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2.1 FAILURE ANALYSIS OF A 737·300 ELEVATOR TEST BOX 

Failure of the elevator box was conducted 

.1 

ELEVATOR 

FIXTURE 
HINGE SUPPORTS 

NOTE: Figure illustrztes orientation and direction of applied 
loads and ap~roximate fracture location and type. 

2-1. 737-300 Elevat:;r 

2-1 

the 

<>n•<>r<>·rl box structure which fractured 

LOWER 
SKIN 

Test Evaluation 

fastened 



2.1.2 Nondestructive Exam I nation 

revealed 

2.1.3 Materials Characterization 

translaminar 

uu.uwc0 <:c SO the 

evidence. The TTU scans 

of 

translaminar 

of the 

to be 

were also 

measured and checked dimensions and tolerances. For each of these 

the individual to be in proper with the 

and process "~-'""'·"" 

2.1.4 

the 

fracture. 

directions of crack over the fracture surface. some areas of interlaminar 

fracture separated evidenced the presence of hackles and a 

of the fracture exhitited Mode I tension river mark features. SEM of the translaminar 
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CRACK 
PROPAGATION 
DIRECTION 

Note: River marks in SEM micrograph indicate crack 

propagation direction. 

2-2. Elevator Static Test Fracture Directions 

hole. No 

such as surface tests were :l. 

2-3 

the 



2.1.5 Stress 

2.2 

2.2.1 

Since no anomalies were identified at the 

area were 

FAILURE ANALYSIS OF A JVX-22 OSPREY FULL 

Failure of the box was conducted 

box was initiated after 

2-3 illustrates the central 

stress at the upper skin surface. The construction was 

front from 

2.2.2 Nondestructive Evaluation 

2-4 

WING TEST BOX 

the 

vertical 



Test Box 

manner to the upper 

to a 

stress to fracture was sUJ::IP<)Sed 

must have shifted to 

OCIJAI>Ho:>, it O.!JIJC<OU 
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Front Spar 

Rear Spar 

Front and 
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the visual inspections central box 

was cut out the 

another. component 

proper fabrication and installation. 

to fastening. 

tests 

a 

1. = to 201 oc- a 

2. 33.8 

3. resin starvation or no 

fiber waviness 

4. 

contamination were 

2-10 





' ... 

'" 

(a) Rear Spar Origin region ________ ,:;.__;,:;;: 

(tab radius) 

(b) Upper Skin Surface 

2-8. JVX Wing Test Box 

Similar fradographic analyses were on the lower skin and front spar, with crack 

that fractures were a direct result of the the from the 

spar. 

At this point question of the sequence 

was asked. Experience fracture analysis of 
wen defined 

to be indicative of overload, or 

are not usually associated 

it that the upper 

first, at the 

2.2.5 Stress 

While the C>TTr\YT<! 

were also ne>·rtnrm 

2-12 

of stress analyses 
test <•nvunn 

strain gauges 



with the overall strain allowables. The noxt was to take from the materials 
characterization and the evaluate the strain at the structural 

strain level was identified 
to 

ANALYSIS OF THE NASA HIMAT WING 

of the 

Nondestructive 

These 1:;ouges are 

indicative of surface 

was conducted the 

inboard 

at the center of the 

2-13 

the upper and lower skins. 

with the 
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lower Surface 0.05X 

2-9. HiMAT Test in the As-Received 

areas shown 

core and water in the core 
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(b) Section B 0.63X 

of each defect. The 

These measurements 

to remove the delamination 
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2-11. NDE Results of the Lower Surface 

2-12. NDE Results of the Surface 
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2.3.3 Materials Characterization 
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consistent 

surfaces 

to construct the 

factors to the cause of 

were found to 
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failure. 

