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SECuRITY CLASSIFICATION OF THIS PAGE(W'hen DOat. Erntered)

"-Program activities-oto accomplish these objectives were organized under five
tasks. Under Task 1 - Literature Survey, a survey Was performed to determine
the state-of-the-art in design and analysis of bolted composite jointsq .

Experimental evaluations of joint static strength were performed under Tasks 2
and 3. In Task 2 - Evaluation of Joint Design Variables,%trenp"h data were
obtained through an experimental program tt evlauate the e~fect of twelve
joint design variables;(] Task 3 -. Evaluation ofAanufacturing and -ervice
Anomaliev;"÷Affects of sevený, anomalies on joint strength were evaluated experi-
mentally anrcompared with-4&9-"strength data. •,Bolted composite joint
durability was evaluatednder Thsk 4 - Evaluation of Critical Joint Design
Variables On Fatigue i4W. Seven critical design variables or manufacturing
anomalies were identified based on Task 2 and 3 strength data. Under Task 5 -

K Final Analyses and o CorrelaLiorvofequired data reduction, methodology development
and correlation, and necessary documentation were performed.-'

This report documents all program activities performed under Tasks 2, 3,
4 and 5. Activities performed under Task 1 - Literature Survey, were pre-
viously reported in AFFDL-TR-78-179. Static strength methodology and evaluJk-
tions of joint static and fatigue test data are reported. Analytic studieL
complement methodology development and illustrate: the need for detailed
stress analysis, the utility of the developed "Bolted Joint Stress Field
Model" (BJSFM) procedure, and define model limitations. For static strength
data, correlations with analytic predictions are included. Data trends in
all cases are discussed relative to joint strength and failure mode. For
joint fatigue studies, data trends are discussed relative to life, hole
elongation, and failure mode behavior.

This final report is organized in the following three volumes:

Volume 1- Methodology Development and Data Evaluation
Volume 2 - Test Data, Equipment ar' Procedures
Volume 3 - Bo~lted Joint Stress Fie;.d Model (BJSFM) Computer Program

User's Manual

iSECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)
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FOREWORD

The 'work reported herein was performed by the McDonnell
Aircraft. Company (MCAIR) of the McDonnell Douglas Corporation
(MDC), St. Louis, Missouri, under Air Force Contract F33615-7f-
C-3140, for the Flight Dynamics Laboratory, Wright-Patterson Air
Force Base, Ohio. This effort was conducted under Project No.
2401 "Structural Mechanics", Task 240101 " Structural Integrity
for Military Aerospace Vehicles", Work Unit 24010110 "Effect of
Variances and Manufacturing Tolerances on the Design Strength and
Life of Mechanically Fastened Composite Joints". The Air Force
Project Engineer at contract go-ahead was Mr. Roger J.
Aschenbrenner (AFWAL/FIBEC); in December 1979, Capt. Robert L.
Gallo (AFWAL/FIBEC) assumed this assignment. The work described
was conducted during the period 15 February 1978 through 15 April
1981.

Program Manager was Mr. Ramon A. Garrett, Branch Chief
Technology, MCAIR Structural Research Department. Principal
Investiaator was Mr. Samual P. Garbo, MCAIR Structural Research
Department.
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SECT ION I

INTRODUCTION

The cbjective of the five tas;k program was to develop and
verify improved methods for predicting static strength and to
experimentally evaluate the durability of boIt-d composite
joints. This volume summarizes the procedures and equipment used
to conduct the experimental verification program associated with:
Task 2 - Evaluation of Joint Design Variables, Task 3 -
Evaluation of Manufacturing and Service Anomalies and Task 4
Evaluation of Critical Joint Design Variables on Fatigue Life.

Results of all testing are tabulated and representative
photographs of specimen failures included. The body of this
document is divided into the following sections for each task:

1. Test Matrix and Test Objectives
2. Specimen Configurations
3. Specimen Quality Assurance
4. Panel Fabrication
5. Specimen Fabrication
6. Test Procedures
7. 'rest Equipment Used
8. Special Procedures
9. Test Data

11

L
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SECTION II

RESITITS OF TASK 2 TESTING - JOINT DESIGN VARIABLES

I. TEST MATRIX AND TEST OBJECTIVES - The objective of Task 2 was
to obtain strength data for application-oriented bolted composite
joints through an experimental test program. The experimental
program to evaluate the effect of twelve design variables on
laminate static strength is summarized in Figure 1.

This test matrix defines numbers and types of tests, design
variabiles studied and number of specimens tested. The test
matrix was textured to eliminate unnecessary combinations of loal
and environmental conditions. Tests were performed at three
environmental conditions for selected joint design variables;
room temperature dry (RTD), room temperature wet (RTW) and
elevated temperature wet (ETW). Elevated temperature testing at
250"F and specimen moisture content of approximately .86 percent
by weight were selected as representative of structural environ-
ments for near term multi-;ission high performance fighter
aircraft. A replication of four tests were performed for each
design variable for a total of 428 tests in Task 2.

All joints tested in Task 2 were a variatiou of the base-
line configuration presented in Figure 2. The two-bolt-in-tandem
configuration complements existing pure bearing load-transfer
data bases and is representative of current design practices.
Load transfer in two-bolt specimens is pure bearing in the first
hole and by-pass plus bearing in the second hole, permitting a
dual appraisal of strength analysis capabilities.

2. SPECIMEN CONFIGURATIONS - Four general test specimen config-
urations were used in Task 2; (a) a single bolt pure beaiing,
(b) a two-bolt-in-tandem (load sharing), (c) a four bolt fastener
pattern specimen, and (d) a two bolt load interaction configura-
tion, all of which are shown in Figure 3. Specific geometry
variations required for each design variable are detailed in
tables associated with the illustrated configurations.

Four tests were obtained from each room temperature dry
specimen with both a single bolt and double bolt configuration
(Figure 4). These specimens were tested, the failed portion of
the specimen machined off and a new hole(s) drilled for subse-
quent testing. Length of the removed portion depended upon
extent of damage sustained during the preceding test. Ultrasonic
C-scans indicate that laminate damage is c- nfined to the vicinity
in front of and immediately around the bolt hole while the gross
laminate is unaffected by a previous static test due to the low
laminate strain levels at failure. This pro_'edure minimized the
amount of material used, minimized material variation between
tests and utilized a common strain gage. Every specimen was
strain gaged as shown in the individual figures.

2
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LAMINATE: LAYUP NO. 1 50/40/10
STACKING SEQUENCE: [+450, 00, -450, 00, 900, 00, +450, 00, -450, 00] s
THICKNESS (t): 0.208 IN. NOMINAL (20 PLIES)
HOLE SIZE (d): 0.2495 IN. NOMINAL
HOLE CLEARANCE: MCAIR CLASS r. FIT 0.2495 (+0.0022/-0.0000) IN.
FASTENER TYPE: ST3M 453-4 (0.2495 + 0.0000/-0.0005 IN. DIAMETER)
TORQUE VALUE: 50 IN.-LB (1/4 IN. FASTENER)
WIDTH (w): 1.50 IN. (w/2d = 3.0)
EDGE DISTANCE (e): 0.75 IN. (e/d = 3.0)
HOLE SPACING(s): 1.00 IN.
LOAD CONFIGP.1RATION: DOUBLE-SHEAR

Figure 2. Baseline Specimen Conflguratkion GP,3-011--13

,.

5
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7.50

e -

+0.0022
-0.0000

(-Strain Gage

M 'No. of Plies

Specimen w e d,
Configuration of lies (in.) (in.) (in.)

3A 0.750
20 1.500 - 0.2495

30 0.500

3C 40
0.3745

S3D 2.250 1.12560
3E 0.5620

a) Single Fastener Specimens

Note: All dimensions are in inches. OP13.011-133

Figure 3. SIngle-Test Specimens

!:6
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-7.50
3.75 6 20 Plies

w__ ril W,, T. _

0.2495 +0.0022 d-0.0000
"Strain Gage

Specimen w e 2
Configuration (in.) (in.) (in.)

3F 0.750
I3 G 0 .50 0 1 . 03H 1.000

1.500
31 0.375
3J 0.750

3K 0.500
3L 2.000 0.750
3M 1.250 1.000
3N 1.000

b) Multiple Fastener Specimens

75 0.750 +0.0022 ..0.0 000 .2495 -00000 dia
30.75

Typical 4 Places

1.25F - - -' - 7 0.750
1.000 2.500

No. of Plies---.-I H -
Strain Gage-/

Specimen Configuration 3P (20 Plies)
Specimen Configuration 30 (40 Plies)

c) Fastener Pattern Specimen

Figure 3. (Continued) Single-Test Specimens

7
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15.00

_0.2495 K-0.0022 dia

-j e Typical 2 Places
•3./5-----/ /• Deg Off -Axis

c w

/2" 0.750

a

20 Plies

Specimen Dimensions (in.) Deg
Configuration a b c f w Off-Axis

3R 6.082 2.836 0.500 1.42 1.00 2.000 10

3S 6.293 2.414 1.000 1.20 1.25 2.500 22.5

3T 6.500 2.000 2.000 1.00 1.75 3.500 45

d) Load Interaction Specimens 0P1341s.22

Figure 3. (Continued) Single-Test Specimens

8
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15.00

Test (4)• Test (3) - Test (2) - Test (0)

3.75 ---- e e e e

Strain Gage-/
+0.0022 No. of Plies
+0.0002Ty

Csi nk, +0.0048
-0.00(t)

Failed portion of test specimen
machined off prior to hole drilling

III

Specimen w e d C'sinkConfiguration No. of Plie (in.) (in.) (in.)

