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FATIGUE CRACK PROPAGATION IN OIL ENVIRONMENTS: 

PART II: A MODEL FOR CRACK CLOSURE INDUCED BY VISCOUS flUIDS 

J.-L. Tzou, C. H. Hsueh, A. G. Evans and R. O. Ritchie 

Materials and Molecular Research Division, 

Lawrence Berkeley Laboratory 

and 

Department of Materials Science and Mineral Engineering, 

University of California, Berkeley, CA 94720 

Abstract - Several mechanisms have recently been identified for 

fatigue crack closure. The current work examines the concept of 

crack closure induced by the hydrodynamic wedging action of a viscous 

fluid within an advancing crack during cyclic loading. Unlike 

previous analyses, the model considers both the hydrodynamics of the 

pressure distribution within the crack and the kinetics of the 

penetration of the fluid into the crack. In addition, the results 

are presented in fracture mechanics terminology, and expressed as an 

effective {near tip} stress intensity range. Analyses involving both 

"fu 11-11 and "part i a 1-penetrat i on" of the vi scou s flu i dins i dethe 

crack are utilized to rationalize the influence of viscosity on 

fatigue crack propagation in dehumidified oil environments, described 

in Part I of this paper. The roles of stress intensity range, crack 

size and frequency on the development of such fluid-induced crack 

closure are a 1 so exami ned. 
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1. INTRODUCTION 

Fatigue crack closure involves a reduction in the apparent 

driving force for crack advance through contact between the mating 

fracture surfaces during the loading cycle. Plasticity-induced 

closur~ as first postulated by Elber,1 was originally considered to 

arise from the elastic constraint in the wake of the crack tip on 

material elements previously plastically-stretched at the tip. 

However, it is now known that closure can result from several other 

sources including crack surface corrosion debris and irregular crack 

path morphologies coupled with inelastic Mode II crack tip 

displacements. 2 In such cases, under small-scale yielding 

conditions, the stress intensity range actually experienced at the 

crack tip is reduced from the nominal (global)· value, ilK, given by 

the difference between the applied maximum and minimum stress 

intensities in the cycle (ilK = Kmax - Kmin), to some lower effective 

near tip (1 oca 1) val ue, tiKeff' defi ned as Kmax - Kc l' where Kc 1 is 

the stress intensity to cause closure of the crack surfaces 

(Kc 1 ~ Kmi n) • 

In the present study the concept of fatigue crack closure 

induced by a viscous fluid within the crack is considered. The 

motivation for this work pertains to studies of fatigue crack 

propagation in oil environments, as described in Part I of this 

paper.3 As summarized in Fig. 1, at low load ratios, crack 

propagation rates (da/dN) in oi 1 exceed those in moist air at near-
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threshold levels (below ~ 10-6 mm/cycle), are slower than in moist 

air at higher growth rates (above ~ 10-6 mm/cycle) and show a general 

trend toward faster crack growth rates in the higher viscos\ty oils. 

The fi rst two observ ati ons can be attri buted to the env i ronmenta 1 

shielding effect of the dehumidified and chemically inert oils.3 

However, the role of viscosity in influencing behavior at higher 

growth rates has been ascribed to viscous fluid-induced crack 

closure.3 In the present paper, a quantitative model for such 

closure is developed, based on considerations of hydrodynamics, 

capi 11 ary flow and 1 i near e 1 asti c fracture mechan i cs (LEFM). The 

model treats the development of closure for cracks both partially or 

fully penetrated by a viscous medium. 

2. PREVIOUS WORK 

The notion of a viscous fluid inside a fatigue crack providing a 

cushion between the closing fracture surfaces has been used to 

explain both decreasing and increasing lifetimes with increasing 

fluid viscosity.4-11 Way4 first suggested that fluid pressure inside 

an extending crack could accelerate crack growth, with the less 

viscous fluid promoting the larger acceleration due to easier 

penetration into the crack. Galvin and Naylor? similarly reasoned 

that higher growth rates would result from higher fluid pressures, 

and that the magn ;tude of th is pressure wou 1 d be a funct i on of the 

physical properties of the fluid (including viscosity, viscosity-
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pressure coefficient, and compressibility). However, the idea of an 

internal fluid pressure increasing growth rates under cyclic loading 

is questionable since fluid pressure must induce a stress intensity, 

K*, that decreases the effective stress intensity range, 

, (1) 

where Kmax and Kmin are the nominal values of the maximum and minimum 

* * stress intensities, respectively, and Kmax is the value of K 

evaluated at peak loads. 

