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person or corporation, or conveying any rights or permission to
manufacture, use, or sell any patented inventicn that may in any
way be related thereto.

This report has been reviewed by the Office of .Public Af-
fairs, (ASD/PA) and 1is releasable to the National ' Technical
Information Service (NTIS). At NTIS, it will be available tothe
general public, including foreign nations.

This technical report has been reviewed and is approved for

publication.
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“~ ’Program activities-to accomplish these objectives were organized under five
tasks. Under Task 1 - Literature Survey, a survey was performed tn determine
the state-of-the-art in design and analysis of bolted composite joints, :
Experimental evaluations of joint static strength were pprformed under Tasks 2
and 3. In Task 2 — Evaluation of Joint Design Variables,Strenf+h data were
obtained through an experimental program t« evlauate the effect: of twelve
joint design variables, 2Im Task 3 - Evaluation of/ﬂanufacruring and Service
Anomalies;reffects of seven,anomalies on joint strength were evaluated experi- ,
mentally and’compared with-Te strength data. ﬂBoltec composite joint !
durability was evaluatedyynder Trask 4 - Evaluation of Critical Joint Design
Variables On Fatigue Life3 Seven critical design variables or manufacturing
, _ : anomalies were identified based on Task 2 and 3 strength data. Under Task 5 -

) V;. 1%  _{Final Analyses and-Correlatiod,a%pquired data reduction, methodology development
o and correlation, and necessary documentation were performed. .
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This report documents all program activities performed under Tasks 2, 3, ! .

4 and 5., Activities performed under Task 1 - Literature Survey, were pre-

b viously reported in AFFDL-TR-78-179. Static strength methodology and evalu=- !
v tions of joint static and fatigue test data are reported. Analytic studies '
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 limitaticns., For static strength
data, correlations with analytic predictions are included. Data tremnds in
all cases are discusced relative to joint strength and failure mode. For ,
joint fatigue studies, data trends are discussed relative to life, hole 1
elongation, and failure mode behavior.

———

o
i

This final report is organized in the following three volumes:

Volume 1 - Methodology Development and Data Evaluation

Volume 2 - Test Data, Equipment ar' Procedures Y

Volume 3 - Bolted Joint Stress Fie:d Model (BJSFM) Computer Program
. User's Manual
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FOREWORD

Tiie 'work reported herein was performed by the McDonnell
Aircraft <Company (MCAIR) of the McDhonnell Douglas Corporation
(MDC), St. Louis, Missouri, under Air Force Contract F33615-77-
C-3140, for the Flight Dynamics Laboratory, Wright-Patterson Air
Force Rase, 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
Procject 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
Investigator was Mr. Samual P. Garbo, MCAIR Structural Research
Department. ’
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SECTION I
INTRODUCTION
The chijective of the five task program was to develop and

verify improved methods for predicting static strength and to
experimentally evaluate the durability of bolted composite

joints. This volume summarizes the procedures and eqguipment used
to conduct the experimental verification program associated with:
Task 2 - Evaluation of Joint Design Variables, Task 3 -

Fvaluation of Manufacturing and Service Anomalies and Task 4 -
FEvalunation of Critical Joint Desgign 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:

Test Matrix and Test Objectives
Specimen Configurations
Specimen Quality Assurance
Panel Fabrication

Specimen Fabrication

Test Procedures

Test Equipment Used

Special Procedures

Test Data

¢« e
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SECTION II

RESULTS OF TASK 2 TESTING ~ JOINT DESIGN VARIABLES

1. 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

variairles studied and numoer of s8pecimens tested. The test
matrix was textured to eliminate unnecessary combinations of load
and environmental conditions. Tests were performed at three

environmentai c¢onditions for selected joint design variables;
room temperature dry (RTD), room temperature wet (RTW) and
clevated temperature wet (ETW). Elevated temperature testing at
250°F and specimen muisture content of approximately .86 percent
by weight were selected as representative of structural environ-
ments for near term multi-mission 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 Jjoints tested in Task 2 were a variation of the base-
line configuration presented in Figure 2. The two-bolt-in-tandem
configuration complements existing pure bearing load-transfer
data tases and is representative cf 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 bearing,
(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 desigr 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 confined to the vicinity
in front of and immediately around the boit hole while the gross
laminate is unaffected by a previous static test due to the low
laminate strain levels at failure. This procedure 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.




S

Downloaded from http://www.everyspec.com

T e g T A I AT 7

e 1se] sejqeueA ubBjseq julop - Z jsel ‘| eanbi4

Z15i10tidD !H—H,’gl M H.l.”'
I P na P . i e
T A 1v106180S :uualse} pesy buipnuloid yiim UoIe:iSi4uOD Bul|aseg Q
13 N I o006 = %0 l i | (N9 SSYdAS UNY ONIHYZ1
A Ao ||z SO L0
A \\N A A \/ ofi Mm = _.N " cor——————— — NOUL 4 3
olt = -
02 A 1y %8 L) 1 .
N g XN L Shen - SHINILSVL
N 920 = £0/4) t . 13dAL WNNSHILNNOD
N 860 = C(y/y) L wnHu —- §
N o= Ltom) t
R ——
z N A INBEA 5290 =2 | ° T 36AL SSINXDIHL
AR A AR VA 9ip0=Hh i - . )
4 AN VA AN BVARE Ve N s v — T3dAL
vz N SL€0= P ! . YY3IHS 1T1INIS
A ovoem | 1 | Lo ] :
A A 0z =P/ L . 13dAL
A N \ 1 S
8y N AT A 6 'ON dNAVT t o
w \N W 3 ON dNAVT L 1 [ 2d4AL 39N3ND3S uz;uﬁm
/ L DN dNAY l - .
A VAT BVA 9°ONdNAVT l = -
~A w 5¢ Al
N 0§ £ | L .
¥ A e, 5z o = II3dAL
A FRAJS 81-°NI0 A InoyoL
HINILSVA
A * 5¢ €7 | i
e <5 £ e———— 13dAL
vE % +4 52 YA
N ##M a1Nne €71
: : NAY1 :
mwwﬁ W03 | 'N3L | WOJ | 'Nii | WD ) M3l NOULVIMVA |d NIWI234S 1531 319VIHVA NDiS30 INIOT
ML3 Miy LT NOILYHN9I14NOD

——— T, 70




1

‘Downloaded from http://www.everyspec.com

ITLS3L0514D

c - - oy

P rr—y e r———— g e e w e e

xupie 1se) sejqepep ubiseq jujor - Z yseL (penupuod) °L eanbiy

Pe  §Z
-10GE/SY '1UBWIUOIIAUS 131EM 1S O} 8INs0dXa Jdlye 1Sl ¢ W
> 9-105€
Ly iviolL ||._ E] WW. P Axod3/auydesn) §OZG/00EL ‘Si1saly @
w %wwwmm ' 3 = (QANDITVYNON
03 &b~ INIHY3IE ONV SSVdAS)
44 AN A o0t = 16 ¢ 5 4 . Im3da NOILIVEILNI QYO
AL : s N,
/ ol =
0d 4\\n % y bl _ SNY3LLVd
0 -0 AT3dAL H3NILSVS
[
\/ .\/ .\/ ﬂ P des H—— 4 — i
A oN N 1 i e
« | A A ALA £ | o o
VAR BV A 4 _H M TM2dAL n_=>ﬁ
/- N VAR VAR A {INI13SVE) t iﬂ”ﬂl
14 N N 0'8 = E(p/m) ! T ° J
IN N 0’ = S(p/m) 1 p— M3dAL HLOM
N N ot = bpm) 1 5= -
A " pr- s ¢ L l_ T 3dAL 3NV1SIC 3903
w w 0v= m:_E 1 p s R 8
0z =2(p/o) 1 B
N N 51 = Hpsa) b j—is —
2 I o050 = £p Lo {e o ]
N GLg0 = 2p L P I 3dAL 3215 310H
a s.810=tp L | =% = L
N3L N3L| NOILVIHVA |dnAvi
Sisal ) WOJ | NiL | WOJ j 3L | WOD | N3 ! NIWID3dS 1S3L 378VIHVA NDISI0 LNIOT
V101 Mi3 MLy a1y ..0ILVEN9IINDD




b
2
1
P
£

R e

Downloaded from http://www.everyspec.com m—_ﬁ

) f w/2
! |
' Ll R
| 1

LAMINATE:

STACKING SEQUENCE:

THICKNESS (t):
HOLE SIZE (d):
HOLE CLEARANCE:
FASTENER TYPE:
TORQUE VALUE:
WIDTH (w):

EDGE DISTANCE (e):
HOLE SPACING(s):

LOAD CONFIG'!RATION:
Figure 2.

LAYUP NO. 1 50/40/10
{+45°, 0°, —45°, 0, 90°, 0°, +45°, 0°, —45°, 0°] s
0.208 IN. NOMINAL (20 PLIES)

0.2495 1. NOMINAL.

MCAIR CLASS I FIT 0.2495 (+0.0022/—0.0000) IN.
ST3M 453-4 (0.2495 + 0.0000/—0.0005 IN. DIAMETER)
50 IN.-LB (1/4 IN. FASTENER)

1.50 IN. (w/2d = 3.0)

0.75 IN. (/¢ = 3.0)

1.00 IN.

DOUBLE-SHEAR

Baseline Specimen Configuration

GP130115-132
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]
§ 7.50 i
|
3.76—| —e - 3
‘ %.
‘ : {
—m— .
: 2 l ‘:
( +0.0022 5
¥ d. —o.oooo*/ | ’
?1 Strain Gage | P
! i
i:' . - ;
) ‘ No. of Plies 4
. i
Specimen . w e d,
Configuration | No.ot Pies | i) | (ip ) (in')
:
P 3A 0.750
1= 20 1.500 0.2495
ii 38 0.500 !
% ac 40 !
0.3745
3D 2250 |1.125
60
3E 0.5620
a) Single Fastener Specimens j
Note: All dimensions are in inches. GP13.0115133
Figure 3. Single-Test Gpecimens
;
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7.50

3.75 20 Plies
s S |t
|
w ]
- . C'\ A 7 - w - -
\N ' l
T N
' \ . ~
+0.0022 ,.
' 0.2495 —0.0000 dia
Strain Gage
Specimen w e s
Configuration (in.) {in.) (in.)
3F 0.750
T 0500 | o
3H 1500 |\
31 0.375
3J 0.750
3K 0.5090
3L 2.000 | 0.750
3M 1.250 1.000
3N 1.000
b) Multiple Fastener Specimens
7.50
+—0.750
1000 |~ 0.2495 00022 dia

Typical 4 Places

1.25 -

] ]
Strain Gage /

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

c) Fastener Pattern Specimen

No. of Plies —=] |-

GP13-:0115-134

Figure 3. (Continued) Single-Test Specimens
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15.00 -
+0.0022 ,.
0.2495 —0.0000 dia
S P Typical 2 Places

: ~——3./6—— /S/~ Deg Oft-Axis

V—Sﬂ ain Gages
.l
f

\
%

20 Plies
i |
Specimen Dimensions (in.) Of?-?:xis ‘
Configuration a b ¢ a f W
3R 6.082 | 2.836 | 0.500 | 1.42| 1.00 | 2.000 10
3s 6.293 | 2.414 1.000 [ 1.20 | 1.26 | 2.500 22.5
: 3T 6.500 | 2.000 | 2.000 [ 1.00 | 1.75 | 3.500 45
N . !
N d) Load Interaction Specimens aP13.0118-228
o

Figure 3. (Continued) Single-Test Specimens
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B
i
1
|
' j
3 15.00 :
¥ |
Test (4) —___ [Test (3) ~— Test (2) ~~ Test (1) —\
\-‘—————3‘75—-—-——-— —] @ (> —wl o = —e{ e e (o
i B 00 ( & 5
3 . . 4 N A 2
;; ! 79 WV \L/ \V w
E Strain Gage—/
Pt
P " +0.0022 No. of Plics
J % _0.0000 TP
; ===
g '
. i, 10.0048 ;
| ' Csink, _g.00r0 |
i
Failed portion of test specimen i
& malchined o|fof prioretso ?‘\%éldrilling =t é
q
;
Specimen . w e d C'sink
Configuration | No.of Plies | - o {in.) {in.) {in.)
a4A 0.750 3
. 1.500 )
4 500 2495 ’
B 20 C.50 0 i
' ac 1.000 [0.750 !
NA
A 4D
} 4E 40
: aF 60 ,
2250 | 1.125 0.3745
4G 20
4H 40 100° x 0.7556 i
41 60 3
’ a} Single Fastener Specimens OP130118138
Figure 4. Multi-Test Specimens
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15.00 ] 1
§
| A A A |
ﬁ Testd—|  Test3—\|  Testz—\|  Test1-y 1
! e r—.— l e fe- e |- g =
,‘~ fo———3.75 ———=| —=| s ———l s s s -
| | H | | \ | | }
/ ——
_ bt bd L P Kl = ]
YoV 1
' t Strain Gage |
P d, igzgoogg Typ !
s ‘ Note: All dimensions are in inches. i ‘ ‘
20 Plies :
it Failed portion of test specimen machined :
off prior to hole drilling. \
i
|
i Specimen w e s d, !
E Configuration {in.) (in.) {in.) (in.) {
P
31 4 1500 | 0.750 | 1.000 0.2495
! i .
i 4K 3.000 1.500 2.000 0.4995 i
4L 225 | 1.125 | 1.500 0.3745
am 1125 | 0568 | 0.750 0.1870
4N 0.500 j
ap 1.000 | 1.000 ‘ %
4Q 1500 | 0.375 :‘
4R 0.750 i
0.249¢%
AS 0.500
AT 1.000 0.750
i au 1.250 1.000 é
; av 2.000 :
c ‘ b) Multifastencr Specimens QP130115.227
‘ Figure 4. (Continued) Multitest Specimens
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g" |
? H
1
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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 1load interaction
specimens were required to complete the experimental evaluation
of joint design variables.

3. SPECIMFN QUALITY ASSURANCE - Hercules AS/3501-6 graphite-
epoxy (.0104 inch per ply) was used for fabrication of 311 test
specimens. Sixteen specimens were fabricated with w~armco T300/
5208 graphite-epoxy (.0054 inch per ply). Prior to testing, a
three phase procedure to assure quality of test specimens was
per formed.

First, material prepreg was 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
i had been tested and found acceptable to the same requirement.
§ 1 Upon receipt of shipment at MCAIR, a receiving inspection was
ﬂ per formed to repeat certain mechanical and physical tests to
: assure that prepreg material was acceptable for usage in panel
fanhrication.

TR g T g —cn

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

The third phase of specimen quality assurance required that
machining and drilling of each specimen be in conformance with
MCAIR 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, corrasponding ply orienta~
tions, and stacking sequences are listed in Figure 5. Three
layup variations were fabricated from the 0°, +45°, 90° 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 (noc.
- 3). All other stacking sequence numbers in Figure 5 refer to
variations of the ©baseline 50/40/10 1layup in thickness or
stacking seqguence. ?

All panels were fabricated per MCAIR process specifications.
Interlaminar 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.

11
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W 46° +45°
L 90°
No. of . .
Pligs —= |=— e — L :
. . . - Graphite/Epcoxy Prepreg
Panel Dimensions (in.) No. of gzz‘:': é’c Material Used
Number P )
L w 183 | (See Note) [ o¢ No. Speol No.
| 40 | 24 AN 953 3
2 VN 2
e —{
20
3 32 12 —A—--*ﬂ 984
4 AN 1
5 AN
6 40 2N 3
8 o 3 (Plies 1 ~ 18)
! 48 60 VAN 953 | 4 (Plies 19 ~ 60)
8 24 VAN A
9 25 12
10 48 24 2
20
11 40 12 A 984
12 33
24 3
13 35
14 12 A 2
40
15 20 AX 3
24 —_—
16 33 AN 1
7 A
35 12 40 1,297 A\ 1 AN
18 A
3 (Plies 1 = 12)
19 a8 | 24 | 20 FAN 984 | 1 (plies 13 20)

Notes:
A (+45°, 0°, 459, 0°, 90°, 0°, +45°, 0°, —45°, 0°) ¢
A [+45°, -45°, 0°,, +45°, 90°, —-45°, 0%4] ¢
A [(+459, ~467)5, 90°, 0% g
[A\ 1+45°, —as°, 0°,,90°, 0°, +45°, —45°, 0%,] ¢
& [+45°, -45°, 0%, +45°, —45°,90°) ¢
@_\ [+45°, 09, —45°,0°,90°, 0°, +45°, 0°, --45°, 0°] o¢
A [+45°, 0°, —45°, 0°, 90°, 0°, +45°, 0°, —45°, 0} 4¢

‘ [+45%, 90°, -45°, 90°, 0%, 9u°, +45°,90°, ~45°, 90°] ¢

& (+45°, 0°, —45°, 093, 90°, 0°;1] ¢

Lﬁ\ [+45°, 09, --457, 09, +45°, 50°, -45°, 0°, +45°, —45°] ¢
A}; [+459;, 09, --45°,, 095, 90°;, 0°,, +45°,, 0°,, -45%,, 0°,]g
{1459, 09,, --45%), 00, +45°;, 900, 4595, 09, +45°%,, -45%,] ¢

& NARMCO T3n0/5208 (5 mil per ply thickness) Graphite/Epoxy prepreg
matarisl was used in the fabrication of panel numbers 17 and 18. All
other panels were fabricated using Hercules AS/3501-6 (10 mil per ply)

Graphite/Epnxy prepreg rnateriai.

Figure 5. Panei Configurations

12
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5. SPECIMEN FABRICATION - Individual specimens were machined
from the panels per MCAIR comnosite machining processes. Each
specimen was uniquely numbered to identify panel number, indivi-

dual specimen number and test variable assignment according to

the following code:

XXX - XX - X

L specimen number

panel number

- variable number

This coding 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
bias 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 randomization 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 panels to permit duplication
of specimens from the same data base as necessary. Thickness,

width and hole diameter were measured 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:

o Thickness, width and hole size measurements

o Failure load and failure strains

0o Load vs. strain plots to failure

o Load vs. deflection plots to failure

o Weight gain of humidity .:xposure specimens

o0 Representative photographs

A double shear 1load block with 1/4 inch diameter bolts
torqued to 50 in-1b 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
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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-
E tive humidity at 180°F until an average moisture content of
- approximately 1.0 percent was 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
l approximately .86 percent by weight. This moisture content is

that which would be achieved in laminate thicknesses typical of
fighter aircraft wing skins e b>osed to a year round average
relative humidity of 81 percent «. 80°F 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 envirormental
exposures. Moisture data for each specimen is presented in
Section 1I1.9, Tables 1 through 3.

7. TEST EQUIPMENT - Two test machines were used for tests in
Task 2; 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 f
which a bolt is installed and torqued. The effect of a counter-

. sunk fastener was achieved through use of conical shaped bushing
‘ ends. Load clevises were steel and designed to a minimum load
clevis-to-laminate stiffness ratio of ten to prevent significant
variations in bolt-load distributions if material mechanical
properties changed. Titanium and aluminum were used as the load
i block material for those tests requiriag different load sharing
capabilities (see test matrix, Figure 1).

i’l 14
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Test Machine
Hydrauhe Grips

/--— 1 oad Block

Compliance Gage
Setup ~

QP13-0115.437

Figure 6. Double-Shear Test Setup
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1.5
10 A\
/ Specimens Ramoved and Tested
0.5
/]
98% RH 95% | 98% RH 55% RH
160°F RH | 180°F 180°F
160VF 1
0
0 50 100 150 200 250
Days

[rTaR SR RE

Figure 7. Environmental \:xposure Schedule

Load interaction specimens were tested with a specially
designed loading fixture. This test fixture (Figure 8) con-
sisted of identical, hydraulically actuated, scissor mechanisms
on each s3ide 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
conventional hydraulic grips at the ends of the specimen. Bear-
ing luads were held constant as the by-pass load was increased.
This 1lnad 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 srraonsae
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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°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. Sincle Fastener Tests - Tension and compressicn 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 T76 Aluminum
Plates

Test Specimen

{Typ 4 Places) —\

A}

|
!
%
~~~-M@=~maﬁ;r x'k;;u;:\ — GP13-0118-140
Figure 9. Exploded View of Sait Spray Exposure Test Setup After Exposure |
i
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Specimen Number 2-5-6
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Figure 13. Bearing-Shearout Mode of Failure
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Edge View of Failure

GP13-0115154

Figure 16. Shearout-Tension-Cleavage Mode of Failure
22.5° Oft Axis Test
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E Plan View of Failure

Edge View of Failure GP13.0115-155

Figure 17. Bearing-Shearout-Tens‘on-Cleavage Mode of Faliure :
45° Off & 5 Test :
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Figure 18.

Shearout-Tenslon-Cleavage Mode of Failure
67.5° Off Axis Test
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‘ GP13.0115-157
| Figure 19. Shearout-Tension-Cleavage Mode of Failure
| 80° Oft Axis Test
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Figure 20. Bearing-Net Section Mode of Failure
90° Off Axis Test
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GP13-0115-172
Figure 24. Bearing (Compiession Test) Mode of Failure
| ;
!

o T e




Downloaded from http://www.everyspec.com 1

R e ERRyeem s T A emm v ey ememmn e e e

GP130115173

! Figure 25. Fastaner Pattern Tension Test 3pecimens After Testing i
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Specimen Number 11-13-13

-

b . _
GP13I0115.174

b Figure 26. Tension-Cleavage Mode of Failure
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Figure 27. Load Interaction Tension Net Section Fa!lures
45° 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 variableas. 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 configquration was nsed to evaluate the ef“ect of each
H anomaly on static strength. Three environmental conditiors 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.

Bt e g T T T VY

S T

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 confiquration was §
‘ incorporated in two types of specimens; a single data point i
specimen and a multiple data point specimen. Illustrated in i
Figure 29 are the detailed specimen geometries required for Task i

4

i

3. A total of 14 multi-test and 60 single test specimens were
fabricated to complete the evaluation of manufacturing and
service anomnalies.

3. SPECIMEN QUALITY ASSURANCE -~ Hercules AS/3501-6 graphite-
epoxy was the sole material system used in Task 3. All material

i
i
was qualified prior to panel fabrication as described in Section |
II1.3. i

|

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, Juanti-
fied using ultrasonic C-gcan techniques.
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1
‘
§
3 Number of Tests ,
: Par Environment Total i
Anomaly Specimen s
3 RT (D'Y) RT (Wet) ET (Wet) Tests *“
; Tension | Compression | Compression i
b.” 1. Qut-of-Round Holes "‘
% 1" Laminate (560/40/10) 4 - - 4
‘| “2" Laminate /30/60/10) 4 — - 4
2. Broken Fibers on Exit Side of Hole
3 Severe Delamination 4 4 4 12
b Moderate Delamination a 4 4 12
3 3. Porosity around hole ‘
Severe Porosity 4 22 N 4 12 i
Moderate Porosity - 2,2 4 8

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

5. Tilted Countersinks

S A
[
[

S

Away from Bearing Surface 4 - 4 8
Toward Bearing Suiface 4 - 4 8 {
i
6. Interference Layup 1 4 - 4 A 8 ’
Fit Tolerances 1 4 - 4 8 g
0.003 in. Interference Vi 4 - 4 8 g
0.008 in. Interference 2 4 4 8 \i
7. Fastener Removal and Reinstallation
100 Cycles 4 - 4 8 i
Total 116 4‘
QP13-0115.110 3
& After freeze-thaw cycling A Tension tests 1
Figure 28. Task 3 - Evaluation of Manufacturing Anomalies-Tast Matrix :

vy
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[ 15.00

A e I A

Test 4 Test 3 \ Test 2—\ Test 1 ‘\
3.7% 0.75;\_- 0.:5+ -—
0.75- o 0.75 = mad
ﬁé- —=11.00 [=— | ~={1.00 = | —=f 1.00 |~ | —=] 1.00 |~

ﬁ oD LL Ve U Fa
1
) \
Strain Gage d. dia

1.500

g
4
\S 4

20 Plies

| = = -

L
NS
1

3 /2N Failed portion of test specimen machined oft H ;
B - prior to hole drilling. H, Hole Configuration

{Test Variable)

‘ i Specimen d, dia :ggggg H, Hole Configuration ‘
H Configuration (in ) (Test Variable) ;
> ’ . j‘
n 29A 0.2495 QOut-of-Round ;
; {
[ .
: Broken Fibers - i
1} 298 0.2495 Moderate Delanination “
i 29C 0.2495 Broken Fiberg - ]%
3 Severe Delamination
Countersink Seating Depth - :
290 0.2495 | 80% of Thickness .-
Countersink Seating Depth - l
298 0.2495 100% of Thickness
) ’ J9F 0.2495 Tilted Countersink Away 1
. ) from Bearing Surface J
. Tilted Countersink Toward i
R 29G 0.2495 Bearing Surface
¥ 29H 0.2465 Interference Fit
i
;, 291 0.2415 Interference Fit
¢
' Fastener Installation and
29J 0.2435 Removal - Protruding Head
: 29K 0.2495 Fasteper Installation and

: Removal - Countersunk Head

Multitest Test Specimens

Figure 29. Task 3 Test Specimens GP130115.178
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Note: All dimensions are in inches.

7.50
0.75 —= S
3.75 20 Plies
—"“1-00"—' ’
— 0% _ ~ N 9.760  1eho . ]
T \‘
d +0.0022
' —0.0000
Strain Gage .
,’ 1] 1]

IR N 1ol Configuation
v (Test Variable)
A

Specimen d tlole Configuration
Configuration (in.) {Tust Variable)
29L 0.2495 Severe Porosity
29M 0.2465 Interference Fit
29N 0.2415 Interference Fit
0.2495 Broken Fibers -
29p 249 Moderate Detlamination
Broken Fibers -
29Q 0.2495 Severe Delamination
29R 0.2495 Moderate Porosity
Tilted Countersink Away
295 0.2495 from Bearing Surface
Tilted Countersink Toward
297 0.2498 Bearing Surface
Fastener Installation and
29V 0.2495 Removal - Countersunk Head

Single Tast Test Specimens

Figure 29. (Continued) Task 3 Test Specimens

GP13-0116:177
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i 4. PANEL FABRICATION - Four panels were fabricated using
AS/3501-0 graphite-epoxy for Task 3. Layup variations used were
the bhaseline 50/40/10 and the 30/60/10 laminate of Task 2. Panel
diiensions, piy orientations and stacking sequences are listed in
Figure 30,

X

0° |

!
P
s w 480 +45°
90°
|
% 1
; Number | L i
E “"l of Plies | ]
| 1
f , . . . Graphite/Epoxy Prepreg 3
: Panel | Dimensions (12, ¢ | Sucking Material Used
- No. tes (See Note) |

L w Lot No. Spool No. i

20 48 24 _ A\
21 2

20 1,034 3
32 12

VAN

B>

oP13-0118178

Notes

,ﬁ; ;+452 0° —45° 0° 90°, 0° +45° 0°, --45° 0°) g

(+45°. 0%, -45°, 0°, +45°,90° —45°, 0° +45° 457,

Hercules AS/3501-6 Graphite/Epoxy pregireg material .
vas used in the tabrication of all panels. i

Panel was fabricated 10 as 10 coOntan severe porosity

B bk

Panel was (abeicated 50 85 10 cOntain moderate porosity

Figue 30. Punol Configurations
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Two of the four panels were fabricated according to MCAIR
process specifications, while two panels were intentionally fabri-

cated to contain various amounts of porosity. Moderate and
severe porosity levels were induced using water mist and modified
laminate cure cycle procedures. All panels were accepted fo.

testing in Task 3.

5. SPECIMEN FABRICATION - Specimens wz2re 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 II.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 from 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 required fabrica-
tion procedures not in compliance with acceptatle MCAIR
standards. A detailed description of the techniques used for

each anomaly 1is given in the "Special Procedures" section
(Section II1.8).

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

6. TEST PROCEDURES - All specilimens were tested to static failure
under tensille or compressive loadings as indicated in the Task 3

test matrix (Figure 28). Data documented for all test specimens
included:

Thickness, width and hole size measurements
FPailure load and failure strains

Load vs strain plots to failure

Load vs deflection plots to failure

Weight gain of humidity exposure specimens
Representative photographs

C0C 000

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

Specimens requiring moisture preconditioning we: e exposed to
the same environmental sequence as the baseline specimens of Task
2. However, due to the nature of the various anomalies, moisture
abzorption and desorption rates were affected while final equili~

brium levels remained fairly constant, as shown in Figure 31.
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98% RH at 180°F
2.0
o ————— 55% RH at 180°F

£
=
215
b
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€
a
3
-4
é 1.0
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05

QO Severe delamsnation
195% RH a1 160°F A Moderate delamination
. I I Severe porosity
L 98% RH at 160°F Q Moderate porosity
ol L | |
0 20 40 60 80 100 120 140
Days
ar13.0115.179
Figure 31. Average Moisture Content for Task 3 Specimens
7. TFST FOUIPMENT - Task 3 testiny was accomplished with the

sane ejquipment used in Task 2 (Section II1.7). Two load blocks
were ased n this task, the baseline load blnck used for all but
intarference fi* fasteners and a two strap titanium load block
configuration used for interfererce fit fastener testing. Float-
1ng bushings were used to obtain torgue-up and to simulate
protruling head and countersunk istaners.

q, SPECIAL PROCLRURES - Special fabrication procedures were
ieveloped ¢n simulate commonly occurring manufactiaring anomalies.

v lescrintion o€ each anomaly and the procedures to obtain the
anomaly are given in the following paraqraphs.

Out-of-round holes were produced by drilline two nominally
sized holes .0u4 1nch »ffset. The holes wer= elongated rerpendi-
~nalar t the specimen axis (Figure 32a).
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P S —

0.2495 —= I—— ] I-—0.2495

‘ 0.004

L],
| 1
1.00 0.75 =
NN

3) Out-of-Round Holes

foan

100° Countersink to
Depth Shown
(Typical)

b

0.2495 dia

(Typical) 100% of Specimen

Thickness
e) Countersink Seating Depth 100% of Thickness

p— 1.00 ———=0.75
! 7]

r-— 1.00—*'-0.75‘—]

Exit Side
of Holes

Delamination

within the Last

10 - 20% of Specimen
Thickness

b) Broken Fibers - Moderate Delamination

f é +0.005
@——— 0.502 *0-0%

'—— 1.00——.- 0.75-|

Exit Side
of Holes

Delaminatior
within the Last
20- 30% of Specimen
Thickness
c) Broken Fibers - Severe Delamination

10° (Typical)

\
i for Countersink
Only

f) Tilted Countersink - Away from
Bearing Surface

g) Tilted Countersink - Toward Bearing Surfsce

View Similar to f Except
Countersinks Tilted in Opposite Direction

100° Countersink to
Depth Shown (Typical)

E = =, L—
1= - — ] ———

o-lszvng:cL:IT —/ ] l

d) Countersink Seating Depth B0% of Thickness

80% of Specimen
Thickness

100° Countersink

+0.005
x 0502 * 00

dia (Typical)- f=—1.00 —t= 0.75 c-l
w:—-- -;

0.2495 dva
(Typical)

h) Fastener lrstallation and
Removal - Dountersunk Head

GP138115-180

Figure 32. Hole Drilling 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 through 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 procedures followed are presented in Figure 35.

it e A A o

TABLE 8. NONSTANDARD PANEL FABRICATION PROCEDURES

Altered Procedure Specification Panel Number
22 23

Vacuum Debulk Yes None None
Intermediate Temperature Hold | 1 hr at 275°F None None

Bag Vacuum 0.0% in. Hg 0.8in. Hg 1.5in. Hg
Autoclave Pressure 100 psig 50 psig 50 psig
Moisture Induced None Every 7th Ply Every Ply
Results A Good Panel | Moderate Porosity Severe Porosity

(15 Varified by uitrasonic snd radiographic NDt API3e118181
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GP13.0115.182

‘ Figure 33. Severe Porosity in Test Spscimen Indicated by Photomicrographs
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Figure 34. Moderate Porosity in Test Specimen indicated by Photomicrographs
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180

160“‘
140\

Cool Down from 180°F - 55% RH Exposure
120%-\///ﬁ

100
\

60— — ..\ > o—— Room Temperature

/ |
\ / |
0 | !
\ ,'
|

-OF

40

[

Temperature

—65 F

—60 - Lo

/
—80= ~|. ]
_1o0b [=30—{ =30 30

1 Cycle

Time in Minutes
GP13-0115.9

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. 1Initially, 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 Fiqures 36
through 39.
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Bolt Installed from This Sice
Pt A

F
'
\
:
c

PtB
Hole Dia = 0.2417

GP13-0118-188

Figure 36. Photomicrographic Resulte of 0.0072 Inch interference Fit

81

1
.
-

S e TR, A R T s '




Downloaded from http://www.everyspec.com

Bolt installed from This Side “
3
Pt A

i

¥
& ,
!
PtB :
Hole Dia = 0.2442 %
GP13.0115-188 {

Figurs 37. Photomicrographic Results of 0.0053 Inch Interference Fit
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Bolt Installed from This Side
Pt A

1B
Hole Dia = 0.2452

Figure 38. Photomicrographic Results of 0.0043 inch Interference Fit
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Belt Installed from This Side

!

Pt A 1
¢
E
3
|

b :

Pt A - PtB
Hole Dia = 0.2466 ;
GP130.i5-.88 i
i
Figure 34. Mhotomicrographic Resulits of 0.0030 Inch Interference Fi* i
:
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Fastener removal and reinstallation of 100 cycles was '
required for the seventh anomaly. Fasteners were torqued to 50 |
X in-1b for each cycle. Countersunk fasteners were used for this

. study. Standard hole preparation procedures were nsed to ‘
; fabricate these specimens.

To determine and guantify the severity of each anomaly,
ultrasonic C-scans were used. 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
Fiqure 40 was prior to fastener installation and represents a
benchmark to compare the other anomalies to. These C-scans would

indicate rejectable items using standard production quality ‘
assurance procedures. j
9. TEST DATA - All Task 3 test data are presented in this
section. Results tabulated include; specimen geometric data,

i . moisture content data, failure loads,

failure strains and failure
mode inforimation.

, , Tension and compression strength test data are detailed 1in !
Tables 7 and 8 respectively. Test specimen setup configuration
| figures referenced in the tables are also included (Figure 41).

Representative photographs of failed specimens are shown

in
. Figures 42 through 45.

PO

T e
s

85

! o A| ‘ JTREETO S
K‘. ) - '



Downloaded from http://www.everyspec.com - j

S -3 Specumen Number 2 20 12 Specumen Number 2 20 2
l; 1] " .."’E B . .
i i
A I
; i
i i
g# i
i ]
| !
: m"
l ”“ | ] l l “ | i
Interference Broken Flbers Broken Fibers :
Fit 0.2465 Moderate Severe |
) Dia Holes Delamination Delamination ‘
t
| |
|
!
Speumer Number 3-22-4 Specimen Number 3- 2’3 1 i
iy |“ i !
i !l!' 1Y HHH ! " !
. 1
H et el
{ | i ‘H T . !
4 ]: i ’: |i I:.:' ”
i C v i : A ' . v : :
A | ! it | 5 a
, H’ - i
[t Hh : RL t |
1 a{ I B i ' !
L R il ' 1
i i il j
:‘ l.l ' ' . i
ﬂ i E ; i 1
é REHIEE . b
' ! th I
e i
Severe Moderate
| Porosity Porosity GP130115.188
Figure 40. Ulirasonic “C"-Scans of Test Specimen Anomalies ]
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4 | |
E l . Note. All dimensions are in inches,
i Test Configuration 41A ]
GP13-0115.193 |
{ Figure 41. Task 3 Test Setups
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~Tapered Bushing
/ 11.60

A
ST3M463-4-26 Bolt/
Test Specimen
| —
p 1.5(_)6"4
Test Configuration 418
"’ 3.00
d Spacer for Load Block
NN~
\
N b —— —— e — ]
N
N Load Block
A — —~
NR 11.00
N\ -
\ | r
¥ €D |
N\ 1.000 | |
i T | {E- |
\
NI 1
ST3M7569Y4-6 Pin-Rivet, Threaded
\Test Specimen
# SR
p I' 1.500 l
Note: All dimensions are in inches. QP13.0115-184
Test Configuration 41C
Figure 41. (Continuec) Task 3 Test Sefups
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Figure 42. Tension-Cleavage Mode of Failure
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Plan View of Failure ‘

Edge View of Failure

GP130115.188

Figure 43. Bearing-Shearout Mode of Fallure
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Tilted Countersink - Toward
Bearing Surface

T -

PSR

o)
GP13.0115.1897

Tilted Countersink - Away from
Bearing Surface

Figure 44. Bearing-Shearout Mode of Failure
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} Figure 45. Bearing-Shearout Mode of Failure
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RESULTS OF TASK 4 TESTING - CRITICAL ‘OINT DESIGN
VARIABLES ON FATIGUE LIFR

1. TASK 4 - TEST MATRIX AND TEST OBJECTIVE - The objective of
Task 4 was to evaluate the influence on fatigue 1ifr of seven
design variables and manufacturing anomalies which were shown to
have 3 significant effect c¢n static strength in Tasks 2 and 3.
™he: test variables selected and fatiqgue parameters tested are
shown 1n 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 = +0.1 R=-10 [ RTW | RTD | ETW |RTW(TS!

1 | BASELINE g 3 3 3 3 3 3
50/40/10 0z 3 3 3 3 3 3 4
03 3 3 3 3 3 3 :

A 3 - 3 - 3 3

30760/10 2293 0 3 3 Z 3 - -

ug 3 3 - 3 - -

03 3 3 - 3 - -
_ 7N =S S S I I |
19/76/5 M 0 3 3 - 3 - - :
g 3 3 - 3 - - 3
a3 3 3 - 3 - - i

A 3 - P -

2 | STACKING SEQUENCE 7 3 3 - 3 - -
50/40/10 /2 09 3 3 - 3 - - !

03 3 3 - 3 - -

AU S I T A N ) I
erers A8\ 09 3 3 = 3 - - 3
a2 3 3 - 3 - - ;
03 3 3 - 3 - -
A 3 - - - - -
3 TORQUE UP
T =160 IN.-LB o1 3 3 - 3 - - i
50/40/10 /2\ oy 3 3 - 3 - -
03 3 3 —~ 3 - - ,:
A 3 - - | - - -

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

19/76/5 /A 02 3 3 - 3 - i

o3 3 3 — 3 — -

3 - - - - —

,{35 Torque vp = 0 in.-ib
GP13-0112-108

& Complementing staiic tests & d=0.375in.,w/d=6,e/d=3

Figure 46. Task 4 - Evaluation of Critical Joint Design
Parametsrs on Fatigue Lita - Test Matrix
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MAX NO. OF TESTS NO. OF TESTS
NO. TEST VARIABLE FATIGUE | CONSTANT AMPLITUDE SPECTRUM FATIGUE
STRESS | R=+0.1 R=-10 | RTW | RTD | ETW |RTW(TS)
4 GEOMETRY
, 50/40/10 /3\ o9 3 - - - - -
; d =0.376 09 3 - - - - -
wid=4 U3 3 - - - - -
ekd =3 A 3 - - - - -
19/76/5 3\ 04 3 - - Z Z Z
d~0.375 0y 3 - - - - - ‘
wh =4 03 3 - - - - - ]
e/d=3 A 3 - - - — - ]
3 19/76/5 /3 P 3 Z - Z = - :
| d=0.375 02 3 - - - - -
;f wid=3 ug 3 - - - — - ' :
eld =3 A\ 3 - - - - - 1
¥ 50/40/10 /3 o 3 - - - - - . |
d = 0.375 oy 3 ~ - - - - j
;t wid=4 a3 3 - — - _ _ i
. e/d=4 A\ 3 — - - - — |
g s
§ 5 FASTENER FIT (0.003 - 0.008 INTERFERENCE) !
g 50/40/10 2\ A\ 0 3 - - - - _ i
| ‘ ) 3 - - - - - i
o3 3 - - - - — 3
A 3 - - - - _
6 SINGLE SHEAR (PROTRUDING AND CSK) ,
50/40/10 /2 oy 3 - - - - - !
T=160IN.-LB o9 3 - - - - — :
Uz 3 — - - — —
& 3 - - - - H
d =0.375 IN. CSK oy 3 - R R - - :
wid=6 U2 3 - - - - -
efd=3 03 3 - - - - - ]
T=160IN.-LB A\ 3 - _ - - _ j
7 POROSITY ] i
s0/40/10 2\ A\ oy 3 3 - - - -
o9 3 3 - - - -
03 3 3 - - - — k
A 3 - _ _ _ _
TOTAL TESTS = 351
& Complementing static tests L/?& d=0.375in,,w/d=6,e/d =3 A Torque up - 0 in.-lb
GP13-0115.262
Figure 46. (Continued) Task 4 - Evaluation of Critical Joint Design !

Paramateis on Fatigue Life-Test Matrix
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D

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 3
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-
i 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.

P e

P <

2. SPECIMEN CONFIGURATION - The single bolt pure bearing speci-
n:n of Task 2 was used to obtain data on bolted composite joint
nerformance under cyclic loading. Baseline specimen geometry is
shown in Figure 47. To avoid bolt failures during fatique test-~-
ing, 3/8 inch diameter steel fasteners were used. For complement-
ing static tests, specilimens 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

gram, ‘Task 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) was evaluated for :
greater generality of test results. 1

joints. i

| 3. SPECIMEN QUALITY ASSURANCE - All gquality assurance proce-
; Aures described in Section I1I1.3 were adhered to in Task 4. !
{ 4, PANFL FABRICATION - Ten panels of AS/3501-6 graphite-epoxy i
were fabricated for Task 4. Panel dimensions, corresponding ply 1
orientations and stacking seguences are listed in Figure 48. To %
maintain unique panel identification within the entire test pro- i
|
|
i

Mine panels were fabricated per MCAIR process specifica-
tions. Panel nmumber 30 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
specimen was accomplished using the following code:

L 101
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Strain Gage-

; No. of
- } —a-‘ r——PlieS
i . [ 1
¥ | - ]
* 2
3 + \O—\ w |
% ' \
s (——3.75 ——— —— e = 4 10.0022 i
v ' —0.0000 %
[ .
7.50 !
£y i
% i
i Specimen . w e d, ;
X Configuration No. of Plies {in.) | lin) | lin) . ‘
N 47A 21 Plies for | 2 250 11,125
£ Specimen —
¢ 478 Numbers with| 1.600 [1.125
L 31 = 33 a8 - 0.3745 !
(_ 47C  heir Middie |20 }1.500 g
i 470 |Number,20 | 1125 [1.125 g
; —— ——1Plies for All :
y 47E  |Others 2.250 |1.125/0.3693 :
|
; 1
3 i
!
Strain Gage Z
i
_i ——-l r'20 Plies :
— [
1.125 :

1+ ———@) ——{ 2.250 _

p~+———3, 75— ‘]1.125 _\‘0,3745 +0.0022 .

_ --0.0000 42

7.50— ————={ 100° Countersink 3

g +0.0048 .

‘ 0.755 dic

£ Note: All dimensions are in inches. 6 ~0.0000 “*¢

i Specimen Configuration 47F 4P130115.189

{ Figure 47. Fatigue Test Specimens 4
!
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- - Q°

459 +45° ]
90°

L)
Py

k i
.f ;
; . I No. I | ’
, of Plies | 48 I 3
;, )
S !
‘ Stackin Graphite/Epoxy Prepreg }
i Panel No. | Soquence Material Used _f
No. | of Plies |(See Note) | Lot No. Spoot No.
’ 24 A\ 8 ?
8 (Plies 1 = 13) ‘
| 25 A 12 (Plies 14 - 20)

26 A 12 ;
¥ 1 !
07 1290 ' 42 (Plies 1~ 8) ;

20 9 (Plies 9 > 20)

28 A 9 |
g 29 9 (Ply 1) i
X 1 (Plies 2 -~ 20) i

) I 1230 | 1 (Plies 1 3) ;
AG 1,019 5 (Plies 4 = 20)
31 /A\ 1

1 (Plies 1 4)

32 21 & 1,487 2 (Plies 5~ 21)
3 2 (Plies 1> 1) :
3 (Plies 12> 21) !
- Notes: V

(+45°,0°, —45°, 0°, 90°, 0°, +45°, 00, ~45°, 0% g
[+45°,09, 452, 0°, +45°, 90°, --456°, 00, +45°, —45°] g
[+45°, ~45°,00,, 90°, 09, +45°, -45°, 0% 1g

[(+45°, —45°,09), (+45°, —450),, 90°, (-4K0, +450),, (0°, --45°, +457),)

(+45°, 0°, —45°, 0°, (+45°, ~45°)3, 90°, (-45°, +45°)3, 0°, -45°, 0°, +45°]

PP

Panel was fabricated so as to contain moderate pcrosity. 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.

GP13-0115-200
Figure 48. Panel Configurations 3

<
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XXX - XX - X

[_ specimen number

~— panel number

— fatigue variable number

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

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

6. TEST PROCEDURES - Data documented for ali static test
specimens in Task 4 included:

Thickness, width and hole size measurements
Failure load and failure strains

Load vs strain p.ots to failure

Load vs deflection plots to failure

Weight gain of humidity exposure specimens
Representative photographs

000000

Data documentation for the fatigue specimens included:

Thickness and width measurements

Hole size measurements before and after fatigue
Loading conditions

Cycles to failure

Hysteresis plots

Residual strength

Weight gain of humidity exposure specimens
Representative photographs

20000000

A double shear lcad block with a 3/8 inch diameter bolt was
the loading fixture used for most of the fatigue test program.
The Dbaseline fatigue configuration required Dbolts to Dbe
untorqued.

Baged 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 chosen 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.

L]
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Hysteresis curves were documented at incremental increases |
in total 7joint 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.

oz

Cyclic rates were maintained within the envelope of the MTS
Q machine to accurately sustain the required loads. In some tests, i
] as holes elnngated, cyclic rates were decreased to assure accur-— §
: ate performance. ‘

The random load spectrun used in Task 4 was an "F-15 Mea-
i sured-Mix Wing Spectrum-Truncated". This spectrum was generated
| by cowbining three F-15 wing baseline spectra (Air-to-air, air-
to-ground, and instrunentation and navigation) into one spectrum

o e i e s e ki dn ot

' termed "F-15 Wing Measured Mix". The Measured Mix spectrum is a
: cycle-by~cycle thistory 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 !

| cyvcles per thousand hours. The exceedance curve for this trun-
cated spectrun is illustrated in Figure 49. The maximum tensile
load in this spectrum was 10l% TLL with a maximum compressi: =
1oad of =-26% TLL.

s A

TABLE 9. DISTRIBUTION OF HOURS AND EXCEEDANCES

MEASURED MIX |
EXCEEDANCES OF {
b i
HOURS | g0% IMIT STRESS 4‘
AIR-TO-AIR 700 3,150 i
] AIR-TO-GROUND 100 140
1 INSTRUMENTATION ;
4 AND NAVIGATION | 200 10
TOTAL 1,000 3,300 1
QaP130115.20y h
1
1
! 105
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Figure 49. Measured Mix-Truncated Spectrum

Specimens requiring moisture preconditioning were exposed to
an envirommental schedule which allowed specimens to obtain 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 Dbaseline specimens were
tested at an elevated temperature of 250°F. An environmental
chamber enclosed the specimens during testing to maintain tewmpera-
ture and humidity conditions. During fatigue 1loading 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 specimens were
subjected to thermal spikes prior to testing (described in detail
in Section 1V.8).

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

106
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f .:'3' 0.5 r=-——-Specimens !
\ . = 197 Tested 1‘
H Days |
. :
: ) 98% RH at 56% RH at 180°F !
| 180%F 43 249 i
& Days Days !
; i |
0 50 100 150 200 250 {
Days i
GP13:0115.202 i
\

ask 4 tovironmentai txposure Schaduie

7. TEST EQUIPMENT - Task 4 testing was accomplished with 1€0,000
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 alsc used in Task 4. No wear was detected of the 1load
blocks after fatigue testing was completed.

. 8. SPECIAL PROCEDURES - One panel was fabricated with a moderate
' amount of pcrosity 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-
F 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 thermal spikes were
representative of measnred F-15 flight test data for a supersonic
dash. The thermal spike procedure used is cuclined in Figure 5.
Ideally, heat-up and cool-down rates of 1°F per second were
required. Specimens were weighed immediately before and after
thermal spiking to determine moisture absorption characteristic
changes. These weight measurements indicated no moisture loss
during the thermal spike exposure. A serien of ten thermal
spikes were performed allowing two days of environmental exposure
(180°F -~ 55% RH) between spikes.

300
5 min
Spacimens Allowed to —] r——-
Stabitize at Rocom °
250 |- (l;fempe_raturel 1  250%F — ’1 Specimens placed in an oven nperating at 350°F until
p%g)mmt)ate \ monitor spacimen reached 25 0°F at which time the
min specimens were transferred to an oven operation at 250°F
200 |- %
o 180°F , . _ o
Specimens placed in a cold chamber operating at —-50°F
until monitor specimen reached —30°F at which time
the chamber sotting was changed to —30°F
150 -
uw.
o]
@ y Specimens Allowed to
3 j—e—————Stabilize at Room Temperature ———
® 100 }-- {Approximately 120 min)
a
g Room Temperature —-—
-
50
Specimens Weighed
{Approximately 15 min)
Specimens Weighed
(Approximately 15 mm) -
0
Specimens placed in a cold_/ \J
chamher operating at —-30°F —309F
ol Sy
5 min S min
—-100
Time - min GP13.0115.203

Figure 51. Thermal Spike Cycle
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9. TEST DATA - Results of all test data obtained in Task 4 are
nresented in this section. Test results are divided in three
parts; static tests, constant amplitude fatigque and spectrum

! fatique tests. i

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 -~ Results of the constant
i amplitude fatigue te3ts performed 1n Task 4 are summarized in
‘ Table 1l. Corresponding specimen and test set-up configurations

for these tests are included in Figure 52. Photoyraphs of repre-
sentative failed specimens are shown in Figures 55 through 58.

i c. Spectrum Fatigue - Results of specimens subjected to
. spectrumn fatigue are presented in Table 12. Test set-up
i confiqurations for epectrum fatigue are shown 1in Figure 52.
Representative specimen failures are shown in Figure 59,

| 109
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T ———-3.00
L 30—
\ \
\ §
\ -
%/‘ Load Block
§ 12.50 |
\
— — —+ — —
Bolt, Nut,
Washers and
Bushing Dezails
Strain
Gage
E
|
- Test
\ Specimen
\
\
Hydraulic Grip of
L P 3 Testing Machine I<—2.250——~l

- GP13-0115-208

Figure 52. Task 4 Test Setups
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13/16 1.D. x 1-1/4 0.D. Flat Load Block
Washers as Required to Keep
Face of Bushing Flush with
Surface of Load Block

(Typical 2 Places)

Bushing for
Load Block

ﬁ\— S$T3M453-6-34 Bolt

Test Specimen
Test Configuration 52A

Load Biock

Bushing for
Load Block

h/u ST3M483-6-34 Bolt

ul Test Specimen
Test Configuration 52B

Load Block

Short Bushing

/ST3M759V6-18 Pin

Test Specimen

Test Configuration 52C GP130115-207

Figure 52. Task 4 Test Setups
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Figure 52. (Continued) Task 4 Test Setups
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Test Configuration 52F GP13.0115-200 ;
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Figure 52. (Concluded) Task 4 Test Setups ;
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‘ Figure 53. Static Net Section and Tension - Cleavage Modes c* Failure
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Bearing Bearing Shearout I

GP13-01158-2F5 . i
1
;

Figure 54. Static Bearing and Shearout Modes of Failure
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TABLE 11. {Concluded} CONSTANT AMPLITUDE FATIGUE TEST CATA
Notes:
"C" tollowing hole Jinmater dimension indicates that hole was countersunk, Dimension noted is the diameter of the
hole prior to testing,

Loads were based upon selected percentagss of the ultimate static tengion strength,

> >

il

V"' indicaies 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.

:

Cycles 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 axceeded a preselacted dimension.
(N) = Testing stopped. (M) = Total head deflection axceec'ed preselected dimension while ganerating initial
hysterisis loops. (F) = Testing stopped when specimen exhibitad complete failure during fatigue cycling.

Total head deflaction data were determined from the final hysterisis loop genorated for each specimen.

Dimension noted 1s the major diametcr of the elongated hole after shutdown of fatigue testing due to total head
deflection data or greater than 10° cycles. "'--"" in hole diameter column indicates that specimen failed during
fatigue cycling which prevented hole measurement or that specimen was tested for residual strength before hole
measurement was obtained,

>

Mode of failure legend: @ - @ implies a combination bearing {compression) - shearout mode ¢f tailure.

SN N

‘Q) Shearout mode (3) Tension-cleavage mode @ Net section mode
0° and 90° plies net section and shesrout
“‘pushed’’ out in combination. Failure
front of bolt hole extends along shearout

path and net section path

@ Bearing mode failure @ Bearing mode failu. 2 @ Bearing mode (Tension
localized Jirectly in localized directly in and compression) failure
front of bolt front of bolt, localized directly in front

nf bolt,

_/85 Specimen test results were affected by various anomalies in - "ie test procedures. Specimens affiecied by these anomalies

and the particular anomaly were as follows:
1-28-31 - Wrong size balt used in test setup.
1.25-30 - Residual strength test conducted with nc 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.
3-32-2% - Failed during initial startup due to an ovarload condition in the MTS.
7-30-6 - Washers not installed between load block surface and bushing head to maintain O torque + gap condition,

7-30-34 - Specimen overloaded on tension side at restart after genarating hysterisis loop at 93.560 cycles resuiting in

excessive hole elongation,
9 GP130115-2%
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Tension - Cleavage

Shearout QP13-0115.254

Figure 55. Constant Amplitude (R = 0.1) Tension - Cleavage and Shearout
Modos of Failure
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Bearing (Tension Side)

Figure 56. Constant Amplitude (R

Tension - Cleavage

GF12-0115.253

= 0.1) Bearing and Tension - Cleavage

Modes of Failure
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Net Section Tension - Cleavage GP13.0115.262

i

, Figure 57. Constant Amplitude (R = 0.1) Net Section and Tension - Cleavage d

Modes of Failure i

:

b

!

:

' 129

: L U A B . L Y T S




Downloaded from http://www.everyspec.com

4 |
: |
)
{v i
!
%
Beatig {Compression Side) Bearing {Tension and Compression Sides)
QP130115-251
Figure 58. Constan* Amplitude (R = - 1.0) Bearing Modes of Failure
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TABLE 12. (Concluded) SPECTRUM FATIGUE TEST DATA

Data in the initial column is the moisture content of the specimen after removal from humidity exposure. Data in the
final column is the maisture content of the specimen after spectrum fatigue testing based upon traveler coupon
moisture content data. "ND" indicates that no data was obtained. “PH"’ indicates 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 exposad.

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

Thickness and width dimensions were determined at the hole iocation. 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.

>R > B

Flight hours to failure data were determined according to the following criteria: {H) = Testing stopped when total head
deflaction data, as determined by hysterisis loop data, approached or exceeded a preselectad dimension. (N) = Tasting
stopped if failure did not occur after a praselected numbar of flight hours. {(F) = Testing stopped when specimen
exhibited complate failure during fatigue cycting.

Total head deflection data were determined from the final hysterisis loop generated for each specimen tested. Hysterisis
loops were generated for each sperimen at 1,000 flight hour.intervais. *’D" in total head defiection column indicates

that the deflection data noted was obtained from the incremental flight hours hysterisis loop generated immediately prior
to specimen failure.

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

> B

Mode of failure legend: @ - @ implies a combination tension-cleavage-shearout mode of failure.

Shearout mode @ Tension-cleavage mode
0° and 90° plies net section and shearout
“pushed’ out in combination, Failure
front of boit hole extends along shearout

path and net section path

@ Bearing mode failure
localized directly in
front of bolt

@ Net sectipn mode

AOS Specimens were thermal spiked prior to testing.

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 spacimen. 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.
ao:;:énswn faiLed during startup after completion of generating hysterisis loop due to overloading. Spacimen failed at
R pounds.

23 Specimens were tested using the ““RS01" spectrum. Pmax was 101% of TLL and Pmin was —26.1% of TLL.

13 Specimen numbers 1-26-8. 1-25-4 and 1-25-24 were testad using a cyclic rate of 10 Hz. All other specimens were
tested using a cyclic rate cf 8 Hz.

GP13.0115-243
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Bearing (Tension Side) Bearing - Shearout

GP13.0115-214

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