4A 0.750
1.500

4B 20 C.500 0.2495

4C 1.000 0.750
NA

4D

4E 40

4F 60
-2.250 1.125 0.37454G 20 j

4H 40 100 0 x 0.7556

4 1 60

a) Single Fastener Specimens Ols-

Figure 4. Multi-Test Specimens

9
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15.00 --

Aý AA** -- Z--
Test 4 Test 3 Test 2 Test 1

e e~ e Tei I-------3.75 s s-= /

I t I/

\-Strain Gage d 0 .0 0 22i i ~ d , +0 0 2 T y p __/ /
, -0.0000

Note: All dimensions are in inches.

A• Failed portion of test specimen machinedoff prior tzo hole drilling.

Specimen w e s d,
Configuration (in.) (in.) (in.) (in.)

4J 1.500 0.750 1.000 0.2495

4K 3.000 1.500 2.000 0.4995

4L 2.250 1.125 1.500 0.3745

4M 1.125 0.568 0.750 0.1870

4N 0.500

4P 1.000 1.000

4Q 1.500 0.375

4R 0.750
0.2496

4S 0,500
4T 1.000 0.750

4U 1.250 1.000

4V 2.000

b) Multifastencr Specimens

Figure 4. (Continued) Multitest Specimens
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For specimens requiring moisture preconditioning, only
single tests were performed with each specimen to minimize
out-time prior to specimen testing. In Task 2, 47 multi-test,
204 single test, 60 fastener pattern and 16 load interaction
specimens were required to complete the experimental evaluation
of joint design variables.
3. SPECIMEN QUALITY ASSURANCE - Hercules AS/3501-6 graphite-

epoxy7T.0104 inch per ply) was used for fabrication of 311 test
specimens. Sixteen specimens were fabricated with Liarmco T300/52038 graphite-epoxy (.0054 inch per ply). Prior to testing, a
three phase procedure to assure quality of test specimens was
performed.

First, material prepreg x*as mechanically and physically
tested to conform with McDonnell material specifications for
prepreg resin content, resin flow, volatiles, resin tack, fiber
areal weight, and mechanical properties. A vendor certification
was required with each shipment of prepreg, to document that it
had been tested and found acceptable to the same requirement.
Upon receipt of shipment at MCAIR, a receiving inspection was
performed to repeat certain mechanical and physical tests to
assure that prepreg material was acceptable for usage in panel
fabrication.

Process control panels, 3 in. x 4 in. x 8 plies (.08 inch),
accompanying each autoclave cure cycle constituted the second
phase of quality assurances. Interlaminal shear specimens
machined and tested from these panels verified acceptability of
each cure cycle run. After fabrication, each panel was inspected
using ultrasonic roflecti'on plate techniques per MCAIR process
specifications.

The third phase of specimen quality assurance required that
machining and drilling of each specimen be in conformance with
MCArR standards. Only specimens which were acceptable in all
three phases of quality assurance were used in this test program.

4. PANEL, FABRICATION - Nineteen graphite-epoxy panels were fabri-
cated for Task 2. Panel dimensions, corresponding ply orienta-
tions, and stacking sequences are listed in Figure 5. Three
layup variations were fabricated from the 00, +450, 9 0 ° family of
ply orientations; a baseline 50/40/10 laminate (stacking sequence
no. 1) a 30/60/10 laminate (no. 2) and a 70/20/10 laminate (no.
3). All other stacking sequence numbers in Figure 5 refer to
variations of the baseline 50/40/10 layup in thickness or
stacking sequence.

All panels were fabricated per MCAIR process specifications.
Interlaaminar shear specimens fabricated from accompanying process
control panels were tested to validate each cure cycle run. All
panels were accepted for testing in Task 2. The nondestructive
evaluation of the nineteen panels by ultrasonic reflection plate
techniques indicated no anomalies.

IL
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No. of I_[_ ._ 5 0

Plies--- F'- FL L____

Dimensions (in.) Stacking' Graphite/Epoxy Prepreg
Panel No. of Sequence Material Used

Number L W Plies (See NotW) Lot No. Spool No.

1 40 24 L1\ 953 3
2 _ 2
3 20 Z32 2 984

6 40

18 3 (Plies 1 • 18)
7 48 60 53 4 (Plies 19 -- 60)

8 24 4
9 25 12 A

10 48 24 2
-- _ _ 20

11 40 12 984

12 33 24 3
13 35
14 40 12 2
15 40 24 2 3

- - 24
16 33 1

35 12 40 1297 1A

18 __
3 (Plies 1 -* 12)

19 48 24 20 984 1 (Plies 13 , 20)

Notes: [+450, 90c, -450, 900, 00, 900. +450, 900, -450) 90 0 1 S
[\ t+450, 00, -450, 00, 900, 00, +450, 00, -450, 001 s A o 0 o, 0,-50, 003, 900, 00 3 S

L [+450 -450 002, 4450 900, 450 0031s [+450, 00, 4 00. +450 S 450 00 +450,,4o0[ iS[(+45 0, - 2 900 05 S [+45 00, -- 4502, 00 2, 9002, 00, +45 , 0 2, -45 02 0021 S

-[4450, -450, 002, 900. 00. +450, -450, 0021 S , 4502, 002, -- 4502, 002, +4502. 9002, -4502, 002, +4502, -45(21 S
[+450, -450, 005, +450, -450, 9001 S A NARMCO T300/5208 (1 muil per ply thickness) Graphite/Epoxy prepreg
[445 0 4 00900'0, +450 0 -450 00 2S ,terial was Used in the fibrication of panel numbers 17 and 18. AllA\ 1oth)er panels were fabricated using Hercules AS/3501-6 (10 mui per ply)

AŽ [+450, 00, -450, 00, 900, 00, +450, 00. -450, 001 3S Graphite/Epoxy prepreg rnateriai.
aP1 -OI 15.1 se

Figure 5. Panel Configwrations
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5. SPECIMEN FABRICATION - Individual specimens were machined
from the panels per MCAIR composite machining p~rocesses. Each
specimen was uniquely numbered to identify panel number, indivi-
dual specimen number and test variable assignment according to
the following code:

Thi va iab-p[anel number 
L specimen number

Thscoding facilitates tracing a specimen back to its panel and
location within the panel if necessary. Generally, specimens
tested for each design variable were selected from the total body
of specimens by a random sampling procedure to preclude test data
bi~ts due to panel-to-panel variation, In some test conditions,
this involved random selection of specimens from only one fabri-
cated panel, or if there were only a few specimens of unique
geometry, no randomization procedure could be used. In other
test conditions, however, where sufficient number of specimens
existed, selection of specimens from more than one panel was
possible. Standard randomnization selection processes were used;
specimens were numbered and conventional procedures were used to
generate random numbers for test condition assignments.

A total of 327 specimens were fabricated for Task 2.
Reserve space was allocated in all panel~s to permit duplication
of specimens from the sarre data base as necessary. Thickness,
width and hole diameter were measuired for each specimen.

6. TEST PROCEDURES - All specimens were tested to static failure
under tensile or compressive loadings as indicated in the Task 2
test matrix (Figure 1). Data documented for all test specimens
included:

c, Thickness, width and hole size measurements
o Failure load and failure strains
o Load vs. strain plots to failure
0 Load vs. deflection plots to failure
o Weight gain of humidity *.txposure specimens
o Representative photographs

A double shear load bl.ock with 1/4 inch diameter bolts
torqued to 50 in-lb was the loading fixture used for most tests.
Joint load-deflection data was obtained from an externally
mounted compliance gage. Deflections were measured relative to

[13
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points on the specimen and on the load block outside of the load
transfer area. A typical double shear test setup and compliance
gage configuration is shown in Figure 6.

Specimens requiring moisture preconditioning were stored in
environmental control chambers and their moisture content moni-
tored selectively by measuring weekly weight changes. A multi-
phase moisture preconditioning cycle, shown in Figure 7, was used
for baseline thickness specimens to minimize preconditioning time
required. Specimens were exposed initially to 95 percent rela-
tive humidity at 180OF until an average moisture content of
approximately 1.0 percent wag achieved. Specimens were then
exposed to a relative humidity of 55 percent to achieve an equi-~
librium moisture content (i.e. constant through the thickness) of
approximately .86 percent by weiqht. This moisture content is
that which would be achieved in laminate thicknesses typical of
fighter aircraft wing skins e 'osed to a year round average
relative humidity of 81 percent ,-80OF for ten years.

