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Abstract. Recent advances in our understanding of fatigue crack growth processes and respective crack growth 
modeling techniques are reviewed. Much of the observed experimental behavior (such as the effects of notches, 
maximum applied stress, crack length, in-plane biaxiality, out-of-plane constraint, and transient loadings) can be 
explained based on crack closure concepts. Both Dugdale based models and finite element techniques have been 
utilized. However, so far neither approach has accounted for crystallographic slip effects, grain orientation effects, 
or microstructural barriers. A model for crack closure with two microscopic crystallographic slip directions is 
used to model microscopic cracks. The model predicts variations in closure levels as the orientations of the two 
slip directions, with respect to the crack growth direction, are changed. In addition, a solution is proposed for the 
asperity micro-contact problem through a unique roughness induced closure model using a statistical description 
of asperity heights, asperity densities, and material flow properties. 
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= Stress intensity range 
= Effective stress intensity range 
-- Theoretical elastic stress concentration factor 
= Yield stress in shear 
= Crack length measured from notch root (CCT specimen) 
= Resolved shear stress on slip system a 
= Critical resolved shear stress 
= S~/Sy (transverse to normal stress ratio) 
= Creep exponent 
= Exponent crack growth equation 
= Unit vectors characterizing the slip plane normal 
= Number of asperities 
= Material constant of power law hardening 
= The orientation of the crystal 
= Normal traction between two asperities 
= Maximum applied load level 
= Minimum applied load level 
= Limit load for CT specimen 
= Crack opening load level at which the residual stresses on the crack faces are relieved 
= Contact pressure corresponding to shakedown conditions in contact 
= Applied tensile load level at which all stresses in the uncracked ligament become tensile 
= Applied tensile load level at which stresses immediately ahead of crack tip become tensile 
= Shear traction between two asperities 
= Radius of the tip of asperity i 
= Applied load ratio 
= Average radius of asperity tips 
= Roughness induced crack closure 
= r.m.s, of asperity heights 
= Notch plastic zone size 
= Deviatoric stress 
= Unit vectors characterizing the slip plane direction 
= Maximum applied stress level 
= Minimum applied stress level 
= Crack opening stress level at which the residual stresses behind crack tip are overcome 
= Stabilized crack opening stresses for crack growing from a notch 
= Applied tensile stress level at which all stresses in the uncracked ligament become tensile 
= Applied tensile stress level at which stresses immediately ahead of crack tip become tensile 
= Applied stress transverse (parallel) to crack 
= Applied stress normal to crack 
= Von Mises equivalent stress 
= Hydrostatic stress 
= Uniaxial yield strength 
= Back stress on the slip plane 
= Creep constant 
= The half plane between the two slip planes 
= Hold period at maximum stress 
= Effective stress ratio 
= Effective stress ratio when hold period is zero 
= Coordinate axis (z-crack growth direction, z = thickness direction) 
= height of asperity 
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1. Introduction 

There have been numerous research studies on the characterization of fatigue crack growth 
using fracture mechanics since the work of Paris and colleagues [1] in the early 1960's. 
Following this work, in the early 1970's, Elber [2-3] pioneered the concept of premature 
crack closure and it's relation to fatigue crack advance. In the late 1970's and mid 1980's 
many researchers [4-41 ] then incorporated fatigue crack closure concepts into descriptions of 
crack growth. These descriptions rely on the effective stress intensity range as the driving force 
for fatigue crack growth rates. As the attention turned to 'advanced' materials in the late-80's 
there has been less emphasis on advancing the understanding of crack closure concepts, and 
crack advance mechanisms in fatigue. It is probably in the last two years that the topic has 
received renewed attention [42-45]. 

The universal description of crack growth rates is given by 

da --C'(fKcff)  m ' . -  - -  " (1) 
dN 

In (1) C' and m'  are material constants, and AKeff is the effective stress intensity range which 
is a function of several variables: 

(S_~__~ H ~ _ , Geometry, Microstructure, a ) .  (2) AKeff = f , R,-~,  a H 

Early models for the effective stress intensity range considered only the R-ratio effect 
primarily at positive R ratios [2-3]. Then, the effect of other factors such as the applied stress, 
Srnax/a0, were studied [9, 21-23, 28]. The effect of Smax/ao is observed through constant 
amplitude testing at different maximum stress (or load) levels. The Smax/ao effect is caused by 
crack tip geometry changes, deviations from small scale yielding, and decreases in the elastic 
constraint. Increasing Smax/~r o modifies the crack opening displacement profiles, which in turn 
lowers the crack closure levels. A variation in Smax/aO during the loading history creates a 
history effect. In the presence of a variable amplitude history, including overloads or high-low 
sequences the crack closure levels behave differently than under constant amplitude loading. 

The H/E (plastic modulus/elastic modulus) ratio or the strain hardening exponent also have 
an effect on crack closure levels. In the Dugdale models [8-9] this effect has been rationalized 
by altering the value of a0. Using finite elements [21-23] it has been possible to change H/E 
(or the strain hardening exponent) independent of a0. As the Smax/aO level increases, the 
lower hardening materials exhibit the lowest opening levels. At low Smax/ao levels the trends 
are reversed. 

The ~/aH parameter represents the ratio of effective stress to hydrostatic stress ratio and 
is a measure of the stress state or constraint on the cracked member. Several modeling efforts 
have focused on plane stress versus plane strain (termed out-of-plane constraint) conditions 
[30, 35, 41] and in plane constraint [48, 49] where the stresses are applied both perpendicular 
and parallel to the crack. In general as -~/aH increases the closure levels decrease. 

