator. This provided a more realistic 

situation for Ure investigator to apply the FALN to this analysis. After the tailme analysis, the results will be 

cornparetl to the actual test panuncters. From this co~np~arison, the FALN can be moditied if necessary. 

The rest ;xticlc was a small wing section manufactured by Grob Industrics, Germany. The section was 

composed of an uppcr and a lowcr skin joined together by a leading edge cap and two spars (Figure 2). The 

wny scr.t~on wak 8.5 inches th~ck w~th a 42 mch cord. This test article 1s a 16 inch wlde and appears have 

been cut lrom a larger wing specimen because of machine cuts on both ends. 

2.2 NON-1)ESTKUCTIVIS EVAI,UArrJON 1 EXAMINA'TION (NDE) 

Outer Wing SurPxe - The upper wing skin was composed of a paper honeycomb core with layers of 

fiberglass plies on both sides. White Gelcoat was present on the outer surfaces. The upper skin contained two 

long cracks and one srnall crack. One long crack extended approximately three quarters of the way from the 

leading edge towards t.he aft. The other long crack was located between the rnid spar and the aft. spar. The 

small crack was located on the edge of the wing section near the middle of the wing section. In addition to 

the cracks; a large section of the surface, located adjacent to one edge anti between the leading cdge and the 

mid spar, had been sanded through the gelcoat. 

The lower skin, fabricated identically to the upper skin, contained five regions which appeared to be in various 

stages of repair. Two of the regions (one -5.5 and the other -3.0 inch square) were located in the main section 

of the lower skin, Both contained exposed honeycomb and white potting compound along the perimeter of the 

exposed regions. In addition, the surfaces adjacent to these two regions were sanded. Another region (-2.0 

inch square) simply had the honeycomb removed down to the inner surface skin. Finally, two sanded regions 

were located on the edge of the lower skin, one at the spar cap and the other aft of the mid-spar. Both of these 

regions were approximately 2 inch square and had also been sanded through the Celcoat. 
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Figure I .  Diagram Showing the Simplified Fracture Analysis Logic Netowk 
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Figure 2. Photographs of the Outer Surfaces of the Wing Section 
a) Upper Surface 
b) Lower Surface 



Inner Wing Surfaces - Sirice no Gelcoat was present o n  these surfaces, the phes were transparent enough lo 

sec tlic honeyconnb structure. 111 :idd~tron, numerous cracks allti delaminated regloris were present on the lriuer 

s ~ d e  of tlie upper wmg skm (F~gure 3). Of these, the mailer delaminated reglons corresponded to a crack on 

Ihc outer surface. Anolier large delarnuiation rcglon In thlx sectlon also corresponded to the sarided rcglori on 

the outer surface The \cctlon hetween the m a n  spar and the aft spar contamed only a tew cracks will1 one 

Ixge crack extendmg hetween Ule two spar\. None of the cracks In thi\ szct~ori co~rcsponded to any on the 

outer surfirce. 

N o  cr,rck\ were oh\erved in tlw loucr wins sklri, however, thcrc were two hullt up Icglon\ of pl~cs and lesw 

corresponding io two o l  the "repamd regons" on &re outer wrtace 

2.3 MA'I'EKIAL C'HAK.4CTISKIZA1'10N 

Chemical Analysis 

A Founer Transtornlatior1 1ntr;tred (FTIR) analysis, u,\ed lo1 detennlntng the tormulat~on ol polymers, was 

pcrfonnetl on a sunplc of the [ e m  used m the sklns and compared to a sample of a pallally cured Ruupox 

resln. Tlie analys~s indicated Lhat borli samples were essentially identical, confirming that wing section was 

fabricated using the Rutapox resm system (Flgure 5). 

Differential Scannlng Calormetry (DSC) analy\~\ wa\ used to delcrmme the extent of curmg and the glass 

tmnslstlon temperature (Tg) A \ample of un cured epoxy resin was analyzed two times with an exotliermic 

reactlon occurrmg on the t m t  pass. An cxotherni~c reactlon dld not occur on the second pass hut a Tg of 112" 

C was observed. The next speclmen from the wmg sectlon was also analyled twlce. No exothernis were 
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Figure 3. Photograph of the Inner Sudace of the Upper Wing Surface 



Figure 4. Photographs of the Pulse Echo Results. The long dashed lines delineate the 
extent of the delaminations 
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observed on either analyses and the Tg was 103" C and 115" C tor the first and second tests respectively. This 

indicates that the resin in the wing section had been fully cured (Figure 6 & 7). 

