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ABSTRACT

A brief survey over some recent investigations on the crack growth
retardation behavior and fatigue life prediction by several semi-empi-
rical models and their modifications is presented. The Wheeler, Willenborg,
Matsuoka and Maarse models were chosen for evaluating the ability to
predict the fatigue life in a Ti-6Al-4V alloy. Modifications of the

s
Nlllenb?rg and Maarse models and their application to life prediction
under single or a series of tensile overloads and spectrum loading were

d i i i
escribed. The mechanism of fatigue crack growth retardation behaviors

under tensile overloading was discussed.
I. INTRODUCTION

In the early 1970's, the retardation behavior of fatigue crack growth
caused by overloading and the prediction of lives based upon various
retardation models have been drawn great attention by many investigators.
A number of crack growth retardation models have been proposed (1-11).
However, the retardation behavior in fatigue crack growth depends not only
on the mode and sequence of overloading, but also on the fatigue damage
produced by the plastic deformation and fracture characteristics under
various loading conditions. Since the retardation effect is a rather com-
plex phenomenon, the mechanism and its effect on fatigue life prediction
have not been fully revealed.

In this paper, some recent progresses of studies conducted in the

institute of Aeronautical Materials, Beijing related to this area is
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sreatest retardation effect on da/dN, while a tensile~-compressive overload

{owed. Such studies may have some contributions to the basic under-

: of the above mentioned topics and to the estimation of service

{ven in aivcraft structures and components.
{T. RETARDATION BEHAVIOR UNDER VARIOUS MODES OF CVERLOADING

fhe materials used in these investigations were two sheet alloys, an
L -Cu-Mg alloy, LY12-CZ (comparable to 2024~T4), and a mill-annealed Ti-
41~V alloy. The chemical compositions and mechanical properties as well
. the experimental procedure have been reported in Reference [6Jand[12].

for a LY12-CZ aluminium alloy, it was found that a single or a series of

cowpressive overloads does not yield any appreciable retardation effect

. compared with that of constant amplitude cyclic loading. A compressive-

sile overload, just like a single tensile overload, exhibites the

1o nuch less effect than that of a single tensile overload.

According to the experimental results of Ti-6Al-4V under a single
censile overload, the retardation process may be divided into the follow-
ing five stages {221 .

(a) acceleration of crack growth at an overload

(b) delayed retardation stage-

(¢) maximum retardation stages

(d) recovery stage, and

(e) retardation removed gradually-

Fig.1 illustrates some results of half crack length, a, versus number
«f cycle, N, under various overload ratio, QOl: for a Ti-BAL-u4V alloy. As
shown in Fig.1, no retardation effect was observed at Qg = 1.3 and nearly

complete arrest of crack growth occurred at Qgy = 2.8.
III. EVALUATION OF CRACK GROWTH RETARDATION MODELS

In regard to the engineering application, two types of retardation
«odels were evaluated:(a) the Wheeler model [2] and the Willenborg model
fu]

{31 pased upon residual compressive stresses and (b) the Maarse model

and the Matsuoka model [5] pased upon the crack closure concept.

3.1 Retardation Behavior under A Single Tensile Overload
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tent with the experimental curve

1.2 Ability to Predict Fatigue Life

! t/i;fl ig,3 illustrates a vs N curves of a series of single overloads at dif-
2; / crack length (from 11 to 35 mm) at Qpy = 1.8. The calenlated curves

T : . -

| ¢ retardation models are also shown in the same figure.
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I 4 b o° 0° It was also found that the experimental value of the effective PZS

g%‘mmkyde
2ve considerably greater than the calculated values suggested by these

Fig.2 Comparis £ i 3 . .
5 . parison of experimental data with model predictions models, as shown in Fig.4. At a given overload ratio, Qpy, the number of
after a single over . ' i i
ingle overload, Q= 2.0 . delayed cycles, Np, caused by an overload decreases with an increase of Kgj
. g % 3 . in the initial stage and then increases gradually. This change may be
The retardation behavior of Ti-BAL-4V under a single overload at gt 3 itiont1?]
o = 9.0 is she . . & . regarded as a transition from a plane strain to a plane stress condition .
Y01 ¥ 2.0 is shown in Fig.2. In which, the da/dN vs a and a vs N of the
expermmental curves and the calculated curves corrvesponding to the above . IV. MODIFICATION OF THE WILLENBORG AND MAARSE MODELS AND THETR
mentioned models are illustrated. ' : ‘
s e S % . APPLICATION TO LIFE PREDICTION
In Fig.2, it is obvious that the Maarse and Matsuoka models based on
the crack closure concept can descri B 2t ati DrC :
well, in which the Puxvi cElEal 508 Ei Bedaiution Phoesas welarively . As stated in the previous section, the calculated fatigue lives by the
> 4 L.Cn e curve calcula; 1 bv Mat 2 " — .
’ SISATSS S e Mtk mofe] APPears Fa be Willenborg and Maarse models exhibite greater deviation from the expermen-
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tal results than those by the other models. Hence, some modifications of

the Willenborg and Marrse models are necessary.
4,1 Modification of the Willenborg Model

It is known that the overload PZS is an important Factor to control the
retardation effect and the PZS, v_, is generally éxpressed by,
.1 K2
(i (1)

Y =

poam T

ys

&

where o = 2 for pure plane stress condition and « = 6 for pure plane strain
condition.

