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Abstract

In the present study, based on ‘the mecha-
nisms of delayed retardation of overload re~
tardation effect, &n analytical equation for
predicting the delayed retardation parameter
is presented. Further, 2 model for predicting
the retardation under tensile overloads and
tensile~compressive overloads i$ proposed, and
it can be used to predict the fatigue crack
growth rate and fatigue life under complex
spectrum loading. And as an example, the retar-
dation effects of some materials under diffe-
rent loading conditions are predicted, The fa-
tigue life of stiffened panel of wing and land-
ing gear of aircraft under complex spectrum
loadings are predicted, Predictions agree very
well with experimental results.

I. Introduction

The simplest case for the speciram loading
is that where 2 single or multiple tensile and
tensile-compressive overloads are applied to a2
constant amplitude cyclic loading, After the
application of the overloads, the ecrack growth
at a lower rate than it did prior to the appli-
cation of the overload. It is well known that
the minimum growth rate did not occur immedia-
tly after the application of the overload cycle,

but it is reached only after the crack has grown
n « This phenomenon is refer-

2 small distence ay;
red to as delayed reterdation, Previous models
on retardation predictions, such as Elber,

Wheeler, Willenhorg models, did not take account

of the effect of delayed retardation, Therefore,

the predictions of crack grewih rate and fatigue

life by those models did not always agree with
experimentizl resulis,

Matsuoka model(l) has taken account of the
effect of delayed retardation, The retarded
crack growth rate can be calculated by the fo-
llowing equation as proposed by Matsuoka
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where a* is the overload affected zone size,
2nin 1s the crack distance at the maximum
retardation from the point of appli-

cation of overload.

r= A¢2/A6| is the overload ratio, namely
the ratio of peak stress range to
beseline siress range,

a is the current crack length,

2 is the crack length 2t the point of
application of overload. (Fig.2)
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Fig.2 Schematic illustration of delaged
phenomenon,

Equation (1) and (2) indicate that the crack
growth rate during retardation is expressed as
a function of the ratio, r, the overload affec~
ted zone size, a®, the crack distance at the
maximum retardation from the point of appli-
cation overload, & . , and the exponent parame-

. @in

ter of the materlaT, N,

References (2) (3) evaluated by comparisions.
all previous models both theoretically and experi-
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mentally, and pointed out that the Matsuoka mo-
del is the best one. But the important parameter
8pin in Matsuoka model had to be determind only
by experiments, so the prediction of fatigue 1li-
fes of structures is very inconvenient.

In the present study, based on the mecha-
nisms of delayed retardation, an analytical,
equetion for predicting the parameter aj;, 'S
proposed, Further, this paper proposed & model
for predicting the retardation under tensile
overloads, tensile-compressive overlozds and
coupressive-tensile overloads., Using this model,
we can predict the fetigue crack growth life
of structures under complex spectrum loadings.

I1, Determination of the parameter & in

How do we explain the delayed retardation
phenomenon? It is because of (1) crack blunting
induced by the large deformation due to the
overload cancels the closing force due to the
residual sirain left by the overload., (2) During
the overloading, the crack growth accelecrate
end after overloading, it still has acceleration
effect,

Kobayashi et a1(4) have studied the fatigue
crack growth acceleration during a single peak
overloading and after it., Electron microfracto-
graphic studies have shown that the stiretched
zone width, SZW, induced by the overload, is
much larger than the variations of stiriation
spacings, s, formed by the constant stress, It
shown that there is obvious acceleration during
the overload, After the overload, due to the
effect of previous acceleration, there still
exists initial acceleration.

On the other hand, the geometric blunting
of the erack tip due to the application of the
overload tends to open up the crack tip and will
cancel the closing force, Thus, the effects of
the initial acceleration and blunting of crack
tip delay the occurrence of the maximum retar-
dation up to the distance a « Therefore, the
essociating crack growth rate will decrease
gradually in the early stage of retardation be-
fore ils minimum value is reached, and then it
turn to increase with decrease in the remaining
zone-size of the residuzl compressive silress
ahead of the crack tip,

Miyamoto et 21(5) nave calculated the stress
distributions after the application of overload
for the uaterial with the sirain hardening be-
havior H'/E=1/400 by the finite element method.

t shows that the maximum residual compressive
stress is reached after & smell distance from
the point of appliczéion of overload.

