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Abstract 

In recent years, mechanistic and continuum studies on fatigue 

crack propagation, particularly at near-threshold levels, have 

highlighted a dominant role of crack closure in influencing growth 

rate behavior. In this paper we review and model the various sources 

of closure induced by cyclic plasticity, corrosion deposits, 

irregular fractUre morphologies, viscous fluids and metallurgical 

phase transformations. It is shown that many of the commonly 

observed effects of mechanical factors, such as load ratio, 

microstructural factors, such as strength and grain size, and certain 

environmental conditions can be traced to the extrinsic influence of 

closure in modyfying the effective driving force for crack extension. 
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The implications of such closure mechanisms are discussed in the 

light of constant and variable amplitude fatigue behavior, the 

existence of a threshold stress intensity for no fatigue crack growth 

and the validity of such threshold concepts for the case of short 

fatigue cracks. 

Introduction 

The elastic-plastic models of McClintock (1), presented twenty 

years ago, postulated the existence of a propagation threshold for 

long fatigue cracks. The condition that fatigue cracks cease to 

propagate when the extent of cyclic plastic zone becomes comparable 

to some characteristic microstructural size-scale (p), was derived 

from failure criteria based on the attainment of a critical local 

strain or cumulative damage over the characteristic dimension p ahead 

of the crack tip (1). In 1966, Frost and co-workers,(2) reported 

experimental evidence supporting the existence of a fatigue threshold 

when the value of the parameter (oa3a), where 0a is the alternating 

stress and a the crack length, reached a critical value. With the 

advent of linear elastic fracture mechanics and its adoption to 

characterize the propagation of fatigue cracks, it soon became 

apparent, particularly from the work of Paris and co-workers (3), 

that the threshold for non-propagation of fatigue cracks can be 

denoted by a critical value of the stress intensity range ~o' below 

which crack growth is not experimentally detectable. 
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The application of such fracture mechanics concepts to fatigue 

crack propagation, as originally postulated by Paris and co-workers 

(4), is based on the implicit assumption that the nominal value of 

crack driving force, taken for the case of linear elastic behavior as 

the range of stress intensity factor 11K, uniquely and autonomously 

characterizes the crack tip stress and strain fields. Although this 

is clearly a simplification, since the analysis is based on monotonic 

loading of a stationary crack, using this 1 inear el astic fracture 

mechanics (LEFM) approach the value of the alternating stress 

intensity 6K can then be taken as a correlator for fatigue crack 

extension such that: 

(1) 

where (da/dN) is the crack propagation rate per cycle, and C and m 

are scaling constants (4). Experimental studies of fatigue crack 

propagati on in engi neering materi a 1 s, however, have begun to revea 1 

that the premise on which Eq. (1) is based may lead to overestimates 

of crack advance because of a phenomenon which has become known as 

crack closure. 

Early observations of crack closure can be traced back to the 

work of Endo et a 1. (5) who suggested in 1969 that the s lower crack 

growth rates of a low stren9th steel in water compared to air could 

be attributed to crack surface corrosion deposits in the former 

medium which prematurely closed the crack. Endo et al.'s results (5) 
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were presented in terms of conventional stress-life approach and LEFM 

terminology was not use~ The first mechanistic justification for 

crack closure in terms of fracture mechanics concepts was presented 

by Elber (6) in 1971. Based on compliance measurements of fatigue 

cracks at high 6K levels, Elber (6) proposed that premature contact 

between the crack faces can occur even during the tensile portion of 

the fatigue cycle because of the permanent residual displacements, 

arising from prior plastic zones, left in the wake of a growing 

fatigue crack. Since the crack cannot propagate whi 1 st it remains 

closed, the consequence of such plasticity-induced crack closure (6) 

is to modify the actua 1 stress intensity factor range experienced by 

the crack tip from a nominal value of: 

(2) 

based on g 1 oba 1 measurements of geometry, app 1 i ed loads and crack 

size to some near tip effective value of: 

(3) 

Here, Kmax and Kmin are the maximum and minimum stress intensity 

factors, respectively, during the fatigue cycle and Kcl is the stress 

intensity factor at which the two fracture surfaces first come into 

contact during the unloading portion of the fati.gue cycle. It was 

postulated by Elber (6) that fatigue crack propagation rate is then 
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governed by the effective value of the stress intensity factor range 

6Keff, such that: 

(4) 

where U is an empirically-measured value defined as 6Keff/6K. 

Since Elber's pioneering work, the role of crack closure in 

influencing fatigue crack growth has remained a topic of considerable 

research interest and practical significance, although it has not 

been until fairly recently that microscopic descriptions of closure 

have been developed. Despite the application of crack closure 

arguments to rationalize a number of fatigue characteristics in 

engineering materials, several independent experimental studies have 

revealed convincing evidence that the plasticity-induced crack 

closure phenomenon plays a role principally under plane stress 

loading conditions (e.g., refs. 7 and 8). Yet, there has long been 

cons i derab 1 e i nformat ion in the 1 iterature i nd i cat i ng th at marked 

crack closure can occur even in the near-threshold regime where 

predominantly plane strain conditions exist (e.g., ref. 9). Such 

apparently anomalous and conflicting experimental data led to the 

conclusion by Ritchie (10) that plasticity-induced crack closure must 

be questioned as an important mechanism for near-threshold fatigue 

crack growth. More recently, finite element studies by Newman (11) 

showed that plasticity-induced closure, modelled for plane strain 

conditions, was inadequate to explain the marked role of load ratio 
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for fatigue crack growth at near-threshold 1eve1s.- The reasons for 

this apparent paradox have only recently become evident from the 

observations that E1ber's mechanism involving cyclic plasticity is 

not the sole source of closure. Numerous independent experimental 

studies have clearly identified several other sources of crack 

closure, which can become of major importance particularly at near

thresho 1 d growth rates. These, inc 1 ude, closure ar is i ng from i) 

corrosion deposits formed within the crack (oxide-induced crack 

closure), ii) irregular crack surface morphologies (roughness-induced 

crack closure), iii) viscous media penetrated inside the crack 

(viscous fluid-induced crack closure) and iv) phase transformations 

due to crack-tip plasticity (transformation-induc~d crack closure), 

as illustrated schematically in Figure 1. 

In this paper, we summarize, in as quantitative terms as 

possible, the various micro-mechanisms underlying different crack 

closure processes and assess the significance of such mechanisms to 

the propagation of near-threshold fatigue cracks. The implications 

of crack closure phenomena are also discussed in the light of ~arious 

aspects of fatigue behavior involving short cracks, variable 

amp 1 i tude load i ng, as we 11 as the quest i on of the measurement and 

very existence of a fatigue threshold. 
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Description of Closure Mechanisms 

Plasticity-Induced Crack Closure 

Plasticity-induced closure (Fig. 1a) is considered to arise from 

the elastic constraint in the wake of the crack tip of material 

elements permanently stretched within prior plastic zones, leading to 

an interference between mat i ng crack surf aces (6). Based on 

experimental compliance measurements from fatigue tests conducted at 

growth rates above 10-6 mm/cycle in 2024-T3 aluminum alloy, Elber (6) 

proposed the following empirical relationship between the ratio of 

the closure stress intensity to maximum stress intensity (Kcl/Kmax) 

and load ratio, R: 

Kcl 2 
-K- = 0.5 + O.lR + 0.4R 

max 
(5) 

It should be noted, however, that Eq. (5) pertains to crack growth at 

stress intensities much greater than 6Ko' where deformation 

conditions approach that of plane stress, especially at the higher 

load rat i 0 val ues. However, since the mechan ism resu 1 ts from the 

constraint of surrounding elastic material on the plastic zone 

enclave surrounding the crack, such closure will become insignificant 

at very high stress intensity levels once the material becomes fully 

plastic. Based on extensive crack closure measurements in aluminum 

alloys, Schijve (12) modified Elber's empirical model to account for 
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load ratio effects at the higher flK values by incorporating higher 

order terms in R such that: 

Kcl 2 3 -- = 0.45 + 0.2R + 0.2SR + O.lR 
Kmax 

(6) 

For such plane stress crack growth, physically-based analytical 

models have been developed by Budiansky and Hutchinson (13) and by 

Kanninen and Atkinson (14), whereas Newman (15,16) has developed 

numerical models involving finite-element analyses of crack tip 

deformation to represent plasticity-induced closure under both plane 

stress ~nd plane strain conditions. 

