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1. INTRODUCTION

After the fifteenth meeting of the ICAF, the sixth
sub-committee on Aeronautical Fatigue of the 129th
Committee on Strength, Fracture and Fatigue of the
Japan Society for Promotion of Sciences collected
twenty-three papers presented by Japanese authors
and distributed to ICAF member countries from
National Aerospace Laboratory. The title of those
ICAF Documents are listed in the references at the
end of this review.

The full scale fatigue tests of Model 700/710, twin
engine general usage aircraft, were terminated in April
of 1978 at the Fuji Heavy Industries. The full scale
vibration and drop fatigue test on helicopter type
HSS-2 (Sikorsky S-61) are now underway at the
Third Research Center, the Technical Research and
Development Institute, Japan Defence Agency.

This paper is the review of the investigations on
aeronautical fatigue problems during the last two
years, conducted in National Aerospace Laboratory,
the Third Research Center, Aircraft Accident Investi-
gation Commission, Civil Transport Development
Corporation, and three representative airplane manu-

~ * Received August 31, 1979

** The Aircraft Accident Investigation Commission
*** Gecond Airframe Division
Presented at the 16th Conference of the International
Committee on Aeronautical Fatigue, held on May
14 — 15, 1979 at Brussels, Belgium.

facturers, Fuji, Mitsubishi and Kawasaki Heavy In-
dustries.

2. NATIONAL AEROSPACE LABORATORY,
THE SCIENCE AND TECHNOLOGY
AGENCY

2.1 Data Collection of the Gust Loads

National Aerospace Laboratory (NAL) has been
collecting gust data in domestic scheduled flgihts
from the records  of DFDR’s (Digital Flight Data
Recorders) equipped on Lockheed L-1011 transports
of All Nippon Airways'.

The results presented here were obtained from an
analysis of 1,070 flights of data covering about 1,500
flight hours and 760,000 km of flight distance. The
overall data contained 10,605 turbulence patches,
and maximum and minimum vertical acceleration
were 1.77 g and 0.21 g, respectively. The cumulative
frequencies of derived gust velocities for the whole
records are shown in Fig. 1. Also shown are the
cumulative frequencies of derived gust velocities
obtained from Douglas DC-4 domestic scheduled
flights by TAKEDA in 1960, and those for clear air
turbulence in the Northern Hemispere at high altitudes
by Steiner?. Comparing the corresponding altitude
bands, the results of the present analysis shows a
good coincidence with those two curves.

The percentages of the flight time in the turbulence
patches to the total flight time are shown in Fig. 2.
Also shown are the values of P, (percentage of flight
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2 TECHNICAL MEMORANDUM OF NATIONAL AEROSPACE LABORATORY TM-394T

time in non-storm turbulence) adopted in U.S. MIL.
Spec®. The lengths of turbulence patches were ob-
tained from air speed and flight time in turbulence
patches, and cumulative frequencies of the patch
lengths are shown in Fig. 3. The variations of mean
and RMS values of the patch lengths with altitude are
shown in Fig. 4. Fig. 4 shows that the lengths of
turbulence patches are nearly constant excluding
both very low and high altitude.

2.2 Evaluation of Fatigue Crack Growth Rates under
Random Loads

(1) Introduction

Many airframe structures are subjected to complex
fluctuating load sequence. The evaluation of the
fatigue crack growth rates under random loads is one
of the most important problems to attain high relia-
bility and safety of those structures. The fracture
mechanics approach has become a useful engineering
tool in treating the mechanics of subcritical crack
growth, and has been employed in the present study
of the random loading crack propagation behavior of
a steel JIS-S45C and an aluminum alloy 2024-T3.

The evaluation method presented here is based on
the combination of Miner’s linear cumulative damage
rule on crack growth and a new cycle counting
method of random wave called Hysteresis-Loop
Counting Method (HL method).

(2) Hysteresis-Loop Counting Method

There are various cycle counting methods, which
are mainly developed to estimate the fatigue damage
under complex stress or strain histories. Among
them, the peak counting and the level crossing count-
ing method are most commonly used because of their
simplicity. The former counts merely the number of
peaks, and the latter counts that of crossings certain
levels with positive or negative slope. It is obvious
both these methods do not pay any attention to the
sequential order of peaks and troughs. However, it
is generally accepted that the fatigue damage is
closely related to the stress-strain time history, in the
other words, the total energy consumption during the
complex changes of loading. Therefore it is desirable
to take into account the sequential order of peaks
and troughs for the accurate evaluation of the fatigue
damage.

