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SECTION 1
INTRODUCTION

This report summarizes the test results for work on Phase I of the NASA Key
Technology Program "Fuel Contaimment and Damage Tolerance in Large Composite
Primary Aircraft Structures", Coﬁtract No. NAS1-16856. The work was broken
into three areas: 1) Material Screening Tests; 2) Surface Preparation and
Fuel Containment Tests; and 3) Design Data Tests. These are reported in
Section 2, 3, and 4 respectively. Supporting detailed data are contained

in the Appendices.

Laminates were fabricated by Manufacturing Research, and inspected by
Quality Assurance for acceptance or rejection, limited summary data from

these operations are included in the Appendices.



SECTION 2
MATERIAL SCREENING TESTS

2.1 LAMINATE DATA

Laminates for the Material Screening tests were fabricated by Manufacturing
Research, inspected by Q.A., and supplied to Rye Canyon ready for machining
into test specimens. Three laminates were submitted for various tests:
AS4/2220-15 AS4/3502; and Celion/982, The laminate data includingblayup,
size, resin content, and processing data are tabulated in Appendix A-~1.
Process control data for the laminates used for tensile and ccompressive
tests (panels 12 and 13) are listed in Table 2.1.

2.2 TRIAL IMPACT TESTS

Trial impact tests were conducted on AS4/3502, ASU4/2220, and Celion/982
quasi-isotropic laminates. The trial impact panels were T7-in, wide by
25-in. 1long. For the 3502 and 2220 materials, two thicknesses were
investigated, 48 plies and 96 plies. Most panels, however, were 48 plies
since all compression testing was done on that thickness.

A special impactor was built for this test series consisting of a 7 foot
long aluminum tube with a 3 1/4 inch I.D. This tube was mounted o¢n an
existing impactor frame used for lower energy testing. A 3-inch diameter
steel bar 5-3/4 inches long was used for the tup. A 1/2-inch diameter 4340
steel (220 ksi) hemispheric head tip was mounted on the tup with a ring
eyelet on the opposite end for attachment of a nylon cord. This cord was
passed through the tube to a pulley on the top of the assembly as shown in
Figure 2-1. With the cord the tup could be pulled up inside the tube to any
height desired. Holes were drilled into the aluminum tube at heights



TABLE 2:1- PROCESS CONTROL DATA FOR MATERIAL SCREENING TEST LAMINATES

AS4/2220 Calion/982
Panel#12 Panel #13
Orientation @ Pass Pass
(45,90, 135, Olgg
C-Scan Pass Pass
interiamingr @ 2783 2033
Tension {psi)
Resin Content @ 3432 36.33
Specific Gravity @ 1.55 1.52
Thickness @ 2637 3054

@ Average of 3 specimens
@ Average of 12 measurements

® 2° grind-down

2-2




Is

7 ft£. Aluminum
tube, 3 1/4" I1.D.
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mass (12 1bs.)

Panel
(7 x 25-inch)

Figure 2-1: Impactor Assembly
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corresponding to desired energy levels;fég;,‘zo,‘ZE, 30',Et¢¢ ft;“1b§@ffThE“
maximum design energy required was BOfft;-lbs. For testiné'the tdeQB&‘
raised to the desired energy level aboVe the drilled hole, a 1/4;finch
diameter steel pin was ihserted'part way through the tube 1.D. éndfthg~tup
lowered until it rested on the pin. Thefcord was then released. Pullihg'
the pin released the‘tup for a free fall, An operator was positibned to

catch the tup immediately after impact to‘prévEnt a restrike.

The impact panels were supported on a stéel base plate with an opening of
5-inches by 5-inches. . The panels wére held in place with a steel picture
frame which was bolted in the corners'to 20 ft. 1lbs. torque. A typical
setup is shown in detail in Figure 2-2.

After impact the panels were visually inspected and damage recorded.
Photographs were made of both sides of the panels as shown in Figures 2-3
and 2-4., They were then ultrasonically inspected to determine the extent of
internal delamination. C~Scan length, width, and area were tabulated for
each impact. These data are tabulated for Celion/982 in Table 2.2, for
ASU/2220-1 in Table 2.3, and for AS4/3502 in Table 2.4, As shown in these
tables for 48 ply laminates, greater damage in the form of a delamination
occurred on the back surface of the impéct than on the front surface where
damage was normally in the form of a small dent; whereas on the 96 ply
laminates visible damage was confined primarily to the front surface and no
damage on the back surface until penetration. In the photographs the front
surface dent is visible primarily due to the chalk dust applied to the tup
tip which enhances the dent. = Without this dust those impacts listed as
slight and medium dents would not be easily spotted. They are characterized
qualitatively in these tables by feel, not visual appearance. Only those
listed as large dents showed visible evidence of front surface fiber
breakage. The visible threshold for back surface damage is between 20 and
30 ft.-lbs. A number of trial impact panels were subsequently used for fuel
seepage tests, reported in Section M.B.k Those remaining were used to

establish quantative values for impact depth versus impact energy. Tables

2-4
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Front and Back View of a 7 X 25 Inch 48-Ply AS4/3502 Trial

Impact Panel at 50, 30, 20 and 10 Ft.-Lbs. Impact Energy.

Figure 2-3



s
ORIGINAL PAGE 1
OF POOR QUALITY

e

r‘,‘
.

/982 Trial Impact

ion

Celi

4

f a7 X 25 Inch 48-Plv

: Front and Back View o
Panel at 20

Figure 2-4

nergy.

-y
&

s 30, 50 and 80 Ft.-Lbs. Impact



(*uy) yadep jusp painsesy A”v

QUON juag rA A 0L°C £€9°C (119 3oedut yeTi] agi-¢-1
QuON 3usp IY3ITS wh°g Z1°¢ XA A 6T joedut TeTiL 0130 S Xl |
SUON juap IY3TTS £€9°1 061 6%°1 0¢ Ioedut Teray ge1-€-1
auoN auoN 90°0 YA €€°0 01 Joedut TETAL VET-€-1
SUON (5010°0) 3Iuaq 76°¢S 9L°C tL°c oy JoedUT TRTIL aci-z-1
(0800°0)
‘wetaq 1 juap IY3TIS (1) 8 vE'T vE“T o€ Ioedut TETiL 0€T-2-1
(5900°0)
QuoN juap Y3TTS €0°C ¥9°1 %9°1 07 oedUT TETAL ae1-2-1
JuoN (0100°0) 2uoN 0 0 0 01 Joeduy TeTA] VeT-¢+1
(ogzz°0)
Toued jo
uorjealsuad
Terixeqd: 99°¢1 8v°y %1% 08 Joedut Jera] aci-1-1
(0£80°0)
*ueyop iofej jusq 931eq 88°Yy 26°¢ 8e°¢ 0s¢ JoedUT TERTiL DET-T-1
‘wetap IYITTS (5600°0) 3Iuaq ve'e 00°¢ [4 a4 0ot Joedut TET] ge1-1-1
. (S506°0)
SUON jusp Y3TTS 86°C 00°¢ 06°1 07 Joevdut TETIL VET-1-1
SUON jusp Y3TTS 8°1 0s°1 86°1 0c uotssaiduo) VEI-S~C
auoN Juep IY3TIS 76°C 06°1 00°¢ 0z uorssaidwop 4€1-%-7
suoN usp IY3TIS 19°C 8L°1 06°1 174 uoyssaxdwo) VET-%-C
yoeqg AHV Juoxyg AN.cﬂv (*ur) (*ut) (sq1-313) ad{y, ‘a‘1
B2y YyIpin | yaBuoq A3asug uummEH 31s9], Toueg
o8vuweq TENSTIA a8eweq ue0og-9H

Ze°9t =

JuP3uU0) uISvY GOL°0 =

Sae

3 59(,06 SET L0 ,S¥) SOTId 8y €14 Toued

VIVA LOVAWI 786/NOITAD ¢T°T 19Vl




(*ur) yadop Jusp paansesy AHV

auoN auoN 20°2 VI | 0L°1 (1Y4 Joedutr TeraL | 4Z1-C-1
auoN auoN %8°0 86°0 AR 01 joedur TeTAL | VZI1-CT-1
19ued jo
uorjeilsued
Tind £8°¢ 02°¢ 81°C 08 Joedwt TeTAL | AZI-1-1
(00S1°0)
‘wefaq | uotirilauad
aofel TeTIIR] 8€ ¢ €1°¢ 86°1 0S joedut tetray | OZI-1-1
*weya(q . (5600°0)
ul Jua( L6°C 00°¢ 06°1 0t joedwt Tefal | 42i-1-1
(0900°0)
auoN | Fuap IYBTIIS 00°¢ 05°1 89°1 0z joedur TeTal | VZI-1-1
*weTa(q
S juaq wL°¢ 81°C 81°C o€ joedur 1eTil | AZI-€-1
suoN | 3usp IYIBTLS 68°C 06°1 €0°¢ ¥4 joedwt TeTiL | DZI-€~1
auoN | udp IY3ITS G0°¢ 16°1 €L°1 0¢ joedut TeTaL | 4Z1-€-1
QuoN auoN 1°1 61°1 G 1 01 joedur Tetay | VZI-€-1
auoN | Jusp IYITIS 66°1 Ly*1 9L°1 0¢ uorssaidwo) | Vvz1-G-¢
auoN | Juep IYSTIS 70°C 06°1 89°1 0¢ uvorssaadwo) | gZ1-%~C
suoN | Juep IY3ITS 18°1 ov°1 %9° 14 uotrssaidwo) | VZi-y-g
Roed A”v juoxg |(,°utr) ®eay {(°ur) YIPIM | (°uTr) Yyiduag (sq1-33) adL], ‘a1
4 A3aauy 3oudugy 189 Toueg

adeuweq T[ENSTA

98emeq uBOIG-)

%0°9¢€ =
ZEHE =

juajuo) uysady 7EG°0 =
Jua3uo) ursSay H97°Q =

8ae

8ae. 521

(o0 06 oSET ,S%) S3TTd 96 VOI# ToUBd
3 59(,06 LSET L0 ,S%) SOTId 8%

Ciff 13ued

VIVA IOVAWI 1-0ZZZ/%SY €°7 419Vl

2-9




(*ut) yidep jusp painsesy (T)

(68L0°0) "
uorjealsuad
SuoN TeTiied %9°8 81°¢ 9¢°¢ 08 3oedut TeTAL | A-VOI-Ad
(0800°0)
SUON jueq %L G1°¢ €6°C (119 yoedut TeTi] | O-VOT~-Ad
(s110°0)
9UON juaqg 11°L 91i'¢ 06°2 0t oedut TeTAL | 4-VOT—-Ad
(s100°0)
suoN | 3juap IYSTTS zt°o 05°0 86°0 0c Joedut TeTIL | V-VOT—-Ad
‘wetad
uf jusp a8xeq 98°% 89°¢C 96°¢ oYy 3oeduT ﬁmﬁuﬂ aci-z-1
*weyaq
wil juap YSTIS GZ°¢ w1°¢ 01°2 o€ oedut TeTAL | OZ1-Z-1
jyoeg AHV juoag | (_*ur) ®oay | (*ur) yipim | (°ur) yaduet (s91-33) adAg, ‘a1
4 A81auyg 3oeduy 1s9], T2uRg
a8eweg TENSTA a8eweqg ueos-)

20°9¢ =

LEHE =

Juajuo) UTsSaY ZEC'0 =

Jua3uo0) Uurss’y %970 =

Sae

(06 oSET 0 ,S%) SOTId 8% ZIf T3UBd

3 mmﬁﬁoo 006 SET S%) SOTId 96 VOI# T°ued
w»mu S9

(penutijuo)) VIVA IOVAWI 1-07CC/%SV €°C d19V1

2-10



(*ur) yidep 3Judp painsesy AHV
eousiszaeiur *q 1 toued papion (1)

‘weaq (58%0°0) as®-c0se
w9 uotjeaiaudd | 60°t 06°1 08°1 0¢ Joevduwt TRTAL /7Sv-v4/¢€
‘weTa( (§600°0) 28%-70S¢
Wiy juap ¥8ae | #L°C L8°1 06°1 o¢ Joedur TETIL [9sv-v4/4
‘wetTaq (5500°0) 48%-70s¢t
ul juap wnipap | 81°T 9L"1 09°1 0¢ Joedut TeTL] /%Sv-va/4
(0100°0) V8%~20S€
9UON jusp uswﬂﬁm L1 0S°1 661 01 1oedut TETAL /%8v-vd/4
‘wetaq | -
ul uocylealsuadd | Y I1 06°¢ 98°¢ 08 joeduy TeRTAL a96-20S€/Y¥Sv-8
(S6€0°0)
9UON uorjellausd v°L Ge¢E L1°¢ 0s oedut TETLL 096-20S€/%SV-8
suoN | (0800°0) 3IueQ mUwc.w 0Z°¢t ov°t 113 Ioedut TBTIL €96-205€/%SV-8
(s%00°0) |-
QUON uep SIS | 9Z°0 09°0 09°0 0¢ Joedut TETAL V96-20S€E/¥SV-8
Fyoeq mMuncoum Aw.aﬂv (*ur) ("ut) (sq1-33) ad{£], ‘a‘I
Baay YIPIM ya8uorg A8aauy 3joeduy 1s89], T2ueg
a8eweq TeENSIA afeweq ues§-)

ZCTLE =

U93U0) UISIY QEG°0 =

8ae

3ne
]

S¢l

1 59(,0 06 SET oS7) SSFId 8y va/gf Toued

(,0 06 ,SET S7) SPTId 96 8f ToPuRd

VIVA IOVAWI Z0GE/¥SV  #°7 T4Vl

2~11



2.2, 2.3, and 2.4, list under "front surface visible damage" the measured
depth values in parentheses for the available panels. Figure 2-5 shows a
plot of impact energy versus impact dent depth for both 48 and 96 ply
laminates. No major differences in dent depth are noted between any of the

panels up through 30 ft.klbs. Beyond that level, as expected, the 96 ply
laminates exhibit less denting.