in the flexure 

cure 

These 

the was to be 21 

characterization tests revealed that the laminate was constructed per 

efforts were directed toward the determination of the 

to each of NDE. 
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2-14. B 

50 X 

2-15. 
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2-16. Crack 

Table 2-1. Fractography Results From NASA HiMAT Wing 

Delamination Origin location Fracture mode Comments region 

Section A At sharp radius at Mode II shear at origin Boron-fiberglass interface 
ed~Je of skin with mode I tension 

growth 

Section 8 LikHiy at an edge Not determinable Abrasive rubbing prevented analyses 
gouge 

Section C At edge gouge Mode I tension Radial crack growth with beach 
marks from cyclic loading 

Section D Not determined Mode I tension Donut-shaped defect 

Section E Fastener bore Mode I tension Boron-fiberglass interface 

Sections At edge with no Mode I tension Crack arrested at fastener bore 
F and G defect 

Section H Fastener bore Mode I tension Resin particulate from drilling-
induced delamination 

Section I Fastener bore Mode I tension Porosity aided crack initiation of 
fabric graphite plies 

2-20 



~ 

' M ..... 

Section 

2-1 

Fracture origin 
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of cyclic stress 
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Stress analysis was not This was due to 

of the delaminations were associated with defect 

described above. 
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2.4 FAILURE A FIBER REINFORCED PLASTIC lmBEAM 

analysis ofthe I-beam was 

2.4.1 

2-18 shows the I-beam in its 

the personnel at the Air Force Wright Patterson 
regarding the component's layup, material 

by AFW AL. The was 

tape laminate 

wing construction. Small vertical ""'""']""'' 
along the length to provide the cap 
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uu.au ... HOiCU Laboratories (AFWAL). Information 

the cause of failure with the quickest and 
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of fracture. 
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2-18. CFRP /-Beam in the As-Received Condition 
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2.4.2 Nondestructive Evaluation 

(an area 

2.4.3 

the and 

with the correct number and 

AV'-'"'''"''U at 
the 

Fiber diameters were 

the novalac based epoxy resin and the presence of 

resin content was 27 percent by weight, 

This was a 

2.4.4 

delaminations in the upper cap wr~re removed by to further 
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2-20. Delamination 

2.4.5 

beam flexure identified the presence 

in the upper cap, most concentrated 

in st:ress towa:rd the 

accounts fo:r crack initiation by interlaminar shea:r a1. the aided 

cap to 
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2.5 FAILURE OF A BALLISTICALLY DAMAGED TEST PANEL 

Failure of test was 

2.5.1 

the fractured test in its as-received condition. 

structures 

was 

2.5.2 Visual Examination 

As shown in 

the 

the exterior 

specimen. 

as 
(Figure 2-25b). These damage features are 

examination was na·rfA>"11Yl•Orl 

~ oondilioo 

was the depth and elongation of the hole. In 

in which the head and the 

U.UUW,5 <0 of a 

countersunk of the fastener hole 

laminate due to the test load. In 

shear loaded fastener hole. The '"'""'"""'''"'"' 
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(b) Interior 1 unpainted) surface 
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tv 
' Cl:l 

0 

on the interior surface 

2-25. 

Note the depression 
at the impact site 
which indicates the 
direction of the 
penetration 

fiber---

(b) Damage on the exterior surface 

Interior surface Exterior surface 

fiber 

Clarification schematic 
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Shear 

Region a Region b 

2-28. 

(a) Tensile fastener 2.7X (b) Shear fastener 2.7X 

2-29. Difference in ~-""'"''""""'""~~'" in the 

2-3 



''*' 

"'-.::,:,. Tensile fastener 

'' 

'\ 

"' 

... ~ •, 

a. Tensile fastener looselv in fastener 
0.9X 

b. Shear fastener in fastener 
0.9X 

1-;:um:::mP.r in 



2.5.3 Evaluation 

To determine damage, 

The :regions in the 

site indicate the damaged :region. These :regions a:re due to higher attenuation f:rom 

the anomalous Most of the damage occurred on one half of the Region A, as shown in 

2-31. 

