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ABSTRACT

In this paper, the fatigue life prediction under spectrum loads in

“iructural materials is discussed. Two recently developed models, the
¥illenborg-Chang model and the modified Maarse model were selected and
found to be improved by some modifications on the calculation of plastic

sone size and effective overload retardation zone size. A comparison of

the analytical results with the experiment data indicated that the present

modified models are rather simple and efficacious for life prediction

under spectrum loading.

INTRODUCTION

At present there avre essentially two different approaches for the

life prediction under spectrum loads in the damage-tolerance design of

tircraft structures: the root-mean-square (RMS) method and the cycle~
bv-cycle method combined with some retardation model. The former is only
pplicable to flight spectrum loading with random sequence and the latter
ippears to be applicable to the life prediction where the load sequence
¢ffect should be properly taken into consideration.

Thus, a number of retardation models[1'7] have been proposed, in

which the Willenborg-Chang model[s] seems to make some new progress in life

prediction under random spectrum loads. Recently, some investigations of

the crack growth retardation behavior[g’io] and an evaluation of the abili-
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[11]

ty to predict life for four current retardation models have been con-

ducted. Two modified models were also proposed for life prediction under
simple spectrum loadingtlzj.

In this paper, the selection and modifications of these models for
life prediction under complex spectrum loads with a view to engineering

application are described.
SELECTION AND MODIFICATION OF RETARDATION MODEL

In view of engineering application, it may be suggested that the selec~
tion of vetardation model should be based upon the following criterions:
a) the model chosen should be capable of accounting the effect of overload
retardation, compressive load acceleration and the coupling effect, b) the
model should be formulated based on the LEFM concept and c) the material
constants could be acquired from constant amplitude cyclic tests. Hence,

[8] ,[423

the Willenborg-Chang model and the modified Maarse model were se-
lected to fulfil these requirements.
1. The Willenborg-Chang Model

The formulae used in the Willenborg-Chang model can be expressed as

m-1 n
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where C, m and n are constants determined from constant amplitude cyclic

tests at various positive stress ratios and g is the acceleration index

derived from that at negative stress ratios. The (AK)eff and R .. ave the
e

effective stress intensity range and effective stress ratios respectively.
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where K, Kol and Kth are the stress intensity factors corresponding to the

applied load, maximum overlcad and threshold respectively, Aa is the crack
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.cowth length after overload, Sso is the overload shut-off ratio and Zol

. the overload plastic zone size which can be expressed as follows.

7 = ;L (Kmax)2 [+

2 for plane stress (3)
01 an Gy a

6 for plane strain

H

The effective overload retardation zone size (Zm)eFf denotes the
coiduction of overload retardation effect by compressive overload immediately

#tep a tensile overload, i.e.

7 = -
‘ (Zo)) g™ (TRope %01 "1 Ropg 0 ¢
2. The Modified Maarse Model
The formula used in the modified Maarse model can be expressed by[12],
da _ capua) 1™ (5)
dN
n
in which, c% = C ~—j€gi——" (6)
1~ §92—
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U R (7)

Pmax(l’R>

where C and n are material constants derived from Paris' Law and Pop is the

crack opening load.

The ellipse equation of the modified model can be described by the

following expression:

Yo
20 32 ~ Y 2
=" (ozm)” - ©

2a
in which, o = -n (9)
. 1+2S
AK
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where, 8 = TR - = (10)
c c

which may be regarded as a fraction of the plane stress region occupied in
the fracture surfacetll] and Kc is the fracture toughness.
3. Modifications of the Willenborg-Chang Model

Based upon and analysis of the mode of fatigue fractures, the stress
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conditions in FCG process may be considered as a successive transition

from a plane strain to a mixed mode and finally to a plane stress state[llj.
Hence, the coefficient a in eq. (3) of the Willenborg~-Chang model can be
substituted by a variable a expressed by egs. (9) and (10).

Refer to Ref. [10], the maximum plastic strain €35 for a tensile-~
compressive overload is about half of that for a single tensile overload,
that is to say, the retardation effect cannot be elliminated fully at
Reff: -1. Thus, eq. 4 of the Willenborg-Chang model should be modified as
follows

(ZO1)eff: (1+YReff)Zol (11)

For aluminium alloys, we may assume

0 for R 20
? eff

= £
1/2 for -1sR £ <0

RESULTS AND DISCUSSION

In order to verify the above mentioned two modified models proposed,
two types of spectrum have been studied:

(a) The random cycle~by~cycle type.of spectrum for a multimission
tel are shown in Figs. 1 and 2. The material investigated was a
2219-T851 Al alloy using CCT specimens.
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Fig. 1 A-A flight spectrum Fig. 2 A-G flight spectrum