From this point of view, the range pair, rain flow

and full wave counging methods are more reasonable
as they are intended to evaluate the closed hysteresis
loops. Up to now, many experimental data have
shown that these methods predict the fatigue damage
more accurately than the others.

But none of them counts closed hysteresis loops
perfectly in the strict sense. This error in counting is
negligibly small for the high-cycle fatigue life estima-
tion, but not so small for the low-cycle case.

The HL method, proposed here, is improved to be
able to count the closed hysteresis loops correctly
and simplified in algorithm. The new method is
suitable for the on-line real time data processing, and
powerful for numerous data treatment.

An example of application of the HL method is
shown in Fig. 5. This joint distribution of the range
and the mean is a counting result of a random wave
whose power spectral density function (PSD) is

H(w) = o {=05
(@, (we? - w?) +2jtwo w )

where the angular frequency, w (rad/sec) is used in-
stead of the frequency f = w/2n (Hz), w, denotes the
natural angular frequency, { is damping ratio.

. A set of the range and the mean is calculated by
one peak and one trough which define a closed
hysteresis loop.

In this study, the time history of random wave is
considered as that of the stress intensity factor, K
value. An equivalent value of the stress intensity
factor range AKeq which gives the prediction rate of
fatigue crack growth is derived from the joint dis-
tribution of the range AK and the mean K,,. The
joint distribution of AK and K may well be de-
scribed in terms of AK and R, where R = Kpin/Kmax,
Kmax = Ky + 0.5AK and Kpip = Kip -0.5AK. The
probability density function of the joint distribution
of AK and R, p (AK, R) will be adopted in the follow-
ing discussion.

(3) Comparison of Test Results with Calculation

Fatigue crack growth under stationary random
loads was observed in plates of a carbon steel JIS
$45C and an aluminum alloy 2024-T3 at the stress
level of small scale yielding, and the crack growth
rates were compared with the predicted rates from
the test data under constant amplitude loads.
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The center-cracked strip specimens of rolling direc-
tion were cut from cold-rolled plate, 150 mm wide,
4mm and 6mm thick for the steel and the Al-alloy,
respectively as shown in Fig. 6. The fatigue tests
under the constant amplitude loads and the random
loads were conducted by the electro-hydraulic servo-
controlled fatigue testing machine.

The crack growth rates in constant amplitude tests
da/dN and their dependency on the stress ratio
R = O0min/Omax Wwere expressed approximately as
follows, especially for the steel.

da/dN=Co [a-2K]™ (1)

where AK is the range of the stress intensity factor
K [kgf - mm~¥2], C, is a constant, and 3.96 x 107**
for S45C and 1.29 x 107'* for 2024-T3, m is 3.02
and 2.39, a=1+0.29+/R and 1 + 0.68R, respective-
ly as shown in Fig. 7.

The Gaussian stationary random load waves used
in the tests were generated by filtering the output of
a Gaussian white noise generator through two types
of linear electronic filters, the displacement-to-
acceleration response of the vibration system of one
degree of freedom system (1 D.F.) and the Butter-
worth filter of variable band width (B.F.).

The power spectral density functions (PSD) for
both waves are proportional to

H(w)= o’ ID.F
)= (W’ - w?) +2j8wo w (1b-F)
1
H(w)=17 6
E, (jw/wL-2;) illl (wnljw - a;) | (B. F)

where j=+/-1, aj=exp [ (5+2i/12)7j], wr and
wy are the cut-off angular frequencies of the low-
pass and the high-pass filter units, respectively.

Let the relation of Eq. (1) be da/dN =¥ (AK, R),
and the probability density of the joint distribution
be p(AK, R), which is obtained by the above-men-
tioned hysteresis loop counting method, and assume
Miner’s linear cumulative rule on the crack growth.
And an equivalent range of stress intensity factor
AKeq can be so defined that the same growth rate as
predicted one will be given under a constant amplitude

test of AKeq in case of R = 0, namely AKeq is given
by the relation

¥ (AKegq, 0)
=7 f'¥ (8K, R)'p (AK, R)-dR-d (AK) ?))