The specimen geometry and crack length have an influence on crack growth rates. The 
crack growth rates of cracks growing from notches are higher than expected when using the 
same A K  or A J  as for long fatigue cracks. There are some differences in the crack growth 
rates of the compact tension specimen (CT) and the center cracked tension specimen (CCT) 
since the stress intensity factor is often higher for the CT specimen at the same Smax/aO ratio. 
The inplane stresses are also slightly different from specimen to specimen which also affect 



168 H. Sehitoglu et al. 

the results. The crack length also has an influence on closure levels. Even in the absence of 
microstructure effects, small cracks do not have a sufficient wake to develop closure. As the 
crack grows the wake develops and steady state closure conditions are reached. 

The microstructure has a considerable influence on crack closure, particularly near the 
threshold stress intensity regime. One of the shortcomings of the existing models is that they 
treat material ahead of crack tips as an isotropic continuum. It is well known that plastic 
deformation ahead of crack tips is confined to specific slip systems and the use of crystal 
plasticity concepts would be more appropriate for fatigue analysis. This will be considered in 
the paper. The other limitation of the AKeff models is that the crack path develops a roughness 
depending on the grain orientation, periodic barriers, and slip character. The current roughness 
induced closure models are too idealistic to handle the microcontact phenomena which include 
sliding displacements that develop as the crack advances. However, a model has recently been 
developed which addresses all of these issues [45]. 

Numerous papers have been published by Sehitoglu and his colleagues on fatigue crack 
closure to explain a variety of effects on fatigue crack growth. We will provide an account 
of our research on maximum stress level effects [22-23, 28], notch effects [6, 16, 21, 24], 
variable amplitude loading effects [7], the role of tensile stresses ahead of a crack tip [30, 35, 
41], microstructure effects (microscopic plasticity and roughness induced closure [42-47]), 
in-plane and out-of-plane constraint [35, 40, 41, 48-49], and time dependent crack growth 
effects [50]. 

More explicitly, the purpose of the present work is: 

(i) to discuss plasticity induced fatigue crack closure as a function of Smax/O'0, R, H / E ,  "~/CrH, 
geometry, and hold period, then compare experimental results and models 

(ii) to study the effect of microstructure on closure using a crystal plasticity double slip model 
modified for cyclic loading 

(iii) to model roughness induced crack closure using contact mechanics concepts. 

2. Approach 

A specialized two dimensional elastic-plastic finite element code with provision for cyclic 
crack growth was used for part of this study. The code was initially generated by Lalor 
and Sehitoglu [6, 21], modified by McClung and Sehitoglu [22-23] and further modified by 
Kadioglu, Sehitoglu, and Gall [42-44]. 

The isotropic and homogeneous material model was developed using the concepts of 
incremental rate independent plasticity. A Von Mises yield criteria with kinematic hardening 
was employed to capture the Bauschinger effect during cyclic loading. The hardening modulus, 
H = d~/d~-P, was chosen as a constant equal to 0.001E or 0.07E. To simulate nonlinear 
hardening the plastic modulus was written as a function of stresses H = (G J2 N) where 
J2 = 1/2SijSij, Sij is the stress deviator, and G and N are material constants. 

Two different cracked geometry's were studied, the center cracked tension (CCT) speci- 
men and the compact tension (CT) specimen (Figure 1). Both circular and elliptical notches 
were considered for the CCT specimen. Four noded isoparametric elements with linear strain 
distributions were used for the model since higher order elements greatly increase the compu- 
tation time in cyclic loading models. In the CT specimen, the plastic zone ahead of the crack 
tip is very small compared to the crack length and the width of the specimen. However, the 
plastic zone can be fairly large compared with the crack length and CCT specimen width, 
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Figure 1. Specimen geometry's used in fatigue crack closure research. 

and may reach the edge of the specimen when a high stress is applied. Therefore, the results 
from a CCT specimen are considered as outside the small scale yielding regime. Most of the 
computational details of the two dimensional model have been previously released [21-23]. 
The term Pmax/Po will be used for the CT specimen where Pmax is the maximum load and P0 
is the limit load [35, 41]. The term Smax/O 0 will be used for the CCT specimen where Smax is 
the maximum stress and ~r0 is the yield stress [35, 41]. 

Twenty to thirty loading cycles were applied to the specimen so that the crack opening 
stresses could reach stabilized values. A crack tip node is released at the first increment of 
the unloading reversal, creating an effective crack growth increment of one fine mesh unit 
per cycle. Previous study [22] has shown that there is no significant effect of the node release 
scheme on crack opening stress levels. In the numerical model, it is not possible to choose crack 
increments comparable to experimental crack growth rate per cycle, as this would result in 
enormous computation times. The size of the crack increments, though, is not likely to change 
the closure levels provided that the model is fine enough to capture the plastic deformation 
near the crack tip. The finite element model permits study of both stationary cracks and fatigue 
cracks. To obtain a fatigue crack, one crack tip node was released and the crack was advanced 
at maximum load on each loading cycle. The stationary crack had no nodal release scheme, 
hence no crack remained in the same position throughout the simulation. In this study, the 
crack opening level, Sopen, is defined as the applied load level at which all the compressive 
residual stresses in the wake of the crack have been overcome. 
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Figure 2. Variation of crack opening stress with Sm~x/ao and HIE. 