A one-step preconditioning at 95% relative humidity and
180*F was used for all 40 and 60 ply specimens to achieve desired
average moisture levels in less than one year. However, through-
the-thickness moisture levels were not expected to be uniform for
these specimens.

All specimens tested at 250*F were stabilized for 10 minutes
at temperature before testing. All humidity-exposed specimens
were weighed immediately before and after environ.mental
exposures. Moisture data for each specimen is presented in
Section 11.9, Tables 1 through 3.

7. TEST EQUIPMENT - Two test machines were used for tests in
Task 27 a Tatnall Testing Machine with a maximum tensile or com-
pressive load capability of 75,000 pounds and a Materials Testing
system (MTs) machine with a maximum tensile or compressive load
capability of 100,000 pounds. Both machines were equipped with
MTS hydraulic grips and variable load rate capability in terms of
head travel per minute or applied load per minute. Accuracy of
both machines is +1 percent of load range. Calibrations were
performed quarterly per ASTM standards.

Load blocks were fabricated for each specimen configuration
in Task 2. Torque-up was applied in the double shear face con-
figuration by using "floating" bushings in the load block through
which a bolt is installed and torqued. The effect of a counter-
suink fastener was achieved through use of conical shaped bushing
ends. Load dlevises were steel and designed to a minimum load
clevis-to-laminate stiffness ratio of ten to prevent significantI variations in bolt-load distributions if material mechanical
properties changed. Titanium and aluminum were used as the load
block material for those tests requiring different load sharing
capabilities (see -test matrix, Figure 1).

14
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Figure 6. Doub!e-Shear Test Setup
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1.5

"Sp1cinens Removed and Tested -

0.5

98%RH 95% 98% RH 55%5 F1H
160°F RH 180°F 180OF

0 50 100 150 200 250Days

Figure 7. Environmental Elxosure Schedule

Load interaction speci mens were tested with a specially
designed loading fixture. This test fixture (Figure 8) con-
sisted of identical, hydraulically actuated, scissor mechanisms
on each side of the test specimen. Self-equilibrating bearing
loads were introduced on the test specimen in a double shear
configuration. By-pass loads were applied independently through
cotiventional hydraulic grips at the ends of the specimen. Bear-
ing loads were held constantL as the by-pass l.oad was increased.
This load interaction fixture can be mounted at any angular
orientation on the test specimen (Figure 8).

16
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Figure 8, Load-interaction Test Setup G P13.0115.139
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Additional equipment used in this task were:

o Moisture conditioring: Blue M Environmental Chambers
o Weight measurements: Mettler Balance

8. SPECIAL PROCEDURES - Four fastener pattern specimens were
subjected to a salt spray environment prior to static testing.
After 96 days of humidity exposure following the schedule in
Figure 7, the specimens were exposed for 34 days to a salt spray
environment. This environment consisted of a 5% NaCl salt spray
at 95 0 F. An Albert Singleton Corp. salt spray cabinet was util-
ized. The specimens .were mechanically fastened to an aluminum
plate prior to salt spray exposure to simulate the test configura-
tion. An exploded view of the test set-up after salt spray
exposure is shown in Figure 9.

9. TEST DATA - This section contains all specimen geometric
data, final moisture content data, failure loads, failure strains
and failure mode information for each specimen tested in Task 2.
Test results are divided in two parts; single fastener joints and
multiple fastener joints.

a. Sinle Fastener Tests - Tension and compression strength
test data for the single fastener joints are presented in Tables
1 and 2 respectively. Specimen and test setups are shown in
Figure 10. Representative photographs of specimen failures are
shown in Figures 11 through 20.

b. Multiple Fastener Tests - Test data for multiple fas-
tener joints and the load interaction specimens are presented in
Tables 3, 4 and 5. Individual specimen and test set-ups for
these tests are included in Figure 2. Photographs of representa-
tive failed multiple fastener specimens are shown in Figures 22
through 27.

18
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7075 176 Aluminum
Plates

Test Specimen
(Typ 4 Places)

~ ~~*±Ž~ ~z. -. GPIS-011&140

Figure 9. Exploded View Of Salt Spray Exposure Test Setup After Exposure
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P -Hydraulic Grip of
Testing MachineF -

Load Block

11.50

'I Bushing

Strain ST3M453-4-26 Bolt-/

Gage
Test
Specimen

Lý-1 .500-I

Note: All dimensions are in inches.
0P15O1t6.145

Test Configuration 10A

Figure 10. Single Fastener Test Setups
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P j-~ 1.50

Load Block

11.00

- ST3M453-4-18 Bult

-Test
Specimen

L21.000P
Test Configuration 10B

~~/L~o ad Block J I

11.50

ST3M453-6-18 Bolt

-Test
Specimen ~-

II Note: All dimensions are in inches.

L.-2.250-2
P

Test Configuration 10C o~oi-

Figure 10 (Continued) Single Fastener Setups
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P I 
.---- 3.00--'1

L D. Load Block

12,00

BBushinig

Test
S-ST3M453-6"40 Bolt Spe nen

-.-,2.250-4

Test Configuration 1OD

P1  3.00--

/Load Block T .

12.00
r 3- Bushlrg . .

' /-- Te~st , .

AT --ST3M453-6-52 Bolt Specimen

I -ý-2.250-,Ps

Test Configuration '1E
GPI3.O115.22

0

Figure 10. (Coitinued) Single Fastener Test Setups

3 0

___-__ __ __ __ -_ ..... ..-.... .... . .. 
4.-m

Downloaded from http://www.everyspec.com



S• FLoad Block 30-

Headless, 12.50
Tapered
Bushing

Bushing

ST3M453-6-24 Bolt - Test
Specimen

Test Configuration 1OF 2.250

P

S Load Block K3.00-

TaperedL IBushinq

12.00

Bushing

ST3IM453-6-40 Bolt Ts

Specimen

TestConfguraionlOG -- - •! 2,250

Figure 10. (Continued) Single Fastener Test Setups
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tP 1-2.25-1
Load Block [111

HHeadless, Tapered 11 00
BBushing

ST3M430V6-16 AS
Bolt

Spacer for
Load Block 3k-Te,, 3.50
Test
Specimen

Test Configuration 1OH

Load Block [

Headless,
Tapered

Bushing 12.00

÷ I
ST3M453-6-49
Bolt K Test

* Specimen

Test Configuration 10 I

Note: All dimensions are in inches. OPI•0116-261

Figure 10. (Continued) Single Fastener Test Setups
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p[• / - 2.250-ý--
Load Block

He1.I-•ad;eless 11.__00
TaperedNB3ushing*1

ST3M430Y6-2OAS Bolt

W -Spacer for 3.50
N Load Block

1 ý Test Specimen Conf iguiration

Test Configuration 1A

P f!- 3.o0---j

Load Block

, v

ST3M453-9-52 Bolt I I

Note: All dimensions in inches.
P '-2.250--]

Test Configuration 10K OP1 3.0115-1 48

Figure 10. (Continued) Single Fastener Test Setups
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Specimen Number 2-7' I

Plan View of Failure

Edge View of Failure

Figure 11. Bea~lng Mode of Failure
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Specimen Number 2-5-6

Plan View of Failuve

Edge View of Failure

OIP13-0115-151

Figure 13. Bearing-Shearout Mode of Failure
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Specimen Numbei 4-6-14

Plan View of Failure

Edge View of Failure G1-165

Figure 14. Bearing.Shearout Mode of Failure
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Plan View of Failure

Edge View of Failure
QP13.0116153

Figure 15. Bearing.Shearout Mode of Failure
10° Off Axis Test
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Plan View of Failure

Edge View of Failure
, 

G p i3 ýo0 1 1 5 -1 5 4

Figure 16, Shearout.Tension-Cleavsge Mode of Failure

22.50 Oit Axis Test
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IJ

Plan View of FailureI

Edge View of Failure GP13-0115-155

Figure 17. Bearing.Shearout.TenF'on-Cleavage Mode of Failure
450 Off 6 s Test
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Figure 18. Shearout-Tension-Cleavage Mode of Failure
67.50 Off Axis rest
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Figure 19. Shearout-Tension-Cleavage Mode of Failure
8O0 Oft Axis Test
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GP1310115 158

Figure 20. Bearing-Net Section Mode of Failure
900 Off Axis Test
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K I
I I 2.50---.

\-Hydraulic Grip of
Testing Machine

11 .50

Load Block

•MA 1 .000•

StrainGage ST3M453-4-26 BoltSpcm

Tes Spcie

I \
11.500

PI

- Note: All dimensions are in inches.