P X . .y

Since the stress/strain condition of a specimen varies with AK (or
crack length a) and stress ratio R, the coefficient a in the formula (1)

used in the Willenborg model can be expressed by
pPLeaatid. 2y s

o o= - 6 =
i Tl + 28 23
where
AK ~ AKth
SO TWK, (3)

Tt 5 3 i £ i
he parameter S may be regarded as the fraction of the plane stress region

occupied in the fracture surface [12’13].
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oording to the results reported by Bell and Creagen

P Fication of the Maarse Model

iornula used in the Maarse model based on the crack closure con-

C .
was described as

da # n® % %
esto i & - * n .
N (Akeff) C (Kmax*KOP) (3

e Ky, ig the stress intensity factor corresponding to the cpack opening

AEE 8]
¥ e oo

¢” and n~ are the experimental constants.

sl P

f we assume that the crack closure effect ratio, C. = P, /P
£ Op’ max

., Then the Eq. (4) can be rewritten as follows:

¥
WX

(5)

da _ % » n
T = © Kpax(1Ce)]

[14]1) the slope of

.nf values of R are approximately parallel to each other which imples

I iy

‘..t the variance of the experiment exponent n is rather small. For a first

sproximation, we may assume that

%
n =n (6)
S n ] n
. oy - FIR (7
i< P
F Op
1"‘('?"—" )
ax

fope n and ¢ are material - constants obtained by the paris' law under con-

st amplitude cyclic loading.

Meanwhile, the crack opening load, POp’ and the ellipse equation used

‘a4 the Maarse model can be also modilied by introducing the coefficient

{131

4.3 Assessment of the Ability to.Predict Fatigue Life

A comparison between the experimental a-N curve with the corresponding

wrves calculated by the original and modified models under a series of sin-

- 1.8) for Ti-6Al-u4V is shown in Fig.5. In this

1e tensile overloads (QOl
Ne’ the number of

the number of cycles determined experimentally,
and the relative errors

figure,

vyeles calculated by different models, Nﬂal’
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Fig.5 Comparison of experiment data and model predictions of
the relationship between crack growth behavior and number

of cycles when QOl = 1,8

(Ncathe)/Ne’ corresponding to these models are illustrated. It can be seen
that the relative errors of modified models are much less than that of
origional ones.

The retardation behavior and the crack opening load, POp’ for a Ti-6A1-
4V alloy under single tensile overload at QOl = 2.0 were investigated, as
shown in Fig.6. It was found that the modified Maarse model gives longer
retardation period and exhibits less deviation from the experimental curve

[13]

than the original model
4.4 Life Prediction under Spectrum Loading

From an evaluation of life predictions for LY12-CZ Al alloy by two
count methods and four types of simplified testing spectrums, it was found
that the life predicted by the variable mean value and the two-wave method
are in good agreement with the random spectrum loading (153,

In order to assess the ability to predict life by the present modified
model, the linear accumulation method and the Matsuoka model L5] are employ~-

ed for comparison.
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Fig.6 Comparison of da/dN and POp between the calculated and
experimental results after a single tensile overload

in a Ti~6A1-4V alloy, (QOl = 2,0)

Tt was found that the linear accumulation method without considering
‘he retardation effect, exhibits the greatest deviation from the experimen-
a1l results. The life predicted by the Matsuoka model is not so promising
. well. However, the results of two types of test spectrum calculated by
the present modified model are fairly consistent with that of the 50 hrs
random spectrum loadingEiS]. It is also worth noting that all the material
~onstants used in the present modified model can be derived from ‘the con-
stant amplitude cyclic test, hence this model is relatively easy to be

manipulated and could be used to predict life for engineering purpose.




V. MECHANISM OF CRACK GROWTH BEHAVIOR UNDER OVERLOADING

During the past decades, the following mechanisms have been proposed
to explain the retardation behavior for fatigue crack growth under overload-
ing 127,

(1) crack tip blunting,

(2) erack closure effect,

(3) residual compressive stresses in front of the crack tip,

(4) strengthening by lattice flaws within plastic zone. and

(5) a synthetic retardation mechanism caused by a number of factors.

Recently, from some studies of fatigue crack tip region, fracture sur-
faces and dislocation structures within plastic zone in Al-Cu-Mg and Ti-
6A1~4V alloys [ 16,17], it was found that the main causes of the retardation
behavior and delayed growth may be ascribed to the following factors: {(a)
the closure stress behind the crack tip, (b) the compressive residual
stresses in front of the crack tip and (c) the strain hardening effect in
the overload plastic zone. The first two factors considerably reduce the
effective stress intensity. The closure stress in the wake of the crack tip
prevents the crack from opening and the compressive residual stresses ahead
of the crack tip resist the crack from further extension. The strain hard-
ening by lattice flaws within the plastic zone raises the stress intensity
level for further deformation, consequently decreases the crack growth rate.

It was also recognized that the plastic zone size, rp, the magnitude

of the plastic strain, e, , and the number of delayed cycles, N.  increase

D2

in an exponential function with the overload ratio, Q

201 The number of

delayed cycles could be described by the following empirical expression 267,

Ny = In Ny exp (m le) (8)

A general mechanism of fatigue crack growth retardation behaviors under a
tensile overload was also proposed in a separate paper (173,
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