Endo and co-workers9,10 estimated the magnitude of the fluid 

pressure and its influence on the applied stresses for crack 

propagation in rotating bending tests on steels and bearing metals. 

However, their hydrodynamic model can only be applied to the case of 

full penetration of fluid to the crack tip and correspondingly 

predicts increasing fluid pressure, and hence decreasing growth 

rates, with increasing fluid viscosity. Although in accord with the 

majority of their experimental data,10 the predictions of this model 

cannot fully rationalize all other resu1ts,6 including those in the 

present study3 where the fastest growth rates are found in the higher 

viscosity oils. 

These apparent inconsistencies arise because the magnitude of 

the closure (i.e., K*) depends not only upon the fluid pressure 

generated within the crack but also upon the extent of fluid 

penetration,3,4,10 processes which have opposite dependencies on 
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fluid viscosity. A new quantitative model for viscous fluid-induced 

crack closure, which treats both the hydrodynamics of fluid pressure 

and the kinetics of fluid penetration, is developed in this ,article. 

The ana 1 ys is, wh i ch is performed both for arb i trary edge crack and 

compact tension C(T) geometries, permits estimation of the magnitude 

of viscous fluid-induced crack closure, and hence values of 6Keff. 

3. MODEL FOR VISCOUS flUID-INDUCED CRACK CLOSURE 

3.1 General Considerations 

The analysis of crack closure induced by a viscous fluid inside 

a growing fatigue crack is based on three principal steps, namely i) 

a hydrodynamic analysis of the resultant fluid pressure under cyclic 

loading for both full and partial fluid penetration, ii) a LEFM 

analysis of the resultant stress intensity, K*, due to the fluid 

pressure, and iii) superposition of the variation of K*(t) during the 

cycle with the variation of applied stress intensities, K(t), to 

yield the effective (near-tip) stress intensity, Keff(t). 

The analysis is conducted using the extent of penetration of the 

viscous fluid into the crack, d, as a variable. This penetration is 

governed by capillary action, such that, by idealizing the fatigue 

crack as a parallel sided slit, of length a, width B and average 

crack opening <h>, the penetration distance, d, can be readily 

estimated as: 12 
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= [ Y COSB)J
t 

<h>(t)dt 
3np a 

(2) 

where y is the surface tens i on of the 0 i1, B the wetti ng ang 1 e 

between the fluid and the crack wall, n the kinematic viscosity 

and p the density. 

The method of analysis is presented in its entirety for one 

case: complete fluid penetration into an arbitrary tensile edge 

crack. In this configuration, a fatigue crack of length; a, in a 

test piece of thickness, B, width, W, and remaining uncracked 

ligament, b = (W - a), is subjected to remotely applied sinusoidally 

varying loads, P, such that the nominal stress intensity factor is 

given by:13,14 

where 

K = ~. f(a/W) 
BW 

, 

f(a/W) = 1.12 ~ • 

(3) 

Thereafter the corresponding final solutions are provided for 

three other cases: partial penetration of fluid in the edge crack 

configuration, and both partial and full penetration in the compact 

tension C(T) geometry. In the latter case it is assumed that the 

flu i d pressure is on 1 y generated wi th i n the fat i gue crack and not 
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within the notch, i.e., over a distance a = (a - ao) rather than a, 

where ao is the length of the notch. 

3.2 Geometrical Considerations 

Following the analysis of Turnbull,15 the overall shape of the 

idealized fatigue crack is taken to be trapezoidal (Fig. 3), with 

crack mouth opening displacement, CMOD = hm' and crack tip opening 

displacement, CTOD = ho' such that the average crack opening, <h>, at 

time t is given by: 

(4) 

The CTOD can be ~elated to the str~ss inten5it~ Keff' using 

small-scale yielding analysis: 16 

(5) 

where cry is the tensile yield strength and E is the Young's modulus. 

