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ABSTRACT

A modd is presented that predictsthefatigue limit of ameta by determining thecritical crack length. The threshold
dressrangefor short fatigue crack growth isrelated to the strain intengity factor range by taking into consderation
surface strain distribution and crack closure. In particular the surface strain concentration factor has been carefully
evauated. This factor decreases, together with an increase in crack closure, as crack length increases within the
ghort crack range. Theresulting threshold stressfor crack growth increasesto amaximum that correspondsto the
fatigue limit stress. This occurs a the critica crack length. In addition to successfully predicting the fatigue limit
gress, themodd is capable of determining the crack initiation stressrange and depth of non-propagating cracks as
afunction of materid, grain Sze and dressrdio.

KEYWORDS

Critical crack length, threshold stress, short fatigue cracks.

INTRODUCTION

On cyding a polycrygtdline metd each surface grain will experience adifferent amount of strain according to its
orientation relativeto theloading axis. Large, favourably oriented grainsrepresent preferred Stesfor crack initiation
because of locdized dip. With increasing depth, the congtraints and strain compatibility requirements become more
severe, leading to a lower loca gtrain range. The initial high local strain range, A3 decreases, approaching the
nomina strain range, Ae. The strain concentration factor, Q, decreases with the projected crack length, a,
according to [1]:/

Qa=AdAe = 1+q exp [a(-4D)] @

where g isacongant, aisamaterid constant depending upon deformation character and represents the ease of
cross-dip. The function for the decay of ( gives an average continuous description of short crack behaviour



dlowing a rdatively smple modd to be gpplied dthough it is recognized that short crack behaviour may be
discontinuousand strongly affected by microstructurd festures such asgrain boundaries[2]. Thedepth at which Qs
iseffectively equa to unity determinesthe extent of the surface- affected zone, L. Whena= 0, Q4 =1+q represents
the strain concentration factor at the free surface, Qss. Origindly, Abdd-Raouf et a [1] concluded that g=5.3,
based on the probatiility of dip at the surface. Thisgave avaue of Qs = 6.3. Reconsdering thisorigind work, Qas
yielded avaue of gpproximatdy 8.7. Using adightly different probabilistic gpproach, the strain concentration factor
a the surface was found to vary between 6.1 and 7.2 [3].

Another approach has been to consider the strain in Persistent Slip Bands (PSBs). In this case, the valuesfor the
strain concentration factor at the free surface ranged between 4.7 and 10.0 [4,5] and the weighted average vaue
for even different set of data was 8.4.

By means of the Neuber approach Qs varied between 5.9 and 8.1 if the cyclic yidd limit were consdered asthe
goplied dress. The average vaues for twelve steds and seven aduminum aloys were 6.9 and 7.0 respectively,
indicating materid independence[6]. Hence, for smplification, Qs will be gpplied usng asingle value of 7.0.

INTRINSIC THRESHOLD STRESS RANGE

In the absence of crack closure, the intringic strain intengty factor range, can be expressed asfollows:
2

where E is the modulus of eagticity and F isthe geometrica crack factor.

When the nominal applied Srainsaredastic, AéE = AS where istheintringc component of the gpplied sress
range, theintrindc sress intengity factor range amplifiesto:

3

At high stress ratios (R= minimunvmaximum stress® 0.6) AK; can be assumed to betheintrinsgic threshold stress

intensity factor AK;. According to DuQuesnay [7] no closure effectswere present at astressratio of R = 0.6 for
duminum dloy Al 2024-T351 with AK; = 2.2 MPam'?.

Theintrinsc threshold stress range, AS, can be calculated at any crack depth using Eq. 3. Asexpected, alinear
relationship with a dope of -0.5 exists between log AS, and log afor long cracks (a3 L;) when Qs= 1, since
linear dastic fracture mechanics (LEFM) applies. However, for short cracks (a < L), the curve deviates from
linearity and their behaviour is under microstructura control.

The maximum vaue for ASy, represents the nomina stress range required to maintain continuous crack

propagetion, i.e. the fatigue limit of the materid for theintrinac condition when closureis absent. For the Al2024-

T351 dloy, the crack initiation stress range, AS,, had avalue of 96 MPaat the minimum crack depth of 3imand
the maximum vaue for AS;, was determined to be 110 MPawhich isin good agreement with the experimental

value of 125 MPa. This occurred when & = 190 im (3.8D). Since the caculated fatigue limit ASq, isdightly
gmdler than the actud fatigue limit siress at the stressratio of R=0.6 the crack may not have been fully open.



Figure 1: Nomina threshold stress range, as a function of
crack depth and stressratio for Al 2024-T351.

a.=a04D,q=6.0,4=10,D=501m, = 2.2MPam'?,
k=20 mm™, F (a=3i m), = 1.12 and F (a=200i m) = 0.72
CLOSURE

Thestressintensity factor range (AK = K gpen - Kmin) required to open aclosed crack increaseswith crack depthto
asteady-datelevel, representative of long crack development. Henceat lower stressratioswhen closureispresent,
the threshold dress intengty factor range must include a crack opening component in addition to the intringc
component. Thisis achieved by introducing the closure development factor, Hy - representing theratio of thetotal
dress range to the open portion of the stress range, which increases the threshold stress intengity factor range,
AK, and isexpressed by [2, 8, 9]:

(4)

or with the corresponding expression for stress:

(5)
Hq isgiven by:
(6)

The factor é¢is expressed by:

(7)

wherek isamateriad constant describing the rate of crack closure development and a. isan effective crack depth



a—=a-0.4D since closure starts to build up about haf-way into the surface grain [2].

