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FOREWORD

This report was prepared by the McDonnell Aircraft Company
(MCAIR), St Louis, Missour i, for the Structural Integrity Branch ,
Structural Mechanics Division, Air Force Flight Dynamics Labora-
tory, Wright—Patterson Air Force Base, Ohio, under Contract
F336l5—77—C—3l24, “Effects of Service Environment on F—l5 Boron!
Epoxy Stabilator ” . This contract was administered by C. L.
Rupert, Project Engineer, AFFDL/FBE.

The Structural Research Department of the McDonnell Air craft
Company had the responsibility for the performance of this
program. The program manager for MCAIR was R. A. Garrett. The
principal investigator for MCAIR and author of this report was T.
V. Hinkle. Other MCAIR personne l contributing to this program and
the ir technolog ies are :

o 3. W. Harve y and B. 3. Colvin — Structura l  Anal ysis
Consul tants  fr om the F—iS Project .

o B. A. Dike — Operat ions Analysis

o R. J. Jan i tch  — Thermodynamic Analysis

O T. S. Jone s — Nondestruct ive Evaluat ion

o T. A. Seweli — Mater ia l s  E v a l u a t i o n

o J. F. Siller — Structures  Laborator y

o W. D. Tims — Mater ia ls  Laborator y

This repor t covers wor k accomplished dur ing  the period from
August  1977 through June 1979.

This  report was rele ased by the author in June 1979 for pub—
licatiori .
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SECTION I

INTRO DUCTION AND SUMMARY

Laboratory tests of epoxy matrix composite specimens have
repeatedly demonstrated that  ce r ta in  st: ic tural  properties are
degraded by absorbed mois ture .  These s t r eng th  reduct ions  may be
reversible or i r reversible  depending on whether  the absorbed
mois ture , in con junc t ion  wi th  therma l and mechanica l  loadings ,
damages the epoxy m a t r i x .  There is , however , a lack of data on
the combined e f f e c t s  of mois ture  absorbed from ac tual  service
environments  and mechanical  loads. These data are needed for
eva lua t ion  of the f u t u r e  h ighly—loaded composi te structures which
must  w i ths tand  temperature and h u m i d i t y  extremes over t h e i r
miss ion l i f e .

In this  program , the e f f e c t s  of exposure to realistic
env i ronments and s t ruc tu ra l  loads were evaluated using the F — l 5
hor izon ta l  s tab i la to r  as a typical  composite s t r uc tu r e .  This
stabilator incorporates boron/epoxy skins in the main torque box
assembly . Effects of the extremes of USAF service env ironments
were evaluated by subsequent static testing of a stabilator which
previously was part of the F—l5 climatic test program . Effects of
service life spectrum fatigue loadings and laboratory environ-
ments were examined using a stabilator which sustained static and
spectrum fatigue loads in F—15 design verification testing and a
subsequent long—term storage period .

This program was conduc ted in three phases :

Phase I — Nondestructive Evaluations

Phase II — Moisture Contents of Composite Skins

Phase III — Full—Scale Static Tests and Element Tests

Phase I consisted of nondestructive evaluation of the cand i-
date stabilators for this program follow ing their previous usage.
One of the two stabilators from the F—15 climatic test airplane
was selected as a test article follow ing these evaluations.
Inspection results were compared wi th orig inal product ion records
to detect any damage resulting from the interim service and
storage exposures. The stabilator used originally for F—l5 design
verif ication testing was also nondestructively examined . Repairs
needed before use as a static test article were also accomplished
in this phase.

Phase II consisted of analytically predicting moisture con-
tents of the stabilator composite skins for a variety of different
F—15 deployments. These analyses required development of thermo-
dynamic models of various locations in the composite skins and

1 
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exper imenta l  de te rmina t ion  of moisture d i f f u s i o n  properties of the
boron/epoxy skin mater ial . Moisture content histories were also
calculated for each of the test ar t ic les  and predicted moisture
contents were compared wi th  values measured at the conclusion of
the static tests to verify the predictive methodology. This
predictive methodology was used in conjunction with projected F—iS
deployments to determine the maximum expected moisture contents.

Phase III consisted of full—scale tests of the two F—l5
s tab ila tors  followed by element  tests of specimens removed from
both failed art icles.  Both stabilators were loaded s tat ical ly to
failure and the results compared to earlier design verification
test results .  Composite skins were ul t rasonical ly inspected to
locate undamaged areas from which addi t ional  coupons could be
machined . Coupons were used for evaluation of physical, chemical
and structural properties of the boron/epoxy skins and for
measur ing  moisture contents.  S t ruc tura l  test ing of these coupons
was conducted after conditioning them to preselected moisture
contents, includ ing maximum expected moisture levels.

2
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SECTION II

NONDESTRUCTIVE EVALUATIONS

A total of three s tabi la tors  we re nondestructively evaluated
in this program. Two were from the F—15 climatic test airplane,
McDonnell serial number 14, and are referred to in this report as
Eag le 14 stabilators. One of the Eagle 14 stabilators was selected
as a test article following these evaluations. The third stabi—
lator evaluated was the preproduction article used for design veri-
fication , referred to herein as the PDV stabilator. Based on this
lat ter  evaluat ion , repairs were defined and the PDV was refurbished
for use as the second test article in this program.

1. STAB ILATOR PRIOR USAGE — Prior usage of Eagle 14 and PDV
stabilators is summarized in Figure 1. Eagle 14 stabilators were
fabricated by August 1973 and then installed on Ship 14 which was
delivered to the Air Force in June 1974. As part of the F—l5 cli-
matic test program , this airplane was stationed in the California
desert at Edwards AFB but saw temporary duty assignments in the
arctic (Eielson AFB), in the tropics (Howard AB), and again in the
desert (El Centro NAS). It was also exposed to temperature and
h u m i d i t y  extremes in the env i ronmental test chamber at Eglin AFB.
At the conclusion of these tests, Ship 14 returned to St. Louis
in February 1976 and the horizontal stabilators were removed to
evaluate effects of these environmental extremes.

The PDV stabilator was fabricated by May 1971 for use as a
preproduction design verification (PDV) test article. In late
1971 , it was subjected to spectrum f a t igue loads equivalent  to
16,000 f l i g h t  hours , followed by two ind iv idua l  s ta t ic  tests first
to 150% of design limit loads (DLL) and then to 200% DLL. The PDV
sustained all loads with only minor damage. Following these
s ta t ic  and f a t igue tests , this stabi la tor  was used in a s imulated
lightning strike test to evaluate the effects of current transfer
through support bearings at the fuselage/stabilator interface.
The PDV stabilator was then placed in storage until selected for
use in this program to evaluate the effects of loading extremes.

2. STRUCTURAL DESCRIPTION — The F—15A horizontal stabilators are
entirely moveable and may be actuated differentially, for roll
control , or collectively for longitudinal trim and pitch control.
Stabilator surfaces are symmetrical a i r f o i l  sections with  no
camber, a 50° leading edge sweep, and an aspect ratio of 2.05.
Due to the midplane symmetry , the same stabilator can be installed
on either side of the F—l5 .

3
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Fi gure 1. Usage History of Eagle 14 and PDV Stabi lators
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Eagle 14 stabilators are representative of production arti-
cles in that a “snag” was incorporated in the inboard leading edge
structure. The PDV stabilator was a preproduction article and had
no “ snag ” . The stabilators were otherwise s t r u c t u r a l l y  ident ical
and are shown in Figure 2.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_

Trailing Edge Structure

i— Control Horn
/ FIt t ing Leading Edge
/ Structure

Spindle
Fitting

- Tip
- ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~

Bonded Root Splice , Rear Spar
Titanium Splice Plate

Front Spar

Torque Box , opm-o3a-2
Boron/Epoxy Skins

Figure 2. F-i 5 Stabi lator Structure
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The primary torque box is a bonded assembly of boron/epoxy
skins, aluminum full—depth honeycomb core, and titanium spars,
ribs and “p ic ture—fram e” splice pl ates. Skins for the Eag le 14
and PDV stabilators were fabricated from AVCO 5505 boron/epoxy
prepreg . Each was cured and post—cured and , in the same opera-
tion, bonded to the titanium splice plate using FM400 adhesive .
In a second operation, upper and lower skins were bonded to the
honeycomb core again using FM4 00 . These boron/epoxy skins range
in thickness from 44 pl ies ( . 2 3 — i n c h ) at the root to 12 plies
( . 0 6 — i n c h ) at the t ip.  Each skin is bonded to a step—lap splice
plate , which has f ive  machined steps in the root splice and ei ther
two or three steps on the remaining three sides.

At the inboard end of the torque box , splice plates, spars
and the torque rib are mechanically attached to a forged spindle
f i t t i n g . In the a i r c r a f t, the control actuator  is attached to a
dr ive horn f i t t i n g  which is bolted to the barrel section of the
spindle.  The spindle and horn f i t t i n g s  t rans fe r  all s tabi lator
loads to the a i r c r a f t  fuselage or, for this program, to the labo-
ratory test fixture.

Leading and trailing edge panels and the tip panel consist of
a l u m i n u m  skins bonded to fu l l—dep th  a luminum honeycomb cores
except for the snagged area of the Eag le 14 leading edge . Inboard
of the snag , the s t ruc tu re  is composed of th in  a l u m i n u m  skins
riveted to s t i f f e n i n g  ribs . Leading edge , trailing edge and tip
panels are mechanical ly attached to the primary torque box.

3. INSPECTION METHODS — Inspections performed on s t ruc tura l
components from the three stabilators are summarized in Table 1.
Through—transmiss ion  ultrasonics was used to inspect skin—to—core
bondl ines and , for the torque boxes, boron/epoxy skins and bond—
l ines  between boron/epoxy and titanium skins. Pulse—echo ultra-
sonics was used to inspect skin—to—spar and core—to—spar bond—
l ines.  In—motion radiography was used for inspection of honey-
comb core , core splices, and core—to—spar bondl ines .  In addi t ion ,
stat ic radiography was used to c l a r i fy  thicker  and more complex
areas of core—to—spar bondlines in the torque box.

Special emphasis was placed on f u r t h e r  d e f i n i t i o n  of any
defects in the torque boxes wh ich were detected in these
production—type inspections. Disbonds found in a root splice of
the PDV torque box were further examined by analyzing the strength
and sequence of signals  returned in a pitch—catch ultrasonic
inspection.

6
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TABLE 1. NONDESTRUCTIVE EVALUATIONS PERFORMED ON EAGLE 14
AND PDV STABILATORS

Eag le 14 PDV Eag le 14
Inspection Method _______ 

Lth 
_______ _______ _______ ______ 

Ri ght
Torque Leading Trailing Torque Leading Trailing . . Torque

Box Edge Ed ge 
lip Box Edge Ed ge Tip Spin dle Box

Automated Through-
Transmission Yes Yes Yes Yes Yes Yes Yes Yes Yes
Ultrasonic C-Scan

Pulse-Echo Rinçp ing
Ultrasonic A-Scan Yes Yes Yes Yes Yes Yes Yes Yes Yes

Pitch-Catch Ultrasonic
A-Scan , Signal Analysis . 

Yes
__________ __________ __________ ___________ ___________

In-Motion Radiography Yes Yes Yes Yes Yes Yes Yes Yes Yes
Stationary Radiography Yes Yes Yes

— u.wJ__~~_ ~~~~~~~~ 
. ..

Dye Penetrant Yes
Visual Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

0P79 0344.4

4. NONDESTRUCTIVE EVALUATION OF EAGLE 14 STABILATORS - The
stabilators were disassembled and both torque boxes, Figure 3, were
ultrasonically and radiographically inspected . Results of the
through—transmission ultrasonic inspection are shown in Figures 4
and 5. Squirter—coupled automated techniques were used . Sound
attenuation greater than 55 dB is printed as black areas on the
C—scan record ; attenuation of less than 20 dB is represented by
white areas. Attenuation between these two values is represented by
various shades of gray obtained by the progressive darkening of a 4
x 4 dot mat r ix  un t i l  sol id black at 55 dB. The significant darken-
ing of the C—scan records along the thinnest step of the root splice
fitting is a response characteristic of all torque box inspections
and does not represent flawed areas. This darkening results from
destructive interference between the sound beam being transmitted
through the structure and a standing wave created by the unique
relationship of step thickness to input sound wavelength.

The or iginal  production inspection records were also reviewed
for evidence of flaws in the torque boxes. Static rad iography and
through—transmission ultrasonics had been used for these inspec-
tions. The sensitivity of C—scan records was compatible with that
obtained in this program , although the ultrasonic equipment and the
printout format for the C—scans differed from those currently used.

No defects were found from the current inspection records or
from the original production records. Consequently, the left—hand
stabilator from Ship 14 was selected for testing in this program on
the basis of compatibility with the test setup designed for the PDV
stabilator.

7
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No defec ts  were found in the leading edge , t r a i l i n g  edge and
tip panels of the Eagle 14 test a r t ic le .

5. NONDESTRUCTIVE EVALUATION OF THE PDV STABILATOR - Components of
the PDV s tabi la tor  were nondes t ruc t ive ly  tested us ing  the same
techniques that  were used for  the Eagle 14 test  a r t i c l e .  In addi-
t ion , a thorough v i sua l  examina tion  was made for conformance to the
requirements of the engineer ing drawing . Repairs were then def ined
and completed prior to the use of th i s  s tabi la tor  as a s ta t ic  test
ar t ic le .

a. Torque Box — Through—transmiss ion  u l trasonics  revealed two
disbonds , Fi gure  6 , in the root splice area. These comprised approx-
imately 15% of the total bonded area of this root splice. In—motion
radiography revealed f i v e  small areas of blown core in outboard
sections of the torque box . Four of these areas , shown in F igure  7 ,
were adjacent  to the f ron t  spar. All f i ve  were in the v i c i n i t y  of a
core splice.

Disbonds at the root splice ( F i gure  8) were local ized , using
pulse—echo u l t rason ics, to the skin which  had been tension—loaded
dur ing  the design verification static test. It was conceivable ,
however , that  these could have occurred w i t h i n  t h i s  boron/epoxy skin
on e i t he r  side of the metal splice f i t t i n g , at e i ther  sk in—to—
f i t t i n g  bondline , or at the sk in—to—core  bondline . The depth of
disbonds was determined by a contact ultrasonic inspection in which
a dual  t ransducer  was used to send and receive u l t rasonic  s ignals .
The sequence and s t rength  of sound echos from the various mate r ia l
in te r faces  were used in conjunc t ion  w i t h  the known speed of sound in
the var ious  media to locate the disbonds in the s k i n — t o — f i t t i n g
bondline nearest the honeycomb core . This was v e r i f i e d  upon dissec-
ting the root splice after the static test.