The CMOD can then be determi ned by cons i der i ng the open i ng of 

the fatigue crack about some rational axis at distance, rb, ahead of 

the crack tip (Fig. 2), where r is the non-dimensional rotational 

factor that determines the location of the apparent rotational axis 

in the spec imen 1 i gament, b, along the crack 1 i nee The rot at i ana 1 

factor r takes values varying typically from'" 0.195 for elastic 

deformation to '" 0.470 for plastic deformation,17 such that: 
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h = (a + rb)h 
m rb <5 

(6) 

Combining Eqs. (4)-(6), we obtain: 

<h>{t) 
2 

:;: Keff(t) ra + 2rb] 
40y E [ rb (7a) 

such that the rate of change of the crack opening becomes: 

(7b) 

3.3 Stress Intensity from Fluid Pressure 

For the case of fluid flow predominately along the crack length 

(i.e., crack length smal-l compared to thickness), Endo et a1. 9 have 

derived an expression for the distribution of hydrodynamic fluid 

pressure p{x) at distance x from the mouth along a closing fatigue 

crack, when fluid fully penetrates the crack (Fig. 3): 

p{x) 

. 

= 6np a3 10g[1 - (x/a)j8 
h 3 
m 

(8) 

where Q is the closing angular velocity of the crack walls, which can 

be approximated by (Figs. 2 and 3): 

9 - (a + rb) 
2<h> 

:;: 
- ( a + rb) (9a) 

which, on substitution of Eq. (7b), yields: 
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9 ::: _ ra + 2rb] • Keff Keff 
La + rb 0y Erb (9b) 

The corresponding fluid pressure distribution when the viscous 

fluid only partially penetrates the crack, again assuming no 

thickness direction flow (Fig. 4), is given by:18 

p(x) = 6np(h> x(d - x) 
(h>3 

(10) 

The hydrodynamic wedging action of the viscous fluid within the 

crack induces a resultant stress intensity due to this fluid 

pressure, K*, which modifies the driving force for crack extension 

(Eq. (1)), as shown in Fig. 5. The magnitude of K* consists of two 

components, namely an increase in the effective Kmin' Kp' and a 

sma 11 er decrease in the effecti ve Kmax ' Kq, such that the max imum 

* * value of K , i.e., Kmax = Kq + Kp. 

Values of K* can be determined from the fluid pressure 

distribution p(x) by computing the resultant force (per unit 

thickness), F, acting on the crack faces during the fatigue cycle and 

then utilizing the linear elastic stress intensity solutions14 for 

edge crack subjected to concentrated forces. For complete fluid 

penetration, integration of Eq. (8) (Fig. 3) yields a resultant force 

(per unit thickness): 
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a 
F = f p(x)dx 

0 

[ 4] [ ] 6npa a + 2rb K . 
(11 ) - Keff - h 3 Erb a + rb eff 

m 0y 

which acts at a distance 3a/4 from the mouth of the fatigue crack. 

The approximate stress intensity due to the presence of these 

concentrated forces can now be estimated, using: 14 

(12) 

where 

Q = 

and g(;) = 1.2945 - 0.2945; - 0.3912;2 + 0.3912;3 + 0.7685;4 

- 0.7685;5 - 0.9942;6 + 0.5094;8 + 0.5094;9. 

For full penetration in the edge crack configuration, ; = 3/4 and Q = 

1.58. Thus the fluid-induced stress intensity factor becomes: 

4 [ ~ - 19 npa a + 2 rb K K 
E b h 3 r--:- a + rb eff eff 0y r m y'!Ta 

(13) 

3.4 Effective Stress Intensity Range 

Estimation of the effective stress intensities, Keff(t), during 

the fatigue cycle in the presence of viscous fluid-induced crack 

closure now involves superposition of the stress intensity due to the 
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fluid, K*(t), and the applied stress intensity, K(t) (Fig. 5): 

= Km + l\2K sin wt + 1Q.. F(t) 
hi 

where Km = 1/2(Kmax + Kmin) and w is the angular frequency. 

