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ON THE THRESHOLD FOR FATIGUE CRACK GROWTH

A. J. McEvily and J. Groeger*

INTRODUCTION

In the assessment of the significance of flaws in a cyclically loaded
structure a number of material parameters are of interest. If, for ex-
ample, the rate of fatigue crack growth can be written as

A

da _ T(e) 2 AK
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where a is the crack length
N is the number of cycles
A(e) is a material constant, a function of the environment, e.
Oy 1s the yield strength
E is Young's modulus
AK is the stress intensity factor range
AKTH is the stress intensity range at the threshold level,
(R,e) : . -
a function of R and environment, where R = 0 . /o
. n min’ “max
Ki. is the plane strain fracture toughness
Knax 1s the maximum stress intensity in the loading cycle
and can be expressed as K
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then there are five material constants involved, namely A(e), Oyy E;
AKTh(R e) and Kr.. In recent years the magnitude and nature of one of
’ these constants, AKTh(R 8)” has been a topic of increasing in-
terest. Indeed the question = has been raised as to whether or not
AKTh(R,e) is evidence [2] suggests that it is.

max

In considering the factors responsible for a threshold the residual com-
pressive stress of the crack tip appears to be of importance. Elber's
concept of crack closure [3,4] has also been given attention by some in-
vestigators. In terms of crack closure the simplest explanation of the
existence of a threshold would be if AKopg equalled to AK-AKg,, where
AKers denotes the effective stress intensity range, and AKo, indicates
the stress intensity range over which the crack is closed. In this case
AKTh would correspond to AKc1' However, Schmidt and Paris [5] as well as
Kikukawa [6] et al., have determined experimentally that AKyp is larger
than AKc,. Nevertheless AK., figures importantly in Schmidt and Paris'
treatment of the dependence of AKpp on R.  In view of the attention given
to the role of crack closure on AKp it scems worthwhile to summarize a
few of the pertinent experimental findings.
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Elber's concept of crack closure is that residual tensile strains normal it follows that i
to the crack surface lead to contact between the two surfaces of a crack 3
before the minimum load in a fatigue cycle is reached. This contact is i
Mmacroscopic in nature and there is ample experimental evidence as indicated A _ ‘/igﬂ A (4) ]
by strain gauge readings to show that in the plane stress region at the KTh(R) 1+R KTh(O) 3
specimen surface such closure does take place. What is less clear is 5
whether or not such closure occurs in the plane strain region along the :
crack front at mid-thickness of the specimen. On this point, Lindley and MATERIALS, SPECIMENS AND TESTS 3
Richards [7] have shown by sectioning that closure contact is made primar- ’
i;x in the glane stress region along thedsugfacg tha ?late'specixen.wh?re To check on the validity of equation (4), a series of tests were carried
inning an Xtensi i than in t interior. similar : : 9 . g P - .
observafion ththZ;O;a;Z Tgr:hgrgggzngg PMMA [8]. SloZure has also been g:zeiziizrtﬁZOzhiziﬁzigel:SZidlt¥%ea2§eégm;:§u32r£lgfstgz)C%ntiggezA;;M
swtace Sl SES I Mot ety D i ¢ g sl eipbienn | SRR oLt Il o secinns v ot che g sty
as the crack deepened, the closure level was reduced, which might be taken ;22: fg:gizg Z:lggogzdfgse:wg ﬁgﬁizsse;hztsliigmgéswzzjz gu;gczgdtﬁgikthen
t0 indicate that this trend was due to a greater proportion of plane strain with an H dimension of 57 mm and a W dimens?on of 50 mm. To facilitate
LS of Intevere sty Ciont Mith Inerease in crack dapth. In any event sheervation of the crack tip uhich nas Viewed with a 10K tejoscope, tn
10% or less of the total range (AK = 6 MPan/M) in the case of Ti-6A1-4V, specimen surface was polished through 1p dlgmond paste. The specimens
for example. With respect to the influence of the environment on the :iz:szeizegrQdeizg;:ﬁfme¥§ecg;ngi ;gegzgii; 3age§ge:;ea;3 fh:lzgié?;l
g o i ot Telatin homy e e Tl | She ot e hes o Sy ey v 0 e nd che el
that fatigue striations were not observed on the fracture surfaces of mm betore Fhe e condition was reached. It was considered that o
specimens tested in dry nitrogen (one wonders if the increase in closure 22:32§12023;;122 ?Ziszegnxrfgghzgcyzgn no datectable creck growth was ob-
level at the surface interferes with the process of striation formation). ’ :
Closure has also been studied by the potential drop technique. Shih and RESULTS AND DISCUSSION
Wei [11] found that closure in through-cracked plate specimens (5 mm thick)
was not observed in Ti-6A1-4V for R values greater than 0.3. Their results The results of the threshold determinations as a function of mean stress
indicate that any closure near the threshold level would be minimal. Irving shown in Figure 1. A pronounced effect of environment is noted as well
et al,, [121 found no crack closure in air, but did observe closure in 3 as a dependency on mean stress level. A comparison of the predictions
vacuum (10~° Pa). However, Bachman and Munz [13] found that closure level of equation (4) with experiment indicates that reasonable agreement is
was the same in vacuum (5 x 10-“ Pa) as in air in testing 12 mm thick CT obtained. However, it should be clear from the introduction that further
specimens and that the level of Ko, was independent of Knax. Evidently work is needed to substantiate the assumptions made in deriving equation
there are some conflicting conclusions with respect to crack closure which 4).