Figures 2-6, 2-7, and 2-8 show close-ups of typical visible impact
characteristics on a 48-ply AS#4/2220-1 panel. The scale in all photos is in
inches, Figures 2-9, 2-10, and 2-11 show similar results on a #48-ply
AS4/3502 panel. Figures 2~12 and 2~13 show 50 and 80 ft. 1b strikes on a
96-ply AS4/2220-1 panel. Visible damage is confined only to the front
surface even at 80 ft. 1lbs. for the 96-ply AS4/2201-1 panel where partial
penetration has occurred. Partial penetration on the 48-ply panels produced

major back surface delamination as shown in Figure 2-11,

Ultrasonic C-scans were made of all-impacted panels, Defining delamination
damage as the C-scan indicated region, C-scan shows much greater damage than
visual techniques. Tables 2.2, 2.3, and 2.4 list length, width, and area of
the C-scan indications. Areas of delamination of up to 2 square inches
oceur with no visible damage on either surface. Figures 2-14, 2-15, and
2-16 plot damage area versus impact energy. As previously shown the visual
damage threshold was between 20 and 30 ft. 1bs. whereas the C-scan damage
threshold for Ceilon/982 in Figure 2-14 is approximately 10 ft. 1lbs. For
AS4/2220~1 and AS4/3502 in Figures 2-15 and 2-16 the C-scan damage threshold
is around 5 ft. 1lbs, Therefore significant internal delamination can be

produced by impact in a panel without any visible external indications.

A section was made through the center of a 96-ply ASY4/3502 panel impacted at
80 ft.-1lbs. (specimen 8-AS4/3502-96D) to obtain a comparison of C-scan
damage indications with optical microscopy techniques. Visual external
damage was partial penetration of the front surface and a 2-inch

delamination on the back surface, C=-Scan results indicated a delamination
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The Impactor Tip Fully

80 Ft. Lb. Impact Damage on a 48-Ply AS4/2220-1 Panel.

Penetrated Through the Panel.

Figure 2-8:
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The Front Surface Has a

20 Ft. Lb. Impact Damage on a 48-Ply AS4/3502 Panel.

Medium Dent and the Back Surface a 1" .Delamination.

Figure 2-9;
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80 Ft. Lb. Impact Damage on the
Front Surface of a 96-Ply AS4/

2220-1 Panel.
No Damage.

Figure 2-13
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3.86 inch long by 3.90 inch wide with an area of 11.42 square inch. (Table
2.4). Figure 2-17 shows a 1X and 2.45X view of the sectioned and polished
impact area. The arrow indicates the point of impact. Figure 2-18 is a 10X
micrograph of the section showing extensive cracking throughout the
laminate. Many of the delaminations have been filled with mounting resin
during the sample preparation which makes it difficult to see the full
extent of delamination, Figures 2-19 through 2-23 show sectional,
micrographs of various locations in the sample. The largest crack was found
in the 87th ply extending 4.08 inches. This correlates very well with the

C-scan indications of 3.9 inches.

The mating half of the sectional piece was ultrasonically cleaned and
brushed several times then scaked in a gold chloride solution prior to a
vacuum burn-cut technique. Each ply was then removed and examined for the
extent of gold chloride penetration into the delamination areas as a
comparison technique with optical microscopy for determining the extent of
delamination. Results were quite poor compared to the optical techniques;
penetration rarely reach to half of the expected or optically measured depth

of the cracks.

2.3 COMPRESSION TESTS

Based on the results of the trial impact tests an impact energy of 20 ft.
lbs. was selected for evaluating impacted compression strength. Additional
compression tests were conducted on specimens with a 1.0-inch diameter
center notch.

Panels were cut into 7 X 25 inch sub-panels, as shown in Figure 2-24, from
which specimens were subsequently removed depending on the type of test
desired, Specimens were impacted in the 7 X 25 sub-panel geometry prior to
machining to the final 5 X 12 inch specimen size so that the impact zone
could be located more precisely in the specimen center. The compression

specimen geometry is shown in Figure 2-25. The most critical tolerance on

2-24
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e

2.45X

Figure 2-17: Section of a 96-Ply AS4/3502 Panel Impacted
at 80 Ft.-Lbs. Dimensions in Inches.
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Figure2-23: Closeup of the Cracks and Delaminations in The
Center of Impact Area.
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this specimen for the type of test fixture employed was maintaining the
bearing ends (A) parallel to within 0.002 inch.

After machining, back-to-back axial strain gages were installed near one
corner, These gages were CEA-00-062-UW-120 gages bonded at room temperature

with AE 10 adhesive. No coating was applied over the gages.

Two laminates, ASH#/2220-1 and Celion/982, with a laminate orientation of
(M5°/0°/135°/90°)6s were tested. Four types of tests were performed on
each: 1) 1.0 inch diameter hole at 75°F dry; 2). 1.0-inch diameter hole at
180°F conditicned; 3) impacted at 20 ft.-lbs. at 75°F dry; and 4) undamaged
2-=inch wide at T75°F dry. The conditioning cycle consisted of soaking in
160°F water for 45 days during which the AS4/2220-1 moisture travelers (‘1 X
1 inch) gained 0.89% average weight in 45 days and the Celion/982 travelers
similérly gained 1.11%. Specimens to be conditioned had gages applied prior
to conditioning, but the lead wires were not applied until after condition-
ing. Corrosion problems were still encountered and several gages had to be
relaid after conditioning. Travelers accompanied the specimehs during sub-
sequent operations, but due to minimizing time out of sealed bags no
significant changes in moisture level were noted.

An adjustable width compression fixture shown in Figures 2-26 through 2-30
was used for all 5-inch wide tests. Side edges of the specimens were snugly
supported by 1/2-inch thick rounded nose plates shown in Figure 2-26. To
allow for Poisson expansion in width, 0.020-inch shims were placed on either
side of the specimen as shown in Figure 2-26 and then the side supports“were
brought up into snug contact and bolted down. The shims were then removed.
Details of the top loading/support plate are shown in Figure 2-27. This
plate was placed on the specimen, and the 1/2-inch thick side support plates
were tightened to approximately 20 fﬁ. 1bs. Alignment of the top plate was
achieved by guide slots on the outboard ends of the plate as seen in Figure
2-28, Likewise bottom width support plates were also tightened. The com-

pleted assembly is shown in Figure 2-29, and ready for test in Figure 2-30,

2-34
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Top Loading Plate Showing

End Restraint Details

Figure 2-27

Figure 2-26: 5 x 12-Inch Compression Specimen

Being Installed in Test Fixture.

Shims are Installed Between

Specimen Edges and Side Supports

For Alignment.
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Figure 2—30:
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Compression Test Fixture Mounted For
Test in 200 kip MTS Machine.
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For tests at 180°.F hot air was ducted to each side of the specimen and
contained by a custom fitted chamber. Thermocouples were mounted on the
specimen and allowed to stabilize prior to loading. Undamaged compression
tests on 2-inch wide specimens were performed in a V-groove fixture

described in Section 4.2,

Results of compression tests on ASY#4/2220~1 are summarized in Table 2.5 and
on Celion/982 in Table 2.6. Load-strain plots are presented in Appendix
A~2, Specimens with 1-inch diameter holes all failed in compression through
the holes in the width direction as shown typically in Figure 2-31. Also in
Figure 2~31 is a closeup view of the specimen edge showing a typical mode.
Impacted specimens also failed through the impact zone in the width direc-
tion as seen in Figure 2-32. Two inch wide specimens tested in the V-groove
fixture failed catastrophically with multiple delaminations as shown in
Figure 2-33, 2-34, and 2-35, Specimen 2-5-13B2 emitted a loud bang at 40970
pounds and was unloaded, buf inspection. revealed no failure, It was
relocaded and finally failed catastrophically at .43760 pounds., Data for
these tests are contained in Tables 2.5 and 2.6 and Appendix A-2.

2.4 INPLANE TENSION TESTS

Inplane tension test specimens were removed in the 0o longitudinal direc-
tion from the same ASU4/2220 and Celion/982 panels as the compression panels
in the preceeding section They were machined to the 2 x 14-inch geometry
shown in Figure 2-36, All specimens had a 0.25-inch diameter hole with a
single axial strain gage located on the longitudinal centerline 2-inches
from the hole. Specimens did not have bonded tabs but when placed in
hydraulic grips for testings and were separated from the serrated steel
hydraulic grip pads by 0.06-inch thick lexan sheet tabs 2 x 3 inch on each
side, This prevented damage to the graphite/epoxy specimen by the

serrations and yet carried sufficient frictional 1load, Hydraulie grip
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Figure 2-31:

ORIGINAL PAGE IS
OF POOR QUALITY

Typical Failure of 1" Diameter Notched

Compression Specimen. In Top View Failure
Is Across the Width Through the Hole. The

Bottom View is a Close-Up of the Specimen
Edge.
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Figure 2-32: Typical Failure of an Impacted Compression Specimen.

Failure is Through the Center of the Impact. The

Bottom Photo Shows a Close-up of the Specimen Edge
in the Failure Zone.
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pressure was 2800 psi, which for this laminate produced no crushing.
Depending on the particular laminate grip, pressure has to be carefully
controlled so as not to damage the laminate and yet be sufficiently high to
carry the tensile loads in friction. of several plastics evaluated, Lexan
has shown to be the best material for this type of tabbing. Sufficient
deformation occurs in the Lexan so that it conforms to the peel ply textured
surface of the specimens and does not readily slip. Three and one~half-inch
wide MTS hydraulic grips were used as shown in Figure 2-37 and 2-38. All
specimens failed through the O.25-inch diameter holes. Loading rate was at
0.05=inch/minute, Data for these tests are summarized in Table 2.7. Stress

strain curves are contained in Appendix A-3.
2.5 INTERLAMINAR TENSION TESTS

Blocks 1.0 x 1.0-inch were cut from the same 48-ply panels of AS#4/2220 and
Celion/982 as the compression and tension tests described in the previous
sections. These blocks were bonded to 1 x 1 x 1-inch aluminum blocks
drilled and pinned to provide a universal joint on both ends of the specimen
so that no bending loads could be applied across the specimen, These were
then loaded in tension at a rate of 0.05-inch/minute to failure. Head

deflection was plotted versus load and was a smooth curve up to failure.

Initially all specimens were bonded to the aluminum blocks with Hysel 151
epoxy and cured at room temperature for 24 hours. The first two specimens
tested failed in the Hysol bond at(1510 and 1634 1bs. Since additional
unbonded specimens were not available, the bonded ones had to be removed
from the aluminum blocks. Soaking them in C02 at approximately -90?F and
tapping transversely on the blocks with a small hammer proved ineffective,
Next a razor blade used as a chisel was tried. Generally this worked well,
but in scme cases alignment of the blade to the bond line was not suffici-
ently accurate and some specimens were damaged beyond salvage., Rebonding
with Goocdrich A1273 and room temperature curing was then tried, but failure
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occurred at 1600 1lbs. All remaining specimens were cleaned and rebonded
with FM137 and cured at 250°F. With this adhesive, failures did occur in
the laminate at over 3000 1lbs. as summarized in Table 2.8. Due to the
bonding and removal difficulties insufficient numbers of valid data points
were obtained, particularly at -65°F. to draw conclusions on the relative
interlaminar tensile strengths of the two materials. Figure 2-39 shows
several of the failures. The light stripe in specimen 13-3 is a Kevlar
strip used for fiber orientation verification, other specimens had these

but did not fail on that particular lammina plane.

2.6 CONDITIONING WEIGHT GAIN SPECIMENS

ASY4/2220 and Celion/982 specimens 1 x 1 inch by 48-plies thick were immersed
in water at 160°F for 7 weeks. Specimens were weighed once each week.
Weight values and percent change are listed in Tables 2.9 and 2.10, and

presented graphically in Figure 2-40,

A similar group of both laminates was placed in Jet-A fuel at 70 + 5°F for 7
weeks and weighed weekly. This weight and percent weight change data are
presented in Tables 2.11 and 2.12, and graphically in Figure 2-41,

Celion/982 in 160°F water increased in weight by 1.11% and in Jet-A by
0.118%. AS4/2220 absorbed considerably less of either water or fuel than
the Celion/982, increasing by 0.89% in water and 0,074% in fuel,

bata scatter in the Jet-A is much larager than in the water for both
laminates. Weighing techniques for the Jet-A specimens were the same for
all measurements and by the same person except for week 5, when weighings by
ancther person deviated so widely from the other data that they could not be
considered valid, The original weight listed is that of specimens dipped in

the fuel for 5 minutes prior to the initial weighing to correct for surface

wetting which is not absorbed weight.
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SECTION 3
SURFACE PREPARATION AND FUEL CONTAINMENT

3.1 SURFACE PREPARATION TESTS 3

3.1.1 Laminate Fabrication )

The effect of laminate surface condition and adhesion was studied on
specimens cut from a quasi-isotropic ASH/3502 laminate and fabricated with
different mold-release techniques in conjunction with different surface
preparation methods., This effort is part of a study to evaluate fuel tank

sealing in substructure to cover joints.