(14) 

For full penetration Eqs. (13) and (14) yield a differential 

equation in Keff(t): 

K (t) 
A eff + K (t) = 

K5 (t) eff 
eff 

K l\K. t 
m + T Sln w (15) 

where 

2 - 4 A = 96 Qnp(ay Erb) (a + 2rb)a 

(a + rb)4(na); 

The analogous solution for partial penetration is: 

t K (t) 
A'[J K2 (t)]3/2 eff + Keff(t) = 

o eff K5 (t) 
eff 

K l\K. t 
m + "2 Sln w (16) 

with 

[ ]
~ 

y3 COs3S a Erb 
A' = 1. 54Q Y 

na(a + 2rb)np 

where Q is given by Eq. (12) with ~ = d/2a. 
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Solutions to Eqs. (15) and (16) are obtained numerically, using 

Newton's iterative method to linearize terms and then employing an 

implicit finite difference scheme to solve the resulting non-linear 

differential equations. Solutions were obtained relevant to the 

experimental room temperature fatigue crack propagation behavior of 

ASTM A542 Class 3 steel tested with compact specimens in silicone and 

paraffin oils (Table I).3 In addition, based on approximate 

measurements of contact angle between the oils and the fracture 

surface, the wetting angle is taken to be of the order of 100. The 

rotational factor r, is assigned a value of 0.4, which is typical for 

a 12.7 mm 1-T compact specimen of this grade of stee1.19 

4. RESULTS 

Values of K*{t) are computed (Eq. (1), Fig. 5), and estimates of 

6Keff (based solely on contributions from fluid-induced closure) are 

then derived using applied stress intensities K(t) and the values of 

Kq and Kp at maximum and minimum applied load, respectively. 

Solutions are obta"ined at two nominal 6K ranges of 10 and 20 MPaAil 

at two load ratios of R = 0.05 and 0.75 for tests in 25 and 75 cS 

paraffin oils and 5, 1000, 12500 and 60000 cS silicone oils. A crack 

1 ength of 20 mm and a cyc 1 i c frequency of 50 Hz are cons i dered for 

all cases, except where the specific role of varying crack length and 

frequency are exami ned. 

12 
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II 

From Eqs. (15) and (16), the variation in Keff(t) must be 

slightly out of phase with K(t), as shown in Fig. 5. By considering 

peak values, computed estimates of Kq, Kp and hence ~Keff are shown 

in Figs. 6 to 8 and the relevant data listed in Table I. In Fig. 6, 

computed values of Kq and Kp are plotted as a function of kinematic 

viscosity (0 < n < 107 cS), assuming full penetration of fluid into 

the crack (Eq. (15)). It is apparent that both the effecti ve maximum 

and minimum stress intensities, Kq and Kp' tend towards the mean 

stress intensity, Km, with increasing viscosity, consistent with the 

fact that as n -I> 00 (i .e., a ri gi d wedge), ~eff must tend to zero. 

However, although the increase in Kp is ~air1y sharp, the 

correspond i ng decay in Kq iss 1 i ght (i .e., < 1 MP aIi1i at ~K = 10 or 20 

MPalm for n < 105 cS). Thus, for the oils studied, the effective 

* "saturation" value of Kmax will not be of the order of Kmax but 

rather of Km, such that the maximum extent of closure will be 

approximately ~eff '" 0.5 ~. 

In Fig. 7, the corresponding Kq and Kp values based on solutions 

to the partial penetration model (Eq. (16)) are plotted as a function 

of the normalized penetration distance, d/a, and are compared to 

values determined from the full penetration model (Eq. (15)). 

Compari son of the two so 1 ut ions as d/a -I> 1 shows reasonab 1 e 

agreement, wi th the so 1 ut ions for Kq and Kp becomi ng i dent i ca 1 for 

kinematic viscosities above 1000 cS. 

Several points are worthy of note from this analysis. First, no 

significant fluid pressure is generated at R = 0.75, where the crack 
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opening displacements are relatively much larger. However, at a low 

load ratio of R = 0.05 (Fig. 7), aside from the small change in Kq, 

Kp can be seen to increase monoton i ca 11 y with i ncreas .. i ng oil 

penetration (d/a) and increasing oil viscosity (n ). Furthermore, the 

* development of a significant stress intensity, Kmax = Kq + Kp' 

requires a sma 11 er extent of penetration for the higher viscosity 

oil s. Correspond i ng val ues of 6Keff at 6K = 10 and 20 MP a rm 
(R = 0.05), derived from Fig. 7, are shown in Fig. 8 as a function of 

dla, and again indicate a maximum extent of fluid-induced closure of 

6Keff '" 0.5 61<. 