Test Configuration 21A
GP13-OI11.11"

Figure 21. Multiple Fastener Test Setups
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S---I 3.00----

Load Block

S-Bushing 13.75

2.00

ST3M453-8-32
Bolt

Specimen

Test Configuration 21 B

Load Block

Buiing-

I-

< II

12.50

1.50

Note: All dimensions are in inches. 2.25

Test Configuration 21C els.risei,

Figure 21 (Continued) Multiple Fastener Test Setups
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Load Block Lilill
10.75

Bushing - -

F]0
101

AN3-20A Bolt

Test
SpecimenK

Test Configuration 21 D

A 2.00
Load Block

11.00
4

I I00.750

I I
ST3M453-4-26 Bolt

Test

SpecimenNote: All dimensions Ire in inches.  Test Co.diguration 21E

Figure 21 (ContInued) Multiple Fastener Test Sotups ii
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v 2.00

Load Block

11.00

1I- -E --- 0.50 .

ST3M453-4-26 Bolt

H ITest
Specimen

P Test Configuration 21 F 1.50

1.50
k\N p X...-- 
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Load Block

11.00

ST3M453-4-18 Bolt
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Note: All dimensions are in inches. Specimen

Test Configuration 21G 1.5 0 0

Figure 21. (Continued) Multiple Fastener Test Setups
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Hydraulic Grip of
Testing Machine

Load Block

PK 3.00  1
Spacer forILoad Block

11.00

ST3M453-4-23 Bolt

'I AP
GaeTest Specimen .00

strain 2.T500 5

Note: All dimensions are in inches.

Test Configuration 21J GP13-011I 169

Figure 21. (Concluded) Multiple Fastener Test Setups
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GP11.O164~70

Figure 22. Not Section Mode of Failure
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Specimnen Number 1-1-8

plan View of Failure

Edge View of Failure uP 13-011 SA 71

Figure 23. Bearing-ShOarout Mode of Failure
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Specimen Number 3-23-5

OP13-0116-172

Figure 24. Bearing (Compression Test) Mode of Failure
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GP13.0115 173

Figure 25. Fastener Pattern Tension Test Specimens After Testing
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Specimen Number 11-13-13

Figure 26. Tens ion. Cleavage Mode of Failure

67

Downloaded from http://www.everyspec.com



Figure 27. Load Interaction Tonslop Net Section Falures
450 Off Axis Test
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SECTION III

RESULTS OF TASK 3 TESTING - MANUFACTURING AND SERVICE ANOMALIES

1. TEST MATRIX AND TEST OBJECTIVES - The objective of Task 3 was
to evaluate the effects of commonly occurring manufacturing and
service anomalies on the static strength of bolted composite
joints. Information obtained from the literature survey of Task
1 was used in conjunction with recent manufacturing experience to
identify realistic test variables. Seven anomalies were selected
for experimental evaluation. The Task 3 test matrix, shown in
Figure 28, details selected test variables and test parameters.

To obtain comparable results to baseline strengths of joints
not possessing anomalies from Task 2, the Task 2 baseline test
specimen configuration was used to evaluate the ef-ect of each
anomaly on static strength. Three environmental conditions were
selectively evaluated; room temperature dry (RTD), room tempera-
ture wet (RTW) and elevated temperature wet (ETW). These test
conditions were the same as those evaluated in Task 2. A replica-
tion of four tests per anomaly and environment were performed,
for a total of 116 tests in Task 3.

2. SPECIMEN CONFIGURATIONS - Only one test specimen configura-
tion was needed to complete the Task 3 experimental evaluation; a
two bolt in-tandem load sharing specimen. This configuration was
incorporated in two types of specimens; a single data point
specimen and a multiple data point specimen. Illustrated in
Figure 29 are the detailed specimen geometries required for Task
3. A total of 14 multi-test and 60 single test specimens were
fabricated to complete the evaluation of manufacturing and
service ano:nalies.

3. SPECIMEN QUALITY ASSURANCE - Hercules AS/3501-6 graphite-
epoxy was the sole material system used in Task 3. All material
was qualified prior to panel fabrication as described in Section
11.3.

Autoclave cure cycles were accepted based on process control
panels accompanying each panel. Interlaminar shear specimens
machined and tested from these panels verified acceptability of
each cure cycle run.

To obtain the desired anomalies in the composite specimens,
standard quality assurance of fastener hole fabrication or panel
fabrication was waivered. The anomalies were, however, quanti-
fied using ultrasonic C-scan techniques.
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Numnber of Tests
Per Environment Total

Anomaly Specimen
RT (Dry) RT (Wet) ET (Wet) Tests
Tension Compression Compression

1. Out-of-Round Holes
"1" Laminate (50/40/10) 4 - - 4
"2" Laminate (30/60/10) 4 4

2. Broken Fibers on Exit Side of Hole
Severe Delamination 4 4 4 12
Moderate Delamination 4 4 4 12

3. Porosity around holeSevere Porosity 4 2,2 1 4 12
Moderate Porosity - 2,21_ 4 8

4. Improper Fastener Seating Depth
80% of Thickness 4 - 4
100% of Thickness 4 - 4

5. Tilted Countersinks
Away from Bearing Surface 4 4 8
Toward Bearing Surface A 8

6. Interference Layup 1 4 4 8
Fit Tolerances 1 4 4 8
0.003 it. Interference 2 4 -- 4 8
0.008 in. Interference 2 4 -- 4 8

7. Fastener Removal and Reinstallation
100 Cycles 4 - 4 8

Total 116

OP13-01l5.1 10
LŽ After freeze-thaw cycling ZL~ Tension tests

Figure 28. Task 3 - Evaluation of Manufacturing Anomalies-Test Matrix
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- -15.00-

Test Ai Test 3 Test 2- Test 1

0.75-,- .- 0,75-,

- 1.00 .. . 1.00 -• -41.00 1-- -- 100 --- 0.7150

-Strain Gage d, dia • 0 le

SFailed portion of test specimen machined offprior to hole drilling. (Test Variable)

+0.0022Specimen d, dia H, Hole Configuration
Configuration (0.) (Test Variable)

(in.)

29A 0.2495 Out-of-Round

Broken Fibers -29B 0.2495
Moderate Delainination

29C 0.2495 Broken Fibers -
Severe Delamination

Countersink Seating Depth -
80% of Thickness

Countersink Seating Depth -29E 0.2495 100% of Thickness

29F 0.2495 Tilted Counteisink Away
from Bearing Surface

Tilted Countersink Toward29G 0.2495
Bearing Surface

29H 0.2465 Interference Fit

291 0.2415 Interference Fit

Fastener Installation and
29J 0.2495 Removal - Protruding Heed

Fastener Installation and
29K 0.2495 Removal -Countersunk Head

Multitest Test Specimens

Figure 29. Task 3 Test Specimens GP13-05.ls76
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7.50•.• __ 7.5O 0.75 --

3.75 - 20 Plies-

0 0° 05
01.500

d, --0.0022

Strain Gage . . Conf.guration
I j Hole Configuration

(Test Variable)

Note: All dimensions are in inches.

Specimen d Hole Configuration
Configuration (in.) (Test Variable)

29L 0.2495 Severe Porosity
29M 0.2465 Interfeience Fit

29N 0.2415 Interference Fit

29P 0.2495 Broken Fibers -
Moderate Delamination
Broken Fibers-

290 0.2495
Severe Delamination

29R 0.2495 Moderate Porosity
29S 0.2495 Tilted Countersink Away

from Bearing Surface
T0.2495 Tilted Countersink Toward

Bearing Surface
29U 0.2495 Fastener Installation and

Removal - Countersunk Head

Single Test Test Specimens
GP13.0116-,177

Figure 29. (Continued) Task 3 Test Specimens
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4. PANEL FABRICATION - Four pdnels were fabricated using
AS/3501-& graphite-epoxy for Task 3. Layup variationis used were
the baaeline 50/40/10 and the 30/60/10 laminate of Task 2. Panel
di~iensions, ply orientations and stacking sequence.3 are listed in
Figur" 30.

00

W -450 +450
I 900

Nu m ber IL
of Plies

Stacking Graphite/Epoxy Prepreg
Pel Dimensions 0.1 3f Sequtnce Material UsedNo. - es (See Note)

L I w Lot No. Spool No.

20 48 24
21 20 ,u34 3

L4 22 32 12
A5 23

Notes

-.450. 00, 450 00. 900.0o, 45(. 0o. -.450. 0 o s

(, 4 4 5 0" 00' -450 0' +45 0 -4 ' 0 " +450 -45'1J

SHercule AS/3501-6 Graphite/Epoxy prepreg material
vies used in the fabrication of all panels.

Panel was fbrlcated to as to Contain selvefe porosltv

It Panel was fabricated to as to contain moderate porositv

Figure 30. Paw" C•nfigup ions
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Two of the four panels were fahri~ated according to MICAI R
process specifications, while two panels were intentionally fabri-
cated to contain various amounts of porosity. Moderate and
severe porosity levels were induced uising water mist and modified
laminate cure cycle procedures. Al]. panels were accepted foý
testing in Task 3.