For small cracks, Hy is approximatdy unity and Eq. (4) yieds AKy, = AKy, , indicating that the crack isfully
open. For long cracks, however, the steady state value of Hy isinvariant with crack length. Its magnitudeincreases
as the stress ratio decreases.

Thevdues of Ky, at steady-state are listed in Table 1 for the corresponding stressratios.

FATIGUE CRACK MODEL

Combining Egs. (3) and (5) leads to the find equation describing the variation of the threshold stress range with
crack length in the short and long fatigue crack regime:

ASy=Hg AKin (QsF ) 8)

The three mechanismsinvolved in the present model are incorporated in EqQ. (8) and are asfollows: i) the closure
parameter Hy i) the inherent strain concentration factor Qy and iii) the LEFM-contribution. The crack length
appearsthreetimesin Equation (8) through Hy, Qaand a It istheonly unknown variable. Stressratioistaken into
account by Hg.

FATIGUE LIMIT PREDICTION

The experimenta data for 2024-T351 duminum dloy isavailable from previouswork [ 7, 8, 9] and gpplied to the
present modd. The important mechanica and microstructura materia propertiesare givenin Table 1.

The plot of Eq. (8) versus crack depthisseenin Figure 1. Thisillugtrates the relationship between the nomina
threshold stress range and the crack depth for three different Stressratios.  The threshold stress range has alocal
maximum value, representing the stress range required for continuous crack growth, which definesthefatigue limit.
For dress ratios less than 0.6, the magnitude of the threshold stress range at the fatigue limit increases with
decreasing stress ratio due to an increase in the contribution of crack closure.

TABLE 1
Materid Properties of 2024-T351 Aluminum Alloy [7, 8, 9]

Materid Property Stress Ratio Vdue

AKy, for long-crack propagation R=-1 44  MPam'?

AKy, for long-crack propagation R=0 34  MPam"?

AKy, for long-crack propagation R=06 22  MPam'’?
ASq a2 10’ cydes R=-1 246  MPam"?
ASq a2 10’ cycles R=0 170  MPam'?
ASq a2 10’ cycdes R=0.6 125  MPam“?
Grain szein crack growth direction - 50 im

Table 2 summarizes the predicted fatigue limit stress range, the critical crack length at the local maximum, &, the



experimenta fatigue limit Sress range and the relative deviation. The critica crack isabout four grain diametersin
length. The predicted and experimenta va ues of thefatigue limit Stressarein good agreement. However, the results
are very sengtive to the closure parameter. A smal deviation in the experimentaly determined threshold stress
intengity factor ranges can lead to alarge scatter in the prediction.

TABLE 2
Predicted Fatigue Limits for Different Stress Ratios
R alim  AS[MPd Experimentd AS: [MP4] Relative deviation [%0]
0.6 188 (3.8D) 110 125 -12.0
0 194 (3.9D) 167 170 -1.76
-1 198 (4.0D) 214 246 -13.01

The fatigue limit stress range may be predicted using an dternative approach based on the experimentaly

determined AKy, (Table 1) without having to consider the closure parameter. Since, at agiven stressratio, AKy,
accounts for closure development at the steady-date level and the critical crack length at the fatigue limit Stressis
known from the previousandyss, thefollowing expression leadsto the fatiguelimit stressrangefor that sressratio:

)

The critica crack depth a. istaken as4D. For the stress ratios of R=0.6, R=0 and R=-1 the fatigue limit stress
rangesarethen determinedtobe AS = 111 MPa, ASy =171 MPaand ASy, =221 MPa, respectively. These
va ues agree with those obtained in the previous section. It isimportant to noteif the extremevauesof 5and 8for g
are considered, then the variation in AS-_ isonly in the range of 5% for agiven stress ratio.

If a specimen were cycled with a stress range larger than AS;, yet lower than AS-, the crack will grow to adepth
corresponding to the threshold stress range given in Fig. 1 and become non-propagating. Dueto the differencein
closure level sthe crack would stop growing at ashorter depth if the Stressratio were lower. The model is capable
of predicting the depth of nonpropagating cracks. This has been observed in smooth specimens cycled at low
dressratios [2] where thereis alarger difference between AS and AS, .

SUMMARY

Thefatigue limit stress can be predicted accurately with the current mode. Theinformation required isthe average
gransize, theintringc threshold stress intensity factor range and the closed portion of the stress range for along
crack at agiven sressratio. The threshold stress curve may then be plotted against crack depth and its maximum
corresponds to the fatigue limit stress range. The modd is cgpable of predicting the development of non
propagating cracks when cycled at constant amplitude stress ranges lower than the fatigue limit.
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