The influence of fatigue crack length (~ = a - ao) on the 

development of K* is shown in Fig. 9 based on solutions to the full 

* penetrat i on mode 1. Kmax val ues can be seen to decrease wi th 

decreasing crack length, but only at the smaller crack sizes. This 

indicates that the extent of viscous fluid-induced crack closure 

diminishes for small cracks, similar to behavior reported for other 

mechanisms of crack c10sure. 2,20 

With regards to capillary flow of fluid into the crack, the 

normalized penetration distance, d/a (Fig. 10), is, as expected, 

largest for the lowest viscosity oi 1s. Specifically at low load 

ratios, complete penetration of the lower viscosity oils (n < 75 cS) 

to the crack tip is apparent within 200 s (10 4 cycles) at 

l1K = 10 MPa/rii and 40 s (2000 cycles) at l1K = 20 MPavrn. 

14 
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5. DISCUSSION 

The predictions from the full and partial penetration models for 

viscous fluid-induced crack closure, shown in Figs. 6 to 10, indicate 

that although such closure should progressively increase with 

increasing viscosity, the values of K* developed will be kinetically 

limited by the penetration of the viscous fluid at high viscosities. 

Thus prediction of the magnitude of the closure effect is achieved by 

comparing the re 1 ati ve magnitude of the average, steady-state, rate 

of oi 1 penetration, <d>, from Eq. (2), to the rate of crack 
• 

extension, a, from Fig. 1 and ref. 3, specifically for tests at R = 

0.05 and 50 Hz at tK = 10 and 20 MP/rii (Fig. 11). It is apparent that 

penetration rates for the lower viscosity oils (i.e .. , n .$ 75 cS) are 

far in excess of growth rates, by at 1 east two orders of magn itude, 

such that full penetration can be safely assumed. However, for the 

higher viscosity oils (i.e., n ~ 12500 cS), the penetration and 

growth rates are comparab 1 e and the assumpti on of fu 11 penetrati on 

becomes suspect. Consequently, predictions of dla, K* and ~Keff for 

a crack length of 20 mm in a compact geometry (relevant to the 

experimental data for A542 Class 3 steel in Part I (Fig. 1)), reveal 

a general trend for the least closure to be generated with the 

highest viscosity fluids (Table I). 

A comparison of ~Keff values, assuming closure due only to 

hydrodynamic wedging, with the experimental data for A542 Class 3 

steel (e.g., Fig. 1) is shown in Fig. 12. In this figure, the crack 
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growth rates in oil, (da/dN)oil' are plotted for nominal ~K values of 

10 and 20 MPa/nl at R = 0.05 as a function of the kinematic viscosity 

of the oils. The predicted values of ~Keff from Table I are given in 

parentheses by each datum poi nt. It is apparent that a 1 though the 

variation in both measured growth rates and predicted ~Keff values is 

narrow, in general the highest growth rates at each ~K correspond to 

the highest predicted effective stress intensity ranges. Thus, 

without any recourse to the use of adjustable parameters, the current 

quantitative analysis of viscous fluid-induced crack closure 

pro v ides feas i b 1 e est imates of the closure stress i ntens i ti es and 

&eff for crack growth in viscous fluids. 

As a further eva 1 uat i on of the above ana 1 yses, the effect of 

varying frequency, specifically from 50 to 5 Hz, is examined in the 

25 cS paraffin oi 1. Based in Eq. (2), the penetration rates of the 

fluid at ~K = 10 and 20 MPalin (R = 0.05) are marginally faster at 5 

Hz (Fig. 13). These results indicate full penetration of the 20 mm 

crack by 25 cS paraffin oil within a minute at either frequency. The 

* corresponding development of a resultant stress intensity, Kmax as a 

function of fluid penetration, d/a, is shown for the two frequencies, 

at tJK = 10 and 20 MPalrii, in Fig. 14. It is apparent that the slower 

closing velocity of the crack walls (9) at 5 Hz results in a lower 

* fluid pressure, lower Kmax values and hence less fluid-induced 

closure. Thus, due to 1 ess closure at the lower frequency, crack 

growth rates in the 25 cS paraffin oil should be faster at 5 Hz 

compared to 50 Hz. Such predictions were confirmed by experimental 
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growth rate measurements on the A542-3 stee 1 between 10-7 and 10-4 

mm/cycle (R = 0.05), where propagation rates are increased by up to a 

factor of 5 at the lower frequency (Fig. 15). Model predictions of 

* Kmax and 6Keff (Table I) are compared with experimental growth rate 

results in Fig. 12. 