To provide the test specimens, a 24-ply, quasi-isotropic panel of Hercules
ASB/3502, 24 in. x 38 in. with an orientation of (+45°/0°/90%),¢, was
fabricated. One side of the laminate was cured against a nylon peel ply and

the other side against a silicone rubber sheet,

Surface evaluation specimens consisted of lap shear coupons (see Figure
3.1, 1 in. x 9.5 in. with 0.5 in. lap, bonded with AF-10 nitrile phenclic
adhesive film and tested per ASTM D1002. In addition, 180° peel specimens
were prepared per the method described in MIL-S-8802E Par. 4.8.17 (no fluid

immersion) using wire screen enmeshed in PR1422 sealant.

Two cecats of MIL-C-27725 (thermally cured polyurethane fuel tank coating)
were applied to the faying surfaces of one-half of the lap shear coupons.
Each coat was 0.8 - 1.5 mils thick. A thin cocat of EC1290 adhesive primer
was applied to the faying surfaces of all lap shear coupons.



0.5 in. 3

4.5 in, o

1in.

R

0.12 in.
2.0 in.—-bl +

- \ | +
(t45°lﬂ°l90°)3s

Figure 3-1: ©Lap Shear Test Specimen With Bonded Fiberglass Tabs.



"Lap shear coupons were divided into three groups: 1) cured against peel ply
and wiped with methyl ethyl ketone (MEK) prior to application of any faying
surface treatment; 2) cured against silicone rubber sheet and wiped with
1,1,1 - trichloroethane; and 3) cured against silicone rubber sheet and
vapor honed with 180 grit abrasive.

To assist in gripping the lap shear specimens during tensile testing,
fiberglass tabs, 0.12 in.rthick, were bonded on one side to the ends of each
lap shear specimen using EA9309 adhesive. The bonded tab configuration is
shown in Figure 3.1.

180o peel specimens, with wire screen enmeshed in PR1422 2-part, chromate
cured polysulfide sealant, were prepared by application of the same
selection of surface preparations as with the lap shear specimens. The
configuration of the 180° peel test specimens is shown in Figure 3.2.

An overview of the test program for surface evaluation is given in Table
3-1~

The 24 in. x 38 in. AS4/3502 24-ply panel from which the surface evaluation
specimens were made showed no defects upon ultrasonic non-destructive
inspection by C-scan. The resin content (average of 3 determinations) was
32.3%. The average thickness was 0.137 in., corresponding tc¢ an average
thickness of 5.7 mils per ply. The measured value for interlaminar tension
(average of 3 values) was 1527 psi.

3.1.2 Lap Shear Tests

The lap shear data on specimens made from the surface evaluation panel are
shown in Table 3.2. The lap shear specimen failure surfaces are shown in
Figures 3-3 through 3-8. As seen in Figure 3-3 failure included
shear/tensile rupture of the laminate and little adhesive failure., This

combination produced the highest strength of all methods evaluated. Adding

3-3
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TABLE 3.1 - SURFACE PREPARATION EVALUATION TEST MATRIX

Number Test Method
Spacimen Spscimen Preparstion of and
Typs Size Method Tess Conditions Remarks

Adhesive Lap 25.4 mm {1 in)) Composite 6 ASTM D 1002 | 3 specimens of each method
Shear Test x241 mm (3.5in) | Fab with Ambient uncoated and 3 specimens
{Primed with with 12.7 mm Pesl Ply Temperature of each type costed with
EC-1230, Bonded (0.5 in.) overiap MIL-C-27725 fuel tank
with AF-10) : Silicone bag 6 coating prior to application

Solvent of adhesive primer.

Cleaned

Silicone bag 6

Solvent

Cleaned and

Grit Blast
Sealant 180°% Peel | 31.8mm (1.25in) | Composite Fab 6 MIL-S-8802E
Test x254 mm (10in) | with Pesl Ply Ambient

x 3.05 mm Temperature
(0.12in) Silicone bag ]

Solvent

Cleaned

Silicons bag ]

Solvent

Cleaned and

Grit Blast

Total Tests 36




TABLE 3.2 - AS4/3502

SURFACE PREPARATION LAP SHEAR TEST DATA (a)

Specimen L.D. Surfscs Faying Surfacs Traatment Fey MPa (psi) Fyy (Ave.) MPs (psi)
1A Pee! Ply MEK wipe 2262  (3280)
2 MEK wipe 2110 {3060) 2217 (3216)
3 MEK wipe 2281 (3308)
18 Peel Ply MEK wipe 1265  (2560)
2 MEK wipe 18.31  (2656) 18.08  (2624)
3 MEK wipe 18.31  (2656)
2A1 Silicone Rubber Trichior ) wipe 1886  (2736)
2 Trichlor ! wie 18.06  (2620) 19.06  (2765)
3.7 Trichlor ©) wips 2027  (2840)
28b)4 Silicone Rubber Trichlor wipe 1164  (1688) '
2 Trichlor wips 1853 (2688 1464  (2124)
3 Trichlor wipe 13.76 (1996}
3A-1 Silicone Rubber Vapor Hone 17.38  (2520)
2 Vapor Hone 1848  (2680) 1749 (2536)
-3 Vapor Hone 16.60  {(2408)
3sbly Silicone Rubber Vapor Hone 1383  {(2020)
2 Vapor Hone 1338  (1940) 1340  (1943)
3 Vapor Hone 1288  (1868)

(e} EC 1290 primer and AF10 adhesive were used in bonding all lap shear specimens.

{b) Two coats of MIL-C-27725 fusl tank coating applied to faying surfaces.

{e) 1,1, 1-trichioroethane.

3~-6
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Figure 3-3: Lap Shear Specimen Failure on MEK Wiped Peel Ply Surface.
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Lap Shear Specimen Failures on MEK Wiped Peel Ply Surfaces with MIL-C-27725

Fuel Tank Coating.

Figure 3-4
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Lap Shear Specimen Failures on Vapor Honed Silicomne Rubber Surfaces.

Figure 3-7
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Lap Shear Specimen Failures on Vapor Honed Silicone Rubber Surfaces with MIL-C-27725

Fuel Tank Coating.

Figure 3-8:



two coats of MIL-C-27725 fuel tank coating to the faying surfaces of the
specimens resulted in failures shown in Figure 3-4, These had 1less
shear/tensile laminate failure and more bond line failures than in Figure
3-3 and a concomitant reduction in strength (see Table 3.2).

Specimens with a trichlor (1,1,1-trichloroethane) wiped silicone rubber
textured surface demonstrated a small amount of shear/tensile laminate
failure but were mostly of a bond rupture type as shown in Fgiure 3-5,
Figure 3-6 is the same type as Figure 3-5 but with MIL-C- 27725 fuel tank
coating added to the failure surfaces. These had lower strength values (see

Table 3.2) and were all of a bond rupture type failure.

Vapor honed silicone rubber textured surface failures are shown in Figure
3-7 and with fuel coating added in Figure 3-8. Both types produced bond
rupture type failures. The data consistently show that the lap shear
strength obtained from specimens bonded to the peel ply surface are higher
than those obtained by bonding to the silicone rubber surface. Also
apparent from the data is the qégradation of the average lap shear bond

strength in excess of 580 psi by application of the MIL-C-27725 fuel tank
coating.

3.1.3 180° Peel Tests

Three panels were assembled with various surface treatments listed in Table
3.3. Once cured, one inch wide strips 1/4 in. apart were cut through the
coating and screen to the laminate surface. Panels were mounted in a static
test machine as shown in Figure 3-9. The panel is pin lcaded on the bottom
and supported on the opposite bottom corner to prevent off 0o axis loading.
The bottom head remained fixed while the top grip holding the screen pulled
vertically upward peeling the screen from the panel as shown in Figure 3-10,.
After the first strip on the left was peeled, the bottom pin was moved to
the next hole to the right and strip 2 was peeled, and s¢ on across the
panel always maintaining longitudinal loading.

3-13



TABLE 3.3 180° SEALANT PEEL TESTS @)

Initial Peal Strength | Prior to 1st Cut After 1st Cut | After2nd Cut | After 3rd Cut
Specimen 1.D. | Surfacs KPa {psil | KPa  (psi) KPa  (psil | KPa (psi} | KPa  (psi) .
1 {b) Peel Ply 172 (25) 110 (16} a0 (13) 16 (11) 7% (1)
2 (b 152 {22) 70 (10} 110 (16) % (1) 76 (11}
3 (bile) 159 {23) 1M (17) 124 (18) | 145 21} 124 (18)
4 (bile) 165 A (24) 131 (19) 124 (18) § 131 (19) 131 (19)
9 (o) Silicone 41 (6) 41 {6) 28 @w| 21 (3) 2 (3)
Rubber
10 {c) 48 {7) 35 {5) 28 @) 28 {4) 14 (2)
11 (cHe} 152 {22) 103 (15) 87 {14) 70 (10) 1M an
12 (cMe) 188 (23) {f)
5§ (d) S0 {13) 41 (68) 28 &) 28 (4} 35 {5)
6 (d 48 (7) 41 {6) 21 {3) 28 {4) 35 {5)
7 {dMe) 152 (22) {f)
8 (die} 138 {20) {f)

{a) Al specimens were prepared with wire screen enmeshed in PR-1422 sealant end tested per MIL-S-8802E Par. 4.8.1.7.
{b) MEK Surface Treatment.

{c) Surface cleaned with 1, 1, 1-trichioroethane

{d) Surface vapor honed

(e} MIL-C-27725 fuel tank costing applied to surface,

(f) Wire mesh broke during test.
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Figure 3~9: 180o Peel Test Setup
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The results of the 180° sealant peel tests are tabulated in Table 3.3 and in
Figures 3-11, 3«12 and 3-13.

After each 1 inch of peel, the sealant was cut through to the graphite
surface to try to induce adhesive failure. The specimen showing very low
peel strength, No's. 9, 10, (Figure 3-12) 5, and 6 (Figure 3-13), all failed
adhesively, in the sealant/composite interface, exposing the bare composite
surface. All other specimens failed cohesively, leaving sealant on each
failed surface. In specimens 12, (Figure 3-12) 7 and 8, (Figure 3-13) the
wire screen ruptured during the test, indicating adhesive strength in excess

of the tensile strength of the screen.

MIL-S~-8802E specifies 20-to-40-mesh aluminum or monel wire fabric, aluminum
was selected for these tests due to it being readily available whereas monel
was not. In retrospect, however, monel should have been used because of its
higher strength so that the wire screen failures in Figure 3-12 and 3-13
would have been avoided.

All of the peel tests indicate that adhesion by the PR 1422 sealant is
enhanced by application of MIL-C-27725 fuel tank coating. It is also
apparent from the data in Table 3.3 that the surface cured adjacent to the
peel ply shows better adhesion with the PR 1422 sealant than that cured next

to the silicone rubber surface,

Conclusions to be drawn from the results of the surface preparation tests
are the following:

a) In both lap shear and peel tests, composite cured adjacent to
peel ply proves to be better adhered than composite cured
adjacent to silicone rubber sheet. A possible explanation
for this observation may be impregnation of the
graphite/epoxy composite surface by residual monomers or low
molecular weight oligomers in the silicone rubber loading to
lower adhesive strengths.
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The results of the 180o sealant peel tests are tabulated in Table 3.3 and in
Figures 3-11, 3-12 and 3-13.

After each 1 inch of peel, the sealant was cut through to the graphite
surface to try to induce adhesive failure. The specimen showing very low
peel strength No's. 9, 10, (Figure 3-12) 5, and 6 (Figure 3-13), all failed
adhesively, in the sealant/composite interface, exposing the bare composite
surface. All other specimens failed cchesively, leaving sealant on each
failed surface. In specimens 12, (Figure 3-12) 7 and 8, (Figure 3-13) the
wire screen ruptured during the test, indicating adhesive strength in excess

of the tensile strength of the screen.

MIL-S-8802E specifies 20-to-U0-mesh aluminum or menel wire fabric, aluminum
was selected for these tests due to it being readily available; whereas
monel was not., In retrospect, however, monel should have been used because
of its higher strength so that the wire screen failures in Figure 3-12 and

3-13 would have been avcided.

All of the peel tests indicate that adhesion by the PR 1422 sealant is
enhanced by application of MIL-C-27725 fuel tank cocating. It is also
apparent from the data in Table 3.3 that the surface cured adjacent to the
peel ply shows better adhesion with the PR 1422 sealant than that cured next

to the silicone rubber surface.

Conclusions to be drawn from the results of the surface preparation tests
are the following:

@) In both lap shear and peel tests, composite cured adjacent to
peel ply proves to be better adhered than composite cured
adjacent to silicone rubber sheet. A possible explanation
for this observation may be impregnation of the
graphite/epoxy composite surface by residual monomers or low
molecular weight oligomers in the silicone rubber loading to
lower adhesive strengths.
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%

Results With MEK Only Wipe On Strips 1 And 2, And With MEK Wipe And

Fuel Tank Coating on Strips 3 and 4.