Despite the lack of convincing analytical f9rmulations for plane 

strain closure, Schmidt and Paris (9) used crack closure concepts* to 

account for the dependence of tKo on R (Fig. 2). The variation of 

threshold tKo with R was found to show two distinct regimes when the 

following assumptions were considered: a) the cl~sure stress 

intensity Kcl at the threshold is independent of R and b) a constant 

effecti ve thresho 1 d stress i ntens i ty range tKth is necessary to 

produce fatigue crack growth. As illustrated schematically in Figure 

2, and by experimental results on 2 1/4Cr-1Mo steels in Figure 3, at 

low load ratios where Kmin~ Kcl' the maximum stress intensity at the 

threshold (Ko,max) appears constant, since: 

K. < K 1 mln - c (7) 

* The exact nature of the crack closure process was not defined (9), 
although it was presumably related to plasticity-induced closure. 
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whereas at high R values where Kmin~ Kcl ' the threshold stress 

intensity range (6Ko) appears constant, since: 

K. > Kcl mln (8) 

Such results imply that there exists a critical value of the load 

ratio, Rcr ' above which crack closure effects become insignificant. 

In Figure 2, 

R = Rcr when Kmi n = Kcl ' such that ~Kth = ~Ko . (9) 

The nature of load r·atio dependence of 6Ko' as predicted by the 

Schmidt and Paris model (9), has been· found consistent with the 

experimental results obtained for aluminum alloys (9) and steels 

(17,18), as shown in Figure 3. The mode 1, however, does not account 

for the significant effects of environmental and microstructural 

factors on near-threshold crack propagation rates and on the value of 

6Ko' as indicated in Figure 3 by the difference in behavior between 

moist air and dry hydrogen. Moreover, there are existing 

experimental data, notably those by Lindley and Richards (7), which 

indicate that plasticity-induced closure plays a far less significant 

role in influencing fatigue crack propagation rates under plane 

strain conditions, such as those at near-threshold stress 

intensities. Thus, it is clear that the effects of various 

mechan i ca 1, en vi ronmenta 1 and mi cr,ostructura 1 v ar i ab 1 es on near-
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threshold crack growth rates cannot be explained solely on the basis 

of plasticity-induced crack closure and that other sources of crack 
t 
closure need to be taken into consideration. 

Oxide-Induced track Closure 

It has long been realized that corrosion products formed within 

growing cracks (Fig. 4) can significantly influence their subsequent 

crack extension rates. Endo et a1. (5) published early observations 

of slower crack growth in aqueous media than in gaseous environments 

and attributed the effect to the presence of oxide layers between the 

fracture surfaces, although their results were presented only in 

. terms of- crack 1 ength vs. number of cyc 1 es data •. A number of 

independent studies, notably those by Paris et a1. (19), Lindley 

(20), Tu and Seth (21), Skelton and Haigh (22), Kitagawa and co

workers (23), Stewart (24) and Suresh and Ritchie (17,25,26), have, 

since then, suggested the possibi 1 ity of crack closure due to 

corrosion debris influencing near-threshold growth rates and 

threshold ilKo values •. Suresh, Ritchie and co:-workers (25) reported 

the first experimental attempts to quantify the effects of corrosion 

deposits on fatigue crack propagation rates, especially in the near

threshold regime where the extent of oxide formation within the crack 

(estimated with the aid of scanning Auger spectroscopy) was found to 

be comparable to the scale of crack tip opening displacements. 

The concept of oxide-induced crack closure (Fig. Ib) (17,24,25) 

is based on the phenomenon that at low load ratios, near-threshold 
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growth rates are significantly reduced in moist environments (such as 

air or water), compared to dry environments (such as hydrogen or 

helium gas), due to the presence of corrosion deposits on crack 

faces. Moist atmospheres lead to the formation of oxide layers 

within the crack, which are thickened at low load ratios by "fretting 

oxidation," i.e., a continual breaking and reforming of the oxide 

sca 1 e beh i nd the crack tip due to the repeated contact between the 

fracture surfaces arising from Mode II displacements and plasticity

induced closure (17,25,26). Such oxide debris, whose formation is 

limited in dry, moisture-free environments or at high load ratios 

(where there is no plasticity-induced closure), provides a mechanism 

for enhanced closure by resulting in an earlier contact between the 

fracture surfaces through an increased closure stress intensity Kc1 . 

The formation of corrosion deposits and the process of oxide-induced 

crack closure are promoted by a) sma 11 crack ti p open i ng 

displacements (CTOD), such as in the near-threshold regime, which are 

comparable to the thickness of the excess debris within the crack 

(25), b) highly oxidizing media (such as water), where substantial 

thermal oxidation is possible even in the absence of fretting (18), 

c) low load ratios, which facilitate repeated contact (and hence 

fretting) between the fracture surfaces through sma 11 CrOD va 1 ues 

(17,24-26), d) rough fracture surf aces, wh i ch at low tJ< va 1 ues, 

promote relative sliding and rubbing between mating crack faces (25) 

and e) lower strength materials, where the plasticity-induced closure 
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mechanism (and hence fretting) is dominant -and the base metal is soft 

enough to undergo considerable fretting damage (17,24-26). 

The concept of oxide-induced crack closure has been successfully 

employed by a number of investigators to rationalize, either wholly 

or partially, the near-threshold corrosion fatigue characteristics in 

a wide range of engineering materials comprising ferritic-pearlitic 

(26), ferritic-bainitic (17), fully bainitic (25) and fully 

martensitic (26,27) steels, as well as nickel-base superalloys 

(28,29), copper (30) and aluminum alloys (31). In steels, the 

influence of oxide-induced closure is found to be inversely related 

to strength level. In lower strength steels (yield strength:S 1000 

MPa), closure mechanisms appear to dominate over conventional 

corrosion fatigue processes, such as hydrogen embrittlement or anodic 

d isso 1 uti on, . in i nfl uencing near-thresho 1 d envi ronmenta 1 behav ior 

(25,26), whereas in ultrahigh strength steels the reverse is found to 

be true (32). In contrast to such behavior for steels, the work of 

Vasudevan and $uresh (31) has shown that the crack tip oxidation 

behavior of high strength aluminum alloys (e.g., 7075) at low 6K 

levels is very sensitive to aging treatment, processing methods, and 

composition even for alloys which fall in a narrow range of yield 

strength val ues. Th is is presumab 1 y due to the dependence of 

oxidation on the extent of copper in solution as well as on the 

differences in the tenacity of the oxide layers produced in different 

aging conditions (31). 
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Order of magnitude estimates of the extent of oxide-induced 

crack closure have been reported by Suresh and Ritchie (26,33) by 

considering stress intensity solutions for a rigid wedge inside a 

linear elastic crack (Fig. 5). Assuming only a mechanical closure 

phenomenon ari s j ng from the presence of the excess ox ide debri s on 

the crack faces and ignoring plasticity and hysteresis effects, the 

closure stress intensity value Kcl at the crack tip can be obtained 

for plane strain conditions as (26,33): 

(10) 

where do is the maximum excess oxide thickness, 2~ the location 

behind the tip corresponding to the thickest oxide formation and E/(l 

- v2) the effective Young's modulus in plane strain. However, due to 

the assumptions pertaining to the rigidity of the oxide wedge, the 

non-uniform thickness of the oxide deposits along the crack length 

and along the crack front and the uncertainties in the estimates of 

do' ~ and 6max ' Eq. (9) is realistically capable of providing only a 

crude description of the extent of oxide-induced closure (33). 

Roughness-Induced Crack Closure 

A third source crack closure can arise at near-threshold stress 

intensities due to the rough nature of the fracture surface (Fig. 1c) 

when crack tip opening displacements become comparable to the size

scale of the fracture surface asperities (Fig. 6). Whi le it is 
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widely acknowledged that crack propagation in the Paris regime (i.e., 

typically 10-6 ,$ da/dN.$ 10-3 mm/cyc1e) occurs by a striation 

mechanism induced by concurrent or alternating crack tip shear {Stage 

II in Forsyth's terminology (34)), there is growing evidence that 

near-threshold crack advance in certain microstructures takes place 

primari 1y along a single active slip system (Stage I in Forsyth's 

terminology (34)) {35-37}. Such single-shear Stage I growth, ~hich 

occurs primarily where maximum plastic zone sizes at near-threshold 

growth rates are typically smaller than the significant 

microstructural unit, e.g., the grain size, results in 

crystallographic or generally faceted fracture features, an irregular 

surface morpho logy and 1 oca lly mi xed-mode crack growth (Fi go' 7). 