None of these defects appeared in the ori g ina l  product ion
inspection records or in the l imi ted inspection conducted a f t e r  the
s ta t ic  and f a t i g u e  tests in the desi gn v e r i f i c a t i o n  program . A f t e r
s t a t i c  and f a t igue tests, the torque box was reinspected us ing
s t a t i c  radiography . Disbonds would not normally be detected in
X—rays , so i t ’ s possible that  these occurred during the structural
tests. Blown core , however , would have appeared in X—rays  but did
not .  Thus , these defects  occurred a f t e r  the s t r uc tu r a l  tests
possibly as a resul t  of the s imula ted  l i g h t n i n g  s tr ike tests.

The disbonds in the PDV root splice were not repaired. Effects
of large disbonds were evaluated in Reference 1 for  th is  s tep—lap
joint configuration ; results of these tests indicated that PDV
disbonds would not have a sig n i f i c a n t  impact on s ta t ic  f a i l u r e
levels. Also , the areas of damaged core in the torque box were not
large enough to require a r epa i r .
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b. Metallic Structural Components and Fittings — Visual inspec-
tion of leading edge, trailing edge and tip panels and the spindle
fitting revealed numerous defects which required repair. These are
summarized in Fi gure  9. Shear ties between the trailing edge panel
and the torque box are made through tang s which are machined inte-
gral with web stiffeners on the rear spar. Four of these tangs were
miss ing  and were replaced with machined clevis f i t t i n g s  which  nested
over and were attached to the four spar web stiffeners. Oversized
repair bolts were used to correct for elongated holes in the spindle—
to—skin bolt pattern. Other areas of the spindle were polished to
remove surface flaws which were detected in a dye penetrant inspec-
tion. Close—tolerance spindle bushings which interface with aft
fuselage support structure had been removed following the simulated
lightning strike test; these were replaced .

Through—transmiss ion ultrasonic inspection was performed on
the lead ing edge and t ra i l ing  edge bonded panels. Results con-
firmed that many of the dents, dings and creases were associated
with skin—to—core disbonds. One hole and several dents in the
a luminum skins were repaired by locally f i l l i n g  the honeycom b core
with adhesive and bond ing doublers over the damaged areas. A
disbonded skin on the tip panel was rebonded and riveted around
the periphery.
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SECTION I I I

STABILATOR TEST PROGRAM

Full—scale static tests of two F—l5 stabilators were conducted
in this program to determine their ultimate static strength. The
resul ts of these tests were compared with resul ts of a simila r
des ign ver i f ica t ion test conducted in 1971 to determ ine the e f f ec ts
of exposures to service and load environments.

1. LOADS USED FOR F-15A STABILATOR DESIGN AND DESIGN VERIFICATION
TESTING — The maximum design loads for the F—l5 stabilator torque
box occur during high speed rolls at altitude. This maneuver causes
maximum bending moment and torque as well as 98.5% of the maximum
shear expected for the stabilator. Leading edge, trailing edge and
t ip  s t ruc tu ra l  assemblies are designe d to loads which occur in a
similar maneuver but executed at sea level. Net shear loads on the
stabila tor for these cond itions are up loads and produce compress ion
in the upper surface.

The “snag ” lead ing edge struc ture typ ical of all produc tion
stabi la tors (s uch as Eagle 14) resul ts  in a cen ter of pressure af t
of its location on the nonsnagged configuration (PDV stabilator).
For the torque—box maximum load condition , the torque is increased
16% relative to the torque used in verification testing of the
nonsnagged version. This increased torque only affects member loads
in the root metal structure. In the earlier design verification
test program , howeve r , 200% of static design loads were sustained
without failure. This demonstrated strength was well in excess of
the room tempera ture design requi rement of 164% and thus qual i f ied
the stab ila tor for the increased loading associated wi th the snag
conf igura tion.

2. TEST LOADS USED IN THIS PROGRAM — Minor modifications were made
in the torque—box—critical condition described above to insure that
premature failures did not occur in the noncomposite structure .

Loads in the root me tal struc ture were ma in ta ine d at the levels
previously demonstra ted in desig n ver if ica tion tests by applying a
leading—edge—up torque. This torque was applied inboard of the root
splice of boron/epoxy skins by means of the torque beam shown in
Figure 10. In addition , tension pad loads on the sheet me tal
lead ing edge were reduced and adjacen t pad loads were increased to
maintain the same overall stabilator loading . Pads involved in this
redi str ibu tion are shaded in Figure 10. Loads on the remaining pads
we re ident ical to those used in the design verification test.

Resultant loads for the torque—box—critical condition are shown
in Figure 11. F—iS stabilator design loads (solid lines), design
ver i f i c a t ion test loads (do tted l i nes )  and curren t test loads
(dashe d l ines )  matched w i t h i n  3% in areas of the torque box where
analysis ind icates lowest margins of safety . These areas are : root
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metal structure , hinge line stations 0 to 20; composite skin root
splice, load reference stations 0 to 10. Torsion loads in outboard
areas of the stabilator were somewhat higher than in the design
verification tests as a result of the change in distributed loads
required to off—load the sheet metal lead ing edge of Eagle 14 as
described above.

To insure developing comparable loads in the composite skins of
both stabilators, the applied load distribution for the test of the
Eagle 14 stabilator was also used for the static test of the PDV
stabilator. For both static tests, stabilators were cantilevered
f~-om the spindle with torsional moments reacted through the controlhorn fitting . Axial loads at the control horn fitting were measured
by a load cell .  Dis t r ibuted  loads were applied to the upper
stabilator surface (as installed in the test frame) using two load
fixture assemblies, each composed of tension pads , wiffle tree,
strain l ink , and a load cylinder. Two load cylinders, slaved to a
common servo—controller , were used for applying torque beam loads.

Each stabilator was instrumented with strain rosettes ( 0 0 , 45~~,
90° gages) ,  uniaxial strain gages and deflection transducers in
highly—loaded areas identified from the design verification test
data. These locations are shown in Figure 12. A uniaxial gage was

Strain
Rosette B L90

~~~~~~~~~~~~~~~~~~~~~ 
__________

Location D t 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Deflection 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Location F

Figure 12. Strain Gage Locations for Data Analysis 0P79-0344-22
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placed on the boron/epoxy sk in  near  the rear  spar ( loca t ion  A) to
moni tor  spar cap s lr a i n s .  Stra in rose ttes were placed on the skin
ad jacent to the edge of the ti ta ni um splice pla te ( loca t ions  B and
C) to monitor bonded joint loads. Strains in the boron/epoxy skin
next to a h igh l y—loaded area of the leading edge (location D) were
also monitored us ing  a s t r a i n  rosette . Normal d isplacements  at
location E were monitored for comparing overall stabilator bending .
Other stra ins and d isplacemen ts , such as the stra in in the tr a i l i n g
edge skin at location F, we re recorded for  eva lua ti ng s tabi la tor
failures.

3. STATIC TESTS OF STABILATORS — Full—scale tests were conducted at
room temperature so that direct comparison could be made with the
resul ts of the room tempera ture des ign verification tests. The PDV
is shown in the test setup in Figu re 13 wi th the v iew toward the
tr a i l i ng  edge. The Eag le 14 stabi la tor is shown in Fi gure 14 loaded
to 150% DLL. Lower skins were primarily loaded in tension. For the
Eagle 14 test, the lowe r ( tension ) skin ha d been the upper skin on
the stab i l a tor d u r i n g  fli ght service. For the PDV test, the tension
skin had also been tension—loaded in design verification testing .
All instrumentation was placed on the tension skin.

a. Eagle 14 Test Results — Failure of the Eagle 14 stabi—
lator occurred in the root spl ice  a rea of the tens ion sk in at 190 %
of desig n limit loads. Strain and deflection data are presented in
Table 2 for selected load levels. These data are linear with load
excep t for the strain in the rear spar cap which increased at a
faster rate as failure became imminent.
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Fi gure 1 3. Stabi lator Static Test Setu p
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TABLE 2. EAGLE 14 TEST DATA

Desi gn Limit Load Level
Location —

50% 100% 150% (Failure)

A Strain in Boron /Epoxy Rear
Spar at Skin Splice (pin./in.) 1152 2325 3492 4605

B Principal Strain in
44-Ply Boron /Epoxy Skin
at Splice Plate (pinJin.) 1133 2286 3461 4220

C Principal Strain in
44-Ply Boron/Epoxy Skin
at Splice Plate (pin/ in.) 956 1927 2927 3133

o Principal Strain in
28-Pl y Boron/Epoxy Skin
Near Front Spar (pin / i n . )  1102 2223 3348 4197

E Stabi lator Tip
Displacement (in.) 4.1 8.3 12.6 16.2

GP79-0344 23
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The tension surface failed as shown in Figure 15. Aluminum
sk ins of lea di ng and tra i l ing edge struc tures we re f r a c t u r ed and the
boron/epoxy sk in in the torq ue box wa s cr acke d in the v i c i n i ty of
the bonded splice to the inboard titanium skin. The outline of the
innermost step of the picture—fram e splice fitting is shown in
Figure 16 superimposed on the root splice area. The failure ex-
tended through the upper flange of the rear spar , through the
boron/epoxy sk in and splice f i tt ing ad jacen t to the rea r spar , then
fo rwar d throug h the boron/epoxy skin to the front spar. The front
spa r was cracked comple tely through. Post—test ultrasonic inspec-
t ion of the boron/epoxy skin  revealed delamin a t i ons ex tendi ng
approximately 8 inches outboard from the fracture and a 4—inch wide
de lamina t ion ex ten d ing along the f ron t spar 20 inches ou tboa rd f rom
the fracture.

/ ,
/ _

Leading Edge 
______

Assembly

F r o n t  Spar - 
. 

. . - . .. h~i -

U..— 
~~~~~~~~~~~ 

I 

Fracture ~~~~~~~~~~~ I - . -- ~,
Torque Box Assembl y o ~ 

- 
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. .......~:
Trailing Edge 

Rear Spar - I .  
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Assembly / ~~
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,
~ Fw

/ Outbd
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Figure 15. Tension Skin of Eagle 14 Stabilator After Static Test
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Figure 16. Fracture in Root Splice of Eag le 14 Tension Skin

The root splice area of the tension skin was machined from the
Eagle 14 torque box for f u r t h e r  e v a lu a t i o n .  Several inboard—out-
board cuts were also made. The structure after dissection is shown
in Fi gure 17. In addition to the skin fractures , considerable  bond
fa ilure also occurred as shown in the cross—secional schematics in
Figure 17 and in the related Figure 18. These bond failures were
pr ima r i ly  adh esive an d were typ ical of lap shear f a i l u r e s  obtained
at roorr emperature in the qualification of FM400 adhesive.
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b. PDV Test Resul ts  — Ult ima te f a i l u r e  of the PDV s t abi l a to r
occurred in the root splice area of the tension sk in  at 184% of
design load . A local failure in the trailing edge structure had
occurred earlier at 169%. Load—strain data were linear up to the
occurrence of the in i t i a l  f a i l u r e  and , after redistribution of
trailing edge loads to the torque box (Figure 19), cont inued
l inea r ly  un t i l  u l t i m at e  f a i l u r e  occurred . Strain data are shown in
Table 3 for  selected load levels.

200
- 

Location F Location A
Ultimate Failure — _________________ _______

4 Initial Failure / I _______ .7

—~ 100
C’

Lo~~~~o n F ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

F 0 2000 4000 6000 8000

Extensional Strain - pin /in .
0P79-0344-27

Figure 19. Strains in PDV Torque Box and Trailing Edge Structure
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TABLE 3. PDV TEST DATA

Design Limit Load Level
Location 184Y50% 100% 150% (Failure )

A Strain in Boron /Epoxy Rear
Spar at Skin Splice (pi n. Iin. ) 1119 2239 3364 4891

B Principal Strain in
44-Ply Boron /Epoxy Skin
at Splice Plate (pin./in.) 1121 2242 3345 4632

C Principal Strain in
44-Pl y Boron /Epoxy Skin
at Spl ice Plate (pin / in . )  939 1870 2800 3565

D Princi pal Strain in
28-Ply Boron /Epoxy Skin
Near Front Spar (pinj in.) 1087 2168 3247 4075

E Stabilator Tip
Displacement (in.) 4.2 8.4 12.4 15.5

GP79-0344- 24
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Fracture of the tension skin was similar to that experienced
wi th the Eagle 14 stabilator test with the exception that the frac-
ture in the PDV stabilator propagated through disbonded areas of the
root splice. These disbonds were detected in pretest nondestructive
eva lua t i ons  and are described in Section I I .  As shown in Fi gure  20 ,
the skin failure extended from the leading edge to the trailing edge
of the s t a b ila t o r .  In a d d it i o n , a disbond occurred at a splice in
the compression skin of the trailing edge structure and is thought
to be associated wi th  the local f a i l u r e  noted at 169% DLL.
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Fi gure 20. Tension Skin of PDV Stab ilator After Static Test

The torque box f a i l u r e  area is shown in F i g u r e  21. To f u r t h e r
e x a m i n e  the f a i l u r e , the  f r a c t u r e d  po r t ion  of the tens ion  sk in  was
machined from the PDV torque box . This is shown in Figure 22 along
with cross—sectional schematics showing the extent of the disbonds .
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Figure 21. Fracture in Root Splice of PDV Tension Skin
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4. CORRELATION OF TEST DATA — Stra ins  and def lect ions  recorded up
to 150% DLL in the test of the PDV stabilator and the Eagle 14
stabilator correlate well with values from the design verification
program. Comparative data are shown in Table 4. Fracture of the
torque boxes occurred in the areas previously identified as areas
of m i n i m u m  marg ins of s a f e t y  and ins t rumented  for these tests.

TABLE 4. TEST DATA CORRELATION

DesignData Measured Eagle 14 PDV Ver~4icationat 150% DLI Test Test Test

Location A: Strain in Rear Spar
Cap at Root Splice 3492 pin/in. 3364 pin./in. 3400 pin./in.