Figure 3-11:
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Figure 3-12: Results With Trichlor Wipe Only on Strips
9 And 10, and With Trichlor Wipe and Fuel
Tank Sealant on Strips 11 and 12.
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Figure 3-13:
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i

Results With Vapor Honed Only on Strips 5 and 6
And Vapor Honed and Fuel Tank Sealant on Strips

7 and 8.
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b) Considerable enhancement of the adhesion of. the c¢omposite
surface to the PR 1422 sealant is effected by application
ofthe MIL-C-27725 fuel tank coating to the composite surface.

e¢) Application of MIL-C-27725 fuel tank coating to the faying
surface of lap shear specimens bonded with a high strength
adhesive such as AF-10 results in degradation of adhesive
strength by about 20 .to 25%. If this loss can be tolerated,
then surface application of the fuel tank coating can be used
with adhesively bonded composite specimens.

3.2 FUEL CONTAINMENT

3.2.17 Laminate Fabrication

In preparation for coupon fabrication for fuel containment tests, two
fastener and sealing effectiveness laminates were fabricated. These
laminates, designated IYX1834 and IYX1835, 24-ply, AS4/3502, fiber
orientation (+45, O, 90)38’ were examined by C-scan and found to be free of
defects. The measured values for resin content and cured thickness per ply
are shown in Table 3.4, The fiber orientation was verified by »ply
count/orientation 2° grind down,

3.2.2 Specimen Fabrication

Fuel sealing tests were conducted to compare the behavior of a bolted
graphite/epoxy joint sealed with a polysulfide sealant tc a joint which has
been bolted and adhesively bonded. Cyclic load, sustained lcad, and cyclic
temperature tests were conducted with simultaneously applied pressurized
fuel,

The single lap shear test specimens were constructed using a 24-ply
quasi-isotropic layup of Aéﬂ/3502. The specimens were 3.5 inch wide and
connected with three 3/16 inch diameter fasteners (NAS U4603U5 pins with
HL94LP-6 collars) as shown in Figure 3-14,
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Figure 3-l4: Fuel Sealing Lap Joint Geometry.
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TABLE 3.4 =~ FASTENER AND SEALING EFFECTIVENESS LAMINATES

Laminste Designation Resin Content Cured Thickness/Ply
1YX1834 33.08
3097 Avg. 32.2% 0.126 mm (0.00496 in.)
32.61
1YX1835 33.37

3283 Avy. 33.2%
33.73

0.131 mm (0.00514 in.)
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Lap Jjoint shear specimens representing bonded or sealed faying surfaces, and
nominal or maximum hole sizes were fabricated as shown in Tables 3.5 and
3.6, for restrained load testing with fuel under pressure on cne side of the
joint. Figure 3-14 and 3-15 show how the fuel containment boxes are
attached to the specimens on the collar side. On all specimens, sealant
(LCM2180) was applied to the collars and in the joint fillets as indicated
in Figure 3-14. The back (collar) side of the joint had the entire 1/# inch
gap between the specimen and the tab filled with sealant so that the boxes
would not leak. Prior to placement of the boxes on each specimen a bead of
RTV silicone rubber was applied to the box face and on the mating surface of
the specimen, then mated together and bolted finger tight dewn to 1/16 inch
spacer pins loacted in the outboard corners of the box, After a 2i4-hour
cure the spacer pihs were removed and the four bolts were further tightened

to prevent fuel pressure from rupturing the bond.

3.2.3 Fatigue Testing

Eight specimens were tested in a 50 kip MTS computer controlled fatigue
machine, shown in Figure 3-16, with combined cyeclie load and static
pressure, The loads were 36,000 cycles of 1930 1lb tension, 579 1lb com-
pression (R = -0.3) and 36 cycles of 3088 1b tension, 926 1lb compression
combined with 15 psi fuel pressure., Four of the specimens were bolted and
bonded and four of the specimens were bolted. Within each test group one
specimen had nominal size bolt holes. One specimen had bolt holes the
maximum size allowed by the drilling specification (+0.003 in.); one speci-
men had a delaminated hole; and cone specimen had a hole drilled non-perpen-

dicular (2°). None of these specimens leaked during the fatigue test.

3.2.4 Sustained Load Tests

After the fuel pressure boxes were attached to the specimens they were
placed in Satec creep machines shown in Figure 3-17, For mounting, a single

1/2 inch diameter hole was drilled 0.95 inch from each end and was pin
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TABLE 3.5

~ SEALING EFFECTIVENESS LAP SHEAR SPECIMEN DESIGNATIONS

Specimen Specimen Test
Type Preparation Method 1.D. Hole Condition Type
Sealed MEK Wipe 17, 18 Nominal Fatigue
Joint LCM 2180 19, 20 Max Size Fatigue

Wet Install Fasteners 21, 22 Non-perpendicular | Fatigue
Fillet & Collar Seal 23, 24 Delaminated Fatigue
25, 26 Nominal Creep
27, 28 Max Size Creep
29, 30 Nominal Thermal
31, 32 Max Size Cycle
Bonded MEK Wipe 1, 2 Nominal Fatigue
Joint EC1290 3, 4 Max Size Fatigue
AF 10 5, 6 an%bérﬁendicular Fatigue
Dry Install Fasteners 7, 8 Delaminated Fatigue
Fillet & Collar Seal "9, 10 Nominal Creep
11, 12 Max Size Creep
13, 14 Nominal Thermal
15, 16 Max Size Cycle

TABLE 3,6 - FASTENER HOLE CONDITION

Specimen Type Hole Size (in.) Condition
Nominal hole 0.1890 -~ 0.1920 No defects
Maximum hole 0.1930 - 0.1940 No defects
Non-perpendicular hole 0.1890 - 0.1920 Tipped 2° in longitudinal
direction
Delaminated hole 0.1890 - 0.1920 Drilled without backup

Push drill thru last

3 plies
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Lap Joint Specimen, Showing Fuel Containment Box Installation.

Figure 3-15:
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Figure 3-163 i ; ;
gure 3-16: Cyclic Fatigue Test Setup With Fuel Pressure Box and
Pressure System Attached to Lap Joint Specimen
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loaded as shown in Figure 3-18. Fuel lines were then attached to each box
from a central container. A 6-inch vent/bleed tube was attached to each
chamber and fuel was fed to the boxes until it became visible in the vent
tube at which time the vent was closed. - This assured that the box was
completely full., After all four boxes were filled, the fuel reservoir was
closed off from the fill lines and the system was pressurized t¢ 15 psi.

The fuel used was Shell Pella A with ‘equal mixtures of fluorescent dyes
added to enhance visibility of small amounts of leakage. The dyes were: 1)
BASF Wyandotte Corp, Floural yellow 088 (5G); and 2) Morton Chemical
Company, Fluorescent yellow FGSC, These were selected based on their
sclubility in Pella A and their emission intensity under long wave (366 NM)
ultraviclet light. With the room lights dimmed each specimen was inspected
with an ultraviclet light for leakage. Each specimen was then loaded to
1930 1b and reinspected for leaks. The applied axial locad of 1930 pounds
generates a calculated gross area axial strain of 675 in/in and a
calculated bearing stress of 28.2 ksi. At least once every four hours the
specimens were checked for 1leaks and pressure maintenance. After 300

consecutive hours under load and pressure no leaks occurred.

Loads were increased to 4000 1b at 15 psi and held for another 200 hours.
No leaking occurred. The pressure was then increased to 20 psi with the

4000 1b load again no leaks were seen.

Specimens were remcved from the creep machines and placed, cne at a time, in
a 50 kip MTS machine with hydraulic grips. The fuel syétem was re-connected
and pressurized to 15 psi. An axial tension locad was then applied at the
rate of 0.05 in/min. head displacement while the specimen was being observed
under ultraviclet light for first sign of leakage. Load-stroke plots were
made of each specimen to failure or lezak. Table 3.7 summarizes each

specimen type, failure load or leak load, jack stroke, and failure type.
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During loading of bonded specimen 9, 10 (Figure 3-19) a loud pop was heard
at 9,448 1b, and the load dropped off to about 5,000 1b, then continued to
load since the test machine was under a ramp loading rate control. The test
machine was then put in a hold and the data gathering computer stopped. A
detailed inspection revealed n¢ leakage, therefore the test was resumed as
shown in Figure 3-20. Another loud pop was heard at 6,000 1b, and the load
again dropped off, but no leakage was noted so loading continued. A third
loud pop occurred at 4,900 1b with major leakage visible on the surface of
the countersunk fastener head side (#10). Tensile failure occurred, as
shown in Figure 3-21, through the fastener holes in the countersunk piece
(#10) only. The collar side piece (#9) showed no similar damage. After
failure, the fasteners were removed to permit inspection of the jeint faying
surface and fracture, shown in Figure 3-22. The bond does not appear to
have ruptured, The failure is predominately intralaminar shear in ¢ plies

in both pieces.

Bonded specimen 11, 12 was loaded in the same manner as specimen 9, 10
(Figure 3-23). At the first loud pop, 1eakage occurred at the joint edges
(Figure 3-24) not through the fasteners as in specimen §, 10. Failure and
leak occurred simultaneously at 10,700 lb. An examination of the fracture
surface after fastener removal (Figure 3-25) reveals a totally different
failure mode than specimen 9,10, The specimen exhibits primarily a bond
failure with some 45° ply fibers still imbedded in the AF10., Most of the
adhesive remained on piece #12 (Figure 3-25), the countersunk face sheet,
although some debonding did cccur on the reverse piece (#11). No multiple
pops occurred during this test, the load ramped up continuously to final
failure (Figure 3-23). Alsc no tensile fractures were visible between the
fasteners of the countersunk sheet, The total stroke to leak was only
0.0412 inches whereas on specimen 9,10 leak did not occur until 0,0622 inch
although the initial failure was at 0.0439 inch.
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Both specimens with faying surface sealant failed in a similar manner by
sealant rupture causing a leak on the joint sides (Figures 3-26 and 3-27).
Load-stroke curves Figure 3-28 and 3-29 show a smooth rise to leak with no
popping as in the bonded joints. No fiber breakage was visible on any of
the pieces, nor was there any significant fastener hole distortion (Figures
3-30 and 3-31). Leak loads were 6,602 1lb for the nominal hole specimens
25,26, and 6,586 1b for the maximum hole specimen 27.28. Jack deflections
at leak were 0.0848 and 0.0987 inch, respectively.

As would be expected, the structural capability of the bolted and bonded
joints was superior to the bolted joints. A load of 6,460 1b was considered
as design ultimate load on these joints based on a bearing design allowable
stress of 94,5 ksi. Since all specimens did not leak at design ultimate

load, both sealing methods are adequate for this test condition.

3.2.5 Thermal Cycling Tests

Four lap joint specimens were assembled with faying surface and hole
conditions as listed in Table 3.8.

Fuel boxes were attached to each and placed in an environmental chamber
shown in Figure 3-32, Fuel was pressurized to 15 psi and held while
temperature was cycled 100 times from -65O to 140°F. One thermal cycle
required about 40 minutes to go from -65°F té 140° to -659. Cold
temperatures were achieved by injecting COZ.' Heating was by quartz heat
lamps. No direct infared radiation impinged on the specimens,

A pressure relief valve was incorporated into the fuel pressure system to
prevent over pressure due to thermal expansion so that a uniform 15 psi was
maintained over the full temperature range. Specimens were monitored during
cyecling for leakage and carefully examined after 100 thermal cycles. No

leaks were detected in any of the specimens,
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Note Rupture

Holes are Nominal Size.

LCM 2180 Sealant Joint Static Tensile Failure.

of Fillet Seal on Left Photograph.

Figure 3-26:
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Sealed Joint With Nominal Holes After Test with Fasteners Removed.

Figure 3-30
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Sealed Joint With Maximum Holes After Test With Fasteners Removed

Figure 3-3]:



-.mOm.Ol Jje pajonpuod SISI], x

aanjdny jueyeas £0TL (O%61° - 0E€61°) wWnWIXeq pate9g e/ie
aanjdny jueieas 9¢€tL (0Z61° - 0681°) TBUTWON pateag 0e/62
a1 Tsual/ieays
IeuTweyeliju]/puog 788 (O%61° - 0€61°) WNWIXER papuoy 91/s1
puog/o1Fsual
/Aedyg JeujweTeIIUL 6%58 (0Z61° - 0681°) TeujuwoN papuog y1/€1
9d4], aanTTed *qT UGTITPUO) STOH 9dA[ az
¥ prOT YNea] uawfoadg

SNOdNOD GATOAD ATIVWMEHI 40 SISAL HIONIYIS TvAAISHY @ 8-¢ HTAVL

3-47



{
!
;
i
3

Figure 3-32:

Four Lap Joint Specimens "ith Pressurized Fuel Boxes
Attacheg Are Shogn Mounted in a Thermal Cycling Chamber
For -65 to -140°F Testing. :
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The specimens were then loaded statically in tension to failure at -65°F
with 15 psi fuel pressure applied. At -65°F leakage was not noted until the
specimens failed. Figures 3-33 through 3-36 show the failed specimens after
fastener removal and disassembly. The bonded specimens 13/14 and 15/16
failed partly by bond line rupture and partly by intralaminar shear/tension.
Sealed specimens 29/30 and 31/32 failed in net section tension through the
fasteners after the sealant ruptured. Load-stroke plots of each test are
shown in Figures 3-37 through 3-40, The data .from these tests, Shown in
Table 3.8, indicate that the -65°F temperature E;duced the leak load of the
bolted and bonded joints but increased the capability of the sealed and

bolted joints. All specimens failed at a load greater than design ultimate
load.