While an ideally elastic crack unloads reversibly and does not 

undergo any premature closure, the irreversible nature of inelastic 

crack tip deformation'and the possibility of slip-step o'xidation in 

moist environments, in reality, lead to mismatch between the fracture 

surface asperities during 'the unloading portion of the fatigue cycle 

(38). The occurrence of such non-uniform crack tip opening and 

closure and the resulting Mode II crack opening displacements have 

been experimentally verified by Davidson (39) using in situ 

observations of cyclic deformation in the scanning electron 

microscope. It was first suggested by Puru"shothaman and Tien (40) 

and by Walker and Beevers (41) that the interference between the 

mating fracture surface asperities behind the crack tip can lead to 

apparent ly higher {roughness..;induced} crack closure loads and 
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consequent ly, lower crack propagati on rates. Mi nakawa and McEv i ly 

(35) have, subsequently, presented a qualitative model schematically 

describing the Mode II and Mode I displacements accompanying near

threshold crack advance (Fig. 8). 

Roughness-induced crack closure is promoted by a) small plastic 

zone sizes at the crack tip (e.g., typically less than a grain 

diameter), which induce single shear mechanisms, b) small crack tip 

opening displacements,which are of a size scale comparable to the 

asperity height (such as in the near-threshold regime) (25), c) 

coarse-grained materials and microstructures with coherent and 

shearable precipitates capable of inducing coarse planar slip (43-

45), d) crack deflection·mechanisms (38), induced by stress-state, 

environment, microstructure or load excursions and the resulting non

linear crack profiles (46), e)-inelastic crack tip deformation and 

oxidation of slip steps in moist environments, both of which can lead 

to mismatch between the fracture surfaces during the decreasing 

portion of the fatigue loading cycle (38) and f) low load ratios 

where the minimum crack tip opening displacements may be 

substantially smaller than the size of the surface asperities 

(18,25). 

Estimates of (roughness-induced) closure stress intensities were 

first reported by Purushothaman and Tien (40) who denoted the 

fracture surface undulation by: 

(11 ) 

15 



where ho and h are length dimensions describing the initial and final 

fracture surface roughness, and Ef the tru~ fracture ductility 

representative of the stress state ahead of the crack tip. By 

equating the change in asperity height a(h - ho)' where is an 

empirical parameter of value less than unity, to the crack tip 

opening displacement, estimates of Kcl were derived (40). This 

mode 1, however, does not incorporate the ro 1 e of Mode I I 

displacements, which are typical of near-threshold crack advance, in 

influencing roughness-induced closure •• 

In order to estimate the influence of Mode II displacements and 

fracture surface roughness on closure stress intensity levels, Suresh 

and Ritchie (47) developed a simple, two-dimensional geometric model. 

By assuming equal-sized asperities, the non-dimensional closure 

stress intensity at the point of first asperity contact was deri ved 

to be (47): 

.. 

I ~yx 
i + 2yx (12) 

where yis the non-dimensional surface roughness parameter taken as 

the ratio of the height, h, to the width, w, of the asperities and x 

the ratio of the Mode II to Mode I crack tip displacements (uII/uI). 

Although Eq.·(ll) must only be. considered as a first order model for 

roughness-induced crack closure, it does provide quantitative 

estimates for the extent of such closure in terms of the degree of 

fracture surface mismatch and the relative magnitude of the crack tip 
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shear displacements. Such estimates for Kc1/Kmax as a function of y 

are shown in Fig. 9 (47), and indicate reasonably good agreement with 

experimental results derived from data (35,43) on a 1018 mild steel 

and· a fully pear1itic rail steel. 

Viscous Fluid-Induced Crack Closure 

An additional source of closure can arise from the presence of a 

viscous fluid penetrated within a growing crack (Fig. Id). Due to 

the approaching velocity of the crack walls, the presence of the 

fluid can give rise to a hydrodynamic wedging action counteracting 

the closing of the crack (Fig. 10). As experimentally demonstrated 

by Endo et a1. (48,49) and more recently by Tzoa et a1. (50), this 

mechanism of viscous-fluid-induced crack closure becomes relevant for 

fatigue crack propagation in oil environments, where the rate of 

crack extension has been found to be sensitive to the kinematic 

viscosity (n) of oil. As shown in Figure 11, fatigue crack growth 

rates in chemically-inert oil environments at low load ratios tend to 

be in excess of those in moist air at near-threshold levels, due to a 

suppression of oxide-induced closure. However, such growth rates are 

slower than in moist air above ~10-6 mm/cyc1e, due to a minimal 

effect of corrosion fatigue mechanisms (active path 

corrosion/hydrogen embritt1ement), and are found to be faster in oils 

of higher viscosity (50) in the present case of a bainitic steel 

tested at 50 Hz in silicone and paraffin oils. At high load ratios, 
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however, the influence of viscosity on growth rate behavior largely 

disappears (50). 

The hydrodynamic wedging effect of a viscous,f1uid was first 

quantitatively analyzed by Endo et a1. for fluid fully penetrated 

inside the crack (48,49). Although not presented in fracture 
, , 

mechanics terms of resultant stress intensities, these authors found 

that the pressure distribution due to the oil as a function of 

distance, x, along, a crack of length, a, could be presented in terms 

of the mouth opening displacement", h, the density of the fluid, p, 

and the angular closing velocity of the crack walls (d9/dt) = 
(1/a)(dh/dt), viz (49): 

p(x) = 6npa
2 

dh 10g(1 _ ~) 
h3 dt a (13) 

Converting this pressure into an effective stress intensity Kp due to 

the presence of· the viscous fluid using standard linear elastic KI 

solutions indicates that the magnitude of the fluid-induced closure 

should increase with increasing vi scos ity,yet the 'experimental data 

in Figure 11 show an opposite trend in that the highest growth rates 

are observed with the highest viscosity oils. This discrepancy can 

be exp 1 a i ned by recogn i zing that the flu i d pressurei nduced by the 

higher viscosity oils is reduced by the kinetic limitations of such 

oi 1 s in penetrating the crack. Accordingly, Tzou et a 1. (51) 

proposed an alternative quantitative description for viscous-fluid-

induced crack closure based on the partial penetration of the oil 
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inside the crack. Here the penetration distance d is computed as a 

function of time t from capillary flow analysis as: 

d = [
YL cos B t ] ~ 

3 I fi dt np 0 
(14 ) 

where YL is the surface tension,8 the wetting angle and h the 

average crack opening, such that the subsequent pressure distribution 

within the crack becomes (51): 

p{x} = 6np dfi (d - x) -:r dt x 
h 

(IS) 

where v = dh/dt is the approaching velocity of the crack walls {Fig. 

10}. The extent of viscous-fluid-induced closure is then determined 

numerically by superposition of the resultant Kp values to the 

applied stress intensities from simultaneous solution of Eqs. (14) 

and {IS}. Based on the experimental data shown in Figure 11, this 

analysis indicated that in the lower viscosity oi ls (e.g., 5 to 75 

cS), where the oil fully penetrated the crack, the extent of closure 

at R = 0.05 was characterized by Kp/Kmax va 1 ues of between 0.25 and 

0.50 at 6K levels between 10 and 20 MPaliii. In the higher viscosity 

oils (e.g.,.G 12500 cS), however, where only partial penetration 

occurred the extent of closure was somewhat less in that Kp/Kmax 

values were estimated to lie between 0.22 a.nd 0.43.' Although the 

penetration rates of the fluids are much more rapid at high load 
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ratios, no closure was predicted for R = 0.7S'because of the much 

1 arger crack openings there. 

Such closure is clearly promoted by low load ratios and is 

affected by such factors as oi 1 vi scos ity and chemi stry, test 

frequency and strength level/elastic modulus (through their influence 

on the extent of crack opening). However, it is difficult to simply 

indicate a trend for the l~tter variables since alth6ugh the maximum 

extent of closure, i.e., Kp values for full oil penetration, is 

enhanced by increasing viscosity, increasing frequency .and decreasing 

crack openin'g, such factors concurrently act to minimize the 

penetration of the oil. In view of the numerical estimates of steady 

state values of Kp under the equilibrium conditions of infinite time 

and full penetration (51), it would appear that closure induced by 

viscous fluids is a less potent mechanism than that generated by 

oxide debris or irregular crack paths. 