Thenno-mechan~cal Analysis (TMA) 1s another method to determme the Tg of a polymer. Agam two 

\peclmens were tested; a non-po\t cured .\ample and a sample troni the wmg section The l ~ r \ t  heat cycle of 

the noo pwt-cured specmen revealed a de f~n~ te  Tg ~ n d ~ c a t ~ o n  at 59°C. 'I'e\tmg of the resm from the wing 

reveJct1 a Tg 01 llO°C and 1 0 7 T  from the tirst and second rum, re\pectlvelq The chtlerence bctwczii these 

two tests contlrmcd that the wing simple w a  fully cured because the Tg value\ were wuiar to the DSC 

analy\ls and that the uncured \pccimen exti~bited a lower Tg and an exoUierm (Flgure X Cc: 9) .  

Microstructural A n a l y h  

'I'lic fiber volurlie 01 Uic colnpo\ite wcllons 111 the honeycomb was dctenniiied to hc ~rl:pox~nratc~ly 43'1; by w[ 

u\mg an acld digest1011 technique. 

2.4 I)ESTUUC'I'IVE EXAMINA'I'ION 

Cross \ectioiial analy\is was pcrlorrncd on the \pecnnens 11o1n iwo ol the cl,~ci\\ on thz upper wing 

h i  F g C  I & 1 The outer and tririzr \urface ot the uppcr w ~ n g  skm cnnsi\ted ot .I layer ol Gelcoat mtl 

two pllck ol l~hei!&\\ tahrlc. oriented 111 ,t 0190 direction. The honeycomb tore W,I\ ~ : t a ~ h c d  to the plies by 

Uic \ m e  I C W  ;I\ the pile\. The honeycomb core had a cell sire ;~pproxinl,tteIy 3/16 ~nch  from d e  to udc 

The cracked reglons appeared to have been the rehult of a bucklu~g of tliz uppcr \km. In wnle region\ 

where a crack wa\ prexnl on both sides of the A n ,  the lio~leyconib cole was Iractured d~,igorully ;ilw 

con\~stent w~tli a br~clrlmg load. 

Sccllons ol the upper wlng secllon conti~i11111g the cracks were cat out tor scannlng elcctron miroscopv (SEM) 

T h e  sectmis were assumed tu be rcplcscntative ot the crack along ~ t s  length, three irorn the 1orw:ud crack, i 

three from the aft crack and one from the edge crack Alter Icrnovlng these samples trom the wing skin, they 

ren~amcd Intact and had to be further machmed to expose the crack surfaces for exarnlnallon. This was 
1 1  

accompl~slied by cutting through the backs~de tacesheet arid the honeycomb of the speclrnens. On three of 

these sections, it was impossible to separate them without ~nducing further darnage Into the existlng crack. 

The two specimens that were able to be separated were coated with Au-Pd and examined using a SEM. The 

fracture surtaces were frayed with numelous loose fibers pulled from the crack surfaces (Figure 12). The fabric 

tows perpendicular to the crack direction wcrc bent upward. Closer examination of these fiber ends revealed 

fractures consiscnt with compression failure, initiating at the bottom of the fibers. The dominate fracture 
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Figure 9. TMA Plots of the Wing Section Specimen 
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Figure 12. SEM Photographs of the Crack Surfaces 



feature on the both the iibers parallel and perpendwlar to the crack were the hackles indicating a mode I1 

(shear) loading. 

2.6 DISCUSSION 

The fractures were most likely the result of a buckling of the upper skin that bent the edges upwards in relation 

the center of the wing section. This buckling was likely caused by either a general three point bending 

configuration or a longitudinal compression loading (Figure 13). In the case of the compression loading, it's 

assumed that the test grips or plates were removed prior to this investigation because no indication of crushed 

skin or honeycomb were seen on the edges. / 

However, the fact that no cracks or delaminations are present on the lower skin, the spars, or the 

leading edge is not consistent with either proposed loading configuration. All of these compomnts u ould have I 

been also subjected to some type of loading with the upper skin loading, but they did not suffer any damage. 

One possible explanation is that this wing section was loaded cyclically in beridmg or comprchsiolr. This 

could initiate and propagate localized cracks before general cracking occurred throughout the part. On the 

other hand, no fracture features indicative of fatigue loading were observed along the crack. Examination of 

the disbond regions, on either side of the crack, might have found these features however it was 1101 possible to 

access the surfaces without further damaging them. 

3.0 CONCLUSIONS 

The wing section contained two ~najor cracks which exiended from the leading edge of the wing to the aft 

edge. Another small crack was located at the edge, in the middle of the wing section. All of the cracks 

were on the upper wing skin. .'. 

Chemical analysis of the materials did not reveal any ano~nalies in the malerials. No material or 

fabrication anomalies which could have contributed to crack initiation were found. 

Cross-sectional and SEM analysis revealed the fractures were caused by buckling of the upper skin. The 

specific cause of the bucking could not be determined. 