Location C: Principal Strain at
Tip ot Splice Plate 2927 pin./in. 2800 pin_ /in. 2750 pin./in.

Location 0: Principal Strain
at Midspan 3348 pin./ini. 3247 pin./in. 3039 pin./in.

Location E: Tip Displacement 12.6 in. 12.4 in. 12.2 in.

GP7S-0344-30

Strains in boron/epoxy skins at f a i l u re  are compared in Table
5 with correspond ing values recorded at 200% DLL in the design
v e r i f i c a t i o n  tes t .  Values from Eagle 14 and PDV tests typical ly
exceeded those from the previous test a l though  f a i l u r e  load levels
were less than the previously demonstrated 200% DLL. The Eagle 14
and PDV strain levels agree w i t h i n  +4% — well wi thin the normal
scatter of component test results. —

TABLE 5. PEAK STRAIN COMPARISONS

Measured Eagle 14 PDV Design
VerificationParameter Test Test Test

Maximum Load
Level (% DLL) 190% (Failure) 184% (Failure) 200% (No Failure)

Location A: Strain in
Rear Spar Cap 4605 pin.fin. 4891 ~.zin./in . 4600 pin.Iin .

Location C: Principal Strain at
Splice Plate Tip 3733 pin /in . 356 5 pin./in. 3600 pin./in.

Location D: Principal Strain at
Midspan 4197 pin./in. 4075pin./in. 4033 pin./in.

0P79-034-4-19
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The stabilator failure load levels are also consistent with
load levels achieved in box beams which were fabricated and tested
for the Reference 1 program. These beams were identical in both
materials and configuration to the stabilator root splice; test
loads from the same torque—box—critical condition were used . A
comparison of failure load levels from stabilator and box beam
tests is shown in Figure 23.

Box Beam Tests (AFML -TR-73-162, Vol 1)

As Fabricated Baseline After Moisture
Conditioning

240

,— Design Verification Test

Eagle 14 Stabi lator Failure

200 

_ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _

~ 160
10 4

120
0P79-0344-7I

Figure 23. Stabilator and Box Beam Test Results
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SECTION IV

MOISTURE CONTENTS OF TEST ARTICLE SKINS

The purpose of this phase of the program was to compare
measured and predicted moisture levels for the Eag le 14 stabilator
and the PDV stabilator after the ir individual usage environmental
exposures. Surface weather data were collected representing the
actual environmental history of each stabilator . Steady—state
heat balance equations for specific locations in the composite
skins were deve loped utilizing the procedures outlined in
Reference 2. Moisture diffusion properties were exper imentally
determined using coupons representing the material system , lam i-
nate configuration , and processing of the stabilator skins. These
data ~~re used in a computer routine to generate chronological
boundary conditions for upper and lower skins. Boundary con-
ditions were applied sequentially in a numerical solution of
Fick ’s Second Law of Di f f usion to ca lculate skin mo isture con ten ts
as a function of exposure time . Values predicted to exist at the
time of static test were compared with moisture contents measured
at the same locations. The correlations between predicted and
measured values for the Eagle 14 stabilator and the PDV stabilator
were good and verified the rte~thodo1ogy employed.

1. ENVIRONMENTAL HISTORIES — Environmental histor ies of the Eagle
14 and PDV stabilator s were developed for the time period from
completion of torque box fabrication to the conclusion of static
tests. Geographic locations of the Eagle 14 stabilator and
summar ies of indoor exposure periods and flight times are shown in
Table 6. The stabilator skins were not exposed to effects of
solar radiation and precipitation during indoor exposure periods.
Eagle 14 was indoors until the first flight of Ship 14. For the
climatic test program , Ship 14 deployment was documented in Refer-
ences 3 t hrou gh 5 and hangar times were obta ined from personnel
assigned to that program . The stabilator s were removed from Ship
14 on 7 September 1976 after its return to St. Louis for rework
and stored outside (but under cover) until needed for this
program.

Flight periods were not included in the Eagle 14 environ-
mental history. Historically, f l ight t ime comprise s less than 3%
of the total service time for F—15 aircraft; for Ship 14, it was
129.4 hour s, or only 0.86% of the total service time . Ferry
miss ions  compr i se d 4 0 . 5  hour s of th is total and the se are
typica l ly  conducted at speed and a l t i t ude  comb ina t ions  wh ich
re su l t  in low skin  tempera tures , thus inhi b i t ing  ra pid moisture
changes in the skins. The remaining 88.9 flight hours were
expended in various missions for the climatic test program .
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TABLE 6. EAGLE 14 STABILATOR HISTORY

Flight Exposure
Stahilator Location Arrival Departure Time 4 Indoors Activity

(hr) (%)

St. Louis, Missouri 27 July 1973 29 May 1974 — 100 Torque Box Fabrication
Through Stabilator Installation

St. Louis, Missouri 29 May 1 Jul y 8.4 0 Flight Test
Edwards AFB , California 1 July 13 July 5.6 20 Desert Exposure
El Centro NAS , California 13 July 22 July 1.0 0 Desert Exposure
Edwards AFB , California 22 July 27 July 1.4 22 Desert Exposure
El Centro NAS. California 27 July 2 August 3.9 0 Desert Exposure
Edwards AFB , California 2 August 5 August 1.1 0 Desert Exposure
El Centro NAS, California 5 August 20 August 14.8 7 Desert Exposure
Edwards AFB , California 20 August 23 September 8.2 20 Desert Exposure - -

- ClimaticEglin AFB , Florida 23 September 10 December 0.7 100 Environmental > Test
Laboratory Program

Edwards AFB , California 10 December 10 January 1975 14.4 20 Desert Exposure
Elmendort AFB , Alaska 10 January 11 January — 0 Arctic Exposure
Elelson AFB , Alaska 11 January 19 February 20.4 3 Arctic Exposure
Edwards AFB , California 19 February 8 May 23.8 20 Desert Exposure
Howard AB, Panama
Canal Zone 8 May 13 June 16.6 6 Tropics Exposure
Edwards AFB, California 13 June 13 February 1976 9.1 33 Desert Exposure ,,
St. Louis, Missouri 13 February 7 September — 100 Ship 14 Rework up to

Stabilator Removal
St. L~t iis , Missouri 7 September 25 August 1977 — 0 Outdoor Storage of

Stabilator
St. Louis, Missouri 25 August — 100 Current Program

~Ferry time included with totals for Edwards AFB 0P7a 0344 41

Detailed sur face  weather data , recorded at the various bases
where Ship 14 was stationed , were obtained from the tJSAF Env iron-
mental Technical Ipplications Center (ETAC). These data are
generally recorded hourly at base weather stations on Federal
Meteorological Form 1—10; however, the Edwards AFB weather station
was closed for part of each day and the El Centro NAS weather
station closed permanently in 1960. Missing weather data were
estimated using statistical information for these sites.
Information from Reference 3 was used to define the environment
experienced in the environmental chamber during the Eglin mission.
Data for St. Louis were obtained from the National Weather Service
at St. Louis.

The PDV s t ab i l a to r  was indoors in var ious  McDonnell produc-
tion , test, and storage facilities from fabrication through static
test as summa r ized in Table 7. Follow ing the simulated li gh tn ing
test, the PDV torque box was occasionally removed from storage and
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TABLE 7. PDV STABI LATOR HISTORY

Date Activi ty

20 May 1971 Torque Box Fabrication Com pleted
18 August . 17 September 1971 Spectrum Fatigue Test , 16,000 E F H

21 September 1911 Static Test to 150% OLL Design
20 October 1971 Static Test to 200% OLL Ve rification
November 1971 - May 1972 Laboratory Storage Tests

1 May 1972-4 October 1972 Simulated Lightning Strike Test
November 1972 - August 1911 Warehouse Storage
25 August 1977 - Current Program

0P79-0344-44

used (indoors) for various tooling verification purposes. These
activities were not well—documented and have not been included as
s p e c i f i c  mi les tones  in the PDV h i s to ry . Necessary c l ima t i c  data
were obtained from the National Weather Service.

The envi ro nmen tal his tories of Eag le 14 and PDV stab ila tors
‘ire summarized in Appendices A and B , respec t ive ly .  Sur face
eather data were converted to a spectrum of exposures containing

a typ ical daily cycle in temperature , humi d i ty ,  wind speed , cloud
cover and precipi tat ion f requency for  each mon th (or portion of a
month) and for each base. Each typical day is broken down to
eight 3—hour segments. Data associated with each 3—hour segment
in the appendices include la t i tude , long itude , site factor, month ,
t ime of day (local starda rd t i m e ) ,  humid i ty ( H A ) , cloud cover
(MCC ), wind speed (VW), precipitation frequency (P), and duration.
The si te fac tor is a measure of smoke and haze in the air  and is
used in conjunction with cloud cover data in the calculation of
solar heating effects using the Reference 2 methodology. Precipi-
tation frequency refers to the percent of observations for that
3—hdur segment during which precipitation was recorded . As
presented in the appen d ices , the dura tion of each 3—hour segment
refers to the total time (in hours) for which the accompanying
ambient  wea ther  data apply.  The sum of the d u r a t i o n s  for  the
eigh t segments of a typical day comprises the length of deployment
to a given base or, in the case of long assignments , comprises one
month at a base. An event in the env i ronmenta l  h i s to ry  is d e f i n e d
as the weather  data associated w i t h  the e i g h t  segments of a
typ ica l  day and the correspond ing d u r a t i o n s  of each segment.

Indoor exposure periods were included in the  e n v i r o n m e n t a l
histories for both stabila tors as separate events. For the PDV
s t ab i l a to r, indoor exposure periods at St. Louis comprised the
e n t i r e  h i s to ry . Skin t emperatu re  for these periods was assumed to
be equal to the outside ambient temperature or 70°F, whichever was
greater. For an ambient temperature less than 70°F, an effective
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relative humidity of air surrounding the stabilator was calculated
from the ambient humidity assuming a constant water vapor
pressure. The expression used is:

p
H a dett 

— 
P70 a

where 11efL = effective relative humidity (%)

P70 
= saturation pressure ot -water va1~or at 70°r

= saturation pressure of water va~or at a true a’riLiient
temperature (less than 70°F)

H = ambient relative humidity (%) corresponding to tue
a true ambient temperature

In Appendices A and B, hangar and indoor periods are coded
wi th “ — 99” in the cloud cover column (MCC). Humidities , as shown ,
associated with these periods have been corrected according to the
above procedure.

2. COMPOSITE SKIN THERMAL MODELS — One dimensional heat transfer
models were used to calculate skin temperatures for various
env ironmental conaitions. Models developed to represent tue
torque box structure in the areas of the stabilator 50% chord line
are shown in Figure 24. Using these models , steady—state heat
balance equat ions were derived wh ich account  fo r  solar radiat ion
heating and radiation interchange with the surroundings , conduc-
tion heat transfer between the upper and lower composite skins ,
and convective heat loss or gain due to ambient conditions.
Radiation terms were linearized for the expected range of temper-
atures. The resulting steady—state heat balance equations are
presented below. Simultaneous solution of these equations y ield
surface temperatures of uppe r anu lower skins and of the shaded
and unshaded ground .

Upper Surface (Tu)

= 1.10 £
~~ 

I (Tu
_T
s) + C (T —T 2) + ii (T — T )

Lower Surface (T&)

C (T —T~,) + (1 F) (l— ~~~) ~~ 
Q = I) (T p

~
Ta) + 1.05 ~~ F(T~—T~ )

+ 1.15 L~~ ( 1— F )  ( T ~~— ’2y

Shaded Ground Plane (Tg)

1.05 ~~ F(T~ —T ’) = h(T’— T )

Unshaded Grounu Plane ( g)

