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Abstract： Material performance of LY 1 2CZ aluminum is greatly degraded because of corrosion and 

cor r()sion fatigue，which severely affect the integrity and safety of aircraft structure，especially those of 

the navy aircraft structure．The corrosion and corrosion fatigue failure process of aircraft structure are di— 

rect[v concerned with many factors，such as load，material characteristics，corrosive environment and so 

on．The damage FI1echanism is very complicated，and there are both randomness and fuzziness in the fail— 

ure process．With consideration of the limitation of those conventional probabilistic approaches for predic— 

tion of corrosion fatigue life of aircraft structure at present，and based on the operational load spectrum 

obtained through investigating service status of the aircraft in naval aviation force，a fuzzy reliability ap— 

proach is proposed，which is more reasonable and closer to the fact．The effects of the pit aspect ratio， 

the crack asDect ratio and a11 fuzzv factors on corrosion fatigue life of aircraft structure are discussed．The 

results demonstrate that the approach can be applied to predict the corrosion fatigue life of aircraft struc— 

ture． 
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基于模糊可靠性的飞机结构腐蚀疲劳寿命评定．谭晓明，陈跃良，金 平．中国航空学报(英文 

版 )，2005，18(4)：346 351． 

摘 要 ：腐蚀和腐蚀疲劳大大降低了 LY12CZ铝合金的材料性能 ，严重地威胁着飞机的结构完整 

性和使用安全。飞机结构失效过程与所受的载荷 、材料特性 、服役的腐蚀环境等因素有关，由于各 

因素联合作用，失效过程损伤机理相当复杂，既有随机性又有模糊性。针对 目前腐蚀疲劳寿命评 

估的常规概率方法的缺陷，基于通过对海军航空部队调研得到的飞机实际使用载荷谱 ，提出更合 

理 、更贴近实际情况的模糊可靠性评估方法。讨论了蚀孑L形状比和各模糊因素对结构寿命的影响 

规律，研究结果表明该模糊可靠性方法可以应用于飞机结构的腐蚀疲劳寿命评估。 
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Corrosion and corrosion fatigue are recognized 

as significant damage mechanisms to the navy air— 

craft structures．W ith extension of operation life， 

the problem is becoming increasingly important and 

has received more and more attention of the aero— 

nautic researchers．The corrosion and corrosion fa— 

tigue failure process of aircraft structure are directly 

concerned with many combined factors，such as 

load． material characteristics． corrosive environ— 

ment and so on．The damage mechanism is very 

complicated，and there are both randomness and 
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fuzziness in the failure process． 

Harlow and W ei proposed firstly that corro— 

sion fatigue life of aircraft structure should be com— 

posed of three stages：crack nucleation life，surface 

crack growth life and through crack growth life， 

and a probabilistic model was established．Vasude— 

van[ ]thought that the fatigue life should be the 

sum of four stages．And a seven—stage probabilistic 

model was proposed by Pan Shi[ ， 
． 

However，there are two [imitations of these 

models．Firstly．they are all based on constant am— 
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where Kt is the stress concentration factor as a re— 

suit of the rivet hole，Aama is the maximal stress 

range in the load spectrum ． 

1．3 Short crack growth stage 

The W alker’s formula is adopted to compute 

the crack growth rate，with consideration of the 

stress ratio 

( da)=c (1 R)一 AK]” 
where R is the stress ratio，C sc is the short crack 

growth coefficient of LY12CZ aluminum alloy in 

corrosion environment， sc is the short crack 

growth exponent and is assumed to be constant． 

Taking into account N=／Z and combining Eq．(6) 

and Eq．(8)，the time for short crack growth is 

found to be 

2(1十1．464j5 )；,l sc／2 

／C 。(2一 ) 

[( _h) ”一 ( ) c] 

[1．1(1 R) K △ ]” 

where a th is the critical crack size for the transition 

from the short crack to the long crack，f is the fre— 

quency of the load spectrum block．At first，the 

operational loading spectrum is obtained through 

investigating operation status of the aircraft in the 

naval aviation．Secondly，the load is averaged in 

every month and the frequency／’is obtained and 

its unit is cycle／montE．Then，the actual load of 

the aircraft structure is gained through finite ele— 

ment analysis． 

1．4 Long crack growth stage 

As for long crack，the stress intensity factor 

range is given by 

AK =K △ ~／枷 (10) 

According to W alker’s formula， the long 

crack growth rate is expressed is 

da 
dN R) I1AK (11) 