Phase Transformation-Induced Crack Closure 

In materials which undergo stress- or strain-induced phase 

" transformations under cyclic loading, a further mechanism 'of fatigue 

crack closure can resu 1 t from the so-ca 11 ed TRIP effect, i.e., 

arising from TRansformation Induced .!:lasticity (Fig. 1e). In 

analogous fashion to the increase in fracture toughness observed 

under monotonic loading in both metals (52), e.g., metastable 

austenitic stainless and high strength TRIP steels, and ceramics 

(53), e.g., tetragonal zirconia, due to deformation-induced 
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martensitic transformations, the constraint of surrounding elastic 

material on regions which have transformed and thus undergone a 

positive volume change wi 11 place such regions under compression. 

Once the crack penetrates these transformed regions, generally 

corresponding to some process zone at the crack tip, they will act to 

close the crack and hence reduce the nominal stress intensity to some 

lower effective value at the tip. 

Such transformation-induced closure wi 11 be promoted -by 

meta 11 urgi ca 1 phase changes whi chshow a 1 arge increase in vo 1 ume 

(i.e., the martensitic transformation in steels is typically 4%), and 

by conditions which enhance the transformation, i.e., lower 

temperatures, higher strain rates, etc. However, analogous to the 

plasticity-induced mechanism, the closure effect arises from the 

constraint of surrounding elastic material on the transformed regions 

such that if the material is completely transformed prior to 

cracking, no closure effect wi 11 be felt. Furthermore, the 

transformation of regions remote from the tip will similarly not 

cause closure; the effect will only be experienced as the crack 

penetrates and is enveloped by the transformed region. 

Rigorous analysis of the TRIP effect on crack closure has yet to 

be analyzed for deformation conditions involving deviatoric strains 

or cyclic inelasticity (54). However, McMeeking and Evans (55) and 

Budiansky et a1. (56) have analyzed the effect under monotonic 

loading for purely stress-induced di1atant transformations in 
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ceramics and shown the reductibn in stress intensity due to closure 

to be given by: 

(16) 

where KI and Keff are the nominal (applied) and effective (near tip) 

stress intensities, E the elastic modulus, ~T the transformation 

strain, Vf the volume change and rt is the width-of the transformed 

zone. It is worth· noting that' the above ana lyses indicate a 

resistance curve effect in that the full inf1u~nce of transformation

induced closure is only felt when the crack has penetrated the 

transformation region to a distance comparable with approximately 5 

times .the width of the zone rt (55). This highlights a common 

characteristic of all closure mechanisms in that closure acts in the 

wake of the crack tip. Thus, for small cracks, which by definition 

have a 1imited'wake (i.e., in the present case, of a length less than 

5rt) the e'xtent of closure wi 11 be 1 essened' and hence the effecti ve 

driving force at the crack tip will' be correspondingly larger. 

Implications of Crack Closure 

The implications of such fatigue crack closure mechanisms are 

now considered for the comolex and often seemingly inconsistent 

nature of near-threshold fatigue crack growth. The understanding of 

the many sources of closure out 1 i ned above has enab 1 ed a much more 
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consistent explanation to be obtained for the effects of many 

mechanical, microstructural and environmental factors which have been 

documented over the years to i nf 1 uence near-thresho 1 d growth rates 

and the value of the fatigue threshold. Although in most instances, 

direct experimental closure measurements have confirmed a primary 

role of crack closure, a common trend can be seen in that where 

closure is dominant, the effect of these factors, whether they 

invo1 ve strength, grain size or moist environments, etc., wi 11 be 

most pronounced at low load ratios'with long cracks. In fact, when 

assessed at high load ratios or with small cracks, the effect may 

well be severely diminished, non-existent or even different since 

under these conditions clQsure mechanisms cannot be so effective. We 

now examine several of the major variables which affect thresholds 

and discuss the respective implications of closure. 

Mechanica 1 V ari ab 1 es 

Load Ratio. Of the mechanical factors influencing fatigue crack 

growth, clearly one of the most important is that of mean stress, 

characterized in terms of the load or stress ratio as R = Kmin/Kmax. 

Numerous experimental investigations, reviewed in refs. 10 and 18, 

have shown that with increase in R crack growth rates for 

tension/tension loading are enhanced, although the effect generally 

predominates only at very high growth rates close to final 

instabi 1 ity (i.e., as Kmax approaches K1c ) and at near-threshold 

levels (i.e., as lIK approaches lIKo) (10). The former effect of load 
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ratio in accelerating growth rates close to instability is usually 

associ ated with the occurrence of "static" fracture modes, i.e., 

c 1 ea v age, i ntergranu 1 ar and fi brous fracture, in add i t i on to ductile 

stri ati on growth (57). However, the near-thr.esho 1 d load rati 0 

effect, shown in Figure 12 for SA542-3 steel tested in laboratory 

environment (18), occurs without dramatic changes in fractography and 

is attributed primarily to mechanisms of crack closure. 

The analysis of Schmidt and Paris (9) reviewed in the section on 

plasticity-induced crack closure clearly shows the trend of closure 

effects on the threshold (Fig. 2) in that as the mean level is 

raised, the rqle of Kcl in modifying the effective llK is lessened. 

Studies on the role of load ratio in influencing ~Ko valu~s in 

dehumidified gaseouS hydrogen, as compared to moist air atmospheres, 

show behavior similar to that predicted by Schmidt and Paris (9). 

The critical load ratio Rcr above which ~Ko values are insensitive to 

R, however, is lower in the hydrogen environments (Fig. 3). As Rcr 

represents the load ratid above which closure effe~ts are 

insignificant, such behavior can be attributed in this case to a much 

smaller effect of oxide-induced crack closure, consistent with the 

reduction in crack surface corrosion debris with increasin~ R. In 

hydrogen, which merely plays the role of a dry environment in low 

strength steels, oxide-induced closure is less significant (18). 

Such an i nterpretat i on of a 1 essen i ng effect of closure with 

increasing R and in dry ~nvironments is cdnsistent with numerous 

experimenta 1 closure measurements of Kc,. An examp 1 e of such 
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results, relevant to the threshold data in Figure 3, is presented in 

Figure 13, taken from an assessment of Kcl values at ~Ko in a 

bainitic steel using an ultrasonic technique (26). It is apparent 

that the opening of the crack is most delayed at R = 0.05 in moist 

air where both plasticity-induced and oxide-induced closure can 

occur. 

The load ratio dependence of fatigue thresholds is often quite 

different to that depicted in Figure 2 in completely inert or 

chemically very aggressive environments. In either case the reduc

tion in ~Ko with increase in R is far less marked compared to moist 

air (58,18); observations which are again consistent with oxide

induced closure concepts. In inert environments, such as high 

vacuum, the shallow dependence of ~Ko on R has been attributed to the 

fact that little or no corrosion deposits are formed at any load 

ratio such that, unlike moist air, the magnitude of oxide-induced 

closure does not vary with R (18). Similarly in aggressive environ

ments, such as water (Fig. 14), fracture surface oxide deposits can 

form and thicken at all load ratios by natural thermally-activated 

mechanisms so that the extent of oxide-induced closure does not decay 

with increasing R (18). 

There are severa 1 other instances where the load ratio 

dependence of fatigue thresholds is decreased due to a reduced role 

of closure. In addition to behavior in inert or very aggressive 

environments (18) discussed above, the variation in tKo with R is 

significantly less marked in ultrahigh strength steels (59), where 
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oxide-induced closure effects are minimized (32), and in finer 

grained materials (60), where roughness-induced closure effects are 

minimized (37). Such behavior has been described in detai 1 in ref. 

18. 

Behavior at negative "load ratios is far less understood. 

However, the indications are that in certain materials near-threshold 

growth rates at R = -1 may marg i na 11 y exceed correspond i ng growth 

rates at R = 0 (e.g., refs. 61,62). Based on 1 imited experiments 

closure measurements (62), it would appear that such behavior is 

associated with a reduction in crack closure due to "smoothening" of 

asperity contacts behind the crack tip from compressive contact 

between crack surfaces. 