0.08X 

A Region B 

2-31. Transmission Uft,·asonic of 

2.5.4 Materials Characterization 

To characterize the analysis, electron 

and 

was used to determine the resin to 

shows the 

infrared to a 

350°F cure conventional epoxy 

database of IR 2-32b 

prepreg these 

2-35 



No.1 Wavenumber 

Hercules 3501-6 Wavenumber 

HexceiF263 Wavenumber 

2-36 
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a 
ill 150.0 :r:: 

125.0 
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75.0 

50.0 

25.0 

0. 0 

Acid 

0.277 Ke V. The WDX 

allows the detect:on of 

343.600 'C 

391.333 'C 

377.942 •c 
143. 203 m'll 

(DSC) showed no exothermic that the 

A at 378°C was also 

av•:;rage glass 

indicated 

0 

2-33. 

to determine the resin content. The average 

samples) was 29.3 as shown in Table 2-2. Because 

to tell resin content was out of 

The WDX 

because WDX 

elements such as carbon and oxygen. 

Evaluation of an area away f:rom the fractw·e showed 

little and the ply sequence was 

of the 

evaluation of cross-section. 

near the 

2-37 
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2-35. TGA 

Sample Composite weight Fiber Resin content 
No. (grams) (grams) (% weight) 

A 1.6451 1.1691 28.9 

B 1.3565 0.9571 29.4 

c 1.7080 1 2028 29.6 

Average: 1.5699 1.1097 29.3 

2.5.5 

2-39 
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2.5.6 Stress 

Stress in 

of of the fractured 

2.5.7 

and 

a 

44.700 

A 

of the1 Fiber 

with visual examination to determine the state 

A of the test was to tensile 

that it was fixed to some of 

in which 

Materials characterization 

conventional epoxy reinforced with carbon fibers. This material 

was a 350°F cure 

exhibited an average 

resin content of 29.:3 n.,.,., . .,,n and was cured. 

2.5.8 Conclusions/Recommendations 

The ""''"""'"'' indicated 

of fasteners were not A 

2-40 
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a substantial amount of shear 

recommendation 

to shear or tension) to 

Due to 

is 

The 

the 

Material anomalies such as contamination or poor processing were not related to the cause of 

the fracture. The cause of fracture to be loading due to the of a 

projectile (see editorial note in Section 

2.6 FAILURE ANALYSIS OF A MAIN LANDING GEAR STRUT 

Failure of the strut was conducted the 

2.6.1 

The was a Helio H-800 main 

at the wide end of the strut. The ""'"~'""'''"" 
strut was oriented on the aircraft 

to 

aircraft. 

2.6.2 Visual Examination 

Electric 

at wide end of the strut at 

as 

delaminations were observed in this strut. 

at mid-thickness of the 

of the fracture axis). Two delaminations were observed on the 

divided the strut thickness into thirds. 

2.6.3 Nondestructive Evaluation 

Nondestructive evaluation was not nA·r-t,.,.,.n-,, 

considered to be upon 

2-42 

The 

was 

was 

because the was 
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Delamination 

Fracture surface-small 

0.6X 

macrophotographs show the mating 
shown by the small box is magnified in Figure 2-46. 

of the delamination. The area 

2-45 



2-46 



~ 

' .... 
~ 

view-delaminations 0.6X 

Neither portion of this strut was completely separated by delaminations. The figure shows the apparent conditions 
greatest at the edge of the fixed portion of the strut, the failure location. As anticipated from this 

compression (C) the lower surface failed in tension (T). 



2.6.4 Material Characterization 

identical results were 

TMA and DSC (see Figure 

2.6.5 

shear fracture 

delamination (see Figures 2-46 and 
of the but the exact 

of the trans laminar fracture 

resultant direction of 

examination 

Stress 

from 

These values were 

a 1 (250°F) epoxy resin. A 

2-44-and found ~~ .• ~~-... 

direction was oriented 

measurements 

135°C (275°F), 

section was 

which was 

Examination of the tensile half 

in with visual examination to 

2.6.7 Conclusions/Recommendations 

failure of the strut due to a 

The moment induced tensile 

as as the 

Since no material defects or anomalies were observed 

initiation 

of the translaminar fracture occurred 

2-48 



Ot= 

40 60 
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Lower surface 0. 12X 

Bolt hole-lower surface 

2-44. 
The figure shows and !he orientation of section X-X, magnified in Figure 2-45. The local bulging at 
!he end of !he strut (emphasized by !he segmented line) occurred as a result of a restraint from the bolt Cracks 
labled by !he small arrows were also generated by !his loading rondilion. 