5. SPECIMEN FABRICATION - Specimens ware fabricated from panels
per MCAIR procedures. Unique specimen numbers were used to
identify test variable and panel numbers. The specimen identifi-
cation code used was the same as in Task 2 (Section 11.5) with
the variable number found in the Task 3 test matrix (Figure 28).
Random selection of specimens from within two panels was used
prior to hole drilling. Specimens fromn porous panels were
selected by locating areas of desired amounts of porosity using
ultrasonic C-scan and orientating specimen dimensions to include
the porosity in bolt hole areas.

All manufacturing hole drilling anomalies req~uired fabrica-
tion procedures not in compliance with acceptable MICAI R
standards. A detailed description of the techniques ised for
each anomaly is given in the ''Special Procedures"' section
(Section 111.8).

A total of 78 specimens were fabricated for Task 3. Reserve
panel material was allocated in all panels to permit specimen
duplication and material for photomicrographic examination.
Thickness, width and hole diameter measurements were recorded for
each specimen.

6. TEST PROCEDURES - All specimens were tested to static failure
under -tensile or compressive loadings as indicated in the Task 3
test matrix (Figure 28). Data documented for all test specimens
included:

o Thickness, width and hole size measurementsIo Failure load and failure strains
o Load vs strain plots to failure
o Load vs deflection plots to failure
o Weight gain of humility exposure specimens
o Representative photographs

The double shiear load block with 1/4 inch diameter bolts
torqued to 50 irn-lb used in~ Task 2 was also used in Task 3.
Load, strain and deflection rieasurements were recorded in the
same manner as the baseline Task 2 configuration.

Specimen-- requiring moisture preconditioning weie exposed to
the same environmental sequence as the baseline specimens of Task
2. However', due to the nature of the various anomalies, moisture
absorption and desorption rates were affected while final equili-
brium levels remained fairly constant, as shown in Figure 31.
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2.5

98% RH at 180'F

2.0 __ _ _ _ - _ _ - _ _ _ _ _ _ _ _ _ _ _

o 55% RH at 180°F

CU

k 1.0

0

050

9 Hat 160'F Moderate delamination
0Sewvre porosity

9E t 160F 0. Moderate porosity

0 20 40 60 80 100 120 140
Day-

GPI4IIO1S.1?e'

Figure 31. Average Moisture Content for Task 3 Specimens

7. TFcST Pl)T I PMENIT - Task 3 test in, was aAccompl ished with the
salia eqtuipienet ised in Task 2 (SPction II.7). Two load blocks
wre !ise= in this tI-k, the baseline load block used for all out
interference fit fcasteners and a two strap titanium load block
cof-.-.ujration usei for interferece fit fastener testing. Float-
in=( buLshinqs 4ere tised to) obtain tLorq te-tp and to simulate
Orotruilinc- hea:1. an,! countersunk '_tsteners.

R. SPECIAL PROCEDURES - special. fabrication procedures were
Ve1-:,red -o sim-'l3te commt)rily occurring manuifact'iring anomalies.

",. r~ ti~ on ot cich inoma]' 3nd the procedures to obtain the
•inomaly -re liven in the following paragraphs.

O•,,t -of-round holes were prorduced by dri .irn- two nominal ly
si:ýedi holes .*),14 inch offset. The holeo were elongated perpendi-
-,lir t-,) the specimen axis (Figure 3:)a)
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0.2495- -0.2495 1000 Countersink to
Depth Showncdi _ 0.004

0,002 100% of Specim.3n
Thickness

1.00--0.75e) Countersink Seating Depth 100% of Thickness

1.00. 0.50 -0.75

a) Out-of-Round Holes___

- -0.502 +0.005
1.00 --- 0.75 _... -. 000

Exit Side / IT
of Holes T

Delamination I
within the Last '

10.- 20% of Specimen
Thickness

b) Broken Fibers - Moderate Delamination 0,2495[\f\

t00--- 05-Ifor Countersink
-~ Only

NM I f) Tilted Counter~onk - Away from
Exit Side /I Bearing Surface
of Holes-/*1 Delaminatior g) Tilted C-ountersink - Toward Bearing Surfacewithin the Last

20 - 30% of Specimen View Similar to f Except
Thickness Countersinks Tilted in Opposite Direction

c) Broken Fibers - Severe Dolamination

1000 Countersink to 1000 Countersink
Depth Shown (Typical) + .0 0.000

die (Typical)--- 1- 1.00--f0.75

0. 295 e I a0.2495 dia /1
I Tyica 1 0% peirren (Typical)-

Thickness
h) Fataner Installation and

d) Countersink Seating Depth 80% of Thickness Reovxiiall - ounxtmrunk Heed

FMgure 32. Hole Drilinig Anomalies
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Broken fibers on the exit side of a hole were obtained using
improper drilling techniques. Dull drill bits and no backup
material was used for these specimens. Moderate laminate delami-
nation in the vicinity of the hole was produced by force feeding
drill bits through the last 10 to 20 percent of specimen thick-
ness with severe delaminations produced by force feeding drill
bits throuqh the last 20 to 30 percent of specimen thickness
(Figures 32b and 32c).

Laminate porosity was obtained by modifying panel layup and
cure cycle procedures. Summarized in Table 6 are the procedures
varied from the baseline to obtain moderate and severe levels of
porosity. Through-the-thickness photomicrographs of bolt hole
areas indicates the severity of the porosity induced by the two
procedures (Figures 33 and 34). Two moderate porosity and two
severe porosity specimens were subjected to freeze-thaw cycling
after environmental exposure and prior to testing. The freeze-
thaw cycle procedu-es followed are presented in Figure 35.

TABLE 6. NONSTANDARD PANEL FABRICATION PROCEDURES

Panel Number
Altered Procedure Specification 22 23

Vacuum Debulk Yes None None
Intermediate Temperature Hold 1 hr at 275°F None None
Bag Vacuum 0.0, in. H9 0.8 in. Hg 1.5 in. Pig
Autoclave Pressure 100 psig 50 psig 50 psig
Moisture Induced None Every 7th Ply Every Ply
Results z Good Panel Moderate Porosity Severe Porosity

N Verified by uttresonic and radkigrsohic NDI
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0P13-011$-1S2

Figure 33. Severe Porosity in Test Specimen Indicated by Photomicrogdraphs
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I ~ "-V

A,

Apt 4,2'

GPI3 0115 183

Figure 34. Moderate Porosity in Test Specimen Indicated by Photomicrographs
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180

160

140-A

120 ,•% • "Cool Down from 180°F - 55% RH Exposure

100-

80-
60. . -- Room Temperature

U- I/
0 40 -
E 20 -

0-

E -20 /
I- 40 -

-60 I .--- 65 F

-80
5-30 30 30

-120 I •- 1 Cycle
_1140

Time in Minutes
I. OP 13-011.5.9

Figure 35. Freeze-Thaw Exposure Profile

Countersunk head depths of 80% and 100% of the laminate
thickness were drilled to determine their effect on laminate
bearing strength (Figures 32d and 32e). Standard drilling
procedures preclude such knife edges.

Tilted countersinks were drilled 10* off the normal to the
surface as illustrated in Figure 32f. Initially, clearance fit
holes were nominally drilled perpendicular to the laminate
surface. Countersinks were tilted toward and away from the bolt
bearing surface of the straight shank hole.

Two interference fit levels were investigated in Task 3.
Holes were drilled undersize and fasteners installed by pulling
the fastener through the hole and into backup material to avoid
delaminations. Section cuts were made to determine the amount of
internal damage caused by various amounts of interference.
Photomicrographs of the section cuts are presented in Figures 36
through 39.
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Bolt Installed from This Side
Pt A Pt B

Pt A Pt B
F ~~~Hole Dia =0,2417 PSOt.5

Figure 38. Photomicrographlc Results of 0.0072 Inch Interference Fit
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Bolt Installed from This Side

Pt A Pt B

Pt A Pt B

Hole Dia =0.2442

Figure 37. Photomlcrographic Results of 0.0053 Inch Interference Fit
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Bolt Installed from This Side

PttA Pt B

Hole Dia 0.2452 tP3Oi-g

Figure 38. Photomicrographlc Results of 0.0043 Inch Interference Fit
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Boll Installed from This Side

Pt A Pt B

Pt A P

Hole Dia =0.2466

OP13-.O.,S-.U

Figure 39. Photomlcrographilc Results of 0.0030 Inch Interference Fit
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Fastener removal and reinstallation of 100 cycles was
required for the seventh anomaly. Fasteners were torqued to 50
in-lb for each cycle. Countersunk fasteners were used for this
study. Standard hole preparation procedures were ised to
fabricate these specimens.

To determine and quantify the severity of each anomaly,
ultrasonic C-scans were u3ed. Representative C-scans for those
variables in which the extent of damage was not mechanically
measurable are shown in Figure 40. The interference fit hole in
Figure 40 was prior to fastener installation and represents a
benchmark to compare the other anomalies to. These C-scans would
indicate rejectable items usinq standard production quality
assurance procedures.

g. TEST DATA - All Task 3 test data are presented in this
section. Results tabulated include; specimen geometric data,
moisture content data, failure loads, failure strains and failure
mode informat-ion.