Finally, it is pertinent to emphasize the assumptions implicit 

in the current analysis. First, the kinetic analysis is based on 

capillary flow between smooth parallel-sided plates, rather than the 

penetration of a viscous fluid into a microstructurally-rough crack 

under cyclic loading. Second, changes in the internal fluid pressure 

distribution due to cavitation and variations in viscosity with 

pressure have been ignored. Furthermore, the comparison of the model 

predictions with experimental fatigue crack growth results in oils 

(e.g., Fig. 12) assumes the absence of active constituents in the 

oils and that the primary source of closure is due to the fluid 

pressure. In view of the extensive in situ dehumidification 

procedures,3 it would seem reasonable to assume that the oils are 

effectively inert. 

6. CONQ.UOING REMARKS 

A model for fatigue crack closure induced by the presence of 

viscous fluids has been developed based on considerations of 

capillary flow, hydrodynamics and fracture mechanics. The model, 

unlike previous ana1yses,9,10 considers both partial and full 
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penetration of fluid within the crack, and the resulting predictions 

of effective stress intensities are consistent with experimental 

growth rate data in a pressure vessel steel (Oy = 500 MPa) tested in 

a range of oi1s.3 The analysis indicates that the extent of the 

fluid-induced closure can be influenced by viscosity and other 

physical properties of the fluid, applied stress intensities, 

frequency, load ratio and yield strength. However, the expected 

trend 1s difficult to predict since the development of an internal 

fluid pressure, which is increased by increasing viscosity; must be 

balanced by the ability of the oil to penetrate the crack, which is 

decreased with increasing viscosity. It is presumably this mutual 

competition between the relative dominance of the hydrodynamic and 

kinetic factors which has led to the conflicting observations of this 

effect in the past 1iterature.4-11 

Finally, it is noted that although values of the stress 

* intensity due to the fluid pressure, Kmax ' should tend to Kmax (i.e., 

LlKeff -+ 0) as n -+ co, for the majority of viscous fluids (i.e., 

* n < 105 cS) val ues of Kmax wi 11 tend to saturate close to the mean 

stress intensity, Km, of the fatigue cycle due to the minimal change 

in Kq• This suggests that the maximum extent of closure wi 11 be of 

the order of KC1/Kmax of 0.5. Thus, the hydrodynamic wedge mechanism 

must be regarded as a 1 ess potent mechan ism of closure, compared to 

other sources, such as induced by cyclic plasticity, corrosion debris 

or fracture surface roughness, where cons i derab 1 y higher Kc 1 1Kmax 

values are Possib1e.1,2,21,22 The process is, however, simi 1ar to 
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other closure mechanisms in that the magnitude of the effect is 

significantly reduced at high load ratios, and with decreasing crack 

length (Fig. 9). As with closure mechanisms in general, the latter 

suggests an R-curve effect, of i ncreas i ng app 1 i ed dri v i ng force to 

maintain constant crack advance. This is particularly significant to 

the prob 1 em of short fati gue cracks si nce, at the same nomi na 1 ~K 

value, the short crack will experience a higher ~Keff' due to a 

1 esser i nf 1 uence of closure, and therefore may be expected to 

propagate at a faster rate compared to the equi va 1 ent 10'ng crack. 