Figure 3-33:

Fai%ure of a Bonded Joint Specimen Tested Statically At
-65"F. The Photos On the Left Are the Outside Surfaces of

The Joint, Those On the Right Are the Faying Surface.
’ 3-50
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Figure 3-34: Failu
: re of a B i i
pha 1 Ay onded Joint Specimen Tested Statically
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Figure 3-35: Failure of a Sealed Joint Specimen Tested Statically
at -65°F.,
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SECTION 4
DESIGN DATA TESTS

4,0 INTRODUCTION

This section contains the results of tests conducted on ETR C-1-82 - Design
Data Tests. Table 4—1‘ contains a general outline of most of the work
performed on the baseline resin composite AS4/3502 and a toughened resin
composite AS4/2220-1. Laminate Q. A. and processing data for the variocus

panels is contained in Appendix B.1.

4.1 CROSSPLIED LAMINATE TENSION TESTS

hnnotched room temperature dry, unnotched -65°F dry,'1/ﬂ in.,, and 1/2 in.
diameter open hole room temperature dry tension tests we?quconducted on 1/4
in, thick by 2 in. wide coupons as described in Tables 4.2 and 4.3 and shown
gecmetrically in Figure 4«1, No tabs were bonded to the specimens because
gripping Lexan tabs 2 x 3 1/2 in., were placed in the specimen end area with
80 - 120 grit open mesh sanding cloth between the Lexan and the specimen to
improve frictional load transfer. Three-and-one-half inch wide hydraulic
grips were used for all notched tests, but their maximum capacity was 50,000
1bs.; therefore they cculd not be used for the unnotched tests, Figure 4-2
shows the test setup for notched specimens and a typical through-the-hole
failure. All of the notched specimens failed through the notch. All notch-
ed specimens had a single axial strain gage mounted as shown in Figure 4-2,

Unnotched specimens were tested in a 120 kip static test machine in wedge

type grips. The same lexan/sanding cloth grip tab arrangement was used.
This proved‘unsatisfactory because of slippage problems, and generally once

a slip occurred regripping was impossible. Future unnotched specimens
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Figure 4-1: Inplane Tension Corssplied Laminate Specimen Geometry
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Notched Tensile Test Setup and Specimen Failure Mode

Figure 4-2:



should have bonded tabs. All unnctched specimens used an extensometer for
strain measurement rather than the strain gages used on all notched tests..
Near failure on the unnotched specimens, edge delaminations were noted which
may have introduced errors in the recorded ultimate strain values. 3Strain
gages on these specimens are recommended for any future testing., Typical
unnotched failures are shown in Figure 34-3 for both AS#4/3502 and ASUd/2220-1.
All failures were in the center test section, not in the grip area. Loading
rate on all tests was 0.05 in/min.

The AS4/3502 tension test data are reported in Table U4-2., Average strain to
failure of the unnotched room temperature dry coupons is much lower than the
1.3% expected of the AS4 fiber. The 19% reduction in strain to failure from
room temperature to -65%F is somewhat higher than expected., The modulus
values are as expected and are close to those predicted by laminate
analysis.

The ASY4/2220-1 tension test data are reported in Table 4-3, Average strain
to failure of the unnotched room temperature dry coupons is much higher than
that of the ASY4/3502 coupons for the same test conditon and higher than the
1.3% expected of the ASY4 fiber. The 11% reduction in strain to failure from

room temperature to -65°F is as expected and is similar to the reduction
experienced with T300/5208.,

The open hole tension test data for AS4/3502 and AS4/2220~1 from Tables 4.2
and 4.3 are plotted on Figure 4-4, Also included on Figure U-U4 are data
from T300/5208 quasi-isotropic laminate open hole tension tests done as part
of the Lockheed IRAD project. The plot of failure strain versus notch size
shows that the ASY composites have a higher strain to failure than the T300
composite. The 2220-~1 resin is also shown to be tougher than the 3502
resin. It appears that with a high strain fiber and a toughened resin

system a notched (1/4 in. diameter) 6000 pin./in tension design allcwable is
possible,

Load=-strain and load-deflection curves are presented in Appendix B-2.
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AS4/2220-1 (41.7% 0°/50% = 45°/8.3% 80°)
A54/2220-1 (25% 0°/50% + 45°/25% 90°)
AS4/3502 (41.7% 0°/50% = 45°/8.3% 80°)
T300/5208 (25% 0°/50% x 45°/25% 80°)
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Figure 4~4: Effect of Hole Size on Tensile Failure Strain
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4,2 COMPRESSION TESTS

Compression tests were conducted on specimens of both AS4/3502 and ASU4/2220-
-1 under a variety of test conditions including: notched; impacted; unnotch-
ed and unimpacted; room temperature dry; 180°F wet; widths of 2, 3.5 and 5
inches; and two types of test fixtures. All specimens were from laminates
of the (41,7% 0°/50.0% :PSO/B.S% 90°) configuration. Data are summarized in
Table 4.4 for the ASU4/3502 and in Table 4.5 for the AS4/2220-1, Load strain

curves and laboratory notes are contained in Appendix B-3.

Standard specimen geometry was 5 inches wide by 12 inches long as shown in
Section 2.3. Notched specimens had a 1.00 inch diameter hole located in
the specimen center. Strain gages were located 1 inch from the side edge
and 2 inches from the top edge mounted back-to-back. Standard test proce-
dure was to orient the specimen in the test fixture such that the strain
gages were located in the upper right hand corner facing the operator. The
test .fixture was indexed so that the top plate was installed in the same
direction each time, and the fixture had a set orientation in the loading
machine, Specific instances where deviation from this procedure were made
are noted in the laboratory notes, Some specimens exhibited a deviation
between the front (gage A) and back (gage B) strain gages, s¢ most specimens
were initially loaded to about 5 percent of anticipated failure load to
preview the strain gage tracking then unloaded. If they began deviating the
specimen was reversed in the fixture so that gage B now appeared on the

upper left side of the fixture., 1In some cases this improved tracking, in
others it did not help.

Trial impact tests were performed to select impact energies for compression
tests. Impacting was done in the same manner as in Section 2 with the same
equipment. All trial impacts were done on a 47 ply AS4/3502 panel #14.
Four hits were made on each 7 x 25 panel. Photographs of the front and back
surface damage are shown for typical hits in Figures 4-5 through u4-14,

After impact C-scans were made to determine the extent of damage. These
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kage Tests.

AS4/3502 Trial Impact Panel Showing Front and B

47 Ply
With Four Holes are Ones Selected for Lea

Energy (In Ft. Lbs.).

Figure 4.5:
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Those Sites With Four Holes Are Ones

Trial Impact Panel of 47 Ply AS4/3502 Showing Front and Back Surface Damage At Various

Impact Energies Denoted by # (In Ft.-Lbs.).

Selected For Leakage Tests.

Figure 4.6
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Scale is in Inches.

.~Lb. Impact on 47-Ply AS4/3502.
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Front and Back Views of a 30 Ft

Figure 4-7
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Front and Back View of a 20 Ft.~Lb. Impact on 47-Ply AS4/3502.

Figure 4-8
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Front and Back View of a 40 Ft.- Lb. Impact on 47-Ply AS4/3502.

Figure 4-9



Front and Back View of a 15 Ft&~ Lb, Impact On 47-Ply AS4/3502.

Figure 4-10
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Front and Back View of a 50 Ft.- Lb. Impact on 47-Ply AS4/3502,

Figure 4-11:
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Front and Back View of a 20 Ft.-Lb. Impact on 47-Ply AS4/3502.

Figure 4-13
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Figure 4~14: Front and Back View of a 5 Ft~Lb., Impact on 47-Ply AS4/3502.
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data are listed in Table 4.6, The damage threshold is between 5 and 10 ft.-
1bs. with panel penetration occurring at 40 ft.-1lb.

Twenty and 30 ft.-lbs. impact energy levels were selected for compression
tests. Two hits were made on each T x 25 panel which was’subsequently out
to the final 5 x 12 inch test size. C-scan results and visual observations
are tabulated in Table 4.7 fOR THE AS4/3502 laminate and in Table 4.8 for
the AS4/2220-1 laminate. Residual strength data for these impacted
spepcimens are listed in Tables 4.4 and 4.5. Plots of impact energy versus
damage area are shown in Figures 4-15 and 4-16 for the two laminates. A
plot of impact damge area versus compressive failure strain is shown in
Figure 4-17. T300/5208 data from other programs is included for comparison,
Both AS4/32502 and AS4/2220-1 have significantly higher failure strains at a
given damage area than T300/5208 (approx. 1000 pin./in.).

The AS4/3502 compression test data are reported in Table 4.4, Average fail-
ure strain and modulus of the unnotched room temperature dry coupons are
much lower than expected. All unnotched coupons failed in combined bending
and shear at either the top or bottom grip. It is suspected that the prob-
lem was due to a small amocunt of eccentricity in the loading fixture. Aver-
age failure strain of the open hole test coupens is as anticipated. Average
modulus of the open hole coupons is lower than expected., Average failure
strain of the 20 ft.-1b. and 30 ft.-1b. impacted coupons are as anticipated.
The average modulus of the 20 ft.-1b impacted coupons is less than expected.

The AS4/2220-1 compressicn test data are reported in Table 4.5. Average
failure strain of the unnotched room temperature dry coupons is much lower
than expected. All unnotched coupons failed in combined bending and shear
at either the top or bottom grip due to the loading fixture problem reported
above, The average modulus of the AS#4/2220-1 unnctched room temperature dry
coupons is higher than that of the unnotched AS4/3502 coupons tested under
the same conditions, Average failure strain of open hole coupons is much

less than expected. The open hole average strain to failure was anticipated
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TABLE 4.6.

TRIAL IMPACT TEST RESULTS

AS4 /3502 47 Plies (%45 902(i45 02)5)S
tavg = 0,255 Resin Content = 33.3%
' C-Scan Indications Visual Indications
Location Energy Width | Length Area
ID (ft-1bs) | (in.) | (din.) | (in.2) Front Back

14 - 1A 5 0 0 0 None None

14 - 1B 50 1.80 3.00 3.35 | Penetrated | 8" Delam.

14 - 1C 10 1.25 1.41 1.30 Slight dent | 0.3" Delam.

14 - 1 40 1.44 1.80 2.05 Penetrated 7' Delam.

14 - 24 15 1.40 1.50 1.70 Slight dent | 0.5" Delam.

14 - 2B 40 2.06 | 2.26 | 3.45 | Pemetrated | 6" Delam.

14 - 2C 20 2.00 2.25 2.95 Medium dent | 1.5" Delam.

14 - 2p 30 1.45 1.94 2.05 Large dent 3.5" Delam.
T 14 - 3a 50 1.52 1.72 2.15 | Penetrated | 6" Delam.

14 - 3B 10 1.36 1.52 1.60 Slight dent |+ 0.5" Delam.

14 - 3C 20 1.60 2.18 2.40 Medium dent | 2.5" Delam.

14 - 3D 5 0 0 0 None None

14 - 4A 10 1.35 1.40 1.40 None None

14 - 4B 30 1.72 2.60 2.80 Large dent 3.5" Delam.

14 -~ 4C 15 1.40 1.63 1.60 Slight dent | 1.5" Delam.

14 - 4D 20 1.92 2.30 2.70 Medium dent | 2" Delam.




TABLE 4.7.

IMPACT TEST RESULTS - AS4/3502

(x45 902(145 02)5)S

Panel 15 48 Plies tavg==0.262 Resin Content = 35.1%
Panel 22 48 Plies tavg==0‘27o Resin Content = NA
C-Scan Indications Visual Indications
Location Energy Width | Length Areé
iD (ft-1bs) (in.) (in.) (in.z) Front Back
15 - 1A 22 1.90 2.00 2.30 Slight dent 1.0" Delam.
15 - 2A 20 1.80 1.84 2.35 Medium dent | 1.0" Delam.
15 - 28 30 1.94 1.88 3.15 Large dent 4.0" Delam.
15 - 3A 30 2.40 3.10 4.90 Medium dent | 1.0" Delam.
15 - 3B 30 2,22 2.24 4,20 Large dent 4.0" Delam.
15 - 4A 20 1.72 2.20 2.85 Slight dent | 1.0" Delam.
22 - 1A 22 2.00 ‘1,90 . 3.20 Medium dent 2.5" Delam.
22 - 1B 22 1.80 | 2.16 2.85 Medium dent | 3.0" Delam.