The effect of the unclosed loop on damage should be
added as the effect of the sum of the half cycles, if
necessary.

The solid lines in Fig. 8 and 9 are all the predicted
growth rates. The experimental data in Fig. 8 are
plotted in terms of AKeq in the same logarithmic
scale as that of ordinate but shifted horizontally by
arbitrary amount to avoid confusion, and the solid
line is the predicted line, namely da/dN - AK relation
under the conditions of AK = constant and R = 0.

Agreements between experiment and prediction
are excellent for the steel, not only under the random
loads of narrow band but also of wide band, and not
so0 good but satisfactory for A1 2024-T3. Some ex-
perimental data as shown in Fig. 9 lie near the pre-
dicted solid lines, but the slopes become slightly
different.

2. 3 The Fatigue Crack Propagation under Flight-by-
Loading

Flight simulation load tests were carried out on
sheet specimens of 2024-T3 clad material. The stand-
ardized load sequence for flight simulation load tests
on transport aircraft wing structures proposed by
LBF and NLR, was applied. The spectrum is
illustrated in Fig. 10.

The main objectives of ‘this study were to investi-
gate the effect of following modifications of the load
sequence on crack propagation life.

(1) Truncation of infrequently occurring high am-
plitude gust cycles. ’

(2) Omission of low amplitude gust cycles.
(3) Omission of ground-to-air cycles.

An example of the load recording during a random
test is shown in Fig. 11. Comparative results of crack
propagation tests are presented in Fig. 12. The results
are summarized as below.

(1) The truncation of infrequently occurring high
amplitude gust cycels accelerated the rate of
crack propagation considerably.

(2) The omission of low amplitude gust cycles in-
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creased the crack propagation life.

(3) The omission of the ground-to-air cycles in-
creased the crack propagation life.

2.4 The Effect of Load Sequence on Fatigue Crack
Propagation under Program Loading and
Random Loading

The sequence of fatigue test loads have a signifi-
cant influence on the crack propagation. The crack
propagation was studied on 2024-T3 Alclad sheet
specimens under program loading and random loading
with a short block period and long block period. In
the program tests, Low-High, High-Low and Low-
High-Low sequences were applied.

An example of the load recording during the pro-
gram tests and a random test is shown in Fig. 13.
Comparison of test results are presented in Figs. 14
and 15. Figs. 14 and 15 show that the crack propaga-
tion rates under program and random loading were
significantly different. The results are summarized as
below.

(1) In the program test, three load sequences were
applied, namely Low-High-Low, Low-High and
High-Low, in this order the crack propagation
life was increased.

(2) The crack propagation life in random loading
located about in the middle of those of three
program loadings.

2.5 Acoustic Fatigue Strength of GFRP Panel

Experimental study on the acoustic fatigue strength
of GFRP panels with or without CFRP stiffener was
conducted at NAL, using the acoustic fatigue test
facility. The panels with two kinds of CFRP stiffener,
those are bonded stiffener and integrated stiffener,
were tested.

Fig. 16 shows the equivalent S-N curves for panels
with or without CFRP stiffener. The results show
that the acoustic fatigue strength of GFRP panel with
CFREP stiffener was considerably greater than those of
GFRP panel without stiffener. Especially, the inte-
grated stiffener was more effective than the bonded
stiffener at the high sound pressure level, because of
debonding was not caused in the integrated stiffener,
while debonding was caused in the bonded stiffener.

2. 6 Plane Bending Fatigue Strength of Soaked CFRP
Laminated Plates

The experimental investigation on the plane bend-
ing fatigue strength of three kinds of soaked CFRP
laminated plates was conducted at NAL.

The composites consist of denatured epoxy
resin MRX-3501, #241, #3130 and carbon fiber,
PYROFIL-XAS made by Mitsubishi Rayon Co.,
CARBOLON Z-3 by Nippon Carbon Co., and
TORAYCA T-300 by Toray Co.

These laminated CERP plates were fabricated with
24-ply of [0°, 45°, -45°,90°] symmetrical laminates,
and soaked in water for two weeks. The plane bend-
ing fatigue strength of soaked CFRP laminated plates
was compared with those of unsoaked, normal CFRP
laminated plates. The results were shown in Fig. 17
to 19 with the form of S-N curves.