(b) Two simplified test spectrums, the variable mean value and the

[13]

two~wave method » are illustrated in Figs. 3 and 4. The material used
was a LY12-CZ (comparable to 2024~T4) alloy with CCT specimens.
The mechanical properties and other related parameters used in these

calculations for two aluminium alloys are listed in Table 1.
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Fig. 3 The variable mean value test spectrum
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Q1; Fig. 4 The two~wave method spectrum
Table 1 Mechanical properties and parameters Used
in calculation for two Aluminium Alloys
Thickness K K -8
Materials %y [ té_ S, ©*10 & m g
(mm) (MPa) (MPaJjm) (MPa/m)
2219-T851 6.5 245 59.14 2.27 3.0 2,125 3.64 0.6 2.3
LY12-C2Z 2.5 351 99.24 2.08 2.4 30.73 3.19 - -

Tabls 2 and 3 list the experiment data and the lives predicted by the
present modified willenborg-Chang Model and modified Maarse model respect-
ively. It can be seen that the ability to predict life of these modified
models appear to be more promising than the original ones, in which the
life prediction by the modified Maarse model. is fairly consistant with the

experimental results under spectrum tests.

CONCLUSION

The ability to predict life under spectrum loadings of the Maarse
model and the willenborg~-chang model could be improved by some modifica-
tions on the calculation of the plastic zone size and the effective over-
load retardation zone size. Since all the material constants used in present
modified models can be derived from constant amplitude cyclic tests,
these models are relatively easy to be manipulated and feasible to 1ife

prediction under complex spectrum loadings for engineering applications.
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Table 2 Comparison of the Experiment Data and Lives 1 Table 3 Comparison of Experiment Data and Calculated

Calculated by Models for 2219-T851 Alloy. : lives by Various Models in LY12-CZ Al Alloy.
Test T - s S . -N
ypes of oy, 3@;-3c N, Neal N1~ Ve § Types of Sy« Ly R e Near Near e %  Method
No. Mission (MPa) (mm) (cycle) (cycle) e 3 Methoa® spectruns  (MPa)  (nm) (cycle) (eyele) N ' )
e
213,110  +84.13 (1) Vapiable 12,700 -27.33 L.AM.*
M-81 A-A 138 4.1-12.7 115,700 168,720  +45.83 (2) mean value 221 5.0-8.5 17,475 13,823 -20.87 Matsuoka
167,985 +45,19 (3) 18,196 +4,13 Mod. Maarse
74,055 +26.41 (1) Pogewave 13,853 ~12.51 L.AM.*
M-82 A-A 207 3.8-Fail. 58,585 53,312 -9.00 (2) nethod 238 4.8-8.0 15,263 13,679 -10.38 Matsuoka
53,997 -7.83 (3) 16,387 +7.36 Mod. Maarse
25,944 +39.39 (1) * L.A.M. — The linear accumulation method.
M—83 A-A 276 3.8-Fail. 18,612 17,309 -7.00 (2)
18,000 ~-3.29 (3)
496,284  +84.56 (1) REFERENCES
M-8l A-G 138 4,0—Fail. 268,908 368,662  +37.10 (2)
367,835  +36.79 (3) r1] Wheeler, 0.E., Spectrum loading and growth. Trans. ASME, J. Bas,

Engng., 9% (1972), 181.

131,868 +37.88 (1)
5 i@ S5 @il 98,502 9 ;16 3 {21 Willenborg, J.D., Engle, R.M. and Wood, H.A., A crack growth retar-
M-8 A-G 2 3. 7—Fail. ¢ < 8 ~4.,00 2
’ ’ dation model using and effective stress concept. Tech. Rep. AFFDLTM
#y80 e ) 71-1 FBR (1971)
45,034 +23.83 (1) [3] Elber, W., The siginificance of fatigue closure. ASTM STP 486 (1971),
M—86 A-G 276 3.9-Fail. 36,367 29,093 ~20.00 (2) 230.
29,992 -17.53 (3) [4] Maarse,J., Crack closure related to fatigue crack propagation.

&

= : . Fractupe, ICF—4, 2 (1977), 1025.
(1) Generalized Willenborg Model[gj; (2) Willenborg~Chang Model[a]; ’

] § Seoal a, K., Infl tres ati a i
3 ) Prosent Modified Model. [57 Matsuoka, S. and Tanaka, K., Influence of stress ratlo at baseline

loading on delayed petardation phenomenon of fatigue crack growth in
4553 steel and A5083 aluminium alloy, Engng. Fract. Mech., 11 (1979),
703.

[6] He Qingzhi, A new model for predicting the overload retardation effect
in fatigue propagation, J. Beijing Inst. Aeronaut. & Astronaut., 80—1
(1980).

[7] Fatigue crack growth under spectrum loads, ASTM STP 595 (1976).

[8] Chang, J.B., Engle, R.M. and Szamassi, M., An improved methodology for
predicting random spectrum load interaction effect on fatigue crack

growth, Fracture, TcM—5, 5 (1981), 2615.
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