Such behavior has been widely reported in the presence of other 

mechan isms of closure. 20 
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NOMENCLATURE 

a crack length 

a fatigue crack length (= a for edge crack geometry and 

(a - ao) for compact tension geometry) 

• a 

b 

B 

d 

da/dN 

E 

f 

F 

g 

<h> 

notch length (compact tension geometry) 

crack velocity, with respect to time 

uncracked ligament (W - a) 

test piece thickness 

penetration distance of viscous fluid into crack 

fatigue crack growth rate per cycle 

Young's modulus 

dimensionless function of a/Win Eq. (3) 

resultant force/unit thickness due to oil pressure 

dimensionless function defined in Eq. (12) 

average crack opening width 

fatigue crack mouth opening width (CMOD) 

crack tip opening width (CTOD) 

linear elastic stress intensity factor in Mode I 

instantaneous near tip (effective) stress intensity 

stress intensity to cause closure of the crack 

mean stress intensity {Kmax - Kmin)/2 

Kmax maximum stress intensity during fatigue cycle 

K . minimum stress intensity during fatigue cycle mln 
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Kp increase in Kmin due to hydrodynamic action of fluid 

Kq decrease in Kmax due to hydrodynamic action of fluid 

* K stress intensity due to hydrodynamic action of viscous 

fluid inside the crack during cyclic loading 

K;ax maximum value of K*, evaluated at peak loads (Kq + Kp) 

~K alternating stress intensity (Kmax - Kmin) 

~Keff effective stress intensity range (Kmax - Kcl) 

N number of cycles 

P applied load 

p(x) pressure distribution due to fluid as a function of 

distance x along crack 

Q * geometry factor in expressions for K (Eq. (12» 

r 

R 

t 

x 

non-dimensional rotational factor 

load ratio (Kmin/Kmax) 

time 

test piece width 

distance coordinate along crack length, measured from crack 

mouth 

B wetting angle between fluid and crack walls 

y surface tension of fluid 

n kinematic viscosity 

A, A' functions defined in Eqs. (15) and (16), respectively 

p density of fluid 

cry tensile yield strength 

; dummy variable in Eq. (12) 
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w 

angular closing velocity of crack walls 

angular frequency 
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Table I: Estimates for the Magnitude of Viscous Fluid Induced 
Crack Closure for the Compact Specimen 

(A) For ~K = 10 MPaliTI, R = 0.05, a = 20 mm 
* 

Kmax 

Oil n y p d/a (Kp + Kq) ~Keff 

(cS) (dyne/cm) (g/cm3) (MPaliTI) (MPaliTI) 

silicone 5 19.7 0.920 1 4.7-5 5-5.3 
1,000 21.2 0.970 1 5.7 4.3 

12,500 21. 5 0.975 0.10 4.9 5.1 
60,000 21. 5 0.975 0.03 4.5 5.5 

paraffin 25 35.0 0.870 1 5.4 4.6 
75 36.0 0.890 1 5.5 4.5 

(5 Hz) 25 35.0 0.870 1 3.6 6.4 

. (B) For ~K = 20 MPaliTI, R = 0.05, a = 20 mm 
* 

Kmax 

Oil n y p d/a (Kp + Kg) ~Keff 

(cS) (dyne/cm) (g/cm3) (MPaliTI) (MPaliTI) 

silicone 5 19.7 0.920 1 4.7-5.5 14.5-15.4 
1,000 21.2 0.971 0.50 9.0 11. 0 

12,500 21. 5 0.975 0.15 7.6 12.4 

60,000 21. 5 0.975 0.05 5.8 14.2 

paraffin 25 35.0 0.870 1 6.6"-7.9 12.1"-13.4 
75 36.0 0.890 1 8.0"-9.3 10.7"-12.0 

(5 Hz) 25 35.0 0.870 1 3.6 16.4 

• 
Conditions 

Room temperature 
50 Hz frequency (sine wave), except where indicated 
ASTM A542 Class 3 steel (E = 2.1 x 105 MPa, cry = 500 MPa) 
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Fig. 1. Experimentally measured variation in fatigue crack propaga
tion rates (da/dN) with nominal stress intensity range (6K) 
in bainitic 2!Cr-lMo steel tested at R :: 0.05 (50 Hz) in 
silicone and paraffin oils, compared to results in moist 
air, dry helium and dry hydrogen gases (after ref. 3). 
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Fig. 2. Schematic illustration of idealized fatigue crack, showing 
definitions of the rotational axis and crack opening displace
ments . 
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Fig. 3. Schematic illustration of the internal pressure distribution 
p(x) and resultant concentration force (F) due to the full 
penetration of fluid inside the crack for a) edge crack and 
b) compact tension C(T) geometries. 
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Fig. 4. Schematic illustration of the internal pressure distribution 
p(x) and resultant concentration force (F) due to the partial 
penetration of fluid inside the crack for a) edge crack and 
b) compact tension C(T) geometries. 
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Viscous - Fluid Induced Crock Closure 