Cyclic Frequency. Studies by Schmidt arid Paris (9) in 2024-T3 

aluminum alloy first revealed that the threshold stress intensity 

. value is significantly influenced by the cyclic frequ"ency, although 

no definitive trend could be observed for the variation of ~Ko with 

frequency. More recently, Bignonnet et a1. (63) found 10wer-~Ko 

values and correspondingly less oxide debris during low load ratio 

tests in a quenched and tempered low alloy steel tested at a 

frequency of 7 Hz as compared to 65 Hz. The mechanism by which 

increasing frequency enhances the formation of crack surface 

corrosion deposits (and hence promoted oxide-induced crack c1cisure) 

was not s p e c if i e d (63). The 0 b s e r vat ion s 0 fBi gn 0 nne t eta 1. (63) 

are consistent with the results for 7475-T7 aluminum al loy (64) where 

the &0 values and oxide thickness at ~Ko are fo·und to be hi"gher at 
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200 Hz than at 25 Hz for tests conducted in 95% humid air. Studies 

over a wider range of frequencies (5 to 500 Hz) in SA542-3 steel, 

however, have failed to substantiate this effect above 50 Hz, 

although oxide thicknesses and ~Ko values were somewhat smaller at 5 

Hz (65). 

Microstructural Variables 

It has long been known that microstructural variables, such as 

grain size, precipitate distribution and morphology, 'slip 

characteri sti cs and dup 1 ex structures, can have a more significant 

influence on'fatigue crack propagation behavior in the near-threshold 

regime than at higher growth rates (e.g., refs. 8-10,37,41,43,45-

47,64). Furthermore, inmost instances it has been shown that such 

microstructural effects on near-threshold crack growth can be 

significantly lessened for tests at high, as opposed to low, load 

ratios (10,37,43,45,47). The reasons for this prominence of 

microstructural-sensitive behavior for low load ratio, near-threshold 

conditions is again largely a consequence of closure and in some 

instances related mechanisms of crack deflection (38). We now 

examine the role of each of these metallurgical factors in turn: 

Strength Level. Early studies of near-threshold fatigue 

behavior in ferrous alloys (59,67,68) indicated a large influence of 

strength in increasing ultra-low growth rates and decreasing ~Ko 

(Fig. 15). This effect, however, is less prominent at high load 

ratios (59), for sma 11 cracks (69) and for non-ferrous alloys (70). 
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Th~ major role of yield strength in influencing near-threshold 

fatigue crack growth in ferrous alloys is consistent with a primary 

role of closure. Recent studies (32) in steels ~ver a very wide 

range of strength 1 eve 1 s (i.e., 290 to 1740 MPa) have confirmed that 

the extent of crack surface corrosion debris and hence oxide-induced 

closure is sharply decreased with increasing strength at R = 0.05 

(Fig. 16). This was attributed to a,reduced role of plasticity

induced closure (which promotes crack surface contact to enhance 

fretting oxidation) in higher strength steels and by the fact that 

the oxide products formed will be less potent in causing more fret

ting debris on the harder substrate (24,25,27,32). Furthermore, it 

has also been pointed out that higher strength steels are more prone 

to environmental effects (10) and that the microstructures typically 

utilized for highest strength levels, i.e., tempered martensites, are 

generally of considerably finer scale than for lower strength 

structures, such that with the resu lting smoother fracture surfaces, 

roughness-induced closure may also be lessened (66). 

The effect of strength level on near-threshold crack growth in .. 
non-ferrous alloys is somewhat more complex in that, although 

behavior is similar to steels in copper alloys (30), there is no 

marked trend of increasing or decreasing Ko values with change in 

strength level in precipitation hardened systems (70). In aluminum 

alloys, th is has recent l.v been interpreted in terms of ag i ng 

treatment, processing methods, composition and slip mode, involving a 

mutual competition between resistance to corrosion fatigue mechanisms 
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,and oxide-induced closure (which are promoted in overaged structures) 

and roughness-induced closure (which are promoted in underaged 

structures) (31,44,45,76). Thus in view of the different hardening 

mechanisms responsible for a given yield strength in such alloys 

(e.g., shearing versus by-passing of precipitates) and the effect 

such slip characteristics can have on resultant closure mechanisms 

(e.g., 31,45), it is inappropriate to identify a direct correlation 

of yield strength and near-threshold behavi~r in non-ferrous systems. 

Grain Size. Numerous authors have shown that near-threshold 

crack growth res i stance can be marked ly enhanced through coarsen i ng 

grain size in a wide range of materials including steels (e.g., 

10,43,68), titanium alloys (e.g., 71-74) and aluminum alloys (e.g., 

75,76). Again closure mechanisms appear to playa dominant role 

since the beneficial effect of coarse grain sizes is generally much 

reduced for tests at high load ratios (e.g., 37,43). 

As discussed in the section on roughness-induced crack closure, 

the reduction in near-threshold growth rates in coarse grain 

materials has been attributed to enhanced crack closure (Fig. 17), 

specifically roughness-induced (25,37,43,47,72). This is due to the 

fact that when maximum plastic zone sizes are typically less than a 

grain diameter, the preferred single shear mode of crack extension 

promotes a more crystallographic or faceted crack path leading to a 

wedging of the crack from fracture surface asperity contact 

(35,41,47). 
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This effect is enhanced by mechanisms which promote greater 

crack deflection at each grain boundary, since they will not only 

induce a rougher fracture surface but also reduce local crack tip 

stress intensities from deflection mechanisms-(38) •. As discussed 

below, planar slip materials (44,45,74,77) and duplex microstructures 

(46), consisting of both hard and so(tphases,· offer the best 

potential in this regard. However, the effect is likely to be much 

reduced in inert environment where the lack of oxidation of exposed 

fracture surface at the crack tip will aid reversibility of slip 

there, thereby reducing the extent of closure (76) •. 

Duplex Microstructures. Duplex microstructures seem to provide 

the most effective means to promote roughness-induced crack closure. 

Here dispersions of hard and soft phases can lead to significant 

crack deflection resulting in the formation of tortuous crack paths. 

Notable examples of this effect have been shown in certain titanium 

alloys (e.g., 78), and particularly in dual-phase steels (46,79-81). 

For the latter class of materials, duplex ferritic~martensitic micro

structures were first shown by Suzuki and McEvily (83) to provide a 

metallurgical means of increasing fatigue threshold values in mild 
,. 

steel while simultaneously increasing strength~ More recent work 

(46) in Fe/2Si/0.1C steel employing coarse or fine fibrous martensite 

dispersions in a coarSe ferrite matrix has Shown that the threshold 

llKo val ues can be ra i sed to above 20 MP arm (at R = 0.05) in stee 1 s 

with yield strength in excess of 600 MPa. Based on quantitative 

metallography (46,83,84) and experimental closure measurements (46), 
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such unusually good fatigue properties could be traced to significant 

crack def 1 ecti on whi ch induces a meanderi n9 crack path morpho logy 

which in turn leads to a dominant role of roughness-induced closure 

at low load ratios (Fig. 18). Since closure is a primary factor in 

causing the superior fatigue crack growth resistance, it is totally 

consistent that the superior .properties attained with the best duplex 

microstructures are not nearly as appreciable at high load ratios 

(46) or in short crack/fatigue 1 imit tests (82). In fact, the 

fatigue threshold properties for the duplex structures in the latter 

two cases was found to be no better than that measured in 

conventionally heat-treated, normalized structures. 

iliQ Characteristics. In addition to the microstructural 

factors listed above, it has been shown, principally in titanium (71-

74) and aluminum (44,45,76,77) alloys that microstructures which 

promote coarse planar slip, as opposed to wavy slip, generally give 

rise to superior near-threshold fatigue crack growth resistance. 

Such microstructures are found in materials of low stacking fault 

energy or in d i spers i on hardened systems emp 1 oyi ng sma 11 coherent 

precipitates, and under near-threshold fatigue conditions give rise 

to coarse faceted fracture surfaces whi ch enhance roughness- induced 

crack closure (F i g. 17). A good examp 1 e of th i s effect can be seen 

by comparing underaged with overaged microstructures (at the same 

strength level) in A1-Zn-Mg-Cu alloys (45). Here the underaged 

structures, which are hardened by small shearab1e coherent 

precipitates, show extensive planar sl ip, coarse faceted fracture 
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surfaces and hence greater roughness-induced closure compared to 

overaged structures, where the wavy slip characteri stics,i.e., 

hardening through Orowan bypassing of large coherent precipitates, 

1 ead to a more planar fracture morpho logy. Si nce such roughness

induced closure mechanisms are active where the f~acture'surface 

roughness is comparable to the crack tip displacements, it is 

interesting to note that the beneficial near-threshold fatigue crack 

growth resistance of underaged compared tooveraged structures is not 

reta i ned at high propagat i on rates above'\, 10-6 mm/cyc 1 e where the 

role of closure is severely diminished (45). 