3. The effect of Smax/Cro and H/E on closure 

The influence of the maximum applied stress on the crack opening results has been well 
documented based on Dugdale models [8-9] and finite element simulations [21-23, 28]. The 
results from our finite element model (FEM) simulations are summarized in Figure 2. 

The results are for long cracks in the CCT specimens and demonstrate that the normalized 
crack opening levels decrease with increasing Smax/Cr0 ratio. The trends based on the different 
HIE ratios is also noteworthy. Originally, the model with HIE = 0.07 and the power law 
hardening model were both used to simulate material behavior of 1070 steel. Therefore, the 
difference between stress strain curves from these hardening models was very small. However, 
the difference of opening levels from these two materials was significant. There are several 
important reasons for the different behavior observed in these cases. As revealed in systematic 
studies in [22-23], the crack opening behavior is a competition between the forward plastic 
deformation that is responsible for crack opening and the reversed plastic deformation that is 
responsible for the residual displacements. The bilinear response does not permit ratchetting of 
strain or mean stress relaxation under load control cycling while the power law representation 
does. Consequently, the maximum strains and mean strains at the crack tips for these models 
are different, resulting in different closure behaviors. In Figure 3 the stress-strain behavior of 
a material as the crack tip approaches and reaches it are shown. Initially when the crack tip is 
far from the material point the behavior is elastic and as the crack tip approaches the material 
point plastic strains accumulate. We note that the details of the ~r - ~ representation have a 
considerable influence on the strain range, the stress ranges and the mean values of strain 
and stress. In this case at Sm~/Cro = 0.7 the power law representation provides the highest 
accumulated strain levels. 

4. Notch effects on crack closure 

It has been observed experimentally that fatigue cracks growing from a notch may grow at 
unusually high crack growth rates when the crack length is much smaller than the notch width 
[8, 51-57]. These small cracks propagate initially at high crack growth rates, decelerate to 
a minimum rate, and then match the long crack data trend. This period is crucial since a 
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Figure 3. Stress-strain response of a material point as the crack tip approaches it and reaches it. The three plots 
correspond to different hardening models which simulate plane stress conditions under R = - 1 loadings. 

considerable fraction of the crack propagation lifetime could be spent in the regime where 
transient changes in crack growth behavior occur. One explanation of the accelerated crack 
growth rate at notches is based on crack closure concepts. When a crack initiates from a 
notch root, the plastic wake field is not fully developed. As the crack grows, the plastic wake 
develops and the crack tip generates its own stress fields which dictate the closure behavior, 
causing the influence of the notch to become gradually smaller. 

Sehitoglu [57] proposed a model of crack closure for cracks growing from notches. The 
model accounted for crack length, applied stress and R-ratio effects. The model predicted the 
gradual increase in the crack opening load as the crack advanced from the notch root, and 
transient changes in opening level even when the notch root plasticity is absent. As with other 
Dugdale type models, the limitation of the model has been the plane stress deformation, and 
elastic-perfectly plastic idealization of material behavior. There are other models for crack 
growth from notches [57-66] including the works of Sehitoglu and Leis in the US, Miller et 
al. in the UK and Nishitani and Tanaka in Japan. The data indicates that accelerated crack 
growth rates occur well beyond the notch plastic zone. Therefore, notch plasticity alone can 
not account for accelerated growth rates. 

An equation ((3) - Table 1) which relates the crack opening stress to the crack length, 
stress concentration factor of the notch, applied load magnitude and the R ratio was proposed 
based on the finite element results. Constants A, B, D are dependent on R, Kt and elastic 
stress concentration factor of the notch. Results are given in Table 1. The prediction equation 

stable is the same for H/E = 0.07 and 0.01, but the expression for SSpen /Smax and constants, A,/3, 
and D are different. 
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Table 1. Summary of the crack closure simulations for crack growth from a notch 

HIE = 0.07, plane stress HIE = 0.01, plane stress 

Sown s~able 
= 0.49 + 0.01R - (0.1 - 0.3R) s-~. Smax 

A = -0.255 - 1.375R + (0.085 - 0.075R)Kt 
v 

B = 0.298 + 0.563R + ( -0 .043  - 0 .198R)Kt  
D = 1.700 + 1.475R + (0.100 - 0.225R)Kt 

6 
F = e x p ( - 1 0  x l/c) 

SoF. stable 
= 0.95 + 0.13R - (0.70 - 0.30R) s-~, Smax 

A = -1.138 - 1.138R + (0.163 + 0.163R)Kt 

B = 0.902 + 0.507R - (0.089 + 0 .164R)Kt  
D = 3.400 + 2.575R - 0.125R Kt 
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F = exp(-10 x I/c) 
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Figure 4a. Comparison of the transient closure levels determined by FEM and using Table 1. 
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The predicted crack opening stresses match the finite element results very closely as shown 
in Figure 4(a). The dashed lines indicate that opening stress levels reach the stable value of 
SoS~ble/Smax as I/c becomes large. The stable value of  Sopen is dependent on both R-ratio and 
Smax/ 0. 