427




TABLE 4.8. IMPACT TEST RESULTS - AS4/2220-1

(45 90, (245 0,) )¢
Panel 35 48 Plies tavg = 0,274 Resin Content = 35.0%
Panel 36 48 Plies tavg = 0.270 Resin Content = 35.7%
C~Scan Indications Visual Indications
Location Energy | Width Length Area
D (ft~1bs) (in.) (in.) (in.z) Front Back
35 - 2A 20 1.60 2.00 2.45 Slight dent | Dimple
35 - 2B 20 1.48 1.62 1.75 Slight dent | None
35 - 3A 20 1.80 2.04 2.55 Slight dent | Dimple
35 - 3B 30 2.42 2.90 5.00 Slight dent | 1.0" Delam.
35 -~ 4A 30 2.30 3.32 5.30 Medium dent | 1.0" Delam.
35 - 4B 30 2.04 2.64 3.70 Medium dent 1.0" Delam.
36 - 1A 20 1.70 1.90 2.30 Slight dent 0.25" Delam.
36 ~ 1B 20 1.64 1.74 1.95 Slight dent | Slight dimple
36 - 2B 20 1.76 1.90 2.30 Slight dent 0.75" Delam.

4~28
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Compressive failure strain { M in.fin.)

-14000

Avg. of 3 tests
13000 T
: o) AS4/2200-1 (41.7% 0°/50% + 45°/8.3% 90°)
® " AS4/2220-1 (25% 0°/50% + 45°/25% 90°)
12000 |- D e — AS4/3502 (41.7% 0°/50% + 45°]8.3% 90°)
O ——— — — T300/5208 (51.9% 0°/37% + 45°/11.1% 90°)
Al tests run at 75°F  Width = 5.00 in.
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Figure 4-17:, Effect of impact damage area on compressive failure strain.
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to be as much as 1000 pin./in, higher based on data reported in Section 2.3
from tests run on quasi-isotropic laminates of the same material and
thickness under the same conditions. The impacted ASU/2220-1 coupons have
more damage area than the impacted ASY4#/3502 coupons for the same impact
energy level, The average failure strains for the AS4/2220-1 coupons
impacted with 20 ft.-lb, and 30 ft.-1lb. are greater than those of the
ASH/3502  coupons impacted at the same levels., The reduction in strength
going from 20 ft.-1b., to 30 ft.-1b. is much greater for ASY4/2220-1 than for
ASU4/3502, Average moduli of the impacted coupons are as anticipated. All
impact damaged coupons failed through the impacted area.

Typical failures of notched, impacted, and undémaged 5 x 12 inch specimens

are shown in Figure 4-18.

Specimens tested at 180°F wet were conditioned by soaking in water at 160°F
for U5 days. Prior to soaking strain gages and tabs were applied., After

soaking lead wires were attached. 1In most cases, however, the gages could
not be balanced and had to be reinstalled,

Since failure strains and modulus were much lower than expected on the
unnotched, undamaged 5 x 12 specimens a different restraint fixture was
evaluated and found to produce values expected. Typically on AS4/3502
average failure strain with the "“standard" fixture was 8325 pin./in., with
the new fixture this value increased to 14040 pin,/in. The new fixture uses
a 2 inch wide by 9.625 inch long specimen. It is shown from three angles in
Figure 4-19'mounted ready for test. The edge supports are a V-groove as
shown in Figure 4-20, They are adjustable in width and attached to a back
support plate which is free floating from any outside support. Fit of the
V-groove bars toc the specimeen is accomplished by installing a shim as
indicated in Figure U4-20 of a thickness calculated to permit unrestrained
Poisson expansion. After tightening the bolts the shims are removed before
testing. Ends of the specimen are clamped with a flat loading bar and

provide for 1/4 inch edge restraint. The bottom clamp bar rests on a
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Typical Compression Failures of Notched, Impacted, and Undamaged 5 X 2 Inch

48-Ply Panels.

Figure 4-18
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V-Groove Compression Fixture Installed For Test In Front, Side and Back Views.

Figure 4-19:
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spherical seat bearing. The test operator adjusts the spherical seat in
both the X and Y axis until less than 0.001 inch maximum clearance is ob-
tained between the top clamp bar and a loading bar attached to the load
cell. Folded paper shims are used to support the back plate to a central
vertical position on the specimen and left until 30 percent of the expected
failure load is reached, then removed., Typical failures are shown in Figu-
res 4-21 and 4-22 for 0° specimens and for 90° specimens in Figure 4-23,
Failure modes are compressive and not the end type experienced with the
standard fixture. Failure strains are also much higher, as seen in Tables
4.4 and 4.5, and are as expected.

The failure strain of the AS4/3502 material is higher than that of the
AS4/2220~-1 material. This is the reverse of the tension test results.

Four additional 2 inch wide specimens (2 each of AS4/2220 and 2 each of
. Celion/982) were run with this procedure and are reported in Section 2.3.

A problem with this fixture is that it is limited to 2 inch wide specimens
which are inadequate for impact or notched specimens. A new fixture for

larger specimens incorporating these features is being fabricated.

4.3 Z45° TENSILE TESTS

Tensile tests were performed on 12-ply laminates of AS#/3502 and AS4/2220-1
with a layup orientation of :ﬁSo. Test specimen geometry is shown in Figure
4-23 without the bondéd fiberglass tabs. Lexan was used as tab material and
gripping in MTS hydraulic grips. A T-gage was mounted in the test section
for transverse and longitudinal strain monitoring.

Typical specimen failures are shown in Figure 4-25. Results are summarized

in Tables 4.9 and 4-10, Specimen dimensicnal data, stress-strain curves
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Figure 4-21: Typical Compression Failures of 2 Inch Wide 0 Specimens
on AS4/3502 Using the V-Groove Compression Fixture.
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Typical Compression Failures of 2-Tnch Wide 0° Specimens of AS4/2220-1 Using the

V-Groove Compression Fixture.

Figure 4-22
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Typical Compression Failures of 2-Inch Wide 90° Specimens of AS4/3502 Using

The V-Groove Compression Fixture.

Figure 4~23
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TABLE 4.9 - AS4/3502 245° TENSION TEST DATA
Laminate Orientation: (245°%)¢
Laminate Resin Content: 31.57
Test Condition: 75°F Dry
Tensile . Shear
Failure | Failure| Tensile | Failure Shear

Coupon | Thickness | Width | Load Stress | Modulus| Stress | Modulus| Poisson's

1d. (in.) (in.) (1b) {ksi) (msi) (ksi) (msi) Ratio
17-1 0.062 1.002 1562 25.36 2.64 12.68 0.78 0.7167
17-2 0.062 1.002 1537 24,63 2.76 12.32 0.79 0.7143
17-3 0.063 1.002 1549 24,74 2.55 12.37 0.74 0.7500
17-4 0.062 1.002 1538 24.73 2.53 12.37 0.74 0.6875
17-5 0.062 1.000 1525 24.60 2.77 12.30 0.79 0.7241
AVERAGE 24.81 2.65 12.41 0.77 0.7185

TABLE 4.10 - ASA/ZZZO-I +45° TENSION TEST DATA
Laminate Orientation: (145°)§
Laminate Resin Content: 29.87
Test Condition: 75°F Dry
Tensile Shear
Failure | Failure| Tensile| Failure Shear

Coupon |Thickness| Width| Load Stress | Modulus] Stress Modulus|Poisson's

1d. (in.) (in.) (1b) (ksi) (msi) (ksi) (msi) Ratio
37-2 0.065 1.001§ 2033 31.23 (:) 15.62 (:) (:)
37-3 0.065 1.001} 2040 31.53 2.35 15.77 0.71 | 0.7273
37-4 0.065 1.001 1996 30.66 2.50 15.33 0.68 | 0.7059
37-5 0.065 1.001| 2108 32.18 2.38 16.09 0.72 | 0.6667
AVERAGE 31.40 2.41 | 15.70 0.70 | 0.7000

‘(:) Data not available.
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and shear stress-shear strain curves are contained in Appendix B-4, Shear
failure stresses were 12.41 ksi for the AS4/3502 laminate and 15.70 ksi for
the ASU4/2220-1 laminate.

Strain to failure data is not presented in all cases due to the very high
strain levels (80,000 + pin./in.) reached prior to failure. A trade-off in
computer data taking rate versus the total data capacity led to terminating
straii recording beyond 40,000 ¢ in./in., for the AS4/3502 and 20,0004
in./in. for the ASU4/2220-1 in order to improve data resclution of the lower
part of the stress-strain curve which contains the primary data of interest.

Failure strains ranged in the AS4#/3502 laminate from 16,000 to 40,000+p
in./in. and in thé AS4/2220-1 all specimens were over 20,000 pin./in. but
since the data was truncated at 20,000 pin./in. no value of maximum strain
was recorded. Loading rates were varied from 0.2 in/min on specimen 37-4 to

0.03 in/min on specimen 37-3. All others were loaded at 0.1 in./min,

4.4 0° TENSION TESTS

Tensile tests were performed on 12-ply 0° laminates of AS4/3502 and
ASU4/2220-1, Specimens were of the geometry shown in Figure 4-24 with one T
type strain gage for recording axial and transverse strain to failure.
Fiberglass tabs were bonded to the specimen grip ends. Tests were run in an
MTS machine at a loading rate of 0.05 in/min with hydraulic grips. Test
results are summarized in Tables 4,11 and 4.12. Failure strains averaged
11612 pin./in. in the AS4/3502 and 14176  p in./in. in the AS4/2220-1.
Both 1longitudinal and transverse stress-strain curves are contained in

Appendix B~5 along with specimen measurement tabulations.

Failures in these specimens were catastrophic over most of the test section;
locating an origin on most was difficult. Typical failures are shown in
Figure 4-26, As seen in the end tabs the hydraulic grips contacted the

fiberglass 0.15 inch from the inboard end and had progressively deeper
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0° Tensile Specimen Failures
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TABLE 4.11 - AS4/3502 0° TENSION TEST DATA

Laminate Orientation: 0°
Laminate Resin Content: %%.4%
Test Condition: 75°F Dry
Failure | Failure Fajlure

Coupon | Thickness | Width| Load Stress Strain ¥odulus | Poisson's

1d. (in.) (in.) | (kips) (ksi) (pin./in.) (msi) Ratio
21-1T 0.056 0.991111.82 213.33 9882 22.00 | 0.3089
21-2T 0.058 1.0051} 12.70 218.94 12700 21.20 |} 0.2955
21-3T 0.060 1.008 | 14.31 236.54 11130 21.70 10.2987
21-4T 0.059 1.007 1 14.68 246.35 11590 21.15 |} 0.3065
21-5T 0.059 1.009 | 14.95 250.75 12560 20.80 | 0.3108
21-6T 0.059 1.0051} 14.76 250.32 11810 21.65 10.2970
AVERAGE 13.87 236.04 11612 21.42 |0.,3029

TABLE 4.12 - AS4/2220-1 0° TENSION TEST DATA
Laminate Orientation: O0°
Laminate Resin Content: %6.8%
Test Condition: 75°F Dry
Failure | Failure Failure

Coupon |Thickness )} Width| Load Stress Strain ‘Modulus | Poisson's

1d. (in.) (in.) | (kips) | (ksi) (pin./in.) | (msi) Ratio
38-1T 0.058 1.0091] 17.65 299;53 14010 20.45 ]0.3024
38-2T 0.058 1.0094 17.11 290.95 14000 19.80 |} 0.3190
38~-3T 0.058 1.009 1] 18.10 307.69 14510 20.10 | 0.3130
38-4T 0.058 1.009 ] 17.58 300.89 14200 21.10 | 0.3000
38-5T 0.056 1.007 ) 17.11 303.86 14010 20.75 {0.3141
38-6T 0.057 1.008 1 16.99 293.59 14330 20.25 10.3127
AVERAGE 17.42 299.42 14176 20.24 ] 0.3102
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indentations in the tab toward the outboard end. This procedure was used to
avoid a sharp stress concentration at the tab inboard edge. However, on
specimen 21-1T the hydraulic grip came cut to the inboard edge of the tab
and apparently contributed to a failure at that point. Since that specimen
also has an abnormally low failure stress (Table 4.11) it is probably not a
valid test point. Specimen 21-2T is similarly low but visual examination of
the specimen indicates n¢ abnormality. The failure is well away from the
tabs. Specimen 21-3T failed at the tab edge, the same as 21-1T, but the
grip was 0.15 inch away from the tab edge, and its strength value is high.