(6)

Keiji Ogura et al obtained the same
conclusions, that various H'/E values only affect
the values of residual compressive stress, whi-
le the distribution trends are identical, These
results verified also that the delayed retar-
dation really exists for different materials,

In the present studies, several tests were
performed using different overlozd ratios., The
materizl used was LY-12, The measurement of
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crack growth was conducted on specimens of 2,2mm
thick and 100mm wide plates with a 6mm-dia, cent-—
ral hole and 4mm long saw cuts, Fractographic
examinations were conducted. There is a dard

band at the position where the overload has

been applicated as shown in Fig.(3) . The grea-
ter the overload, the more distinct the dark

band well be, and it is larger at the inter part
than at the outer part of the specimen,

(a)

From the fractographs, we may observed a
stretched zone and followed by abrasion surfzce,
Such fractographic features are anzlogous to
other metallic materials, We also observed that
immediately the application of overload, the
crack tip remazined open even a2t the unloading
state,

Based on the crack growth mecheanisms before
and after overloading 2s mentioned above, we
may suggest that after the peak overload there
is an overload affected zone, and in which two
important factors act simultaneously. One of
them is the closing of the crack tip by the re-



sidual plastic strain, the other one is the
opening of the crack iip by blunting. These two
oppesite factors may operate more or less at

the tip of a crack propagating steadily under
constant amplitude loading. But during the ini-~
tial stage of retardation in certain crack dig-
tance from the point of application of overload,
the blunting of crack tip is the main affecting
factor whill the closing of the crack tip is se~
condary affecting factor. Thus we may name the
distance a_, as "the blunting affected zone",
in which dei%yed retardation is produced by the
resultant of the effect of the two factors.
Beyond the bluniing effected zone, the closing
of the crack tip becomes the main affecting fac-
tor.

The question is how to determine the blun-
ting affected zone size, a in * by the analyti-
cal method, min

Based on the mechanism of crack tip blunting,
the order of blunting may be represented by the
crack tip opening displacement, CTOD, or by the
crack extension, Aa. In the case of linear
elastic range, after peak overload, CTOD is gi-
ven by the following expression

2 max

(crop) = ——e (3
2max 7\56),5
In the case of elastic-plastic range, it
may be discribed by the J-integral
CTOD =,.L 4)

As taking account of the strain hardening,

J
flow

The relation baetween the crack extension and
the crack openin5 displacement is given as

Aa= CTOD

CIOD =

(5)

The stretched zone width after the applica-
tion of peak overload is just the result from
crack tip plastic blunting. The relation between
the SZW and the CTOD is

SZW = Z (cfgon)amax (6)
1 Xomax f&g P
thus  SZW = = = R '$))
) 4 "NEG,, { 3
where C%3 is the yield siress
E is Young's modulus

RYR is the size of residual plastic zone
size left by peak stress.

Blunting affected zone size is propertional te
the stretched zone size, and may be discribed as

B (szw)

a

min

(8)

or a

s
BE Ry

min

Based on the experimental and statistical results

B =120-140 for all metallic materials. Taking

’g=130, we obtain the following simple expression

for predicting the delayed retardation parame-

ter, a .
min,

Krs P
.o = 130— R (9

amm E "R

T AK,
4K
where = ( 2) (2 S5 ) (10)
YR
Equations (9) and (10) indicate that & in

is described us a function of the baseline
¢yclic stress intemsity factor range, AKX, ,
overload ratio, r, and material constants™ &
and E., Therefore when the overload ratio and

material's constants are given, a ., can be
obtained simply.
In this paper, the values of a_, for HT80

steel, A553 steel, A5083 aluminum a1%oy, LY-12
aliminum alloy and Ti-6A1-4V titanium alloy
under different loading conditions are predic-
ted. The predictions agree very well with
experimental results.

IIi. Evaluations of UD’ D
After obtaining the value of a min we can
s
predict the value of UDm in
r mxn
=) e (f e 11
Uppin=ls G- —— ) (1)

Since the value of U  is varying linearly
with a, then it can be ogtained from the diagram
very simply as shown in Fig. 4. The expresions
of two linear parts are discribed as

»
U=1-5(-2— w102 foro0o<a<a

D2 & :in a* min

1.0, 2 La < a*
UD"l‘ﬁ(l'EO) for a . <a<a (12>

da n da (13)
( 4N ‘min UDmin ( an )C

Ubnin
a
=
oo
0 amin
a.

Fig. 4 diagram for finding UD

The retardation N_ can be obtained by inte-
grating equation (1) as follows

Qmin  da { Qmin -
Ny =) e e § ) a
wo U @ b
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The toial number of cycles of retardation

pr
-
kD-NDl+ND2

a ] (uvm-'n)l‘n"_ !

N, =

The overload affected zone size, a*, is
expressed as

% 2 I 2
a=(25(37-7 () ] Ry (17)

where R o is the monotonic plastic zone size
produceﬁ by the louading of baseline stress
intensity fauctor, AKl.