Tension and compression strength test data are detailed in
Tables 7 and R respectively. Test specimen setup configuration
figUres referenced in the tables are also included (Figure 41).
Representative photographs of failed specimens are shown in
foigures 42 through 45.
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Specimen Number 6-21.3 Specimen Number 2 20-12 Specimen Number 2-20-2

Interference Broken Fibers Broken Fibers
Fit 0.2465 Moderate Severe
Dia Holes Delamination Delarnination

Specimen Number 3-22-4 Specimen Numbei 3-23-1

Severe Moderate
Porosity Porosity GP1341115 109

Figure 40. Ultrasonic "C"-Scans of Test Specimen Anomalies
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I- I----2.50---

Hydraulic Grip of
Testing Machine

11.50

-- Load Block

Bushing

1.000

- -- -- I-

Strain
Gage ST3M453-4-26 Bolt-

* Test Specimen

I I 1.500
K P

Note All dimensions are in inches,

Test Configuration 41A
GP13-0115-193

Figure 41. Task 3 Test Setups
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p 2.50

Load Block
- //

-Tapered Bushing
11.50-

1.000

ST3M453-4-26 Bolt_/

\--Test Specimen

Test Cnnfiguration 41B

P - 3.00

/,-Spacer for Load Block

{ Load Block

11.00

1.000

ST3M759Y4-6 Pin-Rivet, Threaded

Test Specimen

P .
Note: All dimensions are in inches. GP 11&IIM

Te3t Configuration 41C
Figure 41. (Continued) Task 3 Test Settips
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Figure 42. Tenslon.Cleavage Mode of Faflure
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Plan View of Failure

Edge View of Failure
OP1OI"IM~s

Figure 43. Saarilng-Shearout Mode of Failure
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Tilted Countmrsnk Toward
Bearing Surface

Tilted Countersink -Away front
Bearing Surface

Figuve 44. Bearinq-Shearout Mode of Failure
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Number4 20-2

Figure 45. Bea rl ng-Shea rout Mode of Failure 0P13i~o
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qlt"Cli I.01`1 IV

RPSi1LTS OF' TASK 4 rP.STING - CRITICAL OINT IDESIGN
VARIABLES ON FA'rI(31JE LIFE

I. TASK 4 - TEST MATRIX AND TEST OBJECTIVE - The objective of
Task 4 was to evaluate the influence on fatigue lift" of seven
design variables and manufacturing anomalies which were shown to
have a significant effect cri static strength in Tasks 2 and 3.
mhe: test variables selected and fatigue parameters tested are
shown in the Task 4 test matrix of Figure 46.

MAX NO. OF TESTS NO. OF TESTS
NO TEST VARIABLE FATIGUE CONSTANT AMPLITUDE SPECTRUM FATIGUE

STRESS R = +01 R = -1.0 RTW RTD ETW RTW(TSM

I BASELINE 01 3 3 3 3 3 350/40/10 (J2 3 3 3 3 3 3

03 3 3 3 3 3 3
3 - 3 - 3 3

30/60/10 0 1 3 3 - 3 - -

J2 3 3 - 3 - -
(3 3 3 - 3 - -

3 3. ..19/76/5 A'1Ž 01 33 - 3 - -

02 3 3 - 3 - -

03 3 3 - 3 - -

2 STACKING SEQUENCE 91 3 3 - 3 - -
50/40/13 A2 A 02 3 3 -- 3 - -

03 3 3 - 3 - -

_ _2 _ - 3 - -19/76/5 X Zt 01 333
02 3 3 - 3 - -

33 ...3

3 TORQUE UP
T - 160 IN.-LB 01 3 3 -- 3--

50/40/10 02 3 3 3 -

03 -3 - -

_3 - - - -

T = 160 IN.-LB 0 1  3 3 - 3 -- -

19/76/5 02 3 3 3 -

03 3 3 - 3
A S 3...

A, ComplemenUng static tcsts A2 d 0.375 in.. w/d 6, e/d= 3 141 Torque Up = 0 in.-lb

Figure 46. Taok 4 - Evaluation of Critical Joint Design
Parameters on Fatigue Lifo • Test Matrix
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MAX NO. OF TESTS NO. OF TESTS
NO. TESr VARIABLE FATIGUE CONSTANT AMPLITUDE SPECTRUM FATIGUE

STRESS R = +0.1 R = -1.0 RTW RTD ETW RTW(TS)

4 GEOMETRY
50140110 01N - - - - -

d - 0.375 02 - - - -

w/d =4 03 3 - - - -

e/d-3 ZA 3 - - - -

19/76/57,/ 01 3 - - - - -

d = 0.375 02 3 - - - - -

w/d =4 03 3 - - - - -

e/d =3 A - - - - -

19/76/5 (/1 3 - - -.. -

0d = 0.375 2 3- - - -

w0l=3 `3 3 - - - - -

e/d 3 3 .... ...
50/40/10 / 01 3-.. ....

d = 0.375 02 3 .....
w/d =4 ()3 3...

e/d 043 3 .. . ..

7 FASTENER FIT (0.003-0.008 INTERFERENCE)
50/40/10 2_i\ 01 3 .. . ..

02 3 .. ..

033 3.

6 SINGLE SHEAR (PROTRUDING AND CSK)
50/40/10 Z.L 01 3...

T = 160 IN.-LB 02 3...

2 3 j. -

i 3 .. ....

d = 0.375 IN. CSK 61 3 Tou u

w/d = 46 ()2 3 E a
e/d =3 03 3...
T = 160 IN.-LB Z/• 3...

7 POROSITY
50/40/10 A2 A/3 031 3 3 ..

02 3 3 ..
3 3 3 ..

TOTAL TES TS 351

QP13-0116.-M

Figure 46. (Continued) Task 4 - Evaluation of Critical Joint Design

Paramiteis on Fatigue Life-Test Matrix
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Static, constant amplitude and spectrum fatigue testing was
performed. All constant amplitude testing was performed at room
temperature with dry (as manufactured) specimens. For the base-
line layup (50/40/10) spectrum fatigue testing was performed at
four environmental conditions: room temperature dry (RTD), room
temperature wet (RTW), elevated temperature wet (ETW), and
elevated temperature wet with thermal spike (TS) exposure.
Elevated test temperature and moisture preconditioning levels
respectively were 250°F and .86% by weight. Two additional lay-
ups (30/60/10 and 19/76/5) were selectively tested. A replica-
tion of three tests were performed for each variable for a total
of 351 tests in Task 4.

2. SPECIMEN CONFIGURATION - The single bolt pure bearing speci-
r rn of Task 2 was used to obtain data on bolted composite joint
performance under cyclic loading. Baseline specimen geometry is
shown in Figure 47. To avoid bolt failures during fatigue test-
ing, 3/8 inch diameter steel fasteners were used. For complement-
ing static tests, specimens were strain gaged to obtain strain
and stiffness response data to failure. In Task 4, 54 static
tests and 297 fatigue test specimens were required to complete
the experimental evaluation of fatigue life of bolted composite
joints.

3. SPECIMEN QUALITY ASSURANCE - All quality assurance proce-
dures described in Section 11.3 were adhered to in Task 4.

4. PANEL FABRICATION - Ten panels of AS/3501-6 graphite-epoxy
were fabricated for Task 4. Panel dimensions, corresponding ply
orientations and stacking sequences are listed in Figure 48. To
maintain unique panel identification within the entire test pro-
gram, "'ask 4 panels were consecutively numbered starting from the
last panel number used in Task 3. Layups of 50/40/10 and
30/60/10 were identical to those tested in Tasks 2 and 3. A
third, more matrix dominated layup (19/76/5) w~ls evaluated for
greater generality of test results.

Nine panels were fabricated per MCAIR process specifica-
tions. Panel number 3V was intentionally fabricated to contain a
moderate amount of porosity. All panels were evaluated ultra-
sonically and accepted for testing.

5. SPECIMEN FABRICATION - Specimens were fabricated from the
panels per MCAIR process specifications. Identification of each
srecimen was accomplished using the following code:
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Strain Gage-

No. of

-__ ___ _ -_ _ _ - [-Plies

Vt'

2 w

-3.7 e d' +0.0022
-0.0000

7.50--

SPI¢imen o. w P ( ,
Configuration of Plies (in.) (in.) (in.)