2-50 
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Section X-X 1.5X 

l:..:l 
en 
1-' 

Section X-X 40X 

2-45. 
The segmented a region of fiber damage induced the local restraint of the 
The delamination and bolt hole surfaces of this section are outlined by the segmented lines. 
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Delamination-50 tilt 400X 50 tilt 

Delamination-50 tilt 400X tilt 

H hackle 

2-47. 



Delamination 

: 
Lower surface 

Tensile fracture--D tilt 975X 

~ 

' 01 
>~:& 

0 tilt 950X 0 degree tilt IOOOX 

Small show crack propagation direction indicated by individual fiber end fractures. The 011erall crack 
propagation direction Indicated by these fibers Is toward the delamination from the lower (tensile) surface. 
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' 01 
01 

tilt 400X 0 ti~ 

tension 



More 

distortion at the note in Section 

2.7 FAILURE ANALYSIS OF A VERTICAL RUDDER 

2.7.1 Abstract 

occurred due to core 

2.7.2 

identified as PIN 

by the Air Force 

stabilizers from F-15 and one of 

histories of the 

the details of the 

.2.7.3 10f Failure 

initial visual examination and 

establish the failure 

to expose 

out on the fracture 

NDE tests were 

final 

2.7.3.1 Visual Examination 

Initial examination of 

2-56 

stabilizer 

was used to determine the 

It was determined that 

with moisture in 

003 and PIN 68A240001-1 
r<>T;n-rt<>n to be 

The service 

The sequence consisted 

followed NDE evaluation 

the rudder labeled 

A221070 was the 

concentrated on the latter 

As one of 

of the 



In ilu 

ination and acroscopic Documentation 

D UT-Scans Detail 1-1 Damage Areas 

Py-Sectioning To Expose Frac:ure led Areas 

SE Fractography 

X 

Used i11 of Rudder Failure 

2-D and 3-D echo ultrasonic i was concentrated on the and the 
2-53 shows a B-scan 

could be detected in the 

5 inches in diameter and at a distance of 2/3t (t = skin 
delaminations closer to 

2-57 



2-51. 

Note patch at arrow 

Note damage at arrows 
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2-52. 

2-53. 



2-54. 

2-60 



2.7.3.3 Examination 

In order to nA·rh·,rm 

rudder 

a 

fracture. As 

with the delamination was reflective 

3 inches away from the center of the "'"''"'u,u 

were not 

In summary, SEM examination 

1. little evidence of 

2. The defect 

3. overload occurred 

2.7.3.4 Tests 

The occuaence of and it may 

examination was out on 

condition in the rudder as 

is 2-58. 

2.7.3.5 Mlcmstructure 

Limited cross-sections 

2.7.4 

in the 

failure event. It was was wet core. 

•v'"""''"""'u delaminations in the outboard 

skin. 
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2-64 



in Rudder 

2-59. Rudder 

2-65 



2.8 FAILURE ANALYSIS OF A HORIZONTAL STABILIZER BOX ASSEMBLY 

2.8.1 Abstract 

box was used to detennine the 

2.8.2 

Two horizon tal 

7630168A210053-1015 were 

to 

available. 

2.8.3 of Failure 

to 

No service 

2-60 shows the F ALN used 

visual examination 

establish failure 

fracture associated with the failure were revealed 

It was failure 

7630168A890054-2003 PIN 

were 

The sequence consisted of 

followed NDE evaluation to 

was selected for more 

The 

surfaces. electron examination was carried out on the fracture surfaces 

to establish the fracture mode. Based on the results cause for failure was established. 