= 1.10 
~g 

T(T
g
_T
s
) + h (Ty

_T
a)
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- - — ~~~~~~~ Metal Splice Plate

~~~~~~~~~~~ Boron/Epoxy Skin

h2 — — — —Q  Symmetry— — - h2

_______ - 

‘ 

—Aluminum Honeycomb—~~~ 
_J

h 1 
h3 

h 1

Torque Box at Root Splice Torque Box Away From Root Splice

[c a tion hi h2 h3 Paint~~ Location h1 h2 Paint4

5-Ply Skin 0.026 3.99 0.182 Bluel 14-Ply Skin 0.073 1.59 Orange
20-Ply Skin 0.104 3.80 0.026 Blue] 24-Ply Skin 0.125 2.42 Orange

Notes: 38-Ply Skin 0.198 336 Blue
Dimensions in inches. 44-Ply Skin 0.229 3.71 Blue

‘Color of paint on Eagle 14.
GP79-0344-4e

Figure 24. Data for Thermodynamic Models of Torque Box
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where Tu = uppe r skin temperature

T~ = lower skin temperature

Tg = ground temperature (unshaded)

T~ = ground temperature ( shaded)

Ta = ambient  temperature

T5 = sky r ad ia t ion  sink temperature

Q = solar hea t ing  rate

h = convective heat transfer coefficient (function of wind
speed)

C = overall conductance between upper and lower surface

F = radia t ion view factor from lower surface to shaded
area under s tabi la tor

I = cloud factor for nocturnal exposure ( I  = 1.0 during
day light  hours)

= upper skin solar absorptivity

= lower skin solar absorptivity

c~g = ground solar absorptiv i ty

E u = upper skin emiss ivi ty

= lower skin emiss iv i ty

E g = ground emiss iv i ty

Thermodynamic constants for these equations are def ined  in
Tables 8 and 9. Assumptions inherent  in the development of these
equations are discussed next for each of the heat transfer modes.

a. Solar Heating — The s tabilator  upper surface and unshaded
ground experience direct solar heating and the stabilator lower sur-
face is heated by solar energy reflected from the unshaded ground .
The main  parameters involved are :

Q = solar heating rate, and

a = solar absorp t iv i ty
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TABLE 8. EMISSIVITY AND SOLA R AB SORPTIVITY DATA USED FOR STABILATOR
AND RUNWAY SURFACES

Surface Emissivity , ~ Absorptivity, a

Eagle 14 Stabilators
Blue Polyurethane Enamel 0.900 0.64
Orange Lacquer 0.905 0.53

Production Stabilators
Gray Polyurethane Enamel 0.883 0.86

Runway Surface
Concrete 0.900 0.61

0P79-0344-43

TABLE 9. OVERALL CONDUCTANCE AND RADIATION VIEW FACTORS

Conductance
Torque Box Location Between Skins C . 

Rad~ation

__________________________ 

(Bt u/hr-ft 2 O)~~~ 
View Factor . F

14-Ply Boron /Epoxy 4.13 0.340
24.Ply Boron/Epoxy 2.82 0.435
38-Ply Boron /Epoxy 2.02 0.528
44-Ply Boron /Epoxy 1.82 0.560
20-Ply Boron/Epoxy at Splice 1.59 0.564
5-Ply Boron /Epoxy at Splice 2.00 0.580

Cr79 0344 44

To calculate solar radiation heating rates, clear—sky data given
in Reference 6 for horizontal receivers were used . To account for
solar heating reductions due to cloud cover, atmospheric haze ,
smoke and humidity, the methodology of Reference 2 was applied.

Solar absorptivity (and emissivity ) values were measured for
paint colors used on the F—is and are presented in Table 8 along
with values for concrete from Reference 7. Eag le 14 stabilators
were painted blue and orange during the climatic test program to
identify Ship 14 as a test airplane. Production stabilators are
painted gray. The PDV stabilator was not painted .
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b. Radiat ion Interchange wi th  Surround ing s — To calculate
the radiation interchange between the stabilator and its surround—
ings the following parameters were used :

Ts = sky radiat ion sink temperature
t = cloud transmissivity factor for nocturnal exposure
F radiation view factor
C = emissivity

Both the stabilator upper surface and the unshaded ground radiate
energy to the sky which acts as a hemispherical black body. For
calculations for daylight hours, a sky radiation sink temperature ,
T5, of 15°F below the ambient temperature was used . This
temperature is typical for partly cloudy skies during daylight
hours. For calculations for night hours, a sky temperature of
—50°F was used. This temperature was taken from Reference 7 and
is based on measurements taken on clear cold nights. To account
for cloud cover, radiation terms for the upper surface and
unshaded ground were multiplied by a transmissivity factor ( I )
that was developed using McCabe ’s cloud cover and solar trans-
mission data from Reference 2. In calculations for dayl ight
hours, this factor was set equal to 1.0. In calculations for
night  hours , it equaled 0.2 on a clear night and approached zero
as the cloud cover increased . -

The stabilator lower surface exchanges radiation with the
ground which is made up of both a shaded and unshaded area. To
calculate the radiation interchange between the lower surface and
these ground areas, a radiation view factor (F) was derived
assuming the stabilator is positioned parallel to the ground with
the shadowed area directly under it. These data are presented in
Table 9.

The radiation energy emitted from the stabilator skin and
ground plane is directly influenced by the surface emissivity ( C).
Surface emissivity values were measured for this program and are
presented in Table 8. The emissivity of the ground plane was
based on data for concrete given in Reference 7.

c. Conduction Heat Transfer — Since the upper and lower
composite skins are joined by an aluminum honeycomb core (see
Figure 24), heat transfer between these surfaces is principally
due to conduction. The overall thermal conductance, C, is a
function of the thermal conductivity of the composite skins and
aluminum honeycomb, and the thermal resistance due to the adhesive
bond between the skin and honeycomb. Conductance data used for
the thermodynamic analyses are presented in Table 9.

d. Convective Heat Transfer — The outer surfaces of the
stabilator composite skins and the ground plane experience
convective heat loss or gain due to ambient wind and temperature
conditions. The following equation was used to calculate the
convective heat transfer coefficient (h):
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h = 0.34 (v)0’8

where v = air velocity in ft/sec.

This equation is based on turbulent forced convection on a
flat plate taken from Reference 8. When the air velocity is 3.81
ft/sec, the above equation gives a value of approximately 1.0 for
the coefficient. Since the coefficient for no—wind conditions
(natural convection) results in a coefficient near 1.0, this value
was used for calculations whenever the air velocity was less than
3.81 ft/sec.

3. MOISTURE DIFFUSION PROPERTIES — Testing was conducted to
characterize the diffusion properties of boron/epoxy (B4/5505) for
the max imum skin temperatures and range of relative humidities
expected in runway environments. Coupons meeting the material and
processing specifications used for composite skins were exposed to
the hygrothermal laboratory environments shown in Table 10.
Moisture contents of the coupons were monitored by tracking weight
gain (or loss) relative to initial dry weights. Diffusion prop-
erties for temperatures less than 100°F were obtained by extrapo-
lation of the measured data.

TABLE 10. LABORATORY ENVIRONMENTS USED FOR DETERMINING
MOISTURE DIFFUSION PROPERTIES

Cou pons
Environment

4 Plies 28 Plies 48 Plies
Number T( ° F) RH (%) Bare Painted Bare Painted Painted

la 182 100 Yes Yes Yes Yes
lb 180 0 Yes 

—

* 
_ _ _

2a 140 97 Yes Yes Yes Yes

2b 140 0 Yes 
_ _ _

3a 100 96 Yes Yes Yes 
- 

Yes Yes

3b 100 0 Yes Yes 
_______ 

4 140 71 Yes Yes
+ —..

.
.
.

-
-
.
. 

i 4+i+.
5 140 37 Yes Yes 

6 140 53 Yes Yes 
44~~+ i~.i~i

la 180 65 Yes 
_______— — ii

7b 180 0 Yes — ______ — —8a 100 69 Yes Yes Yes Yes Yes
8b 100 5 Yes Yes ~~~~~ :
9 100 41 Yes Yes Yes Yes Yes

HO ~ Yes 
_ _ _ _

OP7I-0344 -42
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Coupons fo r exposures show n in Table 10 we re mach ined f r o m
cured and postcured 4—ply, 28—ply and 48—ply panels. Prepreg
ma terial was AVCO r5Q5 boron/epoxy . Coupons from the 4—ply panel
were 2 x 2 x .02 (4 plies) inches. These were used primaril y to
ob ta in  eq u i l i b r ium moist ure da ta beca use of the i r  sho rt time to
sa tu ra t ion  but were also used for measur ing d i f f u s i o n  c o e f f i c i e n ts
for absorption and desorption cycles. Coupons from the thicker
panels were 5 x 5 x .15 (28 plies) inches and 5 x 5 x .25 (48
plies) inches and consisted of two typical stabilator skin layups .
These were used for measuring diffusion coefficients for absorp-
tion environments. Some coupons were also painted to duplicate
the stab i l a tor su r f ace  f i n i sh ( 1 coat of epoxy pr imer , 2 coats of
polyurethane enamel).

Pu~ per t ies d e t e r m i n ed f r om tnese tests i nc lude  equ i l i b r i u m
moi s ture  conten t (a  f u n c t i o n  of rela t ive hu m i d i t y )  and di f f u s i o n
coefficient (a function of the coupon temperature). An example of
the aioisture absorption data obtained with unpainted 4—ply coupons
at 100°F and 96% RH is shown in  Fi gure 25. Equilibrium moisture
content is shown as the horizontal asymptote for the data. The
diffusion coefficient for this temperature was calculated using
the follow ing l i nea r  so lu t i on  to F ick ’ s Secon d Law of D i f f u s ion :

1.6 —___________  ______________ ____________________________ 
_______________

C
10
0

Equilibrium Level

Env i ro , i ment 3 100°F , 96% RH
Unpainted Boron / Epo x y ,  (O.9O)

~
.

°: 

~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ln i t i aI Slope 

16 

Res i n Content 27% 

32 

— - 

40

Square Root of Exposure Time , ~~~~~ GP19 0 3 4 4 4 1

Figure 25. Moisture Absorption in 4-Ply Boron/Epoxy Coupons
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M ~l/2
t — 4 f~ t

N h i-iteq

thus D = h2~~ (
~

)
where D = diffusion coefficient (in2/hr)

h = coupon thickness ( i n )
t = exposure time ( h r )

= average th rough—the—th icknes s  mois ture  content ( % )  at
the time “ t ” (assuming i n i t i a l  moisture content at
t = 0 was zero)

M = equilibrium moisture content (%)eq

The value of M
~
//E is the slope of the initial straight line

segment of the Figure 25 profile. The straight line was fitted to
weight  ga in  data recorded up to 50% of Me using linear regression
methods. q

D i f f u s i o n  c o e f f i c i e n t s  were measured for absorption (Table 10
environments la , 2a , 3a , 4 , 5 , 6,  7a , 8a , 9 , 10) and desorption
(environments  lb , 2b , 3b, 7b , 8b) exposures. Absorption exposures
were started a f t e r  complete d ry ing  of the coupons; desorption
exposures were started after coupons reached equilibrium with the
previous environment.

a. Equilibrium Moisture Contents — Equilibrium moisture
contents for unpainted coupons are presented in Figure 26 for the
relative humidities used in this program . Equilibrium moisture
contents were normalized to a baseline fiber volume of 54% (30%
resin content by weight) which represents the minimum fiber volume
normally found in boron/epoxy stabilator skins. Normalization of
data was based on moisture in the epoxy resin only and was accom-
plished by multiply ing actual equilibrium weight gains by the
ratio of baseline—to—actual resin contents. For 4—ply coupons,
actual  resin content was 27%; hence, the factor was 30/27 or 1.11.

The shape of the curve in Figure 26 is consistent with that
presented in Reference 9. In this reference, the sharp increase
in e q u i l i b r i u m  mois ture  contents at high h u m i d i t i e s  is a t t r i b u t e d
to the presence of an inorganic filler in the AVCO 5505 resin
system .
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Figure 26. Equilibrium Moisture Contents for Stabilator Composite Skins

b. Diffusion Coefficients — Diffusion coefficients for
absorption and desorption environments are presented in Figure 27
for unpainted coupons. Data were normalized to a baseline fiber
volume of 54%, in this case using Reference 10 techniques. The
edges of thicker coupons were sealed with aluminum—backed tape,
thus limiting diffusion to the through—the—thickness direction.
The 4—ply coupons, however, were too thin to use this sealing
method , so the procedures described in Reference 11 were used to
analyt ical ly account for the moisture absorbed through coupon
edges. The equations shown in Figure 27 were determined using
linear regression techniques for fitting straight lines to
logarithm of diffusivity and inverse temperature data.

Diffusion coefficients for boron/epoxy follow the trends re-
ported for graphite/epoxy (in Reference 12 for example) in that
desorption coefficients typically exceed absorption coefficients.
This inequality, according to Reference 13, indicates a inter-
dependence between diffusion coefficients and moisture concen—
tration . For the analytical work in this program, diffusivity was
assumed to be independent of concentration and absorption coeff i—
cients were used to define moisture histories of the stabilator
skins in that the overall trend was absorption, with desorption
limited primarily to surface plies.
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Figure 27. Diffusivity for Stabi lator Composite Skins

The absorption coefficients ootained in this program are
greater than those presented in Reference 9 for AVCO 5505
composites. A comparison of these data is shown in Figure 28.
The source of this difference is not known, although edge effects
and d i f f e r e n t  resin contents between the two groups of coupons may
be contributing factors. When curve fit with stra ight lines,
absorption coefficients from 4—ply coupon data correlate very well
with coefficients from 28—ply coupon data.

c. Effects of Painted Surface — Pa in t  coating s which dupl i-
cated the F—15 surface finish had no effect on the moisture
content of the boron/epoxy . Absorption was neither accelerated
nor decelerated , as concluded by comparing weight gains in painted
and unpainted coupons. The layer of paint, typically .00k-inch ,
reached equilibrium at 3% to 4% wei ght gain  ( increase in paint
weight) for relative numidities between 95% and 100%.

Effective diffusion coefficients for painted and u’-tpainted
coupons are compared in Figure 29. There were no significant
differences in these values at any temperatures. The 4—ply
painted coupo n data at hi gh temperatures showed significant
scatter as a result  of v is ib le  bubbles of moisture forming at the
paint/laminate interface . Similar bubbles also occurred in the
paint of thicker coupons later in their exposure period .
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The reason for scatter in the data from unpainted coupons,
however , is not fully understood . Coupons used to obtain data for
several of the Table 10 env ironments were sectioned and pnoto—
micrographed upon completion of testing . Cracks were found in the

surface ply of 4-ply and 28—ply coupons which had been exposed to
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I

the 182°F environment. These cracks, as shown in Figure 30,
extended across the surface parallel to fibers and into the lami-
nate only to the boron fiber in the surface layer. No trans—
laminar cracks were found . It is not known whether these cracks
wers.~ present at the time of exposure to 182°F or whether the
presence of such cracks could cause the data scatter.

4. PROCEDURES FOR CALCULATING MOISTURE CONTENTS - Relative
humid ity of air adjacent to the skin was calculated from ambient
conditions assuming that the temperature of this surface air
equaled the skin temperature. The expression used is: —

P5 Hs = ~A 
HA

where

= sa tura t ion  pressure of water vapor at the skin tempera-
ture

Hs = relative humidity of surface air , ~
= saturation pressure of water vapor at ambient tempera—

t ure
HA = relative humidity of ambient air, %

Upper and lower bounds for calculated skin temperatures and
surface air humidities are presented in Figures 31 and 32 for the
Eagle 14 environmental history shown in Appendix A. Skin temper-
atures and surface air humidities for the PDV stabilator are
identical to the ambient temperatures and humidities in the PDV
environmental history , Appendix 13.

As described in Section I V ( 2 ) ,  the effects of solar radiation
and wind were incorporated in the calculation of skin tempera-
tures. Surface humidities and skin temperatures were converted to
diffusion coefficients and surface moisture concentrations , using
the data in Figures 26 and 27, assuming that the moisture diffu-
sion characteristics of the epoxy matrix was not altered by prior
exposures. To account for the effects of precipitation , the upper
and lower skin temperatures were assumed equal to the ambient
temperature and the surface relative humidity was set at 100%.
Moisture concentrations at the skin surface, which exists in
equilibrium with the surface relative humidity, and diffusion
coefficients were then corrected for precipitation effects using :

Mc = (l—P) M5 + PM 100

DC = (l—P ) D5 + PDA

where

P = frequency of occurrence of precipitation , decimal
fraction

Mc = surface moisture concentration corrected for precipita—

L 

tion
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= equi l ibr ium moisture con tent corre sponding to surface
air hum idi ty (no precipi tation )

M100 = e q u i l i b r i u m  moisture content corresponding to a
100% RH

Dc = diffusion coefficient corrected for precipitation
= diffusion coefficient based on skin temperature

IDA = diffusion coefficient based on ambient temperature

The diffusion coefficients and surface moisture concentra-
tions associated with each event (typical day data) in the envi-
ronmental  h i s tory were f ur ther mod i f i e d  to e f f e ct ive value s
representing the solar heating and non—solar heating portions of
that day . Procedures used are presented in Reference 14 and
consisted of time—we ighte d averages for diffusivity and a combi-
nation of time —we ighted and diffusivity—weighted averages for
equili brium moisture content.

Moistur e conten ts were ca lcula ted using chronolog ical se ts of
boundary conditions (effective diffusivity and effective surface
moisture concentration ) and the associated exposure durations in
conjunction with one—dimensional models of the stabilator struc—
ture at selected locations. Since the rate of moisture diffusion
through air is four—to—five orders of magnitude greater than
throu gh boron/epoxy , a ir columns withi n the a l u m i n u m  honey comb
were not included in the diffusion model wh ich consisted of two
equal—thickness slabs of boron/epoxy representing upper and lower
skins. Boundary conditions calculated for upper and lower skins
were applied simultaneously in a numerical solution of Fick ’s
Second Law of Diffusion resulting in through—the—thickness
moisture gradients. The gradient remaining at the end of each
eve nt was used as the in i t ial concentrations for the calcula tions
associated with the following event. Average moisture contents
were obta ined , as a f u n c t ion of e xposure time, by integrating
these gradients.

5. MOISTURE HISTORIES — The methodology discussed in previous
sections was used to reduce the environmental data in Appendices A
and B, i’lt imate ly resulting in moisture—time profiles for three
spa nwise loca tions on both the Eag le 14 sta bi lator and the PDV
stabi la tor . Thin (14 p l i e s) ,  in te rmedia te  (24 plies), and thick
(38 plies) skin areas were chosen along the 50% chordline to
correspond to locations where moisture contents were measured
following the stabilator static tests. Moisture contents are
expressed as percent weight gains for each coupon.

Calculated moisture histor ies for these locations in the
Eagle 14 stabilator are presented in Figures 33 through 35, in
terms of the average of upper plus lower skin values at each
location. The peak moisture contents resulted from exposures to
environments in St. Louis , the env ironmental  chamber at Eg l in AFB ,
and the Panama Canal Zone at Howard AB. Minimum moisture contents
occurred at conclusions of desert exposures at El Centro NAS and
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Figure 33. Predicted Moisture - Time Profile and Measured Value for
14-Ply Eagle 14 Skins
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Figure 35. Predicted Moisture - Time Profile and Measured Value for
38-Ply Eagle 14 Skins

Edwards AFB. Moisture contents of the lower skin generally
exceeded comparable values from the upper skin. The long indoor
storage period prior to the Eagle 14 test, however, equalized
moisture contents of both skins.

Moisture histories are shown in Figures 36 through 38 for
three locations in the PDV stabilator. No difference was pre—
dicted between moisture contents of upper and lower skins. Peaks
and valleys in these profiles represent seasonal variations in
weather conditions, as modified to account for indoor exposure
only. Maximum moisture contents typically occurred at the
conclusion of summer exposures. 
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6. CORRELATION OF MEASURED AND PREDICTED MOISTURE CONTENTS - Upon
completion of ~tatic tests, coupons were machined from 14—ply,
24—ply and 38—ply areas of the upper and lower skins of both
stabilators. The skin—to—honeycomb adhesive was removed , and the
coupons were dried at 250°F. Moisture contents of the boron/epoxy
was determined by comparing in situ weights with the weights a f t e r
dry ing. The resin content measured for each coupon was used for
normalizing the moisture value to a baseline resin content of 30%
by weight.
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Comparisons between predicted and measured moisture contents
are shown in Figures 33 through 35 and are summarized in Table 11
for uppe r and lower Eagle 14 skins. Correlation of predicted and
measured values was good for all locations, thus verifying the
methodology used for predicting these values. For PDV skins,
comparisons between predicted and measured values are shown in
Figures 36 through 38. Correlation was also good for 24—ply
skins; however, it was less accurate for 14—ply and 38—ply skins.

TABLE 11 MOISTURE CONTENTS PREDICTED IN I N D I V I D U A L  UPPER AND
LOWER SKINS AND MEASURED VALUES

Predicted Moisture Contents
Location of Eag le 14 Stabi lator 

14-Ply Ski n 24.PIy Skrn 38-Ply Skin
Base Exposure Time (Cumulative) Upper Lower Upper Lower Upper Lower

St. Louis Day 1 0 0 0 0 0 0
334 ~~~~~~

— 0.674 0.646 0.421 0.400 0.267 0.251
Desert (Edwards , El Centro ) 405 0.411 0.423 0.303 0.316 0.185 0.201

418 0.491 0.498 0.350 0.360 0.216 0.228
Climatic Chamber (Eglin) 484 0.749 0.754 0.506 0.513 0.315 0.325

496 0.577 0.581 0.410 0.418 0.257 0.267
Desert (Edwards) ____________ 527 0.582 0.582 0.414 0.419 0.260 0.267
Arctic (Eielson) 

____________ 567 0.536 0.539 0.390 0.490 0.245 0.255
Desert (Edwards) 620 0.546 0.555 0.402 0.412 0.252 0.265

644 0.585 0.593 0.426 0.436 0.266 0.279
Tropics (Howard) 

____________ 680 — 0.880 0.862 0.611 -0.601 0.389 0.386
Desert (Edwards) 890 ~~ 0.483 0.486 0.426 0.433 0.281 0.294

925 0.503 0.505 0.440 0.446 0.293 0.303

St Louis 1519 0.875 0.875 0.715 0.715 0.502 0.505
1663 0.563 0.563 0.556 0.556 0413 0.415

Measured Moisture Contents 1663 0.652 0.615 0.525 0.547 0.362 0.370
- GP79-o3 44-33Notes: 2 Maximum value

Expressed as percent of skin dry weight 3 M i n i m u m  value
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SECTION V

SKIN MOISTURE PROFILES FOR PROJECTED F-l5 DEPLOYMENTS

Deployments of the F—15 force were projected for a 25—year
service life using the recorded movements of F—4 aircraft. The
various aircraft deployments were evaluated on the basis of
moisture absorbed at specific locations in the composite skins
resulting in the selection of median and worst—case deployments.
Peak moisture contents were identified for the actual worst—case
condition for use in structural element tests.

1. F—l5 DEPLOYMENT PROJECTIONS — Deployments of F-15’s we re
projected for a 25—year service life using data recorded for F—4
aircraft. Service life was broken down into active duty as an
operational Tactical Air Command ( TAC ) f i gh te r  and reserve duty
with the Air National Guard (ANG). Deployment data from F—4C and
F—4D aircraft were used to estimate the active duty period at 15
years. F—4E aircraft were involved in peacetime deployments
around the world , and their monthly movement patterns were used to
project deployments of F—15’s during active duty. At the time of
this study, 539 F—4E aircraft had recorded deployments of five
years or longer. Fifteen—year deployments for 539 F—15 aircraft
were generated using three cycles of these 5—year F—4E data.
Resulting patterns were then adjusted to include known differences
between these two aircraft types, thus accounting for shifts in
pilot training and aircraft staging bases and in depot—level
repair facilities and movement from politically sensitive areas of
the world. Permanent deployments to test facilities were also
eliminated since only operational aircraft were being considered.

To complete the F—l5 service lives, deployments associated
with the 10—year reserve duty period were postulated from current
and planned usage of F—4 aircraft in the ANG. Eight  ANG bases
were identified as having F—4’s, or as likely recipients of F—4’s.
Individual F—15’s were random ly distributed to these bases and
assumed to remain there for the 10—year period.

Bases included in active and reserve duty phases are shown in
Table 12. Deployments of individual F—l5’s were not necessarily
unique during active duty since aircraft within a squadron tended
to travel as a unit when reassigned to a new home base. Use of
these 539 deployments, however , does account for the distribution
of operational F~l5t s in the force and allows selection of amedian and worst—case deployment representative of the force
usage. In addition, the total number of deployments approximates
the number of F—15’s expected to be on operational status during
active duty . Examples of European, Asian and North American
depl oyments are presented in Table 13.

67 

— - — — -— - —k - — - -. -- - -



TABLE 12. BASES USED FOR F-15 DEPLOYMENT PROJECTIONS

Active Duty Bases
Netherlands West Germany United States

Soesterburg AB Bitburg AB Eglin AFB , Florida
Okinawa (Japan) Hahn AB Elmendorf AFB, Alaska

Kadena AB Ramstein AB Holloman AFB , New Mexico

- . - Zweibruchen AS Homestead AFB , Florida
PhilIppines Langley AFB , Virginia

Clark AB Luke AFB , Arizona
South Korea MacDill AFB , Florida

Kunsan AB Moody AFB , Georgia
Osan AB Nellis AFB, Nevada

Spain St. Louis , Missouri
Torrejon AB Warner-Robins AFB, Georgia

Reserve Duty Bases

Fargo , North Dakota New Orleans , Louisiana
Fart Smith , Arkansas St. Louis, Missouri
Hickam AFB, Hawaii Selfridge, Michigan
Kelly AFB , Texas Springfield , Illinois

o p79-0344-4e

TABLE 13. PROJECTED 25-YEAR F-15 DEPLOYMENTS

Month

Year Jan 
( 

Feb Mar Apr May Jun j Jul Aug Sep Oct Nov Dec

Deployment - Europe

1,6, 11 T O RR T O RR SUES ~•~~~~~~- 
_1~~

_ I — SUES
2,7,12 SUES - SUES
3.8, 13 SUES SUES SUES T O RR BITS S u B
4,9, 14 BITS • I I I BITB
5, 10,15 S u B  HAHN • • HAHN T O RR T URR HAHN HAHN
16-25 SELF 

_____ _____