Sehitoglu tested crack growth rate from a blunt notch (Kt = 5) under different applied 
stress levels. The crack growth equation constants C t and rn t were equal to 8.03 × 10  - 9  and 
3.202, respectively, and a bilinear relation with H/E = 0.07 was used. The results are shown 
in Figure 4(b). The notch plastic zone size, rp, is also indicated in this figure. The long crack 
growth rate was predicted by using Sso~lne/Smax, and the short crack growth rate was predicted 
by using Sopen/Smax ((3) in Table 1). The short crack growth rates were much higher than the 
long crack growth rate. Transient changes in the crack growth behavior and gradual linking 
with the long crack growth data occurred outside rp. Also, the minimum in da/dN occurred 
at a crack length outside the plastic zone of the notch. 
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Figure 5a. Schematic of the block loading history [7]. 

5. Variable amplitude effects 

It is expected that in the presence of overloads, subcycles within a major cycle, or load shedding 
cycles (such as in threshold testing produces) considerable transient changes in closure levels 
will occur. The increase in closure levels due to single overloads has been well documented 
[67]. Another important, yet not widely known effect, is the 'acceleration' of fatigue cracks 
under small amplitude cycles when they occur following a large amplitude cycle. These results 
are shown in Figures 5(a)-5(b). 

In Figure 5(a) the strain history is shown. There are one hundred subcycles per block. The 
subcycles are applied during the unloading portion of the major cycle. Because the closure 
level is a function of Smax/Or 0' the higher amplitude cycle has a much lower closure level than 
the subcycle. During the subcycles the crack remains fully open until it develops its own wake. 
If the subcycles were applied in isolation their closure level would be high, hence the crack 
growth rate under constant amplitude small cycle loading would be very slow. The prediction 
of crack growth in the absence of closure correction is given by the dashed line in Figure 5(b). 
The solid line is the prediction using the model developed in [16] and explained further in [7] 
for this case. The improvement in the crack growth rate prediction is remarkable. 
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6. The role of stresses ahead of the crack t i p  

Many closure studies placed attention on residual stresses behind the crack tip, and the 
applied load level required to overcome these residual stresses has been identified as the crack 
'opening' load [6, 22-23, 28]. However, compressive stresses could be present ahead of the 
crack tip when the cracked body is at the 'opening' load and further loading increments are 
required before these stresses become tensile. This problem advocates the definition of several 
new crack opening parameters. The applied stress (load) at which the crack tip becomes tensile 
is defined as Stt (Ptt), and the applied stress (load) at which all of the compressive stresses in 
the uncracked ligament become positive is defined as St (P t). 

The residual stresses at the crack tip evolve from two contributions: (i) residual stresses due 
to 'constraint' at the crack tip in the absence of crack closure effects, and (ii) residual stresses 
arising from crack face contact. In the absence of crack face contact, the residual stresses at 
the crack tip develop from (i) only. Hence, one may see a dependence of crack growth on the 
R-ratio, stress state, and prior stress history, even when crack closure [37, 68-73, 39-40] is 
considered to be small. For example, consider the case where the crack is subjected to tensile 
loading (R = 0). Upon initial unloading to zero stress, a residual compressive stress develops 
at the crack tip. The magnitude and sign of this residual stress zone depend on the crack tip 
blunting, material properties, and out of plane constraint, effects normally thought to exist 
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Figure 6a. Stress distribution near the crack tip at minimum load, at stress corresponding to tensile stress at crack 
tip, and maximum stress in plane strain for the CCT specimen. 

exclusively in the presence of premature crack closure. The applied stress has to be increased 
to as much as 30% of the maximum stress level before these residual stresses are overcome. 
If the effect of crack contact is present, these two effects, (i) and (ii), will both play a role 
in governing crack growth. Note that residual stress due to (i) and (ii) are not independent, 
and experimental measurements will yield the combined effect. Careful numerical studies 
can isolate these two effects as discussed below. By studying the stress fields for 'stationary' 
cracks versus fatigue cracks, a distinction can be made between these two effects. These issues 
were considered by Sehitoglu and colleagues [30, 35, 41] who showed that residual stresses 
ahead of crack tips are more significant than stresses developed in the wake in plane strain 
loading. 

To illustrate the above points, simulations are shown in Figures 6(a) and 6(b) for R = 
- 1  loading with a crack growing from the notch in the CCT specimen under plane strain 
conditions. In Figure 6(a) it is noted that the crack tip opens at  Sopen - -  --0.48Smax while 
it does not experience tensile stress until the load reaches S t t =  -0 .28  Smax. The applied 
stress has to reach St = 0.2 Smax before all the compressive stresses ahead of the crack 
tip are overcome. In Figure 6(b) the crack tip opens early for small cracks growing from 
notches (circle points) but the crack tip condition remains compressive until the load is 
increased further (triangular points). To overcome all of the compressive residual stresses in 
the uncracked ligament the applied stress has to be increased even further (rectangular points). 
These results could be used in development of more refined models of fatigue crack growth 
accounting for residual deformations, stresses and strains at crack tips. At the moment, the 
only correction that has been widely accepted is the AKeff concept. This difference between 
Stt and Sopen is particularly significant under transient loading conditions, such as crack 
growth influenced by the presence of micro notches or crack growth under variable amplitude 
loadings. Under 'steady state' conditions the Stt and Sopen levels are similar to those in the 
CCT specimen. 