2.8.3.1 

2.8.3.2 

Visual Examination 

Ultrasonic 

or 

further evaluation was concentrated on 

of Stabilizer 

2-66 

PIN 

2-

Based on 



2.8.3.3 

examination. Two 

s 

To reIn 

Fractography 

of Results 

Used Evaluate Ho,'izontal Stabilizer 

interior 

Examination 

defect 

saw cuts 

2-67 

Box Failure 

B were 



2-61. JJhnff"l,nr~~ntlc of Horizontal 
ClU<lt!Dvl #1, 

7630 168A21 0053··1 015 

2-68 



A in 

2-69 



2-63. 

2-70 



2-64. 

2-71 



Figure 2-65 in zone A. 2-65a the 

with the outer (top) features were of interest. The overall 

had a shiny appearance, with extensive occurrence of rubble. surface had a wrinkled 

appearance, and this was determined to be due to (see 

Figures 2-65b and 2-65c show photographs the defect surface with 

removed. It was determined that in each 

extensive rubble. 
there was a fan-shaped and 

Figures 2-66 and 2-67 show SEM photographs of fracture features observed in the first and 

second of the in zone A to the outer surface. In the 

delaminations are associated with a central zone of 

the local of fine river 

epoxy (Figure 2-66b) that propagated outward from the 

delamination had due to peel. 

of the delamination in zone A with the second 

removed. were observed. Stray were also associated with 

to the failure event. 

SEM examination of the uau1c'"'"' in zone B revealed features indicative of failure due 

to 2-68 is a of the section with the outer skin removed. The 

fracture surface was of one of which is cracks 

m and extensive 

2.8.3.4 Microstructure/Material Tests 

No microstructural or 

failures were 

material 

2.8.4 

was caused 

2.9 FAILURE ANALYSIS OF A CYLINDRICAL SPECIMEN 

2.9.1 Abstract 

Failure 

the Air Force. It was 

2-72 

in zone B. 

across 

because it was concluded that the 

no with 

since load 
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2-156. 

2-74 



2-75 



2.9.2 

A _ . ., .. ,_.,.~ 

for evaluation. 

fabricated from 
on the tests n<>·rtorn, 

2.9.3 of Failure 

Note impact at I and cracks at C 

B 

was submitted to 

the Air Force indicated that 
tested to failure. No hn,n•..-.~~., 

was 

The failure analysis sequence of examination and 

documentation of the NDE of the failed to reveal any interior defects. The 

2.9.3.1 

2.9.3.2 

Visual Examination 

in the 

that the part was filament 

in 

NDE Tests 

in the 

2-76 

Visual examination of the 

of 

because of the non-

out and 



2-69. 

2-77 





2.9.3.3 Examination 

Examination of the inner surface of the 

to the external The contc,ur of the interior defect was identical to that 

on the the same 

SEM examination was carried out on outur and inner of the 2-

and 2-715 on the outer and inner surfaces. As 

uuAu~'"'" on the cuter consisted of1oca1ized 
and defibrillation of fiber ends. 2-74 nr•"<::"·n 

The faflu:re in this was characterized 

2-71. 



2-80 



and 



2-74. 

2-82 



2-75. 

2-83 



2.9.3.4 Material Tests 

Radial sections were taken 

were oriented so fractures were in 

the failed regions. 

of the 

areas, no material defects such as 

or contaminants were detected. Chemical identification of the resin was not carried out due to lack 

of material appearance of the fracture locations and 

2.9.3.5 Stress 

of the would lead to 

shear conditions in elements of This would lead to delaminations 

caused 

resolved tensile 

shear stresses. of the fiber bundles would occu:r due to the 

1;10,;~\J\.OAUI,<:;U with the 

2.9.4 

caused shear stresses associated with the torsional loads. 

2.10 FAILURE ANALYSIS OF A 

2.10.1 Abstract 

0.2 

Force 

bonded to a 

2.10.3 of Failure 

The failure 

documentation of the 

examination were carried 

a role 

sequence 

Based on 

PLATE AND FASTENER 

2-84 

to 

the Air Force 

from a 

information was available. 