~~~~~ 

£ .- SELF
Deployment - Far East

1 , 6, 11 KADE • I I ~~
] 
_____ _____ _____ _____ I _____

~~~~~~ 

KADE
2,1, 1 2 KADE - _____ £ — KADE KIJNS KUNS CLAR OSAN OSAN OSAN

~~

‘ ‘ 

~~ : i 
_____I_____ 

~ _____ _____ _____ ~~~~~~~

5, 10 , 15 OSAN OSAN CLAR CLAR
1 6-25 FORT 

_____ _____ _____ _____ I_____ _____ _____ _____ _____ 
~~ FORT

Deployment - United States

1 , 6, 11 LANG Tç~~
1—..j LANGTH0M

~
I1.. I - 

_____ HOME NELL NELL

3, 8, 13 LANG WARN 
~
-‘.

~~~~~~
- .J WARN LANG — L A N G

4,9, 14 NELL F— — N E L L  MAC O H. I MACD
5 10 15 MACO - _____ ____ ___________-JO- —i ____ ____ ____ -

~~~~~ 

MACU
16 -25 FARG FARG

Note Bases are identified using the initial four letters of th e base name. 0P79-0344-46
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2. MOISTURE—TIME PROFILES — Surface weather data for the bases
associated with projected F—l5 deployments are presented in
Appendix C. These are statistical data from information recorded
at these bases over several years. An env iron-..ental spectrum was
constructed for each deployment by compiling events in chronolog-
ical order. Each event was one month in duration. Environmental
data for each event were taken from monthly weather data for a
specific base (Table 13). There were 300 events in each spectrum
for a service life of 25 years.

Data from each spectrum were converted to skin temperatures
and surface air humidities using the heat balance equations which
were developed for the stabilator skins (Section IV(2)). Emissiv—
ity and solar absorptivity constants for gray polyurethane enamel
were incorporated in these equations, thus conforming to the
surface finish used for production stabilators. Skin temperatures
and surface air humidities were then converted to diffusion coeffi-
cients and surface moisture concentrations using data from Figures
26 and 27 and corrections were made for precipitation effects
(Section IV(4)). The moisture diffusion characteristics of the
epoxy matrix were assumed unaltered by service life exposures in
generating these boundary conditions. Boundary conditions for
each event were applied in a numerical solution for through—the—
thickness moisture gradients and the integrated average content
(Section IV(4)) resulting in a detailed moisture—time profile upon
evaluation of all spectrum events.

Numerical  ca lcula t ion methods were used to evaluate, in
d e t a i l , selected deployments. For determining peak moisture
contents in all 539 deployments, a closed—form solution (Reference
10) to Fick ’s second law was used , namely:

r /
M f = (M eq — M~~) ‘1  — exp (— 7.3 (2.~~ I + Mi

L \h 2/ ~where t = event duration tf — tj
Mf = average moisture content at time tf

£leq = surface moisture concentration for this event
Mi = initial moisture content at time tj
h = th ickness
D = d i f f u s i o n  coe f f i c i en t  for this event

Peak moisture contents for 14—ply skins were calculated for
each environmental spectrum (deployment) using the above closed—
form solution. Median and worst—case deployments were then
identified by evaluating the median and maximum , respectively, of
peak moisture contents from all 539 spectra. Distributions of
these peak values are presented in Figure 39 for  upper and lowe r
skins. Median and maximum values for upper and lower skins are
essentially the same ; however, the distribution in the upper skin
is more complex due to solar heating effects.

a. Median Deployment — Median of peak moisture contents
occurred from exposures during stateside deployments. A represen—
tative median deployment is presented in Figure 40 along with the
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120 r —  Upper skin  114 plies )
____ Median: 0.99%

Worst case: 1 .32%
—
5, 

___________ __________ __________ ____________ _ _ _  — — —— _ _ _ _  _ _ _ _  _ _ _ _

0

~~~4 O -  I

Lower c k in 114 p1 esl
Median 1 .01%
Worst case 1 .28%

120 — ________ —_____ ________ — —

C
a,
E
>.