EnvironmentalVariables* 
" 

Gaseous Environments. In general, environmentally-influenced 

crack extension at near-threshold levels can be considered in terms 

of a mutual competition of two basic mechanisms, namely corrosion 

fatigue process~s, such as hydrogen embrittlement or active path 

corros ion wh i ch acce 1 erate growth rates and the resul tant closure 

mechanisms which decelerate growth rates. Where closure mechanisms 

dominate, such as at ultra low growth rates in lower strength, coarse

grained materials at low load ratios, environmentally-influenced 

fatigue behavior may be different than that conventionally reported 

for higher growth rates above typically 10-6 mm/cycle. For example, 

for lower strength stee 1 s tested at low load rat i os at the 

* In general, the precise influence of environment on crack growth is 
very specific to the particular material/environment system. Below 
we merely discuss the role of simple environments, e.g., air, water, 
hydrogen, etc., in affecting the behavior of engineering alloys. 
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frequencies typically uti 1 ized for low growth rate testing (i.e., 

above'\, 20 Hz), near-thresho 1 d growth rates have been observed to be 

faster in dry inert environments, such as helium gas, compared to 

seemingly more aggressive environments such as moist air (Fig. 19) 

(25,26). This follows because at such high frequencies in lower 

strength steels, the susceptibility to hydrogen embritt1ement from 

externa 1 environments is kinetica lly 1 imited by the entry of 

hydrogen, and correspondingly moist environments cause a deceleration 

in near-threshold growth rates due to enhanced oxide-induced closure 

from fretting corrosion deposits (Fig. 14) (17-27). As noted in the 

section on oxide-induced closure, this dominant role of closure has 

been verified by quantitative assessment of crack surface oxide film 

profiles (25,26,30-33) and by experimental closure measurements (26). 

In such lower strength ferrous systems, near-threshold crack growth 

has been consistently shown to be slower in moist gaseous 

atmospheres, such as moist air and wet gaseous hydrogen, compared to 

dry atmospheres, such as gaseous hydrogen, helium, argon, dry oxygen, 

etc., a 11 due to an enhanced oxide formation (Figs. 14 and 19) 

(17,24-27). However, in such gaseous environments, crack surface 

corrosion deposits are formed predominately by fretting oxidation 

mechanisms, which are mainly operative at lower load ratios where 

crack tip opening displacements are small. Thus, at high load 

ratios, there is little enhancement of the oxide debris on fatigue 

fracture surfaces and correspondingly behavior becomes similar in 

both wet and dry env ironments (17,25). 
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This simple rationalization for near-threshold fatigue behavior 

in gaseous atmospheres in terms of oxide-induced closure becomes more 

complex in al loy/environment systems where conventional corrosion 

fatigue mechanisms, such as hydrogen embrittlement, assume greater 

importance. For example, the extrinsic role of external gaseous 

hydrogen in simply providing a dry environment. which minimizes the 

oxide-induced closure effect in low strength steels at near-threshold 

levels (25) must be contrasted with the intrinsic role of hydrogen 

charging where accelerated near-threshold growth rates due to actual 

hydrogen embrittlement have been observed (83). However, the latter 

effect can be further complicated by the additional roughness-induced 

closure arising from the resulting intergranular fracture (83,84). 

Moreover, in ultrahigh strength steels (UTS~ 1000 MPa) tested in 

moist air and dry hydrogen environments, the extent of corrosion 

debri s and hence oxi de-induced closure is extreme ly 1 imited at all 

load ratios and accordingly behavior is dominated by hydrogen 

embrittlement processes even for external environments (27,32). 

Similarly for 7075 aluminum alloys tested in moist air environments 

(31,45,85), the enhanced oxide-induced crack closure, observed in 

overaged (T7) microstructures, does not necessarily lead to slower 

growth rates in this structure compared to under- or peak-aged condi

tions. This is because in the latter structures, resistance to 

hydrogen embrittlement/active path corrosion processes tends to be 

greater (31) and furthermore the planar slip characteristics of 
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underaged structures can enhance additional roughness-induced closure 

{45} • 

Aqueous Environments. Behavior in aqueous environments, such as 

distilled water or sodium chloride solutions, is largely similar to 

that described for moist gaseous environments above with the excep

tion that such aqueous solutions often tend to form more copious 

corrosion deposits thereby increasing the effect of oxide-induced 

crack closure. For example, the crack surface formation of 

voluminous calcareous corrosion debris is well known for corrosion 

fatigue in sea water and other aqueous salts solutions, and recent 

work has shown that the resulting closure effects can indeed retard 

crack advance {e.g., 86}. Studies in disti lled water {18} revealed 

an interesting point in that, unlike moist gaseous atmospheres where 

enhanced oxide debris only form at low load ratios due to fretting 

mechanisms, in the more oxidizing aqueous environment, thick oxide 

depos i ts cou 1 d form at all load rat i os due to natura 1 therma 1 

processes. Correspondingly, the influence of load ratio on near

threshold behavior was far less pronounced in this environment since 

a prominant retarding effect of oxide-induced closure was present at 

high as well as low load ratios {Fig. 14}. On the other hand, 

certain aqueous environments can "accelerate" crack growth by 

removing crack surface oxidation deposits, as has been shown by 

studies of near-threshold growth in HCl solutions {23}. 

Viscous Environments. The role of viscous environments in 

influencing fatigue crack propagation rates can also be attributed, 
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at least in part, to closure mechanisms. As discussed above in the 

section on viscous fluid-induced crack closure, in addition to the 

suppression of oxide-induced closure in viscous environments, such as 

dehumidified oils, the presence of a viscous fluid within the crack 

walls can induce crack closure effects from the hydrodynamic wedging 

effect of the oil (48-51). This results in an effect of viscosity on 

growth rates (Fig. 11), although as discussed above the precise trend 

in behavior with increasing viscosity depends upon a balance 

between the interna 1 pressure generated by the oi 1 wedge (which is 

enhanced with increasing n) and the kinetic ability of the oil to 

flow into the crack (which is decreased with increasing n) •. In 

general thoug~ behavior in inert viscous environments will resemble 

that in other inert atmospheres, such as dry gaseous helium, such 

that the suppression of oxide-induced closure at near-threshold 

levels will lead to faster growth rates compared to moist air, 

whereas the opposite effect will occur at higher growth rates due to 

the suppression of conventional corrosion fatigue mechanisms in the 

inert fluid (Fig. 11). 

Temperature. The influence of temperature on specific 

mechanisms of closure has not been studied extensively to date, 

presumably due to the difficulty of isolating the individual effect 

on closure in experiments at different temperatures. Vuen and co

workers (29), however, have attributed the enhanced oxide formation, 

and hence oxide-induced closure, to the occurrence of premature 

thresholds during elevated temperature fatigue of nickel-base 
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supera 11 oys. Correspond i ng stud i es on the ro 1 e of closure at low 

temperatures are comp 1 i cated by the i ntri ns i C effects of low 

temperature deformation characteristics on crack extension mechanisms 

(83). However, it is clear that oxide-induced closure is likely to 

be inhibited at low temperatures due to lower oxidation rates whereas 

phase transformation-induced closure may well be enhanced due to the 

greater driving force for the deformation-induced reaction. 

Applications 

The various crack closure phenomena, discussed thus far, not 

only play an important role in influencing the constant amplitude 

fatigue crack growth rates, but also have a marked effect on several 

app 1 i cati ons such as the short crack prob 1 em, v ari ab 1 e amp 1 itude 

crack advance comprising overloads and underloads, the existence of a 

fatigue threshold and its uniqueness for a given material and testing 

procedure. We now examine each in turn. 