4,5 90° TENSION TESTS

Five specimen each of unidirectional 12-ply AS4/3502 and ASY4/2220-1 were
fabricated into sandwich beam specimens shown dimensionally in Figure 4-=27.
The graphite/epoxy laminates were bonded to an aluminum honeycomb core with
an opposite face sheet of 12-ply fiberglass per Drawing TL1031-5. Cross
sectional dimensions of the beams are listed in Table 4,13, A single axial
strain gage was mounted on the specimen centerline,

Specimens were loaded in a four point bending fixture, as shown in Figure
4-28, with the graphite/epoxy laminate on the lower tension surface of the
beam. Load-strain plots were taken to failure on each specimen, and are
contained in Appendix B-6. Test data are summarized in Tables 4.14 and
4,15, While failure stresses are essentially the same for both laminates,
failure strain is significantly higher (7260 vs 6577 u in./in.,) in the
AS4/2220-1 than in the ASUH/3502. Loading rate for all specimens was 0.05
in/minute. Failures occurred randomly within +2.5 in. of the centerline in
the graphite/epoxy face sheet. No breaks in the fiberglass or crushing of

the honeycomb core were noted.
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TABLE 4.14 - AS4/3502 90° TENSION TEST DATA

Laminate Orientation: 90°;,
Laminate Resin Content: 28.4%
Test Condition: 75°F Dry
Failure | Failure Failure
Coupon | Thickness | Width Load Stress Strain Modulus
1d. (in.) (in.) (1b) (ksi) (pin./in.) (msi)
21~2 0.060 0.9985 598 9.98 6227 1.61
21-3 0.060 1.005 569 9.44 6155 1.57
21-4 0.058 1.008 610 10.43 6402 1.66
21-5 0.057 1.0075 611 10.64 6401 1.70
21-6 0.055 | 1.0135 692 12.41 7698 1.67
AVERAGE 616 10.58 6577 1.64
TABLE 4.15- AS4/2220-1 90° TENSION TEST DATA
Laminate Orientation: 90°j,
Laminate Resin Content: 30.8%
Test Condition: 75°F Dry
Failure Failure Failure
Coupon | Thickness| Width Load Stress Strain Modulus
1d. (in.) (in.) (1b) (ksi) (pin./in.) (msi)
38-1 0.053 1.011 556 10.38 6721 1.55
38-2 0.054 1.010 563 10.32 7079 1.49
38-3 0.055 1.011 619 11.13 7816 1.48
38-4 0.056 1.010 611 10.80 7542 1.48
38-5 0.058 1.0125 591 10.06 7142 1.44
AVERAGE ' 588 10. 54 7260 1.49
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90° Tension Test Setup.
of the Sandwich Beam.

Figure 4-28




4.6 DOUBLE CANTILEVERED BEAM (DCB) TESTS

Tests were. conducted on five specimens each of 12-ply (0°) AS4/3502 and
ASH/2220-1 bonded to aluminum beams as shown in Figure U4-29. This test was
done in accordance with NASA Standard Test ST-5. During laminate layup a
sheet of 0,002 inch thick teflon was partially inserted between plies 6 and

7 to act as a crack starter in the beam specimen.

The test objective was to obtain data on load versus crack arrest distance.
This was accomplished by loading the specimen shown in Figure 4-30 in an
axis perpendicular to the laminate so that a crack will run down the length
of the laminate. Details of the test setup are shown in Figures U4-30 and
4-31, where the specimen is installed in a 12 kip static test machine with
pin-ended clevises at the specimen and spherical seats on the cutboard ends
of the locading rods where they attach to the lcading head. This arrangement
was used to avoid application of bending loads due to any load column
misalignment., A clip gage was attached to knife edges bonded to the ends of
the specimen to measure crack opening displacement (COD). A traveling
microscope attached to a dial gage reading to 0,001 inch was used to measure
crack extension. Two microscopes were used during the tests, one‘on each
side of the specimen, but for clarity one was removed from the photos in
Figures 4-30 and 4-31, The COD gage was attached to an X-Y plotter along
with load to produce load-COD curves s¢ that crack growth could be readily
observed. Load was applied at a constant rate until the crack started to
grow from the teflon starter at which time loading was stopped and held at
the displacement position where the crack began to grow. At that point the
load dropped off rapidly at first then gradually decreased to almost a stop.
The crack growth rate decayed similarily. However, in these tests neither
the load drop-off nor the crack growth completely stopped even after waiting
up to 30 minutes. Froﬁ a practical test cost standpoint the average wait
from initial crackiné to reloading averaged about 12 minutes, the actual
values for each reading are contained in Appendix B-~T. The hold times vary

4-51



uowpoadg 3s8] (gDQ) wWesg paisasyfiue) d[qnoq :6Z-% 2In31j

(v 91-5L40L) OthmID( \ JAISIHAY

T_-4awiud
£00°0 ¥ G90°0 \ H1010 WIHOS
He ~/>._.. 133d IAOWIY

N JLVNINY1 AXOd3/3LIHdVHD
.:.Su WIS
{1V 91-920Z) aNFuaHav /. UIWiud =
3AISIHAY (200°0 |9] 2]
- ILYNIWV

] 274
(' 91-920L) nzucmzn<7 / EE& S NOVHD

// l@ n _ —_F3[z00°0]0[T]

/ WAS ) - == -

; / . @ “"E=3[z00°o[o[T]
. . N
(dA1) 500°0 ¥ 005°0— L (dAL) VId S00°0 F 0820

(dAL)-viQ S00°0 ¥ 082°0

ma/—\ E

§00°0 ¥ 005°0— l\m/N.. 01’0 ¥ 00°L
Bt €0°0 ¥ SZ°¢L
£0°0 ¥ 00'8

-—tws ) Lv]

4-52



S

Figure 4-~30: Overall View of DCB Test in 12 kip Static Test

: Machine.
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depending on the observed rate of crack growth, The loading resumption point
was as near crack arrest as practically feasible,

Once the crack basically arrested, loading was resumed until the crack
started to grow again as observed by a drop in load on the load-COD plot,
This procedure was repeated until the crack had grown to about three inches
from the teflon starter, These 1lo0ad-COD plots are also contained in
Appendix B-7 along with a tabulation of the front and rear crack length at

each arrest point and the corresponding loads. Coupon dimensional data are
summarized in Table 4,16.

Test results were analyzed in accordance with ST-5 and are presented in
Figures 4.32 and 4,33 as GIC versus crack length for each specimen, As seen
the data scatter, particularly in the AS4/2220-1 specimens, is quite high.
Analysis of tested specimens reveal several anomalies which may have contri-
buted to this scatter, Specimens fabricated from panel 21 had the teflon
crack starter sheet misoriented as shown in Figure 4-34, which produced
different crack lengths on either side of the specimens. This misalignment
was also noted in Panel 38 but to a much lesser extent.

Observation of crack growth in several of the specimens revealed crack
growth out of plane from the original crack between plies 6 an 7. Figure
4-35 of specimen 38-5 is a good example of shifting by one ply. Figure 4-36
of specimen 21-5 shows crack branching near the tip of the teflon starter
flaw. These crack branchings generally are cbserved only on cne side of the
specimen, the other side usually appears normal. In one instance, Figure
4-37, the crack stopped propagating along the 6/7 ply interface and shifted
out of the laminate to the adhesive between the aluminum beam and the
laminate surface.

Other experimentors have suggested that part of ocur problem may be due to a

slight excentricity caused by the wire support on the cutboard end of the

specimen as seen in Figure 4-31. In this test setup the upper half of the
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Panel 21 Panel 38

AS4/3502 AS4/2220-1
|- 11.25 -
% R L
: : No film area | : No film area
|
I i
9.0 I i
i |1
el —‘ L- ——————— L]I —_—rd Y T[T T T TR e A e e e e
B | i
* 2.88 1l Teflon film area i 244 2.82 Teflon film area 2 iﬂ
' | |

Figure 4~34: Teflon Film Misalignment in DCB Specimen Fabrication Panel
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specimen remains fixed while the lower beam is pulled downward producing a
slight non-perpendicular lcad on the horizontal plane of the laminate, and

as the crack extends this misalignment would increase.

4,7 EDGE DELAMINATION TESTS

Tensile tests were conducted on AS4/3502 and AS4/2220-1 laminates of two
diffegent layups t¢ evaluate the NASA ST-2 Edge Delamination Tension test
technique for toughness measurements., Specimens 1.5-inch wide by 10-inches
long (Figure U4-38) were fabricated from each laminate. Ten specimens of
each type were made, five of which were tested and five sent to NASA
untested, After testing the five in ocur laboratory they toc were sent to
NASA for a post test analysis.

The overall test setup is shown in Figure #4-39 with a specimen mounted in
hydraulic grips. Lexan inserts were used for gripping tabs. A four inch
gage length extenscometer was mounted as shown in Figure 4-80 in the center
test section. Outputs from the extensometer and load cell were fed to an
X-Y recorder 1located by the test machine. Load was applied at 0,00008
inches/sec. (0,002 mm/sec.) while visually observing both the X-Y plotter,
for any deviation of the curve from a straight line, and/or edge delamina-
tion on the specimen. The objective was to find the onset of edge delamina-
tion, at which point the test, in most cases, was terminated. Additicnally
load, strain, and stroke data were taken by the computer. The X-Y plots,
load-strain plots, specimen dimensional data, and observed notes are
contained in Appendix B-8. Test results are summarized in Tables U4-17
through 4-20,

On both the :30O and ;35° specimens of ASH/2220-1 delaminaticns were
observed concurrently with deviations in the load-strain X-Y plots from a
linear slope as shown in Figure U4-41, However, with specimens of both
layups of AS4/3502 linearity deviation was not accompanied by an observable
delamination., This is also illustrated in Figure 4-U41 by the second curve
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Pigure 4-39: Test . Setﬁp For Edge_ﬁelamination Tests.
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4-40: Closeup of 4-Inch Gage Length Extensometer Mounted

on Edge Delamination Specimen.
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CRIGINAL PAGE IS
OF POOR QUALITY

s
3
5




*uoTieuTuralag uo Te°PI3T1) :1y—-% @In3Tg

SS3YLS

NAWIDAdS

avoi

13SNO NOILVYNINVY13d

b4-67



TABLE 4 .17 - AS4/3502 EDGE DELAMINATION TEST DATA

Laminate Orientation: (+35°/0°/90°
Laminate Resin Content: 27.1%
Test Condition: 75°F Dry

)s

Delamination Onset . ,

) Strain (pin/in) Fall?re Tensile } Secant

Coupon |Thickness | Width Strain | Modulus | Modulus
1.D. (in.) (in.) @ ©) (pin/in) | (msi) (msi)
20-1 0.040 1.506 4550 5539 ® 9.94 -
20~2 0.039 1.503 4980 5542 G 10.30 -
20-3 0.039 1.506 5000 5304 ® 10.22 -
20-4 0.039 1.506 4810 4810 11690 10.10 -
20-11 0.040 1.506 4900 5000 11010 9.97 -
AVERAGE 4848 5239 11350 10.11 -

(:) Strain at first deviation from linear stress-strain curve.
(@ strain at first visible delamination.
C) Specimens not tested to failure.

TABLE 4.18 - AS4/2220-1 EDGE DELAMINATION TEST DATA

Laminate Orientation: (:35°/0°/90°)s
Laminate Resin Content: 29.6%
Test Condition: 75°F Dry

D;i::iﬁaﬁigz/nget Failure | Tensile | Secant
Coupon |[Thickness | Width i Strain | Modulus | Modulus
I.D. (in.) (in.) (:) (:) (pin/in) (msi) (msi)
40-1 0.043 1.498 6060 6060 ® 8.94 -
40-2 0.044 1.497 6080 6080 ® 8.76 -
40-3 0.044 1.497 5508 5508 ® 8.70 -
40-4 0.045 1.497 6000 6000 13040 8.53 -
40-5 0.044 1.496 5370 5370 12225 8.99 -
AVERAGE 5804 5804 12633 8.78 -

(:) Strain at first deviation from linear stress-strain curve.

(:) Strain at first visible delaminatioﬁ.

(® E,; = 20.24 msi, v,, = 0.3102. Reference 0° TENSION TEST DATA.
@ G, = 0.70 mis. Reference $45° TENSION TEST DATA.

(:) E = 1.64 msi. Reference 90° TENSION TEST DATA.

®

22
Specimens not tested to failure.




TABLE 4.19 - AS4/3502 EDGE DELAMINATION TEST DATA

Laminate Orientation: (:30’2/90°/§6°)s
Laminate Resin Content:  27.8%
Test Condition: 75°F Dry

Delamination Onset s
Strain (uin/in) Failure | Tensile Secant
Coupon | Thickness | Width Strain | Modulus | Modulus
1.D. (in.) | (in.) @ @ (pin/in) | (msi) (msi)
19-1 0.054 1.511 2940 3400 <) 8.40 -
19-2 0.054 1.511 2970 3250 ©) 8.30 -
19-3 0.054 1.511 3140 3240 €)) 8.19 -
19-4 0.055 1.510 2730 3168 €) 8.54 -
19-5 0.054 1.510 3095 3095 ® 8.40 -
AVERAGE 2975 3231 8.37 -

(:) Strain at first deviation from linear stress-strain curve.
(:) Strain at first visible delamination.

C) Specimens not tested to failure.

TABLE 4.20 - AS4/2220-1 EDGE DELAMINATION TEST DATA

‘Laminate Orientation: (z30°2/90°/§5°)s
Laminate Resin Content: 2876%
Test Condition: 75°F Dry

Delamination Onset . R
Strain (pin/in) Failure | Tensile Secant
Coupon | Thickness | Width Strain | Modulus | Modulus
I.D. (in.) (in.) (:) (:) (pin/in) (msi) (msi)
39-1 0.058 1.504 4675 4675 ® 7.28 7.11
39-2 0.058 1.504 5140 5140 ® 7.46 7.07
39~3 0.059 1.502 5075 5075 ® 7.36 7.24
39-4 0.058 1.504 4526 4526 ® 7.48 7.16
39-5 0.059 1.503 5170 5170 ® 7.41 7.18
AVERAGE 4917 4917 7.40 7.15
(:) Strain at first deviation from linear stress-strain curve.
(:) Strain at first visible delamination.
(® E;; =20.24 msi, v, = 0.3102. Reference 0° TENSION TEST DATA.
® G, =0.70 msi. Reference °45° TENSION TEST DATA.
® E,, = 1.64 msi. Reference 90° TENSION TEST DATA.
C) Specimens not tested to failure.
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where ec1 is the deviation point'and €co the point where the first delamina-
tion is observed. These different strain values are listed in Tables 4,17

and 4,19 where they differ by approximately 10%.