are in need of clarification.
For R = 0.35, Irving and Beevers [14] obtained for Ti-6A1-4V a threshold

[n the present investigation we assume that crack propagation is controlled of 8 MPa v/m in vacuum (1 mPa) as compared to 12 Mlel/Z\/rF in the present
by plane strain conditions along the crack front. It is also assumed that case. EEEir threshold in air was less than 3 MPa'm in contrast to the
crack closure in the plane strain region is either non-existent or neglig- : 4 MPa*m™ observed in the present study. The reason for the difforence
ible. Further, equation (1) was derived on the assumption that the role in results is now known but may reflect a difference in microstructure
of crack opening displacement. With respect to the threshold level the as a result of different processing procedures.

further assumption is made that the threshold level corresponds to a : i
constant crack opening displacement Tange which is independent of mean Thus far we have considered the threshold for crack growth in terms of
stress, that is fracture mechanics considerations related to macro-cracks. There is also

a threshold for propagation of micro-cracks, and this level has been con-
K2 2 2 2) sidered to correspond to the endurance limit of steel, for example. An
max Kmin - KTh 1 important question in dealing with very small flaws is whether or not the
(o) fracture mechanics approach is applicable. 1In a recent study by Kitagawa
and Takahashi [2] for flaw sizes less than 0.5 mm in a particular stcel

whisrs AKTh(o) is the th?eshold stre5§ intensity range corresponding to R ’ the fracture mechanics approach was not valid and the threshold was de-
equal to zero loading. Then, since termined by the stress level rather than the stress intensity level. This
trend is schematically indicated in Figure 2. This type of behavior can

K - AK (3a) : be analyzed as follows. We assume that the condition for propagation is

max 1R given by the following equation:
ind ;

K . = (éﬁ_) R (3b) 4 KN 0net - Oend (5)

min 1-R
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where Opet is the net section stress
Oend is the endurance limit, a function of R
Ky is the Neuber stress concentration faction given as

—

K

T-1
o: 2 ] e (6)
N 1+ yo'/0

where Ky is the theoretical stress concentration factor based on the net
section
o' is a material constant
0 1is the tip radius

The stress intensity factor K is related to the stress concentration
factor Kp by

™

K = 1im Kp op ¢ - )

p>o

If we substitute Ky for KT and consider that tip radius, p, of a crack
approaches pg in the limit rather than zero, we obtain

noe 3
K = Ky Oper ¥ 2 (8) :

[f Ognq is substituted for Ky opee (9) :

Then since K is of the form Bov/Ta

g p
_ _end e
m= 78 Va G0

This equation indicates that for values of Bv3da equal to or less than Pe

that OTp would be given by the condition that OrhVa be equal to a constant,
namely

fos
d ——
jg vpe ’

in which case the slope of a log OTh - log a plot would have a slope of
minus two as indicated in Figure 2. In this approach the key parameter

is the constant pe. The physical meaning of this parameter in terms of
closure, residual stress fields, etc., is a subject for further considera-
tion.

CONCLUSIONS

In this study we have been concerned with factors influencing the threshold
level for fatigue crack propagation. We have found that

A.  The dependency of the threshold level on mean stress
can be rationalized in terms of COD concepts.

B. The transition from stress control to stress intensity
control at the threshold level can be related to the
cffective tip radius of a fatigue crack, Pe-
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Figure 1
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Ti-8AI-4v
FORGING oS P
Q%"o K =K I-R
/ o¥ M™h(r)" O ™4h(o) 1+R
VACUUM > =

The dependency of Kamp at threshold on an for
Ti-6A1-4V alloy in air (50% relative humlglty) and
in vacuum (10-° Pa). Predicted trends are also in-
dicated.

Tend (R=0)
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log a

Figure 2 The dependency of the threshold stress

range for crack propagation on flaw size
for R=0 test conditions.

1298

e p—

e T

G

et A A i

b A



User
Rettangolo