U.~~~~ 
~~~~~~~~~

.0

T

1.1 I 
~~~~~~~

13  1.4
Peak Moisture Content - Percent Weight Gain

Figure 39. Distribution of Peak Moisture Contents Predicted for F- 15 Deployments
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Median-Case Deployment

Month
Year

Jan Feb Mar Apr May Jun Jul Aug 
] 

Sep Oct Nov D.c

1,6, 11 LANG — — .. I............... . 
l ~~

— ‘-~~~~~~~~ LANG
2, 7, 12 LANG — — 1 ____ —i _ _ _ _t_  — LANG
3,8,13 LANG — — ~~~~~~~~~~~~~~~~~~~~~~~— — — LANG
4,9, 14 LANG — I I ~~~~~~~~~~ LANG
5, 10,15 LANG — ~~~~~~~~~~~~ —

~~~~~~ LANG
- _J

Note: Bases are identified using the initial four letters of the base name.

_______________________________________1.20 
Averige of mo’isture cor~tents 

— 

~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~ 0.80 -~j— -— — —
~~~

— — —  -

~~~~~~~~~

—

~~~

_ —

_  —_
N um~~ caI S~~~~on 

—

0.60 ——  _____ -- -— _____ 

~~~~~~~~
- -

~~~~~~~~~~

cj~ ——

~~0.4O

(p.20

— F— ~~~~~~~~~ 

—

5 y r  10 I 15 20 25 y r

0 — LI J~l_ . L.... .. ._ ..L........ II
0 2,000 4,000 6,000 8,000 10,000 12,000

Exposure T ime - days

0P71-0344-5e

Figure 40. Moisture-Time Profile in 14-Ply Skins Predicted for
a Median - Case Deployment
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corresponding moisture—time profile for 14—ply skins. Good corre-
lation is shown between peak moisture contents from closed—form
and numerica l solutions.

b. Worst—Case Deployment — The maximum of peak mois ture
conten ts occurred in environmental  spectra associa ted with
European deployments. A representative worst—case deployment is
shown in Figur e 41 along wi th  the corresponding m o i s t u r e — t i m e
profile for 14—ply skins, which  was calculated using numer ical
methods. The peak moisture contents from the closed—form solution
correlated we l l  w i t h  the more detai led numer ica l  resu l t s .

Thin skins responded quickly to environments and reached
service e q u i l i b r i u m  levels w i t h i n  the f i r s t  f ive  year s of active
duty . During the next  10 year s , moisture  contents of the se skins
osc ill ated abou t the service equ il i b r i um leve l as a res ult of —

seasonal variations in weather conditions. Peak moisture contents
in thin skins always occurred during active duty since several
European bases have more severe environments than stateside bases.
Th ick skins ( 4 4  pl ies ), however , neve r reached service equ ilibr ium
levels throughout a 25—year deployment. Since moisture content of
the se cont in ual ly  increased , a worst—case deployment resulted from
the combination of a European deployment during active duty
followed by the most severe ANG deployment. This deployment and
the cor :esponding moisture—time profile for 44—ply skins is shown
in Figure 42.
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Worst-Case Deployment

Month
Year — 

~~~~~~ 1 —— —1
Jan Feb Mar Apr May 

[ 
Jun Jul Aug Sep Oct Nov Dec

1 , 6, 1 1 SUES ~~~~~~~ — _____ ~~~~~~~ — SUES
2, 7, 1 2 SUES —

~~ 
—

~~
— — — SUES

3,8, 13 BITS • L .... ........... J ______ _____ ______ — — BITB
4,9, 14 BITB RAMS — I I 

— —
~~~ RAMS

5,10, 15 RAMS — — ____ —i — —
~~~~ RAMS

16- 25 FORT — ~~
— — — F ORT

Note: Bases are identified using the initial four letters of the base name.

2.00 I
Average of moisture contents
in upper and lower skins

•~~~1.60 _ _ _  

i~ 

a,
Numerical Solution

1.20 _  _

Clo ed-Form Solution

I
< 0.40

iiii ~~~ A F -  --1: “~~1— --- —
5 y r  10 15 20 25 yr

0— I I  ~~~ J~~~~_ J~~~~~_ J~~~~ II
0 2,000 4,000 6,000 8,000 10,000 12 ,000

Exposure Time - days
0P79-0344-C7

Figure 41. Moisture - Time Profile in 14-Ply Skins Predicted for
a Worst -Case Deployment
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Worst-Case Deployment

Month
Year 

Jan Feb Mar Apr May Jun Jul Aug Sep 
[

oct Nov Dec
1,6, 11 RAMS ZWEI —

‘  
—l 

-i- ZWEI
2,7, 12 RAMS .‘-

~ 
RAMS HAHN HAHN SOES  —.-~~~——-——~~ SUES

3 8 13 SUES BI TB .‘—~~ • BITS
4:9:14 BITS [ ~~~~~~ L 1 ~~~~

_  _L_1 BITB
5 10 15 HOME 1— —‘_____ I ~

_j  HOM E
1~ -~ 5 

~~~ i L ~~~~~
_

~~~~ 1 f 4  _
Note: Bases are identified using the initial four letters of the base name.

1.2C~~~~~~~~~~~~~ I
Average of moisture contents
in upper and lower Skins.

1 .00 

--_

~ 0.80 —
a’

1~ii ~ii 111111
-

~~~~~~~~~~~

---

~~ 0.40

0.20 — _____ 

— -USAF---- ANG- —

Sv r  10 15 20 2S yr
0 — ___________ I I I _____

0 2,000 4,000 6.000 8,000 10,000 12,000
Exposure Time - days

0P71-0344-Ie

Figure 42. Moisture - Time Profile in 44-Ply Skins Predicted for
a Worst-Case Deployment
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SECTION VI

ELEMENT TEST PROGRAM

At the conclusion of static tr’sts, specimens were machined
from the boron/epoxy skins of both stabilators. These were used
to evaluate moisture contents at static test, structural prop-
erties, and physical and chemical characteristics of the epoxy
resin. Moisture contents measured in the skins verified the
predictive methodology (Section Iv). Structural properties were
determined to aid in the interpretation of static test results and
to evaluate the effects of extreme environments. Physical and
chemical characteristics were determined to discern degradation
occurring as a result of prior stabilator usage.

1. SPECIMEN DEFINITION — Ultrasonic inspections were used to
define the extent of the damage to stabilator composite skins
incurred during static tests. For both stabilators, tension skins
were delaminated in the vicinity of the fracture through the root
splice and also outboard from the fracture along the front spar.
In addition , damage was detected in the compression side of the
stabilator at the root splice between boron/epoxy and t i t an ium
skins. Results of the ultrasonic inspections served as guides for
locating specimens for element tests in undamaged areas of the
skins.

Layouts of specimens in Eagle 14 skins are shown in Figures
43 and 44. Many specimen types were comparably located in both
skins to evaluate differences in properties from sun—side
(tension—loaded) and shade—side (compression—loaded) skins. Other
specimens were machined from PDV skins for comparative testing ,
and layouts for these are shown in Figures 45 and 46. Laminate
configuration of specimens is shown in Taole 14. Additional
bonded joint specimens were fabricated to supplement those
machined from the skins, where test damage precluded removal of
the full complement of specimens. Configuration and materials
used for the bonded joint were identical to the construction of
the stabilator root splice.

2. RESULTS OF STRUCTURAL ELEMENT TESTS — These tests were con-
ducted under temperature and absorbed moisture conditions simu-
lating those expected in service. Data presented in this section
represents test averages ; detail test results are included in
Appendix D.

Specimens were tested after conditioning to one of four mois-
ture contents: dry , in situ , Eagle 14, and maximum . Specimens
tested dry were desiccated at 250°F. Specimens with in situ
moisture levels were tested upon dissection from stabilator skins
at the conclusion of static tests. A third group of specimens
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Root Splice :
5 Step Titanium Fitting

Splices 44-Ply Boron/Epoxy Front

and Titanium Skins 
Spar BL 90.0

Rear Spar
Specimen Types

A Compression Coupon I Glass Transition Temperatures 0

B Tension Coupon J Resin Content and Density /

C Rail Shear Coupon K Chemical Analysis ‘P

D Fatigue Coupon L Moisture Content
E Flatwise Tension - Interlaminar M Materiallography
F Flatwise Tension - Laminate/Core

0P79-0344- 4

Figur e 43 Specimen Layout on the Eagle 14 Tension Skin

76

- - ~~~~—- -~~ - -~~~~~~~~ -~~~~~~~~. 
--~~~--- -~~~~~~~~~~

- -~~~~~~~~~~ - -
~~~~

-— -- -- -- --



Rear Spar

Number BL9O.0

Specimen Types
. . .  5.0A Compression Coupon I Glass Transition Temperatures

B Tension Coupon J Resin Content and Density
C Rail Shear Coupon K Chemical Analysis
0 Fatigue Coupon L Moisture Content
E Flatwise Tension - Interlaminar M Materiallo graphy
F Flatwise Tension - Laminate/Core Gp19-o344-e5
G Step Lap Joint

Figure 44 Specimen Layout on the Eagle 14 Compression Skin

Root Splice:
5 Step Titanium Fitting

Splices 44-Ply Boron/Epoxy F BL 90.0
and Titanium Skins ron Spar

Specimen Types
A Compression Coupon J Resin Content and Density
E Flatwj se Tension Interlaminar K chemical Analysis I
F Flatwise Tension - Laminate/Core L Moisture Content

Glass Transition Temperatures M Materiallography

OP7C-0344-S6

Figure 45 Specimen Layout on the PDV Tension Skin
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Rear Spar

Number BL 90.0

- - - 
- - - D IS SOND I D -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Specimen Types
A Compression Coupon I Glass Transition Temperatures
E Flatwise Tension - lnterlaminar J Resin Content and Density
F Flatwise Tension - Laminate/Core L Moisture Content
G Step Lap Joint M Materialloqraphy

0P79.0344-67

Figure 46. Specimen Layout on the PDV Compression Skin
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TABLE 14. CONFIGURATION OF STABILATOR COMPOSITE SKIN

Number of Root Layup of Each Step of Boron /Epoxy Skin Tip
PI,es in 44  — — —  12

Each Step /~~ Plies 42 40 38 36 34 32 30 28 26 24 22 20 18 16 14 Plies

+45 ~/~~J~~/ ~~J ~~~~~~~~~~~~~~~~~~~~~~~ \/

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

+45

-45 \/
0~~~~

/
~~~ ,/

L a u  
0 ‘i~/~~~~~

/ \~~~~~~
/
~~~~~j

+45 \/ .,/ ~/
Laminate —45 \/ \/ \/ ‘J
Thickness

O ~~~~~~/~~J % J \/ \ ’
—45 \/ \/ \/ \ / \/ \/ \/~~~~‘~~~~

/

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
+45 \~~~~/ \ / - v ’ \/ \ / \S/ \‘~~~~~

/ -
~
/ \/

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
Q Sym

0P79-0344-14
Nominal thickness 0.0052 in/ply.

~~~~ -direction is parallel to 50% chord line.

were conditioned to moisture contents predicted to exist in Eagle
14 skins at the time of static test (Section IV). These moisture
contents are shown in Figure 47. The last group of specimens were
conditioned to the maximum moisture contents expected for F—l5
deployments (Section V). These are shown in Figure 48.

a. Bonded Joint Specimens — These tests were performed at
room temperature and at two elevated temperatures. A temperature
of 200°F had been used in conjunction with maximum applied loads
for the F—l5 design analysis; consequently, most testing was con-
ducted at 200°F in this program . Three tests were conducted at
317°F, the max imum temperature calculated for the stabilator root
splice. Test results are summarized in Table 15 in the order of
increasing specimen moisture content. In exploratory tests with
specimens N4—N9, the tensile loading mode was more critical than
the compression mode and was selected for use with the remaining
specimens.
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50%

0.4 

:~E

0 0.2 
~~Root -Away from Root Splice

Splice
Skin Thickness - Number of 0.0052 in. Plies

~ 0 1 I I I I I I I I I I I I I I I I
5 20 44 42 40 38 36 34 32 30 28 26 24 22 20 18 16 14 12

OS

~ I I I I I I I I
0 10 20 30 40 50 60 70 80

Distance from BL 90 Outboard Along 50% chord - in. GP1S o344-e o

Figure 47. Eag le 14 Moisture Contents at Conclusion of Static Test

50% chord ~~~~~~~~~~~~~~~~~~~~~~~~~~

1: ~~~~~~~~~~~
~

- Root ~ • Away from Root Splice
Splice

0 0.4 -
a,

Skin Thickness - Number of 0.0052 in. Plies
~ 

I I I I I I I I I I 1 I I I I 1
5 20 44 42 40 38 36 34 32 30 28 26 24 22 20 18 16 14 12

I I I I I I I I
0 10 20 30 40 50 60 70 80

Distance from BL 90 Outboard Along 50% chord - in. 
0P79 0344 S1

Figure 48. Maximum Moisture Contents Calculated for Use in Element Tests
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Resul t s  of tension tests are presented in Fi gure  49. All
specimens were ultrasonically inspected prior to testing ; speci-
mens from Eag le 14 and PDV stab ilators e x h i b i ted minor  disbond ing
of the spl ice joint. These defects, however , did not signifi-
can tly increase the scatter of test data from stabilator speci-
mens , al thou qh they may have contributed to the difference be-
tween thebe results and test results for new specimens. Failure
modes for stabilator specimens involved disbonding along with
laminate fracture. The failure mode for new specimens was lami-
nate fracture .

b. Rail Shear Specimens — These tests were performed at
340°F, the maximum expected temperature for outboard areas of the
boron/epoxy skin. Because these specimens from stabilator skins
exceeded the recommended thickness for rai l  shear tests, they were
used only to obtain modulus data for comparison with design
values. Test results are presented in Table 16.