Of the five ‘:350 specimens, of both laminates tested, two were run to
failure. These failure strains are listed in Tables 4,17 and 4,18, and the

load-strain curves are contained in Appendix B-8.

4,8 FUEL LEAKAGE TESTS

Panels used for trial impact screening were selected for determining st what
impact damage level fuel would seep through the laminate. Each panel (7 in.
x 25 in,) contained four impacts at different energies. Initially ASH/3502
panels (see Section 4.2) with impact energies of 10, 15, 20 and 30 ft. =lb
were selécted for evaluation. The front and back surfaces of these panels
are shown in Figures 4-5 and 4—52&5ere the visible damage ranges from barely
visible to a 4 inch delaminaﬁi&h. In these initial tests fuel pressure
boxes, shown installed in Figure U4-42, were mounted so that the fuel was
exposed on the impact side. This was done because at the higher impact
energy levels the back surface damage extended into the fuel box contact
zone, and a good pressure seal could not be obtained. On all subsequent
tests the fuel boxes were mounted on the back surfaces as would be the
service condition in a wet wing. Since leakage occurrred at the lower
energy levels with minor back surface damage the sealing problem
disappeared,

Figure 4-142 shows four fuel boxes mounted on two impacted panels, the impact
side of the panels are in the right hand photo. Each chamber has a vent
bleed line in the top which is opened during filling t¢ assure that all air
is expelled and fuel completely fills each box prior to pressurization.
Fill lines are attached in the center of each box and go to a regulator for
pressurizing with dry nitrogen. Shell Pella A with fluorescent dyes (see

Section 3) was used as a simulated fuel.

4-79



GE is
R GQUALITY

ORIGINAL PA

OF POC

tgy—y o314

4-71



Table 4.21 summarizes the tests conducted to date. As shown the 30 ft.-lb.
impact on specimen 14-2 (AS4/3502) leaked immmediately on application of 15
psi fuel prressure. At 20 ft-lb. impact specimen 14-3 leaked after one hour
at 15 psi. The 10 and 15 ft-lb impacted samples were allowed to remain
under 15 psi pressure overnight and by the next morning indicated leakage.
The precise time leakage occurred was not observed but was less than 16
hours. Figures 4-43 and 4-44 show 10 ft-lb impacts that leaked within one
hour at 5 and 10 psi respectively. Specimen 14-4 with a 15 f{-1lb impact was
ready for test on a Friday afternoon, but since no observers were available
for the weekend, the chamber was filled with fuel, but not pressurized, and
allowed to set over the weekend., By Monday morning leakage had occurred
(Figure 4-45) with no pressure ever applied other than approximately the 1

inch fluid head in the chamber which is essentially zerc pressure.

Specimens 1-3-13 (Celion/982) at 10 ft~lb and AS4/3502-48 at 10 ft-1b were
initially pressurized to 10 psi and allowed to sit for 24 hours. No leaks
were noted so the pressure was increased to 15 psi and allowed to sit for
ancther 24 hours, Again no leaks were detected so the pressure was
increased to 25 psi. Specimen AS4/3502-48 leaked after 1 1/4 hours at 25
psi while specimen 1-3-13 showed no evidence of leakage after 24 hours at
which time the test was terminated.

Specimens 1-3-12 (ASU4/2220) impacted at 20 and 25 ft-lb were pressurized to

5 psi and left to sit overnight. By the next morning both had leaked as
shown in Figure 4-46,

A pressure box was attached to an undamaged 48-ply panel (34-1) of ASU4/2220
and allowed to sit at 25 psi for 800 hours at room temperature to determine
if any leakage would occur through .a laminate with no ecracks or
delaminations. Examination of the panel after 800 hours revealed no

evidence of fuel on the opposite surfce.
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TABLE 4.21.

FUEL LEAKAGE TEST RESULTS

Impact | Delamination
Specimen Energy Area Pressure Time to Leak
ID Material ft-1b in.2 psi Surface hours
14-1 AS4/3502 10 1.30 10 B 1
14-2 AS4/3502 15 1.70 15 F <16
14-2 AS4/3502 30 2.05 15 F 0
14-3 AS4/3502 10 1.60 15 F <16
14-3 AS4/3502 20 2.40 15 F 1
14-4 AS4/3502 10 1.40 5 B 1
l4-4 AS4/3502 15 1.60 0 B <72
1-2-12 AS4/2220 10 0.84 10 B 3-1/4
1-3-12 AS4/2220 20 2.05 5 B <22
1-3-12 'AS{&/ZZZO 25 2.89 5 B <22
1-3-13 Celion/982 10 0.06 25 ® B No Leak @
AS4/3502-48 | AS4/3502 10 1.72 25® B 1-1/4
1-3-13 Celion/982 20 1.63 5 B 8 < 24
1-3-13 Celion/982 25 3.44 5 B 8 < 24
1-3-13 Celion/982 30 5.42 10@ B 2
34-1 AS4/2220 None None B No Leak @

25

®24 hours at 20 psi no leak, 24 hours at 15 psi no leak

®After 24 hours

®

@800 hours exposure

24 hours at 5 psi no leak, increased to 10 psi
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Impact Side Leakage of a 47-Ply

Figure 4~44

Impact Side Leakage of a 47-Ply

AS4/3502 Panel Impacted At 10

Figure 4-43:

AS4/3502 Panel Impacted At 10 Ft.-

Ft .~

Lbs. With a Fuel Pressure of 10 psi.

Lbs. With a Fuel Pressure of 5 psi.
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Figure 4-45: Impact Side Leakage of 47-Ply AS4/3502 Panel Impacted
at 25 Ft.-Lb. at Approximately Zero Fuel Pressure.

Figure 4-46: Impact Side Leakage of 48-Ply AS4/2220 Panel Impacted
at 20 Ft.-Lb. With a Fuel Pressure of 5 psi.
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Fuel leakage was so¢ rapid through the U7-ply AS4/3502 panels sectional
micrographs were made of 10, 15, 20 and 30 ft-lb impact areas after the
leakage tests were concluded to visually ascertain the damage and how it
would provide leakage channels through the laminate. Figures 4-47 through
4-50 shows 10X and 25X views of the impact area of the four energy levels
and the extent of internal cracking which is extensive enough for fuel to
readily channel through the laminate. In these figures the full extent of
delamination, particularly near the specimen surface ,is difficult to see
because of infiltration of mounting resin into open delaminations during the
vacuum resin mounting operation. The resin is of a similar gray shade to
the laminate and only close inspection can resolve which is which, In
Figure 4-50 the filling problem is particularly acute but is more apparent
due to the large delaminations., These sectional micrographs verify that
while external visual examination may not reveal impact damage sufficient
internal damage may have coccurred to permit serious fuel leakage through a
laminate skin.

4,9 MULTISPAN SHORT BEAM SHEAR TESTS

Multispan short beam shear tests were performed to evaluate the technique as
a possible simple, inexpensive way to generate comparisons of the impact
resistance of competing materials., The test models in two dimensions, the

local laminate deformations under impact loading.

Test geometry is shown in Figure U4-51, It consists of seven 0.500 inch
diameter half-cylinder loading points one inch long and one inch apart.
These are affixed to 1 x 1 x 4 inch steel bars by screws. The fixture is
placed in an MTS hydraulic test machine for loading at a constant 0.050
in/min, loading rate through a ball bearing on the top bar. The bottom bar
is placed on flat ground plate mounted on the machine jack head. Specimens
are inserted between the pins and aligned by hand. Specimens are 1.00 inch
wide by 4,00 inch long and approximately 0.25 inch thick. Load is applied

until a drop in the load-deflection curve is noted. In these tests that
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Figure 4-47:

Sectional Micrographs of
10 Ft.-Lbs.
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Specimen

10X

14-3 Impacted at



IMPACT

10X

25X

Figure 4-48: Sectional Micrographs of Specimen 14-2 Impacted At
15 Ft.-Lbs.

4-78



Figure 4-49
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: - Sectional Micrograph of Specimen 14-3 Impacted At
20 Ft.-Lbs.
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10X

25X

Figure 4-50: Sectional Micrographs of Specimen 14-2 Impacted At
30 Ft,.-Lbs.
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Figure 4-51:

Multispan Short Beam Shear Test Set-up In The
7-Pin Configuration.
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point was coincident with first visible crcking. A typical failure of the
(£45 90,(+45 0,)5)  laminate is shown in Figure U4-52. It is characterized
by fractures running diagonally from an upper pin to a lower pin. In this
layup the 90o fibers run longitudinally. Cracking .goes across the o® plies
(0% fibers paralled to loading pins) at a y5° angle, delaminates at the -u5°
to 0° interface, and to a lesser extent delaminates at the +45% to 90¢
interface, Test results are summarized in Table 4,22, The AS4/2220-1
specimens failed at a higher average load (-5687 1lbs.) than the AS4/3502
specimens (-5230 1lbs.)., This indicates that the AS4/2220-1 material will
exhibit less damage due to impact than the Asu/3502. This is also verified
by the results in Section 4.2,

One test each of AS4/3502 and AS4/2220-1 were run on specimens 5 inches long

to evaluate and overhang effects, none were noted.

A second group of specimens from an AS4/3502 panel (101A) of a different
layup (+45 90 +45 O 45, 90 +45 0 :HS)S were tested with both the 7 pin and
5 pin fixture configuration. Specimens were cut in both the 0° and 90°
orientation. Test results are shown in Table 4.,23. Typical failure modes
for the 7 pin 90° longitudinal layup are shown in Figure 4-53. Larger
delaminations occur in the layup than the previous one with less cracking.
Similar cracking and delamination was cobserved with 5 pin loading as shown
in Figures 4-54 and 4-55. The specimen in Figure 4-54 has longitudinal 0°
plies, and the specimen in Figure 4-55 has longitudinal 90° plies. There is
no significant difference in the failure loads of the two orientations.

Appendix B-9 contains load-deflection curves for all the beam tests, speci-
men gecmetric measurements,&fixture orientation, and failure data. It was
noted that specimens always failed toward one end of the test fixture.
Checks’of the fixture indicated that the bearing plane of the pins was with-
in #0.0002 in. The 1 x 1 x 4 blocks were within +0.001 in, Specimen dimen-
sions however had major tapers of up to 0.010 in. over the 4 in, length and

0.004 in, from side to side in the 1.0 in, width direction. These detailed
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dimensions are listed in Appendix B-9. During the tests on the 101A panel
(Table 4.23) the loading bars were indexed as to top-right, bottom-right,
ete. then the upper loading bar was rotated 180° to give top-right,
botttom-left and then back to the original position. In the TR/BR position
failures always occurred on the left side, in the TR/BL position failures
always occurred on the right side, all other variables were held constant.
Table 4.23 1lists these orientations per test; no apparent difference was.
noted in failure load. Also the failures did not occur on the thinner end
as would be expected, only on one end of the fixture. Since the load was
~applied through a spherical ball on the top beam which is on center with the
center pin of 3, and all pins were 1.000 + 0.002 inches apart the
preferential failure location has not been explained.

To aid in understanding the observed failure modes an analysis was performed
on Lockheed IRAD program "Fracture of Engineering Materials" by P.E. Sandorff
for specimens with multiple loading points and compared to the standard 3 pin

short beam shear specimen configuration. The analysis is presented in
Appendix B-10,

4- 89
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Cure A

Apply pressure 85-100 psi
vent vacuum (@ 20 m:m

st YgcuUm only ==t 315?{; F
250+ 5°F 350
F/min <4 ?
‘ et 120 minuites Fimin -
3.5 °F/min ' 180 °F
Cure B
Apply pressure 85-100 psi
vent vacuum @ 20 psi 4
350 + 10 °Fimin
270+ 5°F 3.50 y
0 ming Fimin
(~=—120 + 10 minutes—*"" a—=120 + 10 minutes: )
;’4, 180°°F
3-5 °Fimin ma
Cure C
Apply prassure 85-100 psi ‘
‘ vent vacuum @ 20 psi
Vacuum Vacuum -
+ 10°F R
250+ 5°F
N 35¢°
A5 min | Fimin
120 + 10 minutes 4° -
Fiminy- 180°F
3-5°F/min
Timg =t

AS4/3502 - Autoclave cure cycles.
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Cure A

Apply pressurs 85-100 psi
vent vacuum @ 20 psi

| i ————

- Yacuum onily

.350 £ 10°F

225+ 10°F

st 125 £ 5 minutes = 180°F

3-5 °Fimin

Temp —»

Cure B

Apply pressure 85-100 psi
T vent vacuum @ 20 psi T
Vacuum only ——e— == Vacuum only
350+ 10°F

250+ 10°F ‘,";5."
Imin

30 min =125+ 5 minutes s
\180 of
3-5°Flmin

Temp —a—

Cure C

e APDlY pressure 85-100 psi sty
vent vacuum @ 20 psi

350+ 10°F

120 £ 5 minutes
3.5 °F/min ' \1 80°F

mi
Ting ——e=
AS4/2220-1 - Autoclave cure cycles.
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