The time for long crack 

2 E( 2 nlc 

growth is expressed as 

一 ( ) ] 

_厂Cl (2一 l )：(1 R)一 K △ 

(12) 

where f is the critical crack length 

2 Analyses of Fuzzy Factors 

2．1 The fuzziness of the structural failure crite- 

rion 

The corrosion and corrosion fatigue failure are 

caused by accumulative damages that degrade the 

material performance． The process from “good 

condition’’to “failure condition”is a gradual pro— 

cess from “quantitative change” to ‘‘qualitative 

change”．It is neither“perfectly good’’nor“con7．一 

pletely disabled”in the transition processes．There— 

fore，there is a fuzzy condition． 

Ref．[1，3，4]presented a critical size of 

crack as the failure criterion for the structure， 

which was 6 nln1．It implied that a crack of =6 

nlnl would not cause failure．whereas a crack of 

6．01 nlnl would cause 

no substantive difference 

nln1．The process fronl 

failure．However，there is 

between 6 nlnl and 6．01 

the safe condition to the 

failure condition is gradua1．Obviously，this rigid 

failure criterion is not reasonable． 

The semi—trapezoidal membership function of 

the critical crack length a f is adopted，as shown in 

Eq．(13)and Fig．2， 

Fig．2 Semi—trapezoidal membership function 

1 

a 2 ～ _丁 

≤ 1 

a1< _丁≤ a 2(13) 
a 2 一 1 

1 _丁 > a。 

where a 1 6，and a 2 is determined based on expe— 

rience， 2=(1．05—1．3) 1．Herein a 2=6．3． 

2．2 The fuzziness of the transition criterion 

from short crack to long crack 

According to Ref．[3]，the critical size a th of 

transition of the short crack to the long crack is 

01l。 nI dl 矗0Eu 
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l。0 mm in engineering field．It is experiential，and 

there is lots of fuzziness obviously．The semi—trape— 

zoidal membership function is adopted，as shown in 

Eq．(14)and Fig．3， 

f0 ≤ al 

( )：j l< ≤日2(14) { “-< 2) 
【1 > a 

Where“2：1．0， l= (0．77—0．95)a 2 Herein 

al=0．77． 

Fig．3 Semi—trapezoidal membership function 

2．3 The fuzziness of the transition criterion 

from pit to short crack 

According to Eq．(7)，the critical crack size of 

the transition criterion from pit to short crack is 

determined by the random variable AK th，which is 

the material parameter and obtained through test． 

Because the test conditions are different，the speci— 

men is also different from the actuaI structure，and 

there is the subjecti，ce factor，the threshold driving 

force AK th is a typical fuzzy random variable．In 

this paper，the fuzziness of the transition criterion 

ftom pit to short crack is described through AK[h． 

According to Ref．[8]，a normal membership 

function is adopted，aS shown in Eq．(15)and Fig．4， 

Fig．4 Normal membership function 

△K小( ) 

n1)2 

n； ] < l5) 
≥ 

3 Determination of These Variables 

3．1 Deterministic variables 

The materiaI of the skin is a LY12CZ alu— 

minum alloy，the density p=2700 kg／m ；the ac— 

tivation energy AH =50 kJ／mol；Faraday’s con— 

stant F = 96 5 1 4 C／mo1：the universa1 constant 

R =8．314 J／mol—K；the stress concentration fac— 

tor of the rivet hole K =3；in the corrosion envi— 

ronment，the crack growth exponent sc k 

3．14[ 
， and the impact exponent of stress ratio 

m = 0。66 E J：the environment temperature T = 

293 K． 

3．2 Random variables 

It is assumed that W eibull probability density 

function(PDF)is chosen for these random vari— 

ables，because of its much applicability．The ran— 

domness is depicted by the different shape parame— 

ter a．the minimum value parameter and the 

scale parameter B．The three—parameter Weibull 

PDF is given by 

_『(aT)= 号( a lexp[一( ) (16) 
The Weibull parameters of pitting current con— 

stant IP0 and initial pit size a 0 are given according 

to Ref．『L]。Those of short crack growth coeffi— 

cient C and long crack growth coefficient Clc are 

given according to Refs．[3，9]．Those of the as— 

pect ratio are given according to Ref．[7]． 

4 Results and Discussion 

According to these equations herein before， 

the corrosion fatigue fuzzy reliability life t{can be 

given by 

t～f=t f(IP0，以o，C 。，Ck，jl，tl，△Kth，以th，以f) 