— 
New Specimen Legend for Specimen

(Unshaded) ..... ~ Moisture Content

G ory

I— Applied Stress
at lSO %DLL  _ _ _ _  ~- ,  —

~~2 0—  ._,/

_

00 Fiber Direction

I I I
0
50 100 150 200 250 300 350

Joint Temperature -
GP7~-o344-7 7

Figure 49 Tens ile Strength of Bonded Root Splice
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TABLE 16. SHEAR MODULUS MEASURED IN RAIL SHEAR TESTS

- , - Test Conditions n -

Locat ion of Specimens Specimen _________ 
rimary Modulus

in Eagle 14 Skins ID Temperature Moisture Modulus , Ratio
(°F) Content G (ms i)

Compression Skin Cl , C2 , C3 340 In Situ 3.9 0.89
Tension Skin Cl , C8 , C9 340 In Situ 4.3 0.98
Design Value 340 Dry 4.4 1.00

Compression Skin C4 , CS , C6 340 Maximum 2.4 0.62
Tension Skin d O , Cli , C12 340 Maximum 2.9 0.74

Design Value 340 Dry 3.9 1.00

6 in.

~~~~~~~~~~

Strain Rosette I 

900 

±

GP7C-0344-Th

c. Tension Specimens — These tests were conducted at 340°F
after the specimens (Bl, B2, B3) had been conditioned to the
maximum expected moisture contents. Average tests results are :
failure stress, 76.5 ksi; primary modulus , 15.3 msi. The average
s t ra in  at f a i l u re  exceeded 5500 uin/in. This value represents the
maximum scale values on the strain recorder since , at f a i l u r e ,
strains in two of the three tension tests exceeded scale values.
Comparable design allowables (dry) are: failure stress, 73.9 ksi;
primary modulus , 14.2 m si ;  f a i l u r e  s t ra in , 5200 uin/in.

d. Compression Specimens — Tests of boron/epoxy specimens
were conducted at room temperature and at 340° F, the max imum
temperature calculated for outboard areas of the skins. Test
results are summarized in Table 17. Strengths obtained in room
temperature and elevated temperature tests of dry specimens were
consistent and exceeded design allowable strengths ; however,
considerable scatter occurred in the strengths obtained in tests
of moisture—conditioned specimens. This scatter is thought to be
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TABLE 17. RESULT OF COMPRESSION TESTS

Test Conditions Failure Conditions
PrimaryOrig in of Specimen 

Temperature Moisture Compressive Compressive ModulusSpecimens ID (°F) Content Stress (0°) Strain (0°) Mode of Failure E (msi)
(ks.) (pin./ ,n.)

PDV Stabilator
26-Ply Compression Skin A44 - A46 RI Dry 100.8 7120 Block Compression 14.3

Tension Skin ASi - A54 340 Dry 75.4 5790 Block Compression 13.8
Compression Skin A42 RI Maximum 99.3 7070 Block Compression 14.4
Compression Skin A47 - A50 340 In Situ 42.0 3590 Compression , 12.9

Beam-Column
Tension Skin A58 - A6 1 340 In Situ 53.0 4350 Block Compression 13.1
Compression Skin A41, A43 , A62 340 Maximum 50.5 8140 Compression , 18.4

Beam Column
Tension Skin A55 - A57 340 Maximum 23.0 1490 Compression , 16.0

Beam Column
Eagle 14 Stabilator

26-Ply Compression Skin A 13 -A lS  340 Dry 67.8 5260 Block Compress ion 13.7
Tension Skin A30 - A32 340 Dry 67.4 5220 Block Com~iession 13.7
Compression Skin A18 - A20 340 In Situ 43.2 3720 Compression , 13.0

Beam-Column
Tension Skin A38 - A4D 340 In Situ 59.5 4800 Block Compression 13.0
Compression Skin A 16 , All 340 Eagle 14 17 _ i  1610 Beam-Column —
Tension Skin A36 , A37 340 Eagle 14 19.9 2000 Beam-Column —

Compression Skin AiD - A 12 340 Maximum 52.9 3890 Compression , 16.3
Beam Co lumn

Tension Skin A33 - A35 340 Maxi’t um 16.5 1620 Beam~Column —

20-Ply Compression Skin Al - A9 340 In Situ 36.2 2760 Compression . 13.S
Beam -Column

Tension Skin A2l - A29 340 In Situ 45.3 2980 Compression , 13.7
Beam-Column

Compression Skin A4 - A6 340 Eagle 14 51.4 3250 Block Compression 19.8
Tension Skin A24 - A26 340 Eagle 14 52.5 3710 Block Compression 19.0
Compression Skin Al -A3 340 Maximum 35.5 2280 Compression , 21.3

Beam Co lu m n
Tension Skin A21 - A23 340 Maximum 73.1 4730 Block Compression 19.3

30-Ply Tension Skin 01 -03 340 Maximum 60.2 4120 Compression , 18.9
(Residual Compression) Beam Column

¶ 3.0 in - .o

Stra i n Gaqes~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ Fibers

0P79-O01S-6
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the result of variable beam—column loads, induced by the test
fixture , acting in conjunction with moisture—reduced interlaminar
shear properties. The failure mode of specimens under beam—column
loadings was delamination at locations of max imum shears.

Results of elevated temperature tests are presented in Figure
50 along with design stress levels in the skin. Results of bonded
joint compression tests are also presented in this figure. During
the moisture—conditioning prior to these tests, specimens which
were mach ined from tension skins exhibited higher moisture con-
tents and greater scatter in moisture contents than their corn—
pression skin counterparts. This may have been caused by micro—
cracks in the epoxy resin which occurred in tension skins during
the stabilator static tests. The element tests were conducted
when compression— skin specimens reached the desired moisture
contents, so tension— skin specimens were tested at higher
moisture levels. Of data points falling below the design stress
line in Figure 50, three of four are from tension—skin specimens
which had been moisture conditioned .

Three specimens (Dl , D2, D3) from the Eagle 14 stabilator
were cyclically loaded for 16,000 equivalent flight hours with the
fatigue spectrum previously used in the design verification of the
F—15 stabilator. The peak compressive strain recorded in the
stabilator fatigue test was used to establish equivalent test

100 
___________ _______

Specimens
Bonded Joint Data Coupon Test Data Moisture

(200°F) (340°F) Eagle l4 PDV Content

80 A C  ______________________________________ 

~ • Dry

•T 0 • InSitu
Residual 01 A Eagle 14C Compression .—~ ~~ A i-

0 • Maximum

60 b-T 0-T T - Specimens from tension
skin of stabi lator

C o~ T 4 T C - Specimens from
• C C compression skin

Applied Stress C 0 1

~ 40 at 190°F C
E )150% DLL)

_
T

~~~~~~~~~~~~~~~~~

ii stres

~~~~~~~~~~~~~~~

20 T at 340°F
(150% DL L)

0 1 I I I 1 1
0 10 20 30 40 50 60 70 80 90

Distance Outboard from BL 90 Along 50% Chord Line - in.

1 1 1 1 1 1 1 1 1  I I I I 1 1  I I
44 42 40 38 36 34 32 30 28 26 24 22 20 18 16 14 12

Skin Thickness - Number of 0.0052 in. Plies

Figure 50. Compre ssive Strength of Boron/ Epoxy Skins
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levels for these specimen tests (room temperature). Prior to the
fatigue test, these specimens had been conditioned to the maximum
expected moisture content. Following the fatigue tests, specimens
were used for determining residual compression strengths at 340°F.
The average residual strength is shown in Figure 50.

e. Flatwise Tension Specimens — Tests were conducted to
assess the skin—to--core bond streng th and the interlaminar tension
strength of specimens machined from Eagle 14 and PDV stabilators.
Average test results are presented in Table 18. The upper and
lower skins of the F—l5 stabilator are not parallel , and they are
slightly curved in the chordwise direction. Consequently, loads
applied to specimens machined from these skins were not uniformly
distributed by the flat—bottomed load fixture resulting in the
scatter of failure stress levels shown in this table. Inter—
laminar tension strengths are considered representative of values
for AVCO 5505. There was no significant effect of moisture con-
tent on failure stress.

TABLE 18. RESULTS OF FLATW ISE TENSiON TESTS

Specimen Origin Specimen Type of Test Moisture Failure Conditions (R.T.)
ID (R.T.) Content Stress (psi) Mode of Failure

Eagle 14 Stabilator F4, F5 , F6 Skin-to-Core Dry 500 Skin/Core and Skin/Fixture Bonds
Fl , F2, F3 Skin-t o-Core In Situ 860 Skin/Core Bond

PDV Stabilator Fl, F8, F9 Skin-to-Core Dry 370 Skin/Core Bond
Fl O, Fli , F12 Sk in- to- Core In Situ 410 Skin/Core Bond

Eagle 14 Stab ilator E3, E4, El Interlaminar , Compression Skin Dry 2240 Interlaminar
ElO , E19 , E20 Inter laminar , Tension Skin Dry 2710 Interlaminar
El , E2, ES, E6 Interlaminar , Compression Skin In Siti’ 2400 Skin /Fixture Bond
E8, E9, Eli , E12 Interlaminar , Tension Skin In Situ 2200 Skin/Fixture Bond

PDV Stabi lator Ei3 , E14 , E15 Interlaminar , Compression Skin Dry 1880 Skin/Fixture Bond
E16 , Eli , E18 Interlaniinar , Compression Skin In Situ 2390 Skin /Fixture Bond

Skin-to-Core Tens ion (F )
Inter lam i nar Tension ( E)

2.0 in . Diameter Section
~~~~~~~~~~
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3. EVALUATION OF PHYSICAL AND CHEMICAL CHARACTERISTICS - These
character~istics were evaluated to identify changes attributable to
the usage of the stabilators.

a. Physical Characteristics — Resin content, fiber volume
and density were determined for samples from both skins of both
stabilators. Resulting values are presented in Table 19. Resin
contents and fiber volumes were determined using sulfuric acid
digestion techniques. Densities were determined by weighing
samples in air and in water and calculating the weight per unit of
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TABLE 19. PHYSICAL PROPERTIES

Skin Locat I~Srn Content Fiber Volume Density
____________________________ 

(% by Weight ) (% by Volume ) (lb/in.3)
Typical Values from In-House Tests 28 to 30 56 to 54 0.072 to 0.075

14-Ply Tension Skin 30.0 54.8 0.073
20-Ply Tension Skin 28.3 559 0.073
28-Ply Tension Skin 28.8 55.1 0.012
36-Ply Tension Skin 28.3 55.8 0.072

‘

~~
‘ 14-Ply Compression Skin 28.2 56.9 0.014

20-Ply Compression Skin 26.9 57.9 0.074
36-Ply Compression Skin 28.1 56,7 0.073
42-Ply Compression Skin~ 30.9 53.9 0.012

26.Ply Tension Skin 29.4 54.4 0.012
14-Ply Compression Skin 28.5 56.3 0.013

°- 26-Ply Compression Skin 30.4 54.0 0.072
36-Ply Compression Skin 31.2 52.9 0.072

Average of 2 measurements for t his location. Aver age of 4 measurements is OPTh-O~~~ .73
Show n for all other locations.

volume displaced . Most values agree with the cured resin con-
tents, fiber volumes and densities typically measured in produc-
tion boron/epoxy components.

During moisture conditioning , differences were noticed be-
tween the moisture contents of structural specimens from tension
and compression skins. Specimens from tension skins exhibited
higher moisture contents. It was postulated that this was due to
the presence of microcracks in the resin which occurred during the
stabilator tests. To examine for surface cracks, the paint was
first removed from selected Eagle 14 skin samples, and the
surfaces of samples from both stabilators were then examined at
magnifications up to 2000X. Numerous microcrack and microvoid
indications were found on all samples; however, these may be
attributed to the removal of the peel ply prior to stabilator
painting.

Metallographic examinations of skin cross sec tions were also
conducted in which the outer three plies were inspected for micro—
cracks using magnifications to 600X. Crack indications were found
in all sections examined ; however, some of these may be scratches
left from the specimen polishing operation. Crack indications did
not traverse one ply but extended from a fiber to either surface
of that ply. The highest density of these indications occurred in
the surface ply of the Eagle 14 tension skin.
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b. Chemical Characteristics — Chemical analyses were based
on techniques sensitive to resin chemistry yet not requiring
dissolution of the epoxy in a solvent. The AVCO 5505 system , like
most epoxies, has limited solubility due to the high degree of
crosslink ing . For these tests samples from the Eagle 14 and PDV
stabilators were evaluated in conjunction with baseline samples
from a panel fabricated from AVCO 5505.

Glass transition temperatures (Tg) were measured by differ-
ential scanning calorimetry. This transition temperature measures
the point at which the epoxy changes from a glass—like to a
rubbery material ; however, this change in boron/epoxy does not
occur at a well—defined temperature but rather within the
200°—225°C range (dry specimens). All samples exhibited Tg’s
within this range.

A well—defined temperature for epoxies is the peak exotherm
temperature , which occurs at maximum energy release during thermal
degradation. This temperature was measured in samples heated at
5°C/minute , 10°C/minute and 20°C/minute in a nitrogen atmosphere
to a maximum temperature of 500°C. The peak exotherm temperature
occurred in baseline samples at 346°C, 356°C, and 375°C. All sam-
ples from Eagle 14 and PDV stabilators exhibited temperatures
within +4°C of these values.

Thermogravimetric analyses were used to compare weight losses
during thermal degradation . Samples were heated at lO°C/ minute
to 600°C in a nitrogen atmosphere. Weight loss was determined as
a percent of the initial sample weight. The measured weight
losses are: baseline , 22.5%; Eagle 14, 21.4%; and PDV, 21.8%.
Only differences exceeding 5% are significant.

Pyrolysis is a controlled high—temperature thermal shock that
fragments polymeric materials into characteristic products. These
fragments, as identified by gas chromatography (CC ) and mass spec—
troscopy (MS), are related to the chemical composition of the
polymer. The pyrolysis CC/MS analyses of Eagle 14, PDV, and base-
line samples were performed at 620°C. The resulting pyrolysis
products were first separated on a GC column that allowed detec-
tion of the full—range of products. Next, samples were again
pyrolyzed , and the products were separated on a second GC column
that allowed identification of the light (gaseous) pyrolysis
products.

The full range of pyrolysis products along with the light
gaseous products were characterized by mass spectroscopy as each
component eluted from the gas chromatography column. The
pyrograms c-f the full range of products are shown in Figure 51.
All pyrolysis fingerprints were identical . Pyrolysis products
associated with these fingerprints are shown in Table 20. Light
gaseous products (Peak #1 of Figure 51) were separated by the
second CC column (Figure 52) and are identified in Table 21.
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Figure 51. Pyrogram s Identifying Full Range of Pyro lysis Products
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TABLE 20. FULL RANGE OF PYROLYSIS PRODUCTS

Peak Component Identifications Obtained by
Number Mass Spectrometry

1 Light Gaseous Products
2 Toluene and Xylene
3 Phenol
4 Methyl Aniline
5 Cresol Isomer

6 Cresol Isomer
7 Cresol Isomer + Xylenol Isomer
8 Xylenol Isomer
9 Xylenol Isomer

10 Xylenol Isomer
11 Cg Phenolic Compound
12 Cg Phenolic Compound
13 Cg Phenolic Compound
14 C9 and Heavier Phenolic Compounds
15 Several Higher Molecular Weight Phenols

GP79-0344-72

,,
,— Peak Number

2 A
a,
U,
C
0

4,

0
4-C.,

14

13

6 
8 

10
11 12

— I I I I I
0 2 4 6 8 10 12 14 16 18

Elution Time - mm
OP7P.0344-7I

Figure 52. Pyrogram Identif ying Light Gaseous Products
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TABLE 21. LIGHT GASEOUS PYROLYSIS PRODUCTS

Peak Component Identification Obtained by
Number Mass Spectrometry

1 Carbon Monoxide
2 Methane
3 Carbon Dioxide
4 Ethylene
5 Ethane
6 Water
7 Propylene
8 Methyl Chloride
9 Methanol

10 2-Butyne
11 Ethyl Chloride
12 Ethanol

13 Acetone
14 2-Propanol
15 Propanol

0P79-0344-71
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SECTION VII

CONCLUS IONS

1. No defects occurred in boron/epoxy skins or skin splices of
the Eagle 14 stabilator as a result of environmental
exposure.