47A 21 Plies for 2.250 11.125
Specimen

47B Numbers with 1.500 1.125
4C 31 - 33as - - 0.3745f: ~~47C 31•3 s 1.500 1.500

____ Their Middle .. 0
470 Number, 20 1.125 1.125

Plies for All
47E Others 2.250 1.125 0.3693

Strain Gage

-_-' 
- 20_Pe,

1.125
2.250

- 3.75---1'- 1. 125 375+0.0022di+0,0022 dia
37 0.0000

7.50- 1000 Countersink

0.7556 -+0 0048 dia
Note: All dimensions are in inches. 0.0000

Specimen Configuration 47F
GP13-01151"9

Figure 47. Fatigue Test Specimens
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00

24 -450 +450

900

No. 48
of Plies

Stacking Graphite/Epoxy Prepreg
Panel No. Sequence Material UsedNo. of Plies (See Note) Lot No. Spool No.

24 Zi 8

A• 8 (Plies 1 -* 13)25 12 (Plies 14 - 20)
26 12

1,290 12 (Plies 1 -- 8)27 20 9 (Plies 9 -* 20)

28 9
9 (Ply 1)29 1 (Plies 2 -* 20)

/A 1 2qo 1 (Plies 1 - 3)
6\ 1,010 5 (Plies 4 -20)

31 ZL 1

1 (Plies 1 -- 4)32 21 1,487 2 (Plies 5-* 21)

2 (Plies 1 -* 11)
33 3 (Plies 12- 21)

Notes:

A [+450, 00, --45,00, 90 00, +450, 00, -450, 001s

[+450,, 0-, 45j, 00, +45o, 90u, -- 450, 0, '+4450, -450] S

[ [+450, -45o, 002, 900, 00, +45o, -450, 0 '21S

L• [(1450, -450, 0 0 )2, (+450, -450)2, 900, (-450 +450)2, (00, -450, 1450)21

(+450, 00, -450, 00, (+450, -450)3, 900, (.-45o, +450)3, 00, -450, 00, 1450]

A Panel was fabricated so as to contain moderate porosity. Panel was not vacuum
debulked durine collation and a fine mist of water was sprayed between plies
5 and 6, plies 10 and 1 !, and plies 15 and 16 during collation procedures.

OP13-0116-200

Figure 48. Panel Configurations
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XXX - xx - j

L specimen number
-panel number

-fatigue variable numberI,. The fatigue variable number is identified in the Task 4 test
matrix, Figure 46. A random selection of specimens for each testF was done wherever possible.

A total of 351 specimens were fabricated for Task 4. Space
was allocated in each panel for specimen duplication aaid material
examination as necessary. Thickness, width and hole diameter
measurements were recorded for each specimen after fabrication.

6. TEST PROCEDUJRES - Data documented for ali static test
specimens in TFask 4 included:

o Thickness, width and hole size measurements
o Failure load and failure strains
o Load vs strain p.Lots to failure
o Load vs deflection plots to failure.1o Weight gain of humidity exposure specimens
o Representative photographs

Data documentation for the fatigue specimens included:

o Thickness and width measurements
o Hole size measurements before and after fatigue
o Loading conditions
o Cycles to failure
o Hysteresis plots
o Residual strength
c Weight gain of humidity exposure specimens
o Representative photographs

A double shear load block with a 3/8 inch diameter bolt was
the loading fixture used for most of the fatigue test program.
The baseline fatigue configuration required bolts to be
untorqued.

Based on the associated static load-deflection data, load
levels for the fatigue test program were chosen. Load levels for
constant amplitude R = .1 fatigue specimens were chosert at the
point of initial nonlinear behavior on the static load-deflection
curve, and above and below this load level. Load levels for con-
stant amplitude R =-1 and spectrum fatigue were based on R .1
results.
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Hysteresis curves were documented at incremental increases
in total joint deflection by presetting the MTS machines to auto-
matically interrupt cycling at predetermined amounts of total
joint deflection. To obtain an accurate measurement of permanent
hole elongation, documented hysteresis loops were compression-to-
tension loadings to assure that the bolt was seated on the
backside of the hole.

Cyclic rates were maintained within the envelope of the MTS
machine to accurately sustain the required loads. In some tests,
as holes elongated, cyclic rates were decreased to assure accur-
ate perfonnance.

The random load spectrum used in Task 4 was an "F-15 Mea-
sured-Mix Winig Spectrum-Truncated". This spectrum was generated
5y combining three F-1-5 wing baseline spectra (Air-to-air, air-
to-ground, and instrumentation and navigation) into one spectrum
Lermed "F-15 Wing Measured Mix". The Measured Mix spectrum is a
cycle-by-cycle history based on F-15 measured load factor
exceedances. The distribution of hours and exceedances for the
air-to-air, air-to-ground, and instrumentation and navigation in
the Measured Mix spectrum are given in Table 9. To obtain the
"truncated" spectrum, low loads in the baseline spectrum were
truncated at 55% test limit load (TLL), resulting in 5000 load
:yvcles per thousand hours. The exceedance curve for this trun-
cated spectrum is illustrated in Figure 49. The maximum tensile
load in this spectr~urm was 101% TLL with a maximum compressi, e
load of -2L6% TLJ.,.

TABLE 9. DISTRIBUTION OF HOURS AND EXCEEDANCES

MEASURED MIX
EXCEEDANCES OFHOUJRS 60% LIMIT STRESS

AIR-TO-AIR 700 3,150
AIR-TO-GROUND 100 140

INSTRUMENTATION
AND NAVIGATION 200 10

TOTAL ___ 1,000 3,300

1P13.0116 201
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10,000

1,000 -- _ _ _ _

EXCEEDANCE10
1,000 HR

10

-30 -20 -10 0 10 20 30 40 50 60 70 80 90 100

PERCENT DESIGN LIMIT STRESS

Figure 49. Measured Mix-Truncated Spectrum

Specimens requiring moisture preconditioning were exposed to
an environmental schedule wh-ich allowed specimens to obtai~n an
equilibrium level of approximately .86 percent moisture by weight
in the least amount of time. Results of the moisture precondi-
tioning schedule used are given in Figure 50.

Twelve moisture preconditioned baseline specimens were
Lilltested at an elevated temperature of 250*F. An environmental

chamber enclosed the specimens during testing to maintain tempera-
ture and humidity conditions. D)uring fatigue loading of the
twelve specimens, identical moisture preconditioned coupon speci-
mens were simultaneously subjected to the same environment to
determine moisture level changes. These coupon specimens, weighed
immediately before and after the fatigue testing, resulted in
negligible moisture differences. Also, twelve specimnens were
subjected to thermal spikes prior to testing (described in detail.
in Section IV.8).

Randomly selected specimens were statically tested for
residual strength after completion of the fatigue evaluation.
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1.5

rA

S1.0

0.

!, 05. Specimens-

197 Tested
Days

98% RHat- - 55%RHat 180aFt
180°0F 43 249

Days Day.3

0 50 100 150 200 250
Days

D0P13C11%.202

P1Frigure 50. Task 4 Environimental Exposure Schedule

7. TEST EQUIPMENT - Task 4 tesLing was accomplished with IGO,000
pound capacity MTS machines. All machines were equipped with
hydraulic grips and circuitry necessary to automatically shut off
the machine at preselected head displacement values.

Double and single shear load blocks used in Tasks 2 and 3
were also used in Task 4. No wear was detected of the load
blocks after fatigue testing was completed.

8. SPECIAL PROCEDURES - One panel was fabricated with a moderate
amount of porosity by modifying panel layup and cure cycle
procedures. The procedures used were identical to those used in
Task 3 (Section III.8). Ultrasonic inspection was used to quan-
tify the amount of porosity and to locate specimens within the
panel to obtain moderate porosity levels within the bolt hole
area.
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Twelve baseline specimens were subjected to thermal spikes
during environmental preconditioning. The tbermnal spikes were
representative of measuired F-15 flight test data for a supersonLc
dash. The thermal spike procedure used is o,•cl ined in Figure 51.
Ideally, heat-up and cool-down rates o. LF per second were
required. Specimens were weighed immediately before and after
thermal spiking to determine moisture absotptlon characteristic
changes. These weight measurements indicated no moisture loss
during the thermal spike exposure. A series of ten thermal
spikes were performed allowing two days of environmtental exposure
(180*F - 55% RH) between spikes.