In the early studies on crack closure in CCT specimens, the crack opening levels for plane 
stress were higher than for plane strain at low Smax/O'0 values, while at high Smax/Cr0 levels 
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the crack opening stress level for plane stress were lower. Both Newman [28] and Sehitoglu 
and colleagues [6, 21-23] reported such results. These results are correct but have not been 
fully understood until the studies of Sehitoglu and colleagues [30, 74]. They can be explained 
as follows. The residual displacements at the crack surfaces, proportional to the plastic strains 
in the thickness direction in plane stress and to the plastic strains in the transverse direction 
in plane strain, are higher in plane stress than in plane strain. Hence, the crack closure levels 
(which are directly proportional to the magnitude of the residual displacements along the 
crack line) should always be higher in plane stress compared to plane strain. However, at 
high Smax/aO levels, the curves switch because considerable crack tip blunting is observed 
in the plane stress case versus the plane strain case. This is illustrated in Section 9 through 
Figure 1 l(b). 

7. Modeling of crack closure within a grain 

As a crack traverses through the first few grains, depending on the orientation of the crack 
plane with respect to the crystallographic orientation, alternating slip bands at the crack tip can 
be inclined at different angles with respect to crack growth direction. Results from Neumann 
[47, 78, 79] showing the activation of slip systems at the crack tip are given in Figure 7(b). 
Previous slip lines were etched out to demonstrate that active slip occurs exclusively at the 
crack tip. Note that two macroscopic slip planes at the tip are active and that a slip free triangular 
zone forms. Despite this background of local slip at the microscopic level, the current models 
of fatigue crack growth have relied on a description of crack tip stress fields assuming plastic 
isotropy. For example, the models of fatigue crack closure, both semi-analytical models such 
as that of Dugdale and numerical models using finite element techniques have assumed plastic 
strain descriptions which are independent of crystallographic slip orientation. Consequently, 
no quantitative description of the local orientation effects on fatigue crack growth has been 
proposed. The 'original' FEM [21-23], which was based on isotropic material properties was 
modified for microscopic double slip [42, 44]. The plastic constitutive relationship is based on 
a plane strain double slip plane model proposed by Asaro and coworkers [75] (Figure 7(a)). 
Plastic deformation occurs exclusively along two slip planes which are characterized by unit 
vectors (Sl, mr)  and (s2, m2). The vectors are trigonometric functions of the two angles in 
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Figure 7a. Geometry of the in plane double slip model. 

177 

Figure 7b. Photograph of the crack tip region displaying localized slip (after Neumann, [47]). 

Figure 7(a). The angle between either slip plane and the Y-direction of the crystal is denoted 
0, and the orientation of the crystal with respect to the X-direction is denoted ~b. Both slip 
directions and slip plane normals lie in the plane of the drawing. Plastic shear strains develop 
when the resolved shear stress on either slip plane reaches a critical value, defined as: 

= - o! )I ( 3 )  

where ),0 is the critical resolved shear stress and ~r~ a) is the back stress on the slip plane. The 
back stress is calculated during plastic flow through 

cr~ c') --- c'-), (c') (4) 
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Figure 8a. Crack opening levels as a function of the crystallographic orientation of the slip systems, ~, for the 
center cracked tension specimen [42]. 

where c' is a constant in this hardening model, and 7 (a) is the current shear strain on a slip 
plane. The macroscopic slip is calculated by averaging the microscopic slip at every Gauss 
point in the mesh. 

This model has been successfully used to model the tensile deformation of both BCC 
and FCC crystals [75], and later to study stationary cracks [76]. A more detailed description 
of the constitutive relation used to model the double slip phenomenon has been discussed 
[42-44]. The matrix that relates the shear stress rate to the shear strain rate for a given slip 
system, in our case assumes that latent hardening does not exist, i.e. slip on the primary plane 
does not cause hardening on the conjugate plane [77]. The strains are calculated using small 
deformation theory (additive strains). This representation is accurate for fatigue crack growth 
studies where the strain ranges at crack tips are not large [22-23]. 

The simulations are shown in Figures 8(a) and 8(b) for R = 0 conditions with Smax/aO = 
0.6. For some crystallographic orientations, ~b, the closure levels are found to be negligible, 
while in others the levels approach 0.35 Smax. When varying the angle between the slip planes, 
(9, the closure values span a similar range. The results are symmetric with respect to O = 45 °. 
The results have implications in describing crack growth and threshold stress intensity values 
when the crack traverses through grains of different orientations. These differences in closure 
stress levels can be used to rationalize the problem of variability in microstructurally short 
fatigue crack growth rates [43]. 

8. Effect of crack roughness and micro-contact on crack closure 

The objective of this section is to gain more knowledge and insight about the roughness 
induced crack closure phenomenon. Since plasticity induced closure is well understood, it 
seemed essential to look at the roughness effects alone• The simulations were conducted under 
conditions where roughness induced crack closure is suspected to be the main contributor to 
closure. 

Increases in slip planarity and the slip length enhance the roughness of crack surfaces. 
In these cases, asperity sizes (roughness levels) can be higher than the crack opening dis- 
placement [80-84] and roughness induced crack closure (R-ICC) is expected to significantly 
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Figure 8b. Crack opening levels as a function of the angle between the slip systems, O, for the center cracked 
tension specimen [42]. 

influence crack growth behavior exceeding plasticity-induced closure effects. The titanium 
microstructures [20] (both the dual phase lath and equiaxed structures) exhibit rough crack 
paths and some experimental crack closure data has been documented on these alloys. No 
robust models have been forwarded to predict R-ratio and maximum stress effects. Previous 
models of crack advance have treated cracks with a triangular profile as described by a wedge 
angle and asperity height [85-87]. On the other hand, the real cracks exhibit a random rough- 
ness profile which can be described by a Gaussian or other type of distribution of heights and 
the surfaces can not be characterized by average surface roughness value alone. 