The curves of cruck growth rate versus the
crack length and the curves of crack length

versus number of cycles during retardations are

plotted in Fige 5 - Fige 8 for ASG835 Al
HTB80 steel respectively.

and

da mm
aN ( cycle )
4 A5083
10 R=0

r=2

(16)
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TABLE 1 COMPARISONS BETWEEN THE CALCULATIONS AND EXPERIMENTS UWDER TENSILE OVERLOAD

—— o o

K a . Amin (da/dN)min
. . w min N (cycle)
material kgl R r o a* (da/d)o D (ey ’
(mm) (mm}( ) _NyER
mm 72

cal. exper. cal. exper. cal. exper., cal, exper,

H180 4,0 120 133 0 2 0.486  0.47 0.350 C.29 0,087 0.083 32000 29000 (10)

A533 3.5 1lé0 96.6 0 e Celiy 0.48 0.19 0.2 0.037 0.038 59000 63000 (10)

A5083 8.0 120 33.8 © 2 0.27 0.30 0.194 0C.20 0.0095 0,014 222000 225000(10)

2024~13 3022 7642 6347 0,05 1.75 0.68 0.266 0,25 ©0.055 12800 © 9500(11)

Ly-12 4.0 100 3F Q.1 2 C.625 Q.31 C.011 329C0C 32000

Ti-6A1-4V 5,0 120 .51 0.3%2 ©.03 0.038 13300 11500(10)

0
n
L ]

E-
o
n
ey
»

n
£
fe
»

n
o

Table 1 listed the experimental and calcu-

] b 4 e
lated resalts of amin/RPR /a*, (~==-)nmin,

* Bpin aN

N, for HT80 steel, A533 steel, A5083A1, A2017Al, S
2824-13 A1, L¥-12A1 and Ti-6Al-4V, p
2max |
Fige 5-8 and Table l. Show that the experi-
mental results fit excellently with the predic- Gimax t—
ted results by the present method. g
1min
IVe The influence of compressive overload
] v ¥
We consider two cases, in the first case, 2min

after a tensile overload followed by a compre- (a)

ssive overload (case T-C) and in the second ca-
se, after a compressive overload followed by
a tensile overload (case C-T), the following

parameters are introduced. 6 l
- G
, : 62max slmin 2nax
overload ratio r = -—-—-—-:-6——-
Glmax lmin Glmax —
baseline cyclic stress ratio R = —Amin 61min
dlmax —
S Sznin \l N
overload stress ratio R .. 2uin | — D)
01°F
2max
overload stress range ratio Fige 9 Definition of compressive
overload terminology
dEmin *dlmin
ARQ1 =
0 2max - Gllmin P 1, 8K, 2
Re = 7 (26,5 ) (18)

For the case T-C, the stress distribution
of the crack tip can be obtained also by the
Rice's superposition method. It may be reaso- AK, =Y (1= AROI ) &K,
nable to assume that after the crack blunting (19)
induced by the large deformation due to the
tensile overload, the crack tip do not close A (1)2 (- AR )2R
even after the compressive overload is applied, Ryg T h2 C o! Yo
and that the stress intensity factor range AK
has full attribution to produce plastic zone, where 4 Al(, )2
then the cyclic plastic zone size produced by P}'o n ( Tys

the overload becomes
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There is residual tensile stress in the resi-

dual stress produced by the compressive overload
unloading, it relaxes the residual compressive

stress produced by the tensile overload. The stress down to

intensity factor range AKl after compressive
overload becomes

AK] =K

1=

=(1-rAR AK
o

l) 1
and the cyclic plastic zone sike produced by AKi

is

lmax~ X2min (20)

¢ _ 1. (1-TaRy) AK Y2 ¢ (1= VAR, ) )p
RYR—E{ 26y J —( 2 T‘)’o(al)

S0 that the relation between the two plastic
zones after tensile-compressive overload is as
follows

(4 2
Be (3(1-reR)] (1- Y8R,()
= S e (22)

Re (L (1-2))? (18,7

But when only the tensile overload (case T) is
applied, the relation between plastic zones is
as follows,.