(17) 

where IP0，ao，Csc，Clc，jl and tl are random vari 

ables，AKth，ath and af are fuzzy variables。Corn 

bining these equations above，t f can be found to be 

～  exp(△H／8。314T) 
l十一  ⋯  

r ● L p  
X 

e l  

，

， ● ● ● ● ● ● ● ， 、  ●  

l  

u0 口矗 dI J。0gu 

二0【10二 一 ∞ u 
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E0．57 Y。( h／△ ) 2．34×104a 

0．0068[7．5y(△良 h／&a一) H—y1．57( ) 5 ] 

JC 。[(1一R) △ ]。H 

0．0092[( ) ( f)10 ] 

fCl [(1一R)一 △d]。 

+ 

where Y=l+1．4644 ．It is able to cornpute 

the failure probability at some specified time ￡bv 

use of Monet—Carlo simulation method
．  

4．1 Effects of aspect ratio of pit 

The effects of the pit shape and the short 

crack shape on corrosion fatigue life are shown in 

Fig．5．The aspect ratio is a random variables in 

Curve A，and it is in[1，4．72]aCCording to Ref． 

1 7 J；in Curve B the pit is semispherica1 and the 

short crack is semicircular[ ， 
， j6=1．obvious1v． 

the probabilistie life is decreased greatly by the ran～  

domness of the aspect ratio
．  

>、 

．瘩 

Fig．5 Effects of the aspect ratio on corrosion fatigue Iife 

W hen the reliability is 0
． 9999，0．999 and 

0．99，the corrosion fatigue lives are 338
． 2，427．7 

and 543．9 months respectively in curve A
． and 

they are 379．4，477
． 3 and 603．5 months respec 

tively in Curve B．Evidently，the effect of the as
—  

pect ratio on the reliability life is great
． In Refs． 

【l，3]，it was supposed that the pit was semi— 

sphere and the short crack was semicircle
， the as- 

pect ratio = 1．There is much limitation and the 

corresponding result may be dangerous
． 

4．2 Effects of fuzzy factors 

The effects of fuzzy factors on corrosion life 

are shown in Fig．6，there is no consideration of 

fuzzy factor in Case A ，the fuzzy factors of f
，a

～  

AK th and the combining fuzzy factor are discussed 

respectively in Case B，Case C，Case D and Case 

E．There is no evident difference among Curve A
。 

0 

0 8 

兰 

星 0．6 

0．4 

O．2 

Smwice time／months 

Fig．6 Effects of fuzzy factors on corrosion fatigue life 

Curve B and Curve C，and so it does between D 

and Curve E ． 

The corrosion fatigue lives under different reli— 

abilities are shown in Tabel 1
． It is obyious that 

the corrosion fatigue life is increased bv a11 of the 

fuzzy factors， especially by the fuzzy factor of 

AK th． 

Table 1 Corrosion fatigue lives under different reliabilities 

W hen the reliabilities are 0
． 9999。0．999 and 

0．99，the fuzzy reliability lives are 33
， 41．9 and 

53．5 years respectively in Case E
， which agree 

with the actually operational lifes of the aircraft 

structure．So，the validity and feasibility of the aP— 

proach presented in this paper can be demonstrated 

to som e extPnt 

5 Conclusions 

Based on fuzzy mathematics theory，a fuzzy 

reliability model to predict the corrosion fatigue life 

has been established．By analyzing
， a few of Prac— 

tical conclusions are gained
． 

(1)In this paper，the aspect ratio j6 is as— 

sumed to be a random variable，the analytical mod— 

el is closer to the fact and the calculating r_esults are 

safer． 

(2)Not only the effects of random factors but 

also those of fuzzy factors on corrosion fatigue life
， 

can be taken into consideration by using the fuzzy 
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reliability method adopted 

more reasonable than the 

approach． 

in this paper，which is 

conventional reliability 

(3)In view of the analysis results．the life is 

increased by all the fuzzy factors to different ex— 

tent，especially the fuzzy parameter AK th．There— 

fore that，in order to predict the reliability life of 

aircraft structure，the threshold driving force AK th 

must be measured precisely． 

(4)The calculating model is established based 

on the actually operational load spectrum and not 

on constant amplitude spectrum as shown in Ref． 

[1，3]．So，the fuzzy reliability approach can be 

used to predict the corrosion fatigue life of aircraft 

strl1ctt1rP． 
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