2-76. Defects in 

2-85 



2.10.3.1 Visual Examination 

from the core. The 

2-77c and 2-77d. The remnants of the 

can also be seen in these t'\hC:Dn.,orl that the a dull 

brown color a glass 

section. 

2.10.3.2 NDE Tests 

Several zones of evaluation. of 

2.10.3.3 Examination 

evaluation was carried out on delaminated and bottom 

of fracture 

hole 

delamination was 

The fractured 

characteristics 2-78a). A 

fracture had 

SEM examination was also carried out on a cross-section of the 

The fracture features 2-81. The cross-section revealed fracture 

and 

and voids 

2-86 



2-77. As-Received Documentation of 

2-87 



2-77. 

fracture mapping. 

2-88 



2-78. 

Note river pattems (arrow] 

2-89 



2-79. of 

2-90 



2-80. 

2-91 



2-81. 

2-92 



0.3.4 Stress 

indicated that the delaminations in the were 

to 

additional 

1 OFA ARCH REINFORCEMENT 

2.11 

Failure arch 

for a canopy network 

and to establish the cause for failure of the 

lo at "'"''""'""<> 

2-93 



2-83. 

2-94 



may have been Under 

internal in the bow. 

may have accelerated the failure pro•:ess. 

canopy. 

The FALN sequence 

NDE 

for the 

established. 

2.11.3.1 Visual Examination 

2-2>4 shows a 

indicated that the 

in the as-received condition. 

consisted of a thin woven sheath 

to be filament wound 

examination ofthe 

1 

The 

fastener 

than those 

NDE of 

was examined conventional 

where cracks had been observed. No 

Examination 

the visual and NDE the 

2-86a shows 

2-95 

2-85c), as 

across 

was of poor 

of a T-38 canopy was 

was 

Close examination of the 

to be 

glass/epoxy). The 

The sections have been 



2-96 



2-97 



2-98 



labeled as C, and D in 

in the sections labeled B, and C. 

Initial examination was concentrated on the 

fastener appearance of these cracks su,gg,est;ed 

of a crack. fracture was once 

the occurrence of hackles in the resin 

by tensile 

2-89 

As can be seen in 

of the sheath to the bow. 

surface the sheath should 

to be in the 

::haracteristics. 

fracture features observed in the 

of the 

no evidence of 

state, and with occurrence of 

SEM examination was also carried out on the delaminations in the bow 

2-91 

delamination in the bow mid-section. Fracture 

I<uuuuu tensile 

.3.4 Microstructure/Material Tests 

examination was 

of fastener holes. As can be seen in 

the with the 

characterized 

1.3.5 Stress 

out on 

indicated that the 

2-99 

in the sheath 

The occurrence of shear 

mayhave m 

was very 

material defects 
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2-88. in Bow 

2-101 



2-102 



2-103 
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2.11.4 

Based on all the tests performed it was concluded that failure of 

combination of one or more loose fasteners coupled with poor quality of the 

part occurred due to a 

and 

torsional shear cracks initiated at fastener holes, possibly leading to increased and 

of the The part being of poor eventually to 

2.12 EDITORIAL 

The comments were Ms. Patricia Stumpff, the Air Force 

the following case histories in this ofthe Technical Handbook. 

2.12.1 Test Panel 

The actual cause of damage was a projectile from the exterior to the 

interior not from the interior to the exterior. 

over the exterior of 

is mon rounded on the exterior surface th :m the interior surface. This would indicate an 

exterior to interior Had a cross section of the area been 

in the composite would also have indicated the correct of 

2-105 



2-93. 
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2.12.2 Main Gear Strut 

There waH visual evidence of a in the bolt hole 

The of this flaw to the failure was not 

2.3 Plate and Fastener 

It appean, difficult to determine from the evidence or the of the 

was involved in the failure. Because river melted and resolidified surfaces 

were all confidence that caused the 

or other factors could have been for the 

after the failure evmt. 

U.S GPO 1992 649-89f 
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