Short Crack Behavior 

Cracks are defined as being short i) when their length is small 

compared to relevant microstructural dimensions (a continuum 

mechanics limitation), ii) when their length is small compared to the 

scale of local plasticity (a linear elastic fracture mechanics 

limitation), and iii) when they are merely physically small (i.e., 

crack length:sO.5-1.0 mm) (87). Recent studies have shown that all 
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three types of short cracks grow substanti a 11y faster than (or at 

least as fast as) the equivalent long cracks subjected to the same 

nomina 1 stress intensity factor range (e.g., refs. 88-94). In parti

cu 1 ar, the fi rst two types of short flaws are known to propagate at 

high velocities even below the threshold for long cracks, t.Ko (88-

90). The initially high growth rates of such short cracks are known 

to decelerate progressively (or even arrest completely, in some 

cases, to form so":ca 11 ed non-propagating cracks) before merging with 

the long crack data (88-90,92). Recent studi es have suggested that 

part of the reason for the apparently faster growth of short cracks, 

even below the long crack threshold, stems from their ·limited wake 

and the consequent absence of appreci ab 1 ecrack closure 

(11,87,89,93). There is growing experimental evidence indicating 

that the progressive deceleration and/or arrest of cracks, which are 

of a length comparable to the scale of local plasticity or 

microstructure, and the apparently faster growth of physically-short 

fl aws can be accounted for, at least partially, through arguments 

based on the development of crack closure with increasing crack 

length (11,38,87,89,93). Morris et ale (89) first showed that for 

short flaws (a"-SO to 500 Ilm) in titanium alloys, crack closure 

(presumably that induced by roughness) decreased with decreasing 

crack length. A further influence of roughness-induced closure was 

evident in the work of McCarver and Ritchie (93) who found that the 

t h res h old t. K 0 val u e s for s h 0 r t c r a c k s (a "- 2 0 to 200 Ilm) i n R e n e 95 

nickel-base superal10ys were about 60% smaller than for long cracks 
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(a'" 25 mm) at low load rati as, even though no di fferences were 

apparent at high load ratios where closure effects were minimal. 

Tanaka and Nakai (94) measured crack closure loads for small cracks 

emanating from notches in a low carbon steel and showed that the 

anomalies between short and long cracks can be eliminated when 

results are plotted in terms of 6Keff by factoring out crack closure 

(Fig. 20). Thus, it may be argued that one of the reasons that short 

flaws show apparently larger growth rates than long cracks, subjected 

to the same nomi na 1 6K 1 eve 1, is because of thei r 1 imi ted wake and 

1 ess closure. 

V ar i abl e-Amp 1 i tude Load i ng 

The various crack closure phenomena described in this paper for 

constant-amplitude fatigue crack growth also have a strong influence 

on the transient fatigue crack advance following variable amplitude 

loading in the form of overloads or underloads. It was first 

suggested by Elber (6) that plasticity-induced closure is the 

dominant mechanism control ling crack growth retardation due to single 

or block overloads. Several subsequent studies have attempted to 

correlate the retarded delay distance with the size of the enlarged 

plastic zone generated by overloads (e.g., 95-97). Recent work by 

Suresh (98-100) has shown that in addition to plasticity-induced 

closure, other forms of closure such as those due to fracture surface 

oxides or micro-roughness also play an important role in control ling 

retardation because post-overload crack propagation is effectively 
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, governed by the micromechanisms of near-threshold fatigue. Fi~ure 

21, for example, shows a highly serrated crystallographic crack 

profile following an 80% overload in 7075 aluminum alloy at a base

line ~K = 7.7 MPalim, where a planar fracture surface will be observed 

in the absence of an over load (100). 

Oxide-induced crack closure has also been suggested as: a 

possible explanation for the transient growth characteristics arising 

from fati gue under loads (101). Suresh and Ritchie (101) demonstrated 

that even though cyclic underloads with & values smaller than the 

threshold ~Ko do not contribute to crack advance or transient growth 

due to changes in crack tip plasticity, they can result in enhanced 

oxidation on fracture surfaces. Results in a 2 1/4Cr-1Mo steel 

indicated (101) that whenever the cyclic CTOD corresponding to the 

fatigue underload was greater than the maximum thickness of the 

excess· oxide formed prior to the application of the underload, a 

further enhancement in oxide thickness occurs during underload 

cyc 1 i ng (such as the case when a fat i gue test is "parked" overn i ght 

at ~K values below the threshold ~Ko). 

Crack Growth and Threshold Measurement 

The dominant role of crack closure in influencing propagation 

rates also implies that the conditions in the wake of the crack and 

prior loading history can have a bearing on the current crack propa

gation rates. This poses a serious question on the very uniqueness 

of the crack growth rate at low ~K levels (where closure effects are 
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important) and on the value of ~Ko for a given material, environment 

and testing conditions. Clearly too rapid a rate of load shedding 

will result in premature arrest and an apparently higher threshold 

lIKo value (e.g., 102), presumably from enhanced plasticity-induced 

closure (akin to retardation following a high-low block loading 

sequence). Similarly if the rate of load shedding is too slow, it is 

concei v ab 1 e that en 1 arged ox i de depos i ts can form, again 1 eadi ng to 

an apparently higher lIKo from enhanced oxide-induced closure. 

Evidence for such effects have been reported both for aluminum alloys 

(102) and steel s (103). However, the degree of non-uniqueness for 

most normal load shedding rates (i.e., < 10% reduction in ~K for each 

load step over increments of 1 mm of crack advance) is not as large 

as might be expected. This follows because the closure mechanisms 

which dominate near-threshold crack growth behavior are developed in 

the very near tip region, a short distance behind the crack tip, and 

thus will only affect subsequent crack extension over a similar 

distance ahead of the tip. Estimates based on oxide debris measure

ments suggest that the crack surface contact due to oxide-induced 

closure to be within roughly 5 ~m from the crack tip (18,26,33). 

More macroscopic experiments where materia 1 was removed behind the 

crack tip similarly indicated that closure within 1 mm of the tip is 

the most significant in influencing near-threshold behavior (104). 

However, it is clear that, despite the uncertainty in the location of 

crack surface contact, the development of a threshold for no fatigue 

crack growth is intimately linked to the extent of crack closure (25-

41 



27), and since the magnitude of such closure wi 11 be dependent upon 

variables such as crack size, load history and so forth, some degree 

of variability in threshold measurements must be expected. 

Concluding Remarks 

In this review we have critically examined the many sources of 

fatigue crack closure and their influence on crack growth behavior, 

especially in the near-threshold region, under various mechanical, 

microstructural and environmental conditions. An understanding of 

the ro 1 e of such closure processes is a 1 so found essenti a 1 to such 

phenomena as the behavior of short cracks and the transient crack 

growth behavior during variable amplitude loading, both for single 

overloads and block loading, above and below the threshold. In all 

these instances, closure provides"a mechanism whereby the local 

driving force for crack advance, i.e., the near tip 6Keff value, 

differs from the nominally applied values, i.e., 6K, computed 

globally in terms of geometry and applied loads. This latter concept 

clearly is of great importance to the fracture mechanics interpreta

tion of fatigue data since it implies that one can no longer assume a 

unique dependence of the growth rate, for a given material/environ

ment system, solely in terms of particular values of 6K and Kmax. 

Furthermore, since the closure mechanisms which primarily contribute 

to this discrepancy between local (near-tip) and global (far field) 

stress intensities all act in the wake of the crack tip, their effect 
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is critically sensitive to crack length, implying a crack length 

dependence on the local driving force even when nominal 6K levels are 

identical. This constitutes a breakdown in the fracture mechanics 

similitude concept (106). As outlined in the previous section, it is 

fe 1 t that th i slatter fact is one of the major causes of the short 

crack problem where short flaws are observed to propagate below 6Ko 
at rates often far in excess of long cracks at the same nominal 6K 

levels. However, such "anomalous" behavior of short flaws is only 

one example, albeit a major one, of problems of uniqueness arising 

from the current practice of characterizing crack extension in terms 

of nominal driving forces, e.g., 6K, lJ, etc., when closure 

mechanisms are clearly present. For example, the varying dependence 

of 6Ko values with microstructure and environment at high and low 

load ratios, the lack of uniqueness in 6Ko measurements when rates of 

load shedding are radically changed, the varying response of long 

crack da/dN tests with classical stress-strain/life behavior, and so 

forth all follow from the presence of crack closure mechanisms. 