2. The strength capability of boron/epoxy skins and skin splices
had not degraded as a result of exposures to environmental ex-
tremes or service life loadings. In static tests, strains
were achieved in boron/epoxy skins which exceeded strain
levels demonstrated in previous design verification testing
of the F—l5 stabilator.

3. The analytic methodology exists ~~r accurately predicting
moisture contents. Predictions were made by evaluating the
environmental histories of the test articles and were corrobo-
rated by moisture contents measured in test article skins at
the conclusion of static tests.

4. The strength capabilities of boron/epoxy skins and skin
splices on the F—l5 stabilator are adequate for static loads
occurring under the most severe combinations of realistic
skin temperatures and skin moisture contents.

5. No changes occurred in physical or chemical characteristics
of the epoxy resin.
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APPENDIX A

EAGLE 14 ENVIRONMENTAL HISTORY

Data in this appendix comprise the environmental history of
the Eagle 14 stabilator from the completion of torque box fabrica-
tion to the dissection of boron/epoxy skins following the Eagle 14
static test. These data consist of latitude and longitude of
bases associated with the deployment of Ship 14 and surface
weather data recor ded at the se bases during the deployment period .
Weather data included are : site factor , ambient temperature (TA) ,
ambient re la t ive  humid ity (HA) , mean cloud cover ( f l C C ) ,  wind speed
(VW), frequency of precipitation (P), and duration of these
weather data. Indoor exposure per iods are denoted by “—99” in the
cloud cover column and temperatures and humiditie s for these
periods have been adjusted from outside ambient  condi t ions .
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APPENDIX B

PDV ENVIRONMENTAL HISTORY

Data in this appendix comprise the environmental history of
the PDV stabilator from completion of torque box fabrication to
the dissection of the boron/epoxy skins following the PDV static
test. These data consist of the latitude and longitude for St.
Louis, Missour i, and surface s~~ather data recorded in St. Louis
over the period of the environmental history. Weather data are:
site factor , ambient temperature (TA), ambient relative humidity
(HA), mean cloud cover (MCC), wind speed (VW), frequency of
precipitation (P), and duration of these weather data. Indoor ex-
posure periods are denoted by “—99” in the cloud cover column and
temperatures and humiditie s for these periods have been adjusted
from outside ambient conditions.
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APPENDIX C

BASE WEATHER DATA FOR PROJECTED F-15 DEPLOYMENTS

Data in this appendix consist of geographic locations of
bases included in F—15 deployment projections and averages of sur-
face weather data recorded at these bases. Bases are listed alpha-
betically by country then by city or base name. Weather data
consist of site factor , ambient temperature (TA), ambient relative
humidity (HA), mean cloud cover (MCC), wind speed (VW), and
frequency of precipitation (P). Duration of these data is taken
as the length of the month under which they are listed.
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APPENDIX D

RESULTS OF STRUCTURAL ELEMENT TESTS

The test results presented in this appendix represent conditions
at failure. Specimens are identified by numbers consistent with those
shown in Figures 43 through 46. Duplicate entries of strain and modu—
lus indicate that back—to—back strain gages were used . Specimens were
conditioned to one—of—four moisture contents prior to testing.

o dry — specimens were dried at 250° until successive weight
readings indicated no further loss in weight.

o in situ — specimens were tested upon dissection from stabi—
lator skins with the original moisture content

o Eagle 14 — specimens were dried then conditioned to moisture
contents predicted to exist at the time of the
Eagle 14 test.

o maximum — specimens were dried then conditioned to maximum
moisture contents expected for F—15 deployments.

Bonded Temper— Stress at Strains at Primary
Joint Type of ature Moisture Failure Failure Modulus
Specimen Test (°F) Content (ksi) (pin/in) (msi)

Eagle 14 Stabilator
Gi tension 200 in situ 73.0 5450/5430 14.8/14.5
G2 tension 200 in situ 68.8 5050/5230 15.0/14.2
G3 tension 200 Eagle 14 71.7 5190/5410 14.4/13.8
G4 tension 200 Eagle 14 71.2 5480/5310 14.0/13.7
G5 tension 200 Eagle 14 73.0 5560/5320 14.5/14.2
G6 tension 200 Eagle 14 74.7 5610/5410 14.6/14.1

PDV Stabilator
GiG tension 200 maximum 73.0 6160/5610 14.0/14.6
Gll tension 200 max imum specimen broke during installation
G12 tension 200 maximum 58.1 4660/4470 13.5/14.0
G13 tension 200 maximum 76.7 6170/6540 13.7/13.7
G14 tension 200 maximum 74.3 5880/6120 14.0/13.2
G15 tension 200 maximum 73.9 6270/5910 13.0/14.0

New Specimens
Ni tension RT Eagle 14 83.9 6500/6770 14.9/13.2
N2 tension RT Eagle 14 86.1 6470/7130 14.9/12.7
N3 tension RT Eagle 14 83.9 6400/6830 14.9/13.2
N4 tension 200 Eagle 14 75.4 5430/6210 17.4/12.7
N5 tension 200 Eagle 14 84.5 6400/6890 16.1/13.2
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Bonded Temper— Stress at Strains at Primary
Joint Type of ature Moisture Failure Failure Modulus
Specimen Test (°F) Content (ksi) (Pin/in) (msi)

N6 tension 200 Eagle 14 80.5 5980/6660 16.1/12.7
N7 comp. 200 Eagle 14 88.7 5680/— 13.9/13.1
NB comp. 200 Eagle 14 90.0 5740/8745 14.6/13.4
N9 comp. 200 Eagle 14 64.3 3200/7590 13.9/12.4
N10 tension 200 maximum 76.9 5830/6490 14.8/12.2
Nh comp. 200 maximum 69.9 3980/7260 14.2/13.4
N12 tension 200 max imum 82.2 6270/6870 15.3/12.9
N13 tension 200 maximum 81.7 6270/6730 15.3/12.8
Nl4 tension 317 max imum 50.7 4430/4370 13.5/11.3
N15 tension 317 maximum 51.8 4570/4190 14.5/11.4
N16 tension 317 maximum 49.4 4180/3920 13.6/11.6
N17 tension 200 dry 85.3 6310/6920 15.7/13.1
N18 tension 200 dry 89.2 6710/7280 14.9/12.9

Test Data at 340°F
Stress at Strain at Primary

Tension Location in Moisture Failure Failure Modulus
Specimens Eagle 14 Content (ksi) (Pin/in) (msi)

B1 30—ply maximum 78.9 6920 19.4
B2 tension maximum 77.7 >4200 14.2
B3 skin maximum 72.8 >5400 12.2

Rail
Shear Moisture Primary Modulus
Specimens Location in Eagle 14 Contents at 340°F (msi)

Cl 16—ply compression skin in situ 4.1
C2 16—ply compression skin in situ 3.9
C3 16—ply compression skin in situ 3.9
C4 18—ply compression skin maximum 1.9
C5 18—ply compression skin maximum 2.5
C6 18—ply compression skin maximum 2.7
C7 16—ply tension skin in situ 4.2
C8 16—ply tension skin in situ 4.3
C9 16—ply tension skin in situ 4.3
ClO 18—ply tension skin maximum 2.4
Cli 18—ply tension skin maximum 3.1
C12 18—ply tension skin maximum 3.2
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Flatwise Stress at
Tension Moisture Failure (RT)
Specimen Location Content (psi)

Skin— to—Core Eagle 14 Stabilator
Fl 36—ply skin in situ 690
F2 24—ply skin in situ 910
F3 24—ply skin in situ 980
F4 24—ply skin dry 650
F5 24—ply skin dry 540
F6 40—ply skin dry 300

Skin— to—Core PDV Stabilator
F7 36—ply skin dry 390
F8 36—ply skin dry 340
F9 36—ply skin dry 380
FlO 36—ply skin in situ 280
Fil 36—ply skin in situ 490
F12 36—ply skin in situ 470

Interlaminar Eagle 14 Stabilator
El 36—ply comp. skin in situ 1950
E2 36—ply comp. skin in situ 2630
E3 36—ply comp. skin dry 2390
E4 36—ply comp. skin dry 3180
ES 24—ply comp. skin in situ 2350
E6 24—ply comp. skin in situ 2650
E7 36—ply comp. skin dry 1140
E8 36—ply tension skin in situ 1920
E9 36—ply tension skin in situ 1840
ElO 36—ply tension skin dry 2260
Ell 24—ply tension skin in situ 2260
E12 24—ply tension skin in situ 2790
El9 36—ply tension skin dry 2900
E20 36—ply tension skin dry 2950

Interlaminar PDV Stabilator
El3 24—ply comp. skin dry 2250
El4 24—ply comp. skin dry 1810
E15 24—ply comp. skin dry 1580
E16 24—ply comp. skin in situ 2120
E17 24—ply comp. skin in situ 2600
E18 24—ply comp. skin in situ 2450
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Stress Strains
Compres— Temper— at at Primary
sion ature Moisture Failure Failure Modulus
Specimen Location (°F) Content (ksi) (yin/in) (msi)

Eagle 14 Stabilator
Al 340 maximum 49.2 2760/3000 17.8/17.3
A2 340 maximum 24.0 —/2440 —/23 .6
A3 340 maximum 33.3 1530/1650 24.0/24.0
A4 340 Eagle 14 30.4 1700/1820 21.6/21.6
A5 20—ply 340 Eagle 14 51.8 2700/3900 24.0/15.9
A6 compression skin 340 Eagle 14 72.1 4670/4700 18.3/17.3
A7 340 in situ 40.3 4650/1860 11.0/16.2
A8 340 in situ 29.6 2520/1800 12.6/14.6
A9 340 in situ 38.6 2890/2850 13.5/13.1
AlO 340 maximum 17.8 3780/500 15.1/—
All 340 maximum 83.0 5330/6150 15.5/14.8
A12 340 maximum 57.8 3730/3860 19.6/16.6
A13 340 dry 71.7 5250/5700 13.5/13.5
Al4 340 dry 64.0 5430/4500 13.6/14.1
Al5 26—ply 340 dry 67.8 5220/5430 13.6/13.7
A16 compression skin 340 Eagle 14 18.5 1820/1650 19.6/5.3
A17 340 Eagle 14 15.6 1880/1090 20.3/6.6
Al8 340 in situ 39.7 4760/2420 12.0/14.0
A19 340 in situ 42.3 3480/3200 12.7/13.6
A20 340 in situ 47.5 3170/5300 13.6/12.3
A2l 340 maximum 91.5 6150/6640 16.0/16.0
A22 340 max imum 86.5 5390/5910 23.6/20.2
A23 340 maximum 41.3 2050/2230 20.8/19.2
A24 340 Eagle 14 64.4 4230/4560 21.0/17.8
A25 20—ply 340 Eagle 14 64.2 4360/5050 18.8/14.4
A26 tension skin 340 Eagle 14 29.0 360/3670 21.1/21.1
A27 340 in situ 48.8 3250/4100 13.7/13.5
A28 340 in situ 43.4 2620 15.4/11.8
A29 340 in situ 43.8 2640 16.6/11.0
A30 340 dry 68.3 5160/5490 13.6/13.1
A31 340 dry 67.7 5910/4560 13.8/13.9
A32 ~40 dry 66.2 5580/4600 13.4/14.1
A33 340 maximum 10.6 2070/770 10.8/—
A34 26—ply 340 max imum 22.4 2730/— 15.8/—
A35 tension skin 340 maximum 14.8 835/572 15.4/19.0
A36 340 Eagle 14 24.1 1100/4260 22.0/7.4
A37 340 Eagle 14 15.6 1230/1400 17.0/7.2
A38 340 in situ 64.4 >4480 13.2/12.4
A39 340 in situ 64.9 >6000 13.1/12.8
A40 340 in situ 49.2 4000/3840 14.7/11.6

PDV Stabilator
A62 26—ply 340 maximum 21.6 — —

A41 compression 340 maximum 13.7 — —
A42 skin RT maximum 88.3 6860/7280 14.9/13.9
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Stress Strains
Compres— Temper— at at Primary
sion ature Moisture Failure Failure Modulus
Specimen Location (°F) Content (ksi) (pin/in) (msi)

A43 340 max imum 116.3 7530/8750 19.0/17.8
A44 RT dry 98.4 6800/7100 14.0/14.5
A45 26—ply RT dry 101.3 7160/7050 14.3/14.5
A46 compression skin RT dry 102.6 7830/6780 13.7/14.7
A47 340 in situ 34.9 2000/3920 12.9/12.6
A48 340 in situ 37.4 2290/3560 12.7/13.1
A49 340 in situ 48.4 5000/3270 12.5/13.3
A50 340 in situ 47.2 6000/2660 13.1/13.3
A5l 340 dry 78.8 5940/6040 13.5/13.8
A52 340 dry 76.9 5835/5970 13.7/13.8
A53 340 dry 75.8 5880/5880 14.0/13.8
A54 340 dry 70.2 5640/5100 13.7/13.8
A55 26—ply 340 maximum 12.0 570/780 16.3/16.7
A56 tension skin 340 maximum 36.4 2000/2580 17.4/14.1
A57 340 maximum 20.7 650/2350 18.5/12.9
A58 340 in situ 52.8 4740/3840 14.0/12.6
A59 340 in situ 50.6 3350/4710 13.3/12.7
A60 340 in situ 55.6 4220/4910 13.9/12.1
A61 340 in situ 53.0 5240/3820 11.8/14.0

Eagle 14 Stabilator
(residual compression)

Dl 30—ply 340 maximum 17.3 300/1400 24.8/21.5
D2 tension 340 max imum 58.8 3800/4900 16.0/14.7
D3 skin 340 maximum 104.4 6650/7650 19.4/17.1
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