300
5 min

Specimess Allowed to
Stabilize at Room

250 Temperature 250 0F•- Specimens placed in an oven operating at 350°F until
(Approximately monitor specimen reached 2EO°F at which time the

60 min) specimens were transferred to an oven operation at 250°F

200
.n/-" Specimens placed in a cold chamber operating at --50°F

until monitor specimen r~ached -- 30°F at which time
the chamber setting was changed to -30°F

150

SSpecimens Alwioed to
:3 'Stabilize at Room Temn-erature--

ý 100 (Approximately 120 min)
0.
E Room Tempe\rature-50

Specimens Weighed

(Approximately 15 mi))7
(Approtximately 15 mm) -

Specimens placed in a cold
chamhar operating at -- 30 0 F- -30F

-100
Time - min OP13-O1l.2M3

Figure 51. Thermal Spike Cycle
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9). T'EST DATA - Results of all test data obtained in Task 4 areprosented in this section. Test results are divided in three
parts; static tests, constant amplitude fatigue and spectrum
fatigue tests.

a. Static Tests - Tension strength test data used to deter-
mine fatigue load levels are presented in Table 10. Associated
specimen and test setup configurations are shown in Figure 52.
Representative photographs of specimen failures are shown in
Figures 53 and 54.

b. Constant Amplitude Fatigue - Resalts of the constant
amplitude fatigue te3ts performed in Task 4 are summarized in
Table It. Corresponding specimen and test set-up configurations
for these tests are included in Figure 52. Photographs of repre-
sentative failed specimens are shown in Figures 55 through 58.

c. Spectrum Fatique - Results of specimens subjected to
spectrum fatigue are presented in Table 12. Test set-up
con fiqurations for Epectrun fatigue are shown in Figure 52.
Representative specimen failures are shown in Figure 59.
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rP
SP -'.'-- .O ------

Load Block

12.50

Bolt, Nut,
Washers and
Bushing Details I

+

Strain

-- Test
Specimen

Hydraulic Grip of I-2.250--LP _jTesting Machine
-P13-0115-206

Figure 52. Task 4 Test Setups
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13/16 ID. x 1-1/4 O.D. Flat Load Block
Washers as Required to KeepFace of Bushing Flush with

Surface of Load Block
(Typical 2 Places) Bushing for

Load Block

-ST3M453-6-34 Bolt

Test Specimen
Test Configuration 52A

Load Block

Bushing for
Load Block

-ST3M453-6-34 Bolt

Test Specimen
Test Configuration 52B

Load Block

Short Bushing

ST3M759V6-18 Pin

rF

-Test Specimen
Test Configuration 52C GP13-115-207

Figure 52. Task 4 Test Setups
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-.. ... ..... .. . . . .- . . . . . . . . - \

----3.oo---"1

- Load Block

Test 11.50
Specimen

I,
ST3M453-6-18 Bolt --

I i

I•-- -- H 2.250

Test Configuration 52D

tP
tLoad Block

T -,)t 11.50
Specimen

ST3N' ;3P6-18AS Bolt

SP 12.250

Test Configuration 521 Op1S.011b-2N

Figure 52. (Continued) Task 4 Test Setups
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Hydraulic Grip of
Testing Machine

i f Load Block

11.50

t/ -ST3M453-6-16 Bolt

Strain
Gage

-.----\ Test
Specimen

Note: All dimiensions are in inches.

P-.--2.250---

Tedt Configuration 52F

Figure 62. (Concluded) Task 4 Test Setups
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Net Section Tension - Cleavage oP13-01s1-sO

Figure 53. Static Net Section %nd Tension • Cleavage Modes c' Failure
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II

Bearing Bearing Shearout
OP1I-116-2M

Figure 54. Static Bearing and Shearout Modes of Failure
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TABLE 11. 'Concluded) CONSTANT AMPLITUDE FATIGUE TEST DATA

Notes:

A• "C" following hole Jiameter dimension indicates that hole was countersunk, Dimension noted is the diameter of the
hole prior to testing.

_A Loads were based upon selected percentacss of the ultimate static tention strength,

A, ... v.. 6,diwites that rate was varied during testing to permit the MTS machine to function correctly . indicates
that specimen failed while generating the hysterisis loops for Cycles 1 through 3.

A4 Cycles to failure data were determined according to the following criteria. () -- Testing stopped when total
head deflection data, as determined by hysterisis loop data, approached or exceeded a preselected dimension.
(N) I Testing stopped. (M) I Total head deflection exceeded preselected dimension while generating initial
hysterisis loops, (F) - Testing stopped when specimen exhibited complete failure during fatigue cycling.

/b5\ Total heed deflection data were determinrr d from the final hysterisis loop generated for each sperimen,

L Dimension noted is the major diameter of the elongated hole after shutdown of fatigue testing due to totdl head
deflection date or greater than 106 cycles. "- -" in hole diameter column indicates that specimen failed dur-ng
fatigue cycling which prevented hole measurement or that specimen was tested for residual strength before hole
measurement was obtained.

A7 Mode of failure legend: 0 - l implies a combination bearing (compression) shearout mode cf failure.

1Sheerout mode (3) TAnsiorn-cleavage mode 03 Net section mode
00 and 900 plie% net section and shearout"pushed" out in combination. Failure
front of bolt hole extends along shearout

path and net section path

Bearing mode failure Bearing mode failu, Bearing mode (Tension
localized directly in localized directly in and compression) failure
front of bolt front of bolt. localized directly in front

nf bolt.

SSpecimen test results were affectEd by various anomalies in ie test procedures. Specimens affhecied by these anomalies
and the particular anomaly were as follows:
1-28-31 - Wrong size bolt used in test setup.

1.25-30 - Residual strength tust conducted with no nut on bolt.
3-27-17 - Wrong load programmed into MTS machine at restart after generating hysterisis loop at 12,140 cycles resulting

in failure of specimen.
3-28-17 - Specimen failed at 25,140 cycles due to an overload condition in the MTS.
3-32-25 - Failed during initial startup due to an overload condition in th-.e MTS.
7-30-6 - Washers not installed between load block surface and bushing head to maintain 0 torque + gap condition.
730-34 - Specimen overloaded on tension side at restart after generating hysterisis loop at 93.560 cycles rnsultin9 in

excessive hole elongation. GP13-0tSO-238
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Tension - Cleavage

Shearout op13-115-26M

Figure 55. Constant AaiplItude (R = 0.1) Tension -Cleavage and Shearout
Modos of Failure
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Bearing (Tensiowt Side) Tension - Cleavage O1-1,5

Figure 56. Constant Amplitude (R 0.1) Bearing and Tension -Cleavage
Modes of Failure
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Net Section Tension -Cleavage OP13-0115-252

Figure 57. Constant Amplitude (R =0.1) Net Section and Tension - Cleavage
Modes of Failure
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Iv

I

Bearing (Compression Side) Bearing (Tension and Compression Sides)
Qp13,0115-251

Figure 58. Constan' Amplitude (R -1.0) Bearing Modes of Failure
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TABLE 12. (Concluded) SPECTRUM FATIGUE TEST DATA

Notes:

A Data in the initial column is the moisture content of the specimen after removal from humidity exposure. Data in the
final column is the moisture content of the specimen after spectrum fatigue testing based upon traveler coupon
moisture content data. "ND" indicates that no data was obtained. "PH" indicites that the traveler coupon was
returned to humidity exposure after completion of testing resulting in an increase in moisture content. "NA" indicates
that the specimens were not exposed.

A2• Specimens tested at 2500F were at 250°F for 10 minutes prior to testing.

A3 Thickness and width dimensions were determined at the hole location. Dimensions for the humidity exposed specimens
were determined prior to humidity exposure.

Dimension noted is the diameter of the hole prior to testing.

Loads were based upon selected percentages of the ultimate static tension strength.

Flight hours to failure data were determined according to the following criteria: (H) = Testing stopped when total head
deflection data, as determined by hysterisis loop data, approached or exceeded a preselected dimension. (N) = Testing
stopped if failure did not occur after a preselected number of flight hours. (F) = Testing stopped when specimen
exhibited complete failure during fatigue cycling.

A• Total head deflection data were determined from the final hysterisis loop generated for each specimen tested. Hysterisis
loops were generated for each specimen at 1,000 flight hourrintervals. "D" in total head deflection column indicates
that the deflection data noted was obtained from the incremental flight hours hysterisis loop generated immediately prior
to specimen failure.

A• Dimension noted is the major diameter of the elongated hole after shutdown of fatigoe testing due to total head
deflection data.

Mode of failure legend: (.-'@ Implies a combination tension-cleavage-shearout mode of failure.

Shearout mode Tension-cleavage mode
00 and 900 plies net section and shearout
"pushed" out in combination. Failure
front of bolt hole extends along shearout

path and net section path

) Net section mode ])C Bearing mode failure
0 localized directly in

front of bolt

AAO Specimens were thermal spiked prior to testing.A• Specimen test results were affected by various anomalies in the test procedures. Specimens affected by these anomalies
and the particular anomaly were as follows: 3-24-3 - Wrong load range programmed into MTS resulting in overloading
of specimen. 3-27-32 - Wrong load range programmed into MTS resulting in specimen failure due to overloading.
3-32-37 - Wrong load programmed into MTS after completion of generation of hysterisis loop at 12,000 flight hours.

recimen failed during startup after completion of generating hysterisis loop due to overloading. Specimen failed at
,,325 pounds.

Specimens were tested using the "RSOl" spectrum. Pmax was 101% of TiLL and Pmin was -26.1% of TLL.

13 Specimen numbers 1-25-8. 1-25-4 and 1-25-24 were tested using a cyclic rate of 10 Hz. All other specimens weretested using a cyclic rate cf 8 Hz.

GPI"01116243
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Bearing (Tension Side) Bearing - Shearout I1MS-4

Figure 59. Spectrum Fatigue Bearing and Bearing -Shearout Modes of Failure
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