It is generally accepted that upon deviating from a straight path, the crack faces are dis- 
placed in the direction parallel to the crack growth. This deviation results in a mismatch of the 
crack surfaces [83-87]. Therefore normal and sliding displacements must be considered for a 
non-straight crack, even when the remote loading is nominally of mode I type. Furthermore, 
since the rough fracture surfaces are undergoing repetitive loading, plastic flow of asperities 
must also be accounted for. In the limiting case, the asperities may deform and carry the load 
elastically, thus reaching a 'shakedown' state. A model, which accounts for these characteris- 
tics, has been developed for predicting and quantifying roughness induced crack closure [45]. 
This model is briefly reviewed below. 

The crack opening stresses were calculated by solving an elastic problem which in turn 
involved the superposition of two other elastic problems: a center crack in a plate under 
uniform remotely applied stress, and a partially loaded crack where the loading is due to contact 
stresses. The crack is allowed to advance under either Kmax = constant o r  S m a x / O  0 ---- constant 
conditions. Near the crack tip, mode I and mode II loading conditions exist due to mismatch 
of crack surfaces. This is taken into account by analyzing sliding of the asperities, instead 
of solely looking at normal contact. The crack was subdivided into a finite number of strips. 
Each 'strip event' is treated as a contact problem between two randomly rough surfaces 
(Figure 9(a)). A close view of strip at location xi is shown with corresponding separation 
distance, di. The separation distance, di., between two rough surfaces is equivalent to the 
crack surface displacements. Furthermore if the surface roughness was zero, di would be the 
COD in classical fracture mechanics. Figure 9(b) is a close-up view of the contact region 
defining the key parameters in roughness induced crack closure research. These parameters 
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Figure 9b. Illustration of topographical parameters (n = number of asperities). 

are asperity heights, asperity radii and the density of asperities. The local characterization is 
based on the statistics of the rough surface. 

In the problem of R-ICC the 'unit event' is one of two asperities which undergo sliding 
(mode II) displacements. The behavior of individual asperities in sliding contact has been 
determined by Johnson-Shercliff [9]. Furthermore, their analysis (as well as the R-ICC mod- 
el) assumed that asperities deform plastically and reach a shakedown state where further 
deformation is elastic. Incorporating this unit event into the statistics of contact [88-91 ] leads 
to a load-separation distance relationship. Greenwood and Williamson [88] studied the elastic 
contact of nominally fiat surfaces. They employed Hertzian contact equations to describe 
individual asperity behavior (i.e. the unit event) and then by defining the probability of  con- 
tact between two surfaces the load carried over a randomly rough surface was obtained. By 
equating the contact load to the residual contact stresses developed during fatigue, the opening 
levels to overcome these stresses can be determined. 

Each surface is characterized by an initial normal asperity height, p, a constant asperity tip 
radius, R',  and a constant density of asperities, n. The model is not restricted to a particular 
height distribution, however the assumption of a Gaussian height distribution was reasonable 
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Figure 9c. Topography of crack surfaces for Ti based alloy. 

[88] and confirmed by confocal microscopy (Figure 9(c)) for the fracture surface of TiA1. The 
average surface roughness, p, in this case is 40 #m. After repeated contact the distribution 
changes as plastic flow of asperities occurs. 

Plasticity induced closure is not allowed in the model in order to isolate and focus on the 
roughness effects. The results are highly sensitive to p, R ~, n, material properties such as yield 
strength strain hardening, shakedown pressure which is related to shear to normal traction 
ratio (Q/P), where P represents resultant normal force due to contact, and Q is the tangential 
component. Dependng on the Q/P ratio the shakedown pressure, pr, may be 2(Q/P = 0.6) 
to 4(Q/P = 0) times the shear yield strength, k. [89]. 

Simulations were conducted for crack opening stresses under plane strain conditions. The 
crack opening stress definition remains the same as before, i.e. it is defined as the stress level 
at which all compressive residual stresses (arising from contact) are overcome. Results of 
simulations are shown in Fig. 10(a) and 10(b). In Figure 10(a) the maximum applied stress 
w a s  Smax /Cr  0 = 0.44 and the number of cycles was 100. The mean roughness was 30 microns 
and the initial K was 10 MPax/--m. As the number of asperities per unit length increases 
the crack opening levels also increase. Also, as the crack size increases the Sopen/Smax ratio 
gradually decreases. 

The p/R I ratio provides a more complete picture of the 'average' asperity. In the case of the 
asperity density remaining constant, p/R ~ corresponds to a sense of height vs. size and fully 
encompasses the effect of the surface's topography. Since C is constant, (a non dimensional 
measure of the deformation of asperity profiles given by, [p~/E] 2 [2 ln(4E/p~ - 1)] where p~ 
is the shakedown pressure and E,  Young's modulus [45]) increasing p/R ~ ratio will increase 
the opening loads (Figure 10(b)). This results from the fact that as the p/R p ratio increases, a 
greater number of asperities will make contact. 
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A l s o  s h o w n  in F i g u r e  lO(b) the  c r a c k  o p e n i n g  stress  is a f u n c t i o n  o f  p, fo r  the  case  o f  R ' ,  
the  m e a n  rad ius  at  the  tip o f  the  asper i t ies ,  r e m a i n i n g  cons tan t .  W e  no te  the  d r a m a t i c  e f f ec t  o f  
p and  Srnax/Cr0 on  the  resul ts .  In  this s imula t ion  initial m a x i m u m  stress  in tens i ty  o f  5 M P a v ' - m  
and  a c o n s t a n t  a spe r i ty  dens i ty  o f  110  asper i t ies  pe r  c m  w e r e  chosen .  