It was found that there was no difference of plane
bending fatigue strength between the soaked CFRP
laminated plate and the unsoaked CFRP laminated
plate of XAS/MRX-3501 and X-3/#241, when the
composite soaked weight . percentage is less than
0.24%. - But the plane composite soaked weight
percentage is less than 0.24%. But the plane bending
fatigue strength of soaked CRFP laminated plate of
T-300/#3130 was slightly lower than that of un-
soaked one. In this case, the composite soaked
weight percentage was 0.27%.

3. THE THIRD RESEARCH CENTER,
T.R.D.1,, JAPAN DEFENCE AGENCY

3.1 Preliminary Studies on Damage Tolerance Design

For the purpose of comprehending the outline of
the damage tolerance design, the following prelimi-
nary studies were conducted during the period of
Fiscal Year 1977 (April 77 to March *78).

(1) Fracture Toughness Test on Typical Aircraft
Materials

Three specimen configurations were selected for
this test program. The test results have revealed that
the K;. values obtained using compact tension
specimens and three-point bending specimens were
nearly identical, whereas those values obtained from
face grooved specimens were found to be lower than
the cases of the other two specimen configurations.

(2) Development of Crack Propagation Analysis
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Program

The program was developed, as applicable to a
number of crack configurations, by combining the
crack growth laws by PARIS*, FORMAN® and
ISIDA, and the crack growth retardation models by
WILLENBORG® and WHEELER” (Table 1).

Analyses were made, using the program, on the
crack propagation under such test program as Flight-
by-Flight, Low-High-Low and High-Low-High load-
ing. The results of the analyses were, however, not
found to be in good agreement with the experimental
results (Fig. 20).

(3) Studies on Non-destructive Inspection

The results of applying such non-destructive
inspection methods as the magnetic particle and a
number of liquid penetrants obtained by a few in-
spectors, with varying degrees of experience, using
specimens of various materials which had been
treated to have artificial flaws of quenching crack,
stress corrosion crack, etc., were compared with the
results of microscopic inspections, While little
differences were noticed between the results by
inspector to inspector, or by method to method, the
minimum crack length which none of inspectors
allow to overlooking was determined to be 4mm.

3.2 Full Scale Vibration and Drop Fatigue Tests on
the Helicopter Type HSS-2 (Sikorsky S-61)

The objectives of these fatigue tests are to obtain

technical data for the fatigue life prediction and the

confirmation of the structural integrity of the aircraft.

(1) Vibration Fatigue Test

This is a computer controlled fatigue test, and is
currently being run with the expected completion in
June, 1979 (Fig. 21)
(2) Drop Fatigue Test

The preparation and the preliminary test run were
completed in May of 1978. The plenary run of this
test program is expected to resume after the comple-
tion of the vibration fatigue test.

3.3 Fatigue Crack Propagation Studies

(1) Studies on A New Method of Crack Propagation
Prevention using Artificial Wedges
Studies were made on the behavior of crack propa-
gation when artificial wedges were inserted in fatigue
cracks. ’

The experimental results have shown that the
artificial wedges reduce the rate at which the cracks
grow, and that they stop crack propagations. A new
method of preventing crack propagation using artifi-
cial wedges has been proposed based on these results
(Fig. 22).

(2) Experiemental Observations on the Effects of
Stress Intensity Factor Range upon the Rate of
Fatigue Crack Propagation

Studies on the crack propagation behavior under
the d(AK)/d(2a), which was controlled at constant,
were made using a fatigue test system with the on-line

K-function control®, with the results given as below:

a) When d(AK)/d(2a) is negative, the rate of crack

propagation deviates from the normal curve of

AK-da/dN, thereby showing a phenomenon of crack

retardation. '

b) The lower the yield stress of the maierial, and the

greater the AK decreasing rate, the more prominent

the crack retardation will be.

c) The following experimental equation has been

obtained for the crack propagation rate under the

constant d(AK)/d(2a):

@,{

OK; (AK/AK)P )™ ©)
dN

where AK; is the initial stress intensity factor range,

g =1 for d(AK)
d(2a) ~
4
8= A/- d(4&K) d (AK)
d(2a) d(2a)

A is material constant and A=0.167 for HT-80 high
tensile strength steel.

4. AIRCRAFT ACCIDENT INVESTIGATION
COMMISSION )

4.1 Aircraft Accident Investigation in Japan

At the end of 1978, the registered aircrafts in
Japan were 861 fixed wing aircrafts (including 266 air
transport service), 426 helicopters and 315 gliders.