I n view 0 f t his sit u at ion, 0 n e s h 0 u 1 d con c 1 u de t hat the 

characterization of fatigue crack propagation data in terms of a 

nominal characterizing parameter, such as 6K, should be discouraged 

since in the presence of closure it does not represent the actual 

crack driving force. The problem with this approach, however, is 

what to substitute in its ~lace, since no fundamental continuum 

mechanics characterizati ons ex i st to date for fati gue cracks, whi ch 

include a consideration of cyclic plasticity, an analysis of the non-
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stationary crack tip fields, and a modification of these fields due 

to closure behavior in the wake. Until such analyses are available, 

the use of 6Keff, representing closure-adjusted 6K values, provides 

probab 1 y the most fundamenta 1 approach, at 1 east for academi c 

assessment of fat i gue behay i or. However, in view of the many 

difficul~ies in obtaining reproducible Kcl data, the use of 6Keff 

will clearly present numerous practical difficulties for the 

standardization of experimentally-determined fatigue crack 

propagation data for engineering purposes. 
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Figure 1 ~ Schematic illustration of the various mechanisms of fatigue 
crack closure. 
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Figure 2 - Schematic representation of the model of Schmidt and Paris (9) 
for the dependence of fatigue thresholds on load ratio R, 
showing a) definitio'n of the nominal and effective stress 
intensity ranges, L\Ko and L\Kth, respectively, b) the predicted 
variation in L\Ko with R and c) the predicted variation of the 
(nominal) maximum stress intensity at threshold Ko max with R. 
Kcl and Kc are the stress intensities at closure and at final 
failure, respectively, Rcr is the critical load ratio above 
which closure effects are minimal. 
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Figure 4 - Macrograph of a fatigue fracture surface in X-50 HSLA steel 
(Oy = 414 MPa) showing accumulation of oxide debris near 6Ko 
at the center of the test piece. Note how the crack, which 
is fully arrested at the center, is still trying to propagate 
at the surfaces where the accumulation of oxide is less. The 
crack is propagating from bottom to top. After ref. 18. 
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Figure 5 - Idealization of the role of crack face oxide debris in 
influencing fatigue crack advance by oxide-induced crack 
closure, in terms of a rigid wedge within a linear elastic 
crack . After ref. 33 . 
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XBB 820-9876 (bottom) 

Figure 6 - An example of roughness-induced crack closure from the variable 
amplitude fatigue studies of Schulte et al. (105) on underaged 
X-7075 aluminum alloy tested in vacuum. Here the characteristic 
crystallographic mode of crack advance gives rise to markedly 
serrated crack paths, thereby promoting closure through fracture 
surface asperity contact. 
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Figure 7 - Crack opening profiles and resulting crack path morphologies 
corresponding to a), b), c), near-threshold (Stage I) and 
d), e), f), higher growth rate (Stage II) fatigue crack propa
gation. b) and e) show sections through fatigue cracks in 
1018 steel (after Minakawa and McEvily (35)) whereas c) and f) 
show sections in 7075-T6 aluminum alloy (after Louwaard (36)). 
ry is the maximum plastic zone size, compared with the mean 
grain diameter dy. After ref. 47. 
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Figure 8 - Schematic illustration of the development of roughness-induced 
crack closure during "Stage I type" crack growth due to 
fracture surface asperity contact from Mode II and Mode I 
crack tip displacements, compared to the absence of such 
closure at higher strength intensities during "Stage II type" 
crack growth involving predominately Mode I displacements. 
After ref. 35. 
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Figure 9 - Predicted variation from Eq. (12) of the extent of roughness
induced closure, in terms of Kcl/Kma x, with fracture surface 
roughness factor y as a function of x, the ratio of unload-
ing Mode II and Mode I disp l acements (UII and uI, respectively) . 
Experimental data points derived from results on 1018 steel 
after ~l inakawa and McEvily (35) and on fully pearl itic rail 
steel after Gray et al . (43). After ref. 47 . 
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Figure 10 - Idealization of the distribution of pressure p(x) and 
resultant force (Fp) due to the presence of a viscous fluid 
inside a fatigue crack, of length (a), where the fluid has 
only partially penetrated the crack along a distance d. 
The resultant stress intensity arising from such internal 
oil pressure is a function of a, d, the average crack 
opening (h), the closing velocity of the crack walls (v) and 
the absolute viscosity (liP). After ref. 51. 
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in a 2!Cr-lMo steel (Oy = 500 MPa) tested at 50 Hz in high 
and low viscosity silicone and paraffin oils with behavior 
in gaseous environments of moist air, dry hydrogen and dry 
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Figure 13 - Experimental measurements of crack closure using an ultrasonics 
technique indicating the variation in ultrasonic signal trans
mitted across a near-threshold crack during a fatigue cycle at 
~Ko . Data, after ref. 26, for a 2!Cr-1Mo steel tested in moist 
air and dry hydrogen gas at R = 0.05 and 0.50. 



Figure 14 -

10 

(a) ASTM A542 Closs 3 

Temp.:::: 23°C , Frequency =50 Hz 

t::,. Distilled water 
• Moist air (30% R H) 8 
o Dry hydrogen (138 KPa) 

~ 8 
o 0 
o...~ 6 
~<l 

(f) 4 
w 
f= 

'-- '- . --.-- ~ 
'- '--'-' 

--'--'--'--t::,. 

6 ~ 
~ 

4 <l 

~ 2 2 
z 
~ 0 L-_-J __ ----l. __ ----'-__ ----'-__ .....l 0 
Z 

(f) (b) 1 1 1 ;' 

tJ f e: 20 / 
(f) / 

-20 

-16 

~xI6~ /J'/ I 0 ,,/ 
(f)E I't' 
w 0121- .'-
o::~ ,/ 
I ..,/'/ 

~ 8f-~' • • " ."," 

-12 ~ 

-8 

o ...... 
---------6--

4r- -4 

OL---~--__ ~I ____ ....JIL_ __ ~I ____ ~O 

-J' 
~ 
w 
z 
~ 
U 

1.0 
~- .- ' - ' - '~.-.-.- . -4 

I 

; E 0 .1 l""" 
§~ " " ' " 
(f) " tJ 0.01 '~"""'--4,I 
u 
x 
w 
~ 
<! 
~ODOI~-~--~--~--L---.....l 

o 0.4 0.6 0 .8 1.0 
LOAD RATIO, R;: Kmin/Kmox 

XBL 822-5178 

Variation of fatigue thresholds ~Ko and Ko max with the maximum 
excess oxide thickness do, as a function of load ratio R,for a 
bainitic 2!Cr-1Mo steel (01' = 500 MPa) tested at 50 Hz in room 
temperature environments of moist air, dry gaseous hydrogen and 
distilled water. After ref. 18. 

66 

.J. 

• 

• 



~ 
0 
Cl. 
~ 

0 
0'1 

~ -....J 

<l 

0 
...J 
0 
I 
(/) 

w 
Il: 
I 
..... 

10 

8 

6 

4 

2 

.. <'0 

(Tv 
200 250 

Threshold Data for Steels at R =0 -0.05 

....... 

• • 

• 

....... ,~ 
........ 

"'-

•• 
.. 

• • 

....... 

.. 
......... 

• 

• 
• martensite 
• bainitic ....... "-

• 
• 

2 1/4 Cr - I Mo 

• 
• • 

ambient temperature air 

• 
• • • 

• • 
• 

• 
• austenitic . . ....... ,. • • 
• duplex (ferrite + martensite) ....... .. 
~ pearld ic « 20% ferrite) .............. !.. • •• • • 
• ferrltlc « 20% pearlite) - - - - - - - - - -

L'::. SA387 (bainite+<40%ferrite) 
o SA542 Class3(bainite) 
o SA 542 Class 2 (martensite) 

• 

10 

8 

6 l; 
en 
~ 

o 
~ 

4 <l 

2 

01 I I I I I I I I 10 
o 200 400 600 800 1000 1200 1400 1600 1800 

YIELD STRENGTH, (Ty (MPa) 

XBL 839-11404 
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Figure 19 - Fatigue crack propagation behavior in a martensitic 
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Figure 20 - Variation in fatigue crack propagation rate with a} nominal and b} effective stress 
intensity range values, 6K and 6Keff, respectively, in a 0.17%C steel (Oy = 194 MPa). 
Data points represent behavior of short cracks emanating from notches compared with 
solid line representing conventional long crack da/dN data. After ref. 94 . 
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Crystallographic crack advance following an 80% overload at 
a baseline ~K = 5 MPalm in an underaged 7075 aluminum all oy 
leading to a highly serrated crack profile and roughness 
induced closure; this implies that near-threshold mechanisms 
can playa significant role in influencing post-overload 
growth. After ref . 100 . 
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