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ABSTRACT 

The effect of dehumidified silicone. and paraffin oils with viscosi­

ties from 5 to 60,000 centistokes (cS) on fatigue crack propagation in a 

lower strength 2\Cr-1Mo pressure vessel steel (ASTM A542 Class 3) has been 

studied- at both near-threshold ($ 10-6 rrrn/cycle) and higher ('V 10-6 to 

-3 ) 10 mm/cycle growth rates. It is found that, at low load ratios, crack 

growth rates in oils are lower than in moist air and dry hydrogen and 

increase VJith increasing oil viscosity in higher gro\'Jth rate region. 

However, at near-threshold levels, crack growth rates in oils are con-

siderably higher than in moist air and are not affected by the viscosity 

of oil. At high load ratios, although crack propagation in oils is 

slower in higher growth rate region and unchanged at near-threshold levels 

when compared to that in moist air, no effect of oil viscosity can be 

observed . 

. Such observations are discussed and quantitatively analyzed in terms 

of three mutually competitive mechanisms specific to dry viscous environ-

ments, namely suppression of moisture-induced hydrogen embrittlement 

and/or metal dissolution, minimization of oxide-induced crack closure and 

hydrodynamic wedging effects of the viscous fluid within the crack. 



Amendment 

NOTICE OF CORRECTIONS 

The development and the quantitative analysis of the viscous fluid­

induced crack closure model in this thesis have recently been improved 

using numerical analysis methods. The major aspects of the improved 

modelling work which will be published in LBL Report No. 16028, 

October 1983, can be summarized as follows: 

Under specific testing conditions, the magnitude of the instanta­

neous environmental fluid penetration distance into a fatigue crack as 

a function of time (or number of fatigue cycles) and the corresponding 

hydrodynamic pressure-induced stress intensity increment (and hence the 

real stress intensity range, ~K, responsible for the crack growth) can 

be continuously predicted without using any adjustable parameters. 

Generally speaking, any required quantitative information and. predictions 

about th~ fatigue crack-growth in viscous fluid environments can be 

obtained from the simultaneous solutions of the integrated form of the 

equations listed in Table IX. 

As far as the current study is concerned, the improved model 

generated the basically similar predictions about the viscous fluid­

induced crack closure behavior in fatigue crack growth as the old one 

did. However, the improved analysis can yield quantitative predictions 

on the rate of oil penetration as a function of crack propagation rate 

such that the distinction between the use of partial or full penetration 

models becomes clearcut. 
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NOMENCLATURE 

a crack length 

c 

d 

da/dN 

d9/dt 

o 
E 

f 

Fe 
f 

. initial crack length or notch depth of CT specimens 

ligament of cracked specimen (W-a) 

specimen thickness 

the distance between the centroid of the hydrodynamic pressure 
distribution and the loading line of CT specimen 

-penetration distance of fluid into an arbitrary edge crack 

effective penetration distance of fluid into a crack in CT 
specimen 

fatigue crack growth rate per cycle 

angular closing velocity of crack walls 

excess oxide thickness measured on fracture surface 

elastic modulus 

cyclic frequency 

resultant hydrodynamic force (per unit thickness) .at minimum 
load during fatig-ue cycle due to fuZZ fluid penetration into an 
edge crack . 

resul tant hydrodynamic force (per unit thickness ) at minimum 
load during fatