R RN e, o TR -

MACT2387

—

AFFDL-TR-79-3036 - R A
Volume I} lEVE | “‘
o 93’

IMPROVED METHODS FOR PREDICTING SPECTRUM
LOADING EFFECTS — PHASE | REPORT

Yolume Kl ~ Test Data

J. B. Chang
J. H. Stolpestad

Rockwell Intarnational Corporation
Lcs Angales Division

P. 0. Box 92038

Los Angeles, California 90009

——

Phase | Tachnical Report

 February 1978-January 1979

Approved for public releass; distribution unlimited.

Prepared for

AIR FORCE FLIGHT DYNAMICS LABORATORY
Air Force Wright Asronautical Laboratories

Air Foroa Systems Commeand

Viright-Patterson Air Force Bate, Ohio 45433

79 (8 2

fad

085S,




NOTICE

When Government drawings, specifications or other data are used for any
purpose nther than in connection with a definitely relcted Gevernment pro-
curement operation, the United States Government thereby incurs no responsi-
bility nor any obligation whatsoever; and the fact that the government may
have formulated, furnished, or in any way supplied the said drawings, speci-
fications, or other Jata, is not to be regarded by implication or otherwise
as in any manner licensing the holder or any other person or corporation,
or conveying any rights or permission to manufacture, use, or sell any
patented invention that may in any way be related thereto.

This report has been reviewed by the Information Office (0I) and is
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FOREWORD

Volume II of this report presents the test results of phase [ - identifica-
tion of controlling damage parameters of a research program entitled "Improved
Methods for Predicting Spectrum Loading Effects”. This program is being admin-
istrated by the Air Force Flight Dynamics Laboratory, Air Force Systems Command,
Wright -Patterson Air Force Base, Ohio, under contract F33615-77-C-3121. \Mr.
Robert M. Engle (AFFDL/FBE) is the air Force project engineer.

The test data included in this volume were performed primarily by personnel
from the Fatigue and Fracture Mechanics Group, Dynamics Technology, and Struc-
tures Systems, supervised by George E. Fitch, Jr., Supervisor, Joseph S. Rosen-
that, Manager, and Dr. George P. Haviland, Director. The program manager and
principal investigator is James B. Chang. The deputy program manager is John A.
Stolpestad. Principal contributors to the test program include Ko-Wei Liu, ™~
Fatigue and Fracture Mechanics, Wally Ferentz, Structural Testing Laboratory,
and Howard Ross, Manufacturing Engineering.
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SUMMARY

A An experimental and analytical investigation is being performed under

i contract F33615-77-C-3121 with the objective of upgrading crack-growth predic-

» tion methodology as it is impacted by spectrum loading effects. This report

; deals with the phase I studies of this program. Three interrelated tasks have

! been performed in phase I. The first task included an evaluation of the state-
of-the-art of currently used methods for analyzing fatigue crack-growth behavior
under flight-by-flight loading. The second task dealt with the development of
a general methodology for characterizing flight-by-flight loading such that the
; requirement of a cycle-by-cycle crack-growth analysis could be eliminated. The
f third task called for the definition of guidelines for the development of crack-
growth analyses for preliminary design, for detail design, and for individual
aircraft tracking.

To aid in formulation of methodology for the second task, an experimental
: testing program was conducted. This volume contains tabulations and plots of
; basic data collected during this experimental program. Data tabulations are
; presented for 106 tests ranging in complexity from simple baseline da/dN tests
\ to sophisticated randomized cycle-by-cycle fighter and transport spectrum tests.
In between these extremes were test groups that studied the influence of single
; and periodic overloads and underloads, multiple overloads and underloads, and
: simplified flight spectra. The text preceding the data provides a discussion
of test purposes, specimen design and fabrication, testing procedures, and data

presentation.
4 | GENERAL
Qr : A portion of the phase I effort of the IMPSLE program called for an
§ evaluation of the state-of-the-art of present methods for analyzing fatigue
S ‘ crack growth under flight-by-flight loading. The results and conclusions of
1 ' this studv are documented in Volume I of this report. Following the completinn
of this study, it was planned that a general methodology would be developed

3 for characteriring flight-by-flight loading, eliminating the necessity for a

X ‘ cycle-by-cycle analysis while predicting equivalent crack growth behavior.

% To aid in the formulation of this methodology, an experimental program was
planned to study the significant stress parameters which control the rate of

damage on a flight-by-flight basis. The following paragraphs describe the

approach taken in planning and carrving out this test program, and present tabu-

lations and graphical presentations of the test data.

TEST DESCRIPTION

The methodology development test program consisted of a series of eight
baseline tests to develop basic fatigue crack growth rate properties, plus
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five groups of methodology development test specimens varying in complexity
from simple constant-amplitude tests to complex random cyvcle-byv-cycle spectrum
tests.

The baseline tests (see Table 1) applied a common maximum stress of 20 ksi
with variations in the R-factor ranging + 0.70 to -0.30. One special static
test was conducted on a precracked specimen to verify the fracture toughness
of the material. In this test, the calculated stress intensity factor at
failure using the plane strain stress intensity formula, KI =@/IIC x WC’ was
49,000 psi‘inch, an acceptable value for this material.

The methodology development tests consisted of the following five groups:

Group I - Constant-amplitude loads - 10 tests (Table 10)

Group II - Single or periodical overload/underload - 20 tests (Table 21)

Group III - Multiple overload/underload - 30 tests (Table 42) |

Group IV - Simplified flight spectrum - 25 tests (Table 73)

Group V - Random cycle-by-cycle spectrum - 13 tests (Tables 99, 103, 107,
110, and 114) '

PR

Details of the loading conditions for each test are shown in the refer-
enced tables. The selected magnitudes of the maximum stresses, the stress
ratios, and the number of cycles for each test segment were predicated on
design limit load levels for typical fighter and transport aircraft.

Aihe i Estine. 4-:‘..'.

MATERIALS AND SPECIMENS ¢ |

All tests were performed on plates from a single heat of 2219-T851 !
aluminum alloy, specification QQ-A-250/30. The plate material was purchased j
from Ti-Con Industries, Huntington Beach, California. A description of the ,
material, including the chemical and physical properties, follows:

2219-T851 aluminum QQ-A-250/30,
1/4 x 48 x 144 inches

Mill source: Reynolds
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| Chemical properties
* Heat no.| Al | Mg | Mn In Ar Si Fe | cu Ni
743025D 0.20 0.02 0.05 0.10 | 5.8
0.02 .40 .10 .15 .25 ] 6.8
Cr Ti Th Ca ¢ ) P Others
Each
0.20 0.05 max
. Total
0.10f .30

Physical properties

Heat no. Yield strength Tensile strength % Elong.

743025D 46,000 min (psi) 62,000 min (psi) 8 min

The pnhysical properties were verified by a tensile coupon test at
Rockwell during which a load/strain curve was recorded. (See Figure 1.)
Yield strength, ultimate strength, and elongation properties exceeded minimum
requirements.

The test specimen blanks were machined from two full plates and a small
portion of a third plate. Each blank was uniquely serialized to identify the
plate from which it came and its location within that plate. (See Figure 2.)
The blanks were then finish-machined to the configuration of Figure 3. All
test section thicknesses were 0.250 inch, and the longitudinal grain was ori-
iented parallel to the loading direction. The center notches were installed
by EDM Laboratories, Garden Grove, California, employing the wire electrical
discharge machining process. The center-notch configuration was selected in
order to minimize the geometric considerations in the calculation of the stress
intensity factor.
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TESTING PROCEDURES

All tests were conducted in the Rockwell LAD Structures Test Laboratory,
employing the 500 and 1,500 K MTS fatigue testing systems. An MTS load tower
(Figure 4) consists of a rigid load frame and incorporates a dual bridge load
cell and hydraulic actuator. Applied loads are controlled through a closed
loop servo system and load programmer test system, with load cells and servo
uses a digital PDP 8E computer for program control. All tests except the
randomized cycle-by-cycle spectrum tests were controlled by the MIS system.
The randomized tests were controlled by the Datum servo system 70, a computer-
controlled fatigue test system selected for this application because of its
capability to handle much longer waveforms than is possible with the integral
MIS computer equipment. As used on the random spectrum tests, the Datum
system acts as a waveform generator and provides a command signal output to
the MIS servo controller. The MTS system returns a load cell feedback signal
to the Datum system which was used for ''desired versus actual load'" error
checking. The only other interfaces between the two systems are discrzte
signals providing test control, including hold, run, and ramp on servo con-
troller error detection. A schematic of the interrelationship of the MTS
and Datum 70 systems is shown in Figure 5. Loads were transmitted from the
test machine head to the specimens through hydraulically actuated friction

grips.