T h e  m o d e l  ver i f ies  tha t  a fu l ler  t o p o g r a p h i c a l  desc r ip t ion ,  w h e r e  the  size,  dens i t y  a n d  
s h a r p n e s s  o f  asper i t ies  are  c h a r a c t e r i z e d  is n e c e s s a r y  to p red ic t  the  r o u g h n e s s  effect .  T h u s  
it is p r o b a b l y  u se fu l  to spec i fy  n o n - d i m e n s i o n a l  p a r a m e t e r s  tha t  i nc lude  t o p o g r a p h i c a l  a n d  
ma te r i a l  p roper t i es ,  w h i c h  w o u l d  m o r e  c l ea r ly  def ine  ' r o u g h n e s s '  as  it pe r ta ins  to the  R - I C C  
p h e n o m e n o n .  
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Figure lla. Plastic strain components in plane strain fatigue crack growth sumulations. 

9. Out-of-plane and in-plane constraint 

There has been considerable debate over whether crack closure occurs under plane strain 
(out-of-plane constraint) conditions [10, 11, 25, 33, 39, 40]. Experimental results of Fleck 
[16] on CT specimens, using the push rod technique, confirm the presence of closure in plane 
strain. Numerical solutions showed results on crack closure under plane strain [ 12, 13, 22-23, 
30, 33, 35, 41]. These numerical results showed that in the plane strain case the wake contact 
zone is small and located very near the crack tip, therefore, remote measurements could not 
capture plane strain crack closure. Sehitoglu and Sun [35, 41 ] proposed that contraction of the 
material at the crack tip in the z-direction (along the crack growth direction) is responsible for 
closure in plane strain. This was confirmed by considering the displacements in the z-direction 
relative to the crack tip as well as by determining the 6P= component of strain at the crack tip 
as shown in Figure 1 l(a). The cP= component of strain is compressive causing a permanent 
decrease in the ligament size in the z-direction ahead of the crack tip. Upon crack advance, 
this element will unload and will produce residual material on the crack surfaces. Figure 1 l(a) 
demonstrates that the ez p component only has a small contribution to crack closure levels, 
contrary to the plane stress case. 

Since the mechanism is different, the crack closure levels are different under plane stress 
and plane strain. Normalized crack opening loads, Sopen/Smax, as a function of maximum 
stress normalized by the flow stress, Smax/aO, are presented in Figure 1 l(b) for the R = - 1  
case. At low applied stress levels the opening loads for plane strain are lower than those for 
plane stress. The results indicate that the Sopen/Smax decreases with increasing maximum 
stress, and the opening stress enters the compressive regime at Sm~x/aO levels beyond 0.6 for 
plane stress and 0.8 for plane strain. We note that these results hold for the H/E  = 0.01 case. 
Similar results have been reported for the CT specimen if the loads are normalized by the 
limit load. Based on residual displacements the closure levels in plane strain should always 
be lower than the plane stress values. The exception to this is at high Smax/Cro levels, where 
the plane stress case demonstrates a more blunt crack tip relative to the plane strain case. 

These results are consistent with experimental results reported by Allison et al. [25], 
Vasquez et al. [92-93], and the survey conducted by McClung [94] confirming the nearly 
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Figure llb. Fatigue crack opening loads in the case of plane stress versus plane strain. 

constant Sopen levels observed in the experiments. At high crack growth rates, or when the net 
section stresses approached the yield strength, the experimental Sopen levels decreased with 
increasing crack length as noted in the data by Fleck [40] and Staal and Ellen [95]. As a first 
order approximation one may interpret ,-~max as the net stress (load/uncracked ligament). 

The in-plane constraint [96-97] can be most conveniently studied by considering a mode I 
crack and varying the magnitude and direction of the applied stress level parallel to the crack, 
Sx (Sy = Constant, Sz = 0). The cruciform geometry used to study this phenomenon is shown 
in Figure 12(a). Three ratios of A = Sz /Sy  have been considering including ), = 0 tensile 
loading, A = - 1 pure shear loading, and A = 1 equibiaxial loading. The results (Figure 12(b)) 
show that crack closure levels are lowest for the A = - 1 case and highest for the A = 1 case 
with A = 0 the results lying between the two. These results can predict the experimentally 
observed crack growth behavior reported by Brown and Miller [98]. The capability of the 
model to predict the crack growth rates obtained from cruciform specimens is shown in Figure 
12(c). The model predicts the highest crack growth rate for the A = - 1 case. We note that the 
hydrostatic stress, ~rn, is zero in the A = - 1 case, while crH > 0 for the ), = 1,0 cases. 