Kq • 

/" -I-
I 6 Keff 

I 

"/// j Kmox 
","" --'-----~t 

Kp 

~ 

" 1<,,,. Km"" K"" "K~,. 1 
Kmin 

= Kmox -Kmin - (K q .. Kpl 

o:------'-___ ---Ll----I..... 
o 

Time, t 

XI3L 8401-6736 

* Fig. 5. Schematic illustration of the superposition of K (t) values 
and nominal stress intensity K(t) values over the fatigue 
cycle to yield effective stress intensity K (t) values 
actually experienced at the crack tip, assu~f~g closure due 
only to viscous fluids. The maximum value of K* is comprised 
of Kq, the effective maximum stress intensity, and Kp. the 
effective minimum stress intensity, due to the fluid pressure. 
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Fig. 6. Predicted values of the stress intensities due to fluid 
pressure, Kq and Kp, as a function of kinematic viscosity, n, 
for a) 6K = 10 MPa7m and b) 6K = 20 MPalffi at R = 0.05 (50 Hz). 
Predictions for a 20 mm crack in silicone and paraffin oils 
based on full penetration model (d/a = 1) in Eq. (15). 
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Fi g. 7. Predicted values of the stress intensities due to flu1d pressure, Kq and Kp~ as a 
function of normalized fluid penetration distance, d/a, for a) ~K = 10 MPaim and 

,," 

b) ~K = 20 MPalim at R = 0.05 (50 Hz). Predictions for a 20 mm crack in silicone 
and paraffin oils based on full penetration model (d/a = 1) in Eq. (15) and partial 
penetration model (d/a < 1) in Eq. (16). 
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Fig. 8. Predicted variation in the effective stress intensity range, 
~Keff, due to fluid-induced closure in silicone and paraff1n 
oils, as a function of normalized penetration distance, d/a, 
at ~K = 10 MParm (R = 0.05, 50 Hz). Predictions for a 20 mm 
crack based on partial penetration model (Eq. (16)). 
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* Effect of crack size on predicted value of Kmax (:::: Kq + Kp) at 6K = 10 and 
20 MPalril (R = 0.05,50 Hz) based on full penetration model (Eq. (15)). 
Predictions for silicone and paraffin oils as a function of the fatigue 
crack length a. 
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Fig. 10. Prediction of normalized fluid penetration rates (d/a vs. 
time) for paraffin and silicone oils based on capillary flow 
equations (Eq. (2)). Predictions for 20 mm crack tested at 
50 Hz with ~K = 10 and 20 MPalm at R = 0.05 and 0.75. 
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Fig. 11. Variation of the ratio of average fluid penetration ~at~ 
(from Eq. (2)) to crack growth rate (from Fig. 1), <d>/a, as ~ 
a function of kinematic viscosity, n, for paraffin and 
silicone oils at 6K = 10 and 20 MPalffi (R = 0.05, 50 Hz). 
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Fig. 12. Variation of fatigue crack propagation rate at ~K = 10 and 
20 MPalm (R = 0.05) with kinematic viscosity n of paraffin 
and silicone oils. Numbers in parentheses represent predic
tions of ~Keff in MPalm based on proposed model for fluid
induced crack closure (Eqs. (15) and (16)). Resul ts for 50 
Hz frequency except indicated data points for 5 Hz. 
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* Fig. 14. Predicted effect of frequency on the value of Kmax = Kp + ~q 
as a function of normalized fluid penetration distance, d/a, 
for ~K = 10 and 20 MPalffi (R = 0.05) in 25 cS paraffin oil. 
Predictions for 20 mm crack at 5 and 50 Hz from full penetra
tion model (d/a = 1) in Eq. (15) and partial penetration 
model (d/a < 1) in Eq. (16). 
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Fig. 15. Experimentally measured variation in fatigue crack propagation 
rates (da/dN) with hominal stress intensity range (~K) in 
bainitic 2aCr-lMo steel tested in 25 cS paraffin oil at 5 and 
50 Hz (R = 0.05). 
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