In most cases, the EIM crack starter slot in the specimen was precracked to
produce an initial crack length, 2a, of 0.30 inch approximately. Precracking
was performed under constant-amplitude cycling at an R-factor of zero and with
maximm cyclic stresses of 8 or 10 ksi, but in no case exceeding the maximum

stress applied in the subsequent test. All tests were run in ambient laboratory

air at room temperature. The cyclic rate for constant amplitude testing was
approximately 6 Hz, and for spectrum testing between 4 and 6 Hz, depending on
such factors as load level, load range, and the presence of compression loads.
Crack growth was measured by visual optics reading from precision scales
attached to each side of the specimen adjacent to the EIM slot. Measurements
were made and recorded after approximately each (0.05-inch increment of growth.
The long edges of the specimens were restrained against lateral motion when
subjected to compression loads.
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DATA TABULATIONS AND PLOTS

The raw data tabulations were initially made in laboratory log books.
For the dual purposes of data reduction and of presentation in this report,
the data were coded into program PLOTRATE, resulting ina computer printout
of the data for each test together with a graphical figure of crack length
versus applied cycles. Data tabulations and plots in this report are copies
of the computer output. Figure 6 shows a typical data tabulation together
with explanatory remarks concerning the K-max and delta K columns, the numbers
in which are inappropriate for all except the constant amplitude baseline
tests. The remaining columns are correct and pertinent to all other tests.
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The data tabulations are organized by test groups as follows: i

|
Tes? . Test Data
Description : !
Group Type load Table Tables |Figures ;
Baseline | Constant amplitude (for da/dN) 1 2-9 7-14 ;
I Constant amplitude 10 11-20 15-24 ‘
IT Single or periodical overload/
underload 21 22-41 25-44
111 Multiple overload/underload 42 43-72 45-74
v Simplified flight spectrum 73 74-98 75-99
v Random fighter spectrum, air-to-
air mission 99 100-132 | 100-102
\' Random fighter spectrum, air-to- :
ground mission 103 104-106 | 103-105
f
v Random fighter spectrum, instr § !
nav mission 107 108-109 | 106-107
v Random fighter spectrum, composite |
mission 110 111-113 | 108-110 !
v Random transport spectrum, f
composite mission 114 115-116 |111-112 '
6
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| .

e
14=FT, 0=IN, MAX WITH I""] '_']
ACTUATOR
FULLY RETRACTED

0-FT MIN WITH ACTUATOR
FULLY EXTENDED

! ]
33.06 MAX

27.06 MIN

] FLOOR LEVEL

MAXIMUM FATIGUE LOAD:
+ 500,000 LB

MAXIMUM STATIC LOAD:

;3, 600,000~LB TENSION
o 600,000-LB COMPRESSION

Figure 4, 500-KIP materials test system,
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TABLE 1.

BASELINE TESTS FOR FATIGUE CRACK GROWTH RATE DATA

Stress (ksi)
Test Specimen
No. No. Max Min R-Factor Remarks
B-1-1 MI-1-47 20 0.2 +0.01 Conventional EDM
B-1-2 MI-1-14 20 4 +0.20 Conventional EDM
B-2 MI-2-64 20 6 +0.30 Conventional EIM
B-3 MI-1-26 20 14 +0.70 Conventional EDM
B-4 MI-2-90 20 -6 -0.30 Conventional EDM
B-S MI-1-8 20 -2 -0.10 Conventional EDM
B-6-1 MI-2-88 20 0.2 +0.01 Slot by wire EDM method
B-6-2 MI-1-31 20 0.2 +0.01 Conventional EDM
Special MI-2-89 10 0.1 +0.01 da/dN growth to 2¢
= 0,75, then static load
to failure
NOTE:
1. All tests in ambient laboratory air.
2. Maximum cyclic rate 360 cpm.
3. Lateral restraints used in compression load tests.

13
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TABLE 10.