10 .  C r a c k  c l o s u r e  u n d e r  t i m e  d e p e n d e n t  l o a d i n g  

Crack closure behavior is considerably influenced by the presence of hold periods at elevated 
temperatures [50]. Tensile hold periods increase the crack tip stretching, in turn reducing crack 
closure levels and increasing crack growth rates. The key parameters are the hold period, th, 
the creep exponent, m, and the creep constant, crc. The creep response and the plasticity 
response are depicted by the following equations: 

3 . o , - ,  ~ m - 1  Sij ~ = ~4o/oc) ~ (5) 
#/cro = (~ /e~)  n (6) 
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Figure 12b. Crack opening stress as a function of biaxiality ratio, A[48]. 

An expression for effective stress ratio as a function of these parameters has been deter- 
mined and shown with the FEM simulations in Figure 13(a). The creep exponent m is 5 and 
the horizontal axis is the ratio, crc/cr 0, while the vertical axis is the effective stress ratio, U, 
defined as ASeff/AS. As Smax/aO increases, U increases for a constant ac/cro ratio. The 
expression that fits these trends is shown in Figure 13(a) as an annotation, and also as (7). 
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The values for n --- 0.0816 and a0 -- 993 MPa were chosen to represent Rene 95 [50]. When 
~rc/ao becomes large or when hold time th is zero, the creep deformation becomes negligible 
and the results asymptotically approach U0. The (-To corresponds to the Smax/aO dependence 
of crack opening load under time independent conditions. The value of U0 is around 0.3 for 
Smax/Cr 0 <~ 0.6 and 0.5 Smax/Cro for ~qmax/Cr 0 > 0.6. The variation of U with the applied stress 
level, creep properties, and hold period is: 

( 1 ,S'max ~ 1 - e x p - 6 . 1 0 - 3  (Smax ~ m thc~ (7) 

o 

The crack closure results have been applied to fatigue crack growth in Rene 95. Since this 
material undergoes transgranular crack growth, no new damage mechanisms are introduced 
due to the hold period, and the crack closure model predicts hold period growth rate results 
effectively (Figure 13(b)). 

11. Conclusions 

I. The crack opening stress is a strong function of Srnax/(r0, the strain hardening behavior 
(H/E), and the R loading ratio. The increase in Smax/Cr o can be viewed as decrease in 'elastic 
constraint' and results in a decrease in crack opening stress levels. The dependence of the 
opening stress on Smax/Cr0 is stronger for plane stress cases relative to plane strain and also 
stronger for the case of/~ = - 1 relative to R = 0. The crack opening stresses are a strong 
function of the plastic modulus (H/E ratio) or the power law strain hardening exponent. If the 
model permits mean stress relaxation and/or ratchetting under cyclic loading this will have an 
influence on the ensuing crack opening stress levels. 
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Figure 13b. Crack growth prediction for the Rene 95 under th = 0 and th = 3130 seconds 

2. The crack opening stress levels are as low as the minimum applied stresses when cracks 
start from notch roots, then they increase with increasing crack length until the stabilized 
values are reached. Crack closure is a main factor responsible for the notch effect on crack 
growth behavior. A set of equations was proposed to determine crack opening stresses when 
cracks grow from notches for variable notch shapes, applied maximum load levels, R ratios, 
crack length and different materials. The expe~mental results indicate that transient changes 
in crack growth rate were not limited to the notch plastic zone, as was predicted correctly with 
the model. 

3. The crack closure concept can be used to predict crack growth for variable ampli~de 
histories where large strain excursions have a major influence on crack opening behavior. 
The periodic application of major strain cycles can cause significant crack acceleration. 
Experiments and crack growth predictions are in excellent agreement. 

4. Even when a fatigue crack opens, the stresses ahead of the crack tip could be compressive. 
Crack advance is expected when the crack tip stresses become tensile. Under transient loading 
conditions such as a crack growing from a notch, or under variable amplitude loading, the 
distinction between crack opening stress, S,,,, and the applied stress at which the crack tip 
becomes tensile, Sg, could become s~~ific~t. Even in the absence of closure one would 
expect R-ratio, overload (and underload), and stress state effects because Stt is dependent on 
these parameters. 

5. By using a double slip plastic deformation finite element model, the variation of the 
crack opening stress levels as a function of orientation of the two microscopic slip planes is 
evaluated. For R = 0 plane strain conditions we found that the S&J&,, ratio ranged from 
0.4 to 0.05. This means that considerable transients in crack growth are expected as the crack 
traverses through the microstructure. Once the crack reaches a sufficient size, then closure 
levels co~espond~g to isotropic simulations would be appropriate. 

6. Roughness induced crack closure depends on the height of asperities, their statistical 
distribution, their density and tip radius, and the material flow properties in compression. The 
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roughness induced closure model developed incorporates all these features, accounting for 
mode II sliding displacements and predicting crack opening stress levels that are in reasonable 
agreement with experimental findings. 

7. Plasticity induced crack closure occurs in plane strain (out-of-plane constraint) and 
the residual material comes from contraction of the ligament in the crack growth direction. 
Closure levels in plane strain can in fact be higher than closure stress levels in plane stress at 
high Smax/aO ratios. Decreasing the in-plane constraint (or hydrostatic stress) by applying a 
compressive stress parallel to the crack lowers the crack opening stress levels. The experimental 
crack growth rate results on cruciform specimens confirm this finding. 

8. The presence of tensile hold periods at elevated temperatures decreases the crack 
opening stress levels and hence results in increased crack growth rates. The crack opening 
stress levels depend on the creep constants, the plastic strain relationship, the hold period, 
and the Smax/Cr0 ratio. The model predicts the crack growth rates in Rene 95 under hold time 
conditions. 
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