< 2
R)'F _ (%) Ro 1
P T Ty2 o = ¢z 2
E)’R (%) R)’o T ( 3)
Taking r=2, R .=<0.5 and substituting them into
Eq. (22) gives .
Ryr 1
R)?g ’( 1-5 )

It shows that, the case r=2, ARO ==0,5,
under the tensile-compressive overloa&ing is
equivalent to the case r=1.5 , under the tensile

overloading Namely the retardation effect after
the tensile-compressive overload is equivalent

to a tensile overload case with G, . dropping
Samin and an overload ratiBiRr,

8K Komax Kamin _ Y (1-4R)

- = (24)
Ak| K| max ~ K‘min 1-YAR°(

T

Therefore, in the case of tensile-compressive
overload the tensile overload model can also
be used, but the overload ratio r should be
replaced by it's equivalent value r',

For the case of compressive overload follo-
immediatly by the tensile overload (case C-
since the compressive overload cannot cause
the crack blunting and almost does not affect
the stress distribution at crack tip, it is
equivalent to that Gémin rises up t0 &y,

level, as well as R_,=0, r'=r, namely the
case C~-T is almost identical to the case T.

wed
™,

The comparisons between the calculated and
experimental results are listed in table 2 for
the case of T-C,

TABLE 2 COMPARISONS BETWEEN THE CALCULATIONS AND EXPERIMENTS
UNDER TENSILE-COMPRESSIVE LOAD

K A (da/dN)min
N y 1 ~—fin. N CEVL ) o ¥p (cycle)
material (um) (am) kg ) R r R | o e e e
mmzé cale expers. cale expers. cal, exper.
4 140 133 0 2 0 0,30 0.29  ©0.087 0,087 32000 29000 {°)
HT80 4 140 133 (o] 2 -0.25 0,336 0.331 0.199 0.192 26000 25000
4 140 133 0 2 =045 0.46 0.39 0,348 0.204 178C0 17500
4 140 133 4] 2 1.0 0439 0.41 0.39 04369 14800 15500
8 140 28 (o] 2 o] 0,19 0,22 0.01 0.015 215000 250000 o)
A5083 8 140 28 o] 2 =0,25 0,21 0,23 0,048 0.058 117000 120000
8 140 28 4] 2 =045 0,38 0.39 0.168 0.175 46000 60000
8 140 28 0 2 ~1.0 0.468 0,47 0,288 O 344 31100 35000
LY-12 4 100 31 0.1 2 0 0,31 0,011 32900 32000
4 300 31 0.1 ~1,0 0.416 0.151 6100 8000 -
s02h-p3 2454 152 3 Ouh 2.3 -0.9 0,474 0.246 0,230 15700 18875 (12)
2¢54 152 17.8 0.4 2.3 ~1.,56 0,352 0.04 34200 39850

Vo Predictions of fatigue crack growth
life of structures under spectrum loadings

The loadings of aircraft structures are ran«
dom in nature. Loadings spectrum used for pre~
dicting or testing always contain tensile, com-
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pressive, tensile-compressive and compressive-
temsile overloadings. Based on rational assump-~
tions, we can predict the fatigue crack growth
life of structures under complex spectrum load-~
ings by the present model., These assumptions are

as follows



l. The raterdation effects of multiple over-
loads are larger than that of the single over-
load, but during the application of multiple
overload the high stress level increases the
crack growth rate, as a result it's effect on
the total life of structure is very little(7).
8o the multiple overloads may be taken as a
loading block (program block), it's retardation
effect may be predicted just as a single over-
load is applied.

2. Compressive-tensile overload case may
be predicted as the tensile overload case.

3+ When the overload ratio r<1.3 , the
retardation may be not token into account since
it's effect is very little.

4, When there is only a compressive load in
the spectrum loading, it's influence may be con-
sidered negligible.

In this paper, the fatigue crack growth life
of a swivel arm of aircraft landing gear under
conmplex spectirum loadings is calculated,

In each landing of airecraft, landing impact,
running impact, taxing turn, nose wheel static
control, nose wheel oscillation, peak pressure
braking, normal pressure braking may be taken
place. Loading spectrums are very complex.

The material used for the swivel arm of
landing gear is 30 CrMnSiA, crack is surface
semi-elliptic cracke. Applying the given loads
continuosly, as the effective crack size is
growing up to be equal to the thickness of the
arm wall, it may be considered that the criti-
cal crack size is reached, in that time, the
number of loading cycles is the fatigue crack
growth life. Predictions agree fairly well with
reference (8),

In this paper, the fatigue crack growth li-
fes of stiffened sheets of some transport airc-
raft wing under spectrum loadings are predicted
too. Baseline cyclic loadings are (110.3)g,
ultimate loadings are (1+0.8)g, since there are
maneuvering flights and gust loads. The predic-
tions by the present method show that if the
total life is estimated by simply adding the
resulis of integration on the relation between
da/d¥ and AK for each portion of the loading
sequence, the fatigue 1life in actual structures
this obtained will lead to error of significant
magnitude(9),

All the above results demonstirate that the
present model is applicable and simple for pre-
dicting the fatigue life of structures under
spectrum loadings.
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