METHODOLOGY DEVELOPMENT TESTING PROGRAM GROUP I -
CONSTANT-AMPLITUDE LOAD

M-7

I

Appliad Base Load Over- / Under -
_— | ~i0ad_|
Test Loading x| “Minl TMax| “Min NI NII
No. Profile Ksi | Ksi | Ksi | Ksi [Cycle| Cycle Comments
Ny
M-1 8 0 da/dn at low AK
range, R = 0
0
M-2 N 8 2.4 da/dn at low AK
l I range, R = 0.3
M-2 1 o0 8 -8 da/dn at R = -]
N da/dn of negative
M-4 I 81 -2.4 stress ratic at
v low AK range
N
M-S , 40 0 da/dn at high AK
range, R = 0
-6 40 | 12 da/dn at high AK

range, R = 0.3

da/dn at high AK
range, R = 0.7

~

M-8

da/dn of negative
stress ratis at
high AK range

da/dn of negative
stress ratio at

low AK range, R = -0.1

40 | -4
Ng
8 ~0.8
0
20 | -0

da/dn of negative
stress ratio at high
AK range, R = -0.3

36
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TABLE 21.

METHODOLOGY DEVELOPMENT TESTING PROGRAM GROUP II -

SINGLE OR PERIODICAL OVERLOAD/CCMP LOAD

Overload/
ied e Load Underload
Test | Loadhllg o [FMin |OMax | °Min Np NI{ Comnents
No. | profile | Kksi| Ksi| Ksi| Kksi|OYel® | Crcle
NI NH T Single over-load
(o} gle over-
M-11 1o 20 0 30 0 2,500 failure | affect
Periodically applied
M-12 20 0 30 0 2,500 2,500 Singleo load eflfe;t.
R = » = .
NI NII 1 ROL
0 Periodically applied
M-13 20 | 0 as | 0 |2,500 2,500/ single load effect,
I
Periodically applied
M-14 20 6 40 6 2,500 2,500 | single load effect,
Ny AN Rp = 0.3, Ry =2
0 Periodically applied
M-15 30 21 40 21 | 2,500 2,500 | single load effect,
R = 0.7, Ry =1.33
N NII Periodically applied
M-16 L 200 20 | -6.0{ 2,500 | 2,500 | comp load effect
0 Ri=o
: . Periodically applied
M-17 ‘ 20 6 20 6.0] 2,500 2,500 comp load effect
N Ny R = 0.3
OM Periodically applied
M-18 40 28 40 | -12 | 2,500 2,500 | comp load effect
R, = 0.7
1
N Ni1 To | Single overload/
M-19 1 20 | © 30 |-6.0;2,500 | . comp load effect
failure
0 R =0, Ry =1.5




METHODOLOGY DEVELOPMENT TESTING PROGRAM GROUP IT -

TABLE 21.
SINGLE OR PERIODICAL OVERLOAD/COMP LOAD (CONT)
Overload/
Applied Base lLoad N N
Tﬁ:‘ Loading |PMax [°Min |OMax |™Min | I | 1L Comment s
|  Profile | Ksi | Ksi| Ksi| Ksi |* Y
N, [N
LA 11 Periodically applied
M-20 0 20 0 30 |-6.0 (2,500 2,500 | overload.comp load
effect
Ni AN Periodically applied
M-21 20 0 40 -12 | 2,500 2,500 | overload-comp load
0 effect
N NII To Single comp load-
M-22 20 0 30 1-6.012,500 fai overload effect
0 ailure
NI NII Periodically applied
M-23 20 0 30 |-6.01(2,500 2,500 { comp load-overload
0 effect
Periodically applied
M-24 20 -6 30 | -6 2,500 2,500 | overload effect,
Ny AN R<0
0 Periodically applied
M-25 20 |-6 40 | -6 2,500 2,500 { overload effect,
R<0, higher stress
N, N .
To Single comp-overload
M-26 |9 8 -2.41 8 -16 |2,500 £ailure effect
r<e
N, N . ge .
I IT Periodically applied
M-27 om_ 8 -2.41 8 -16 | 2,500 2,500 | comp -overload effect
N, I N e .
14 11 Periodically applied
M-28 20 -6 30 |-15 |2,500 2,500 | tension-comp over-
load effect
59
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TABLE 21. METHODOLOGY DEVELOPMENT TESTING PROGRAM GROUP I -

SINGLE OR PERIODICAL OVERLOAD/COMP LOAD (CONCL)

Overload/
Applied Base Load rlo
Test Loagfng %\ax | PMin ":Jixgs (}'M?: N N1p Commerts
No. | profile | Ksi| Ksi| ksi| ksi|Ccle| Cyele
Periodically applied
M-29 20 -6 40 | -15 | 2,500 2,500 | tension-comp overload
etfect, higher stress
I NII Period. ally applied
M-30 20 -6 40 | -15 | 2,500 2,500 | comp-tension overload
effect
60
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