This document is provided by JAXA.



6 TECHNICAL MEMORANDUM OF NATIONAL AEROSPACE LABORATORY TM-394T -

During the last five years, we had 226 aircraft ac-
cidents, involving 108 on fixed wing aircraft, 84 on
helicopter and 34 on glider.

Investigation revealed that about 60% for causal
factors related to pilot, 18 % related to material and
22% related to weather or human factors.

Table 2 shows that the data of the accidents
caused by material failure and the data in parenthesis
indicates the accidents caused by fatigue. It also
means that number of helicopter accident is greater
than the fixed wing aircraft’s and there is a trend to
increase the accident caused by fatigue. The detail of
the accident caused by fatigue is shown on Table 3.

5. CIVIL TRANSPORT DEVELOPMENT
CORPORATION

5. 1 Japanese Work Packages in the Development of -

Boeing 767 Transport

The 767 (200 seater medium range transport) pro-
ject marked its go-ahead in 1978. This airplane is
going to be developed by Boeing under the interna-
tional collaboration with Italy and Japan. The first
flight of the 767 is scheduled to be in the middle part
of 1981. Formal participation of Japan in the pro-
gram started in October last year after signing of a
contract with Boeing. Work packages allocated to
Japan are forward-fuselage, mid-fuselage, aft-fuselage,
wing-to-body fairing, passenger doors, cargo doors,
emergency exit doors, main landing gear doors and
wing ribs as illustrated in Fig. 23.

Under the contract between Boeing and Japan,
Japan has conducted body splice fatigue tests and
strength tests of new composite materials for wing-to-
body fairing. The results of these tests are to be used
in designing the 767. Under the contract, Japan has
also conducted the fail-safe tests of integral skin and
the high and low speed wind tunnel tests of em-
pennage, although such are unrelated to the Japanese
work packages. Japan also participates in non-work
package areas such as system design/analysis, flight
control technology, etc.

6. FUJI HEAVY INDUSTRIES, LTD.,
AIRCRAFT DIVISION

6.1 Fatigue Tests for Model 700/710 Aircraft
Fatigue tests of Model 700/710 aircraft were

terminated in April of 1978 in completion of cyclic
loading enough for 80,000 flight hours fatigue life.
The Model 700 is a pressurized, twin engine general
usage airplane designed for certification under the N
category of JCAB airworthiness regulation and FAR
Part 23, and the Model 710 has the same basic -air-
frame and systems except for power-up engines and
larger gross weight. The fatigue tests conducted to
evaluate the fatigue strength are as follows (Fig. 24):
(1) #02 Full Scale Fatigue Test
(2) #03 Pressurized Cabin Fatigue Test
(3) Tail Fatigue Test
The #02 full scale fatigue test is a spectrum testing
with a complete primary structure, in which flight-by-
flight load sequence with five types of programmed
flight cycles is adopted to take account of the com-
bined effects of flight load, pressurization load and
ground load. The flight loads spectrum was con-
structed in a combination of the gust and maneuver
load spectra specified by FAA (AFS-120-73-2), and
was sliced in six load levels to construct the test load
spectrum (Fig. 25). The detail of #02 test method
had already been informed at the 15th ICAF meeting
held in Darmstadt, Gemany on May 9 ~ 13, 1977.
The #03 pressurized cabin fatigue test was con-
ducted in order to make early detecion of serious
fatigue damages on the pressurized cabin structure
expected to have more damages than the wing and
associated structure, and in order to reflect the
structural modification for the defects on production
type aircraft. In this test, only cyclic pressurization
load, 0 to 5.9 psi, was applied on the cabin structure.
The tail fatigue test was put in operation in order
to evaluate the fatigue strength of empennage struc-
ture under tail buffet load in stall condition, which
was anticipated to be severe enough to result in
structural damage. The empennage structure of #03
pressurized cabin fatigue test article was used as the
test article of this test (Fig. 24). The tail buffet load
spectra represented by cumulative frequency of
horizonta-tail rolling moment were derived from the
data accumulated through the 187 times stall practices
during flight load survey (Fig. 26). The test load
spectrum was set so as to cover the severest buffet
load of Model 710 original horizontal-tail configura-
tion and the sequence of load was low-high-low of
six load levels within each block. T
The loading in vibratory condition was generated
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by the exciting instrument. The exciting force was
applied through one batter board installed on the
right hand side of horizontal stabilizer and the fre-
quency of empennage vibration was set near the
actual tail buffet frequency of 8 Hz by adjusting the
quantity of balance weights of five batter boards on
horizontal and vertical stabilizers.

Fig. 27 shows the progress of fatigue tests. The
#02 test was continued up to 80,256 flight hours
fatigue life. It took just two years from May of 1976
to April of 1978. The #03 test took about seven
months from January to August of 1977 to get
84,364 flight hours. The tail test took two months
from September to November of 1977 to get 585
blocks.

The occurrence of fatigue damages in #02 full
scale fatigue test is shown in Fig. 28. The total
number of fatigue damages was 135 including minor
damages which have no effect on fatigue strength. 97
items out of the 135 damages occurred on the pres-
surized cabin structure and the rest on the wing and
associated structure. The #03 pressurized cabin
fatigue test had 58 damages. The decrease in occur-
rence of fatigue damages in comparison with the
number of damages on #02 cabin structure can be
considered due to contribution of the structural
improvement on #03 test article. The total number
of damages in tail fatigue test was 22. The major part
of damages was fastener failure of horizontal-tail
supporting fittings and vertical-tail root fittings such

as head-off of bolt or loosing of rivet.
Based on the evaluation of the #02 and #03 test

results, following service lives were established with
scatter factor 4:

16,500 flight hours for Model 700

14,500 flight hours for Model 710

For tail buffet, based on the tail fatigue test result
and reduction of the buffet load due to modification
of horizontal-tail configuration made for improve-
ment of stall characteristics of Model 710 (Fig. 26),
the following allowable number of times in stall
practice were derived with scatter factor 4:

670,000 times for mild buffet of Model 700

32,200 times for mild buffet of Model 710

7. MITSUBISHI HEAVY INDUSTRIES, LTD.,
AIRCRAFT WORKS

7.1 Study on Fractography of Fatigue for Ultra-
high Strength Steels

Preliminary study was made for the purpose of
estimating the stress intensity factor AK and fatigue
crack growth rate, da/dN on the basis of fractography
of ultra-high strength steels, 4330V and 300M.

As the results, AK and da/dN were related to the
striation pitch, p and the mixture ratio of fracture
modes which were observed on the fracture surface.
From these relationship, it may be possible to quanti-
tatively analyze fatigue failures for ultra-high strength
steels.

7.2 A Method for Fatigue Crack Growth Analysis

In order to investigate the crack growth retarda-
tion effects of aluminum alloy sheets, two stage
cyclic loading tests were carried ‘out, and the effects
of cyclic number of the first stage overloading were
determined.

The quantiy of retardation increased with the
cyclic number n, and saturated in a given cyclic
number ng. The saturation cyclic number ng is
shown by the following equation:

oY 1
ng = ——— %)

(30,

. . da
where a is experimental constant, vy and (-di)l are

the plastic region size and the crack growth rate by
the first stage loading stress just before the second
stage, respectively.

On the basis of these test results, computer calcu-
lation program was made to analyze fatigue crack
growth.

7.3 Application Research of Carbon Composite
Material to Airframe Structures

By carbon composite material, tensile and bending
fatigue tests were carried out with sheets, sandwich
constructions, beam structures and joint structures of
hinge component with both adhesion and rivet fasten-
ing.

From these test results, the fatigue strength of
laminated material was evaluated.

This document is provided by JAXA.
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8. KAWASAKI HEAVY INDUSTRIES, LTD.,
AIRCRAFT GROUP

8.1 Fatigue Strength of GFRP and CFRP Lugs

To invesigate the strength of GFRP and CFRP in
jointed portion, the wrap around lugs were fatigue
tested. Materials of the lugs were glass roving-epoxy,
carbon roving-epoxy and combined carbon and glass
roving-epoxy. Alternating tensions were loaded
through two pins.

The test results of the GFRP lugs are shown in
Fig. 29. Failures were coupled shear failure with fiber
failure at pin attached surface.

The results of tests were:

(1) The strength was highly dependent on D/W (pin
diameter -lug width ratio), whose trend was
analogous with those of metal lugs.

(2) Carbon roving lugs showed the highest strength in
the tests and combined carbon and glass lugs
showed the strength between
carbon and glass lugs.

intermediate

These lugs were analyzed using finite element
method and the results are shown in Fig. 30. The
correlation between analysis and test results was very
good.

8.2 Surface Strength of GFRP Bars

As a part of our program to study the fretting
characteristics of composite materials, GFRP rectan-
gular bars supported at two points were fatigue tested
to investigate the influence of the materials which
were in contact with them.

Several metals, platings and plastics were tested as
supporting materials. Test results of titanium alloy
and TFE (tetra-fluoro-ethylene) cloth are shown in
Fig. 31. In case of titanium alloy, the failure occurred
at the point of contact. It was initially the shear
failure and then the micro bucklings of fibers fol-
lowed.

The TFE cloth bonded to the metal was the best
among the tested materials and there were no failures
at the point of contact.

The shear failures occurred in the middle layer of
the bars along the neutral plane.

8. 3 Effects of Heat Treatment on Fatigue Strength
of Ti-6A1-4V Alloys
To investigate the relation between the micro-

structure and fatigue strength of Ti-6Al-4 alloy,
fatigue tests were conducted using the Schenk type
plane bending fatigue testing machine with four kinds
of 'differently heat treated specimens (Table 4). And
the fatigue loads were applied under conditions of the
three different stress ratios, R = -1, 0 and 0.5.

It was found that the microstructure, especially
the size and configuration of a-phase, has a great
effect on the fatigue strength and tensile ductility,
but no effect on other mechanical properties. Es-
pecially, it is remarkable that fatigue strength at 107
cycles is higher for the granular a-phase than for the
acicular a-phase at the stress ratio R = -1, but it is
opposite at R=10.5.
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Table 1 Contents of the Program for Prediction
‘ of a Crack Propagation

Contents

Input data

(1)
(2)
(3)
(%)

load sequence
choice of crack propagation equation
crack shape

choice of retardation model

Output data

a-N curve and a-N data

Equation (1) PARIS
A for crack (2) FORMAN
i propagation (3) ISIDA
L
Y (1) surface flaw
S
1 (2) center crack of plate
S

(3) crack located between stringers

F Crack :
U (4) crack located at stringer position
N configulation
c (5) integral skin (strip, ISIDA's solution)
T
I (6) a-AK data
0
N

Retardation (1) WILLENBORG

model (2) WHEELER
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Table 4 Heat Treatment of Specimens

Mill Anneal

As Recieved Condition

(820°C x 15 min. and Air Cool)

Duplex Anneal

954°C x 30 min., Air Cool
and TOL°C x L hr., Air Cool

Recrystallization 927°C x 4 hr., Furnace Cool to T60°C

Anneal and Air Cool to Room Temperature
1038°C x 30 min., Air Cool

Beta Anneal and T0L°C x 4 hr., Air Cool

This document is provided by JAXA.
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2024-T3
. Analytical result
Anz'alytlcal result using combining experimental
o using Forman eq. Forman eq. with result

Half crack length. a (mm)

Willenborg model
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Fig. 20
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8
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An Example of a-N Curve Comparison between Analytical and
Experimental Results Tested by Flight-by-Flight Program
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Fig. 21 Vibration Fatigue Testing System Scheme

This document is provided by JAXA.



32

mm

(2a)

Total crack length

60

50

40

30

20

TECHNICAL MEMORANDUM OF NATIONAL AEROSPACE LABORATORY TM-394T

———— AK=3O kg'mm_a/?
- - . - .- Pmax:"]ton
4K=38.7, 2a=32.3mm
-\ 4K=43.2, 22=39.9mm
,\\ Artificial
wedge off
u
/
Artificial /
. )
wedge in ]
i /
/
’/
s/
I Fatigue crack propagation
1 ! with an artificial wedge
o
-/
!
!
7
y
I [ I | | J
5 10 15 20 25 30
Number of cycles, N xld

Fig. 22 An a-N Curve by a Fatigue Crack Propagation Test with

and without an Artificial Wedge in the Crack
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Fig. 28 Occurrence of Fatigue Damages
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Fig. 30 Correlation between Tests and Analysis
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Alternating shear stress at neutral plane (kgf/mm’)
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Fig. 31 S-N Curves for Surface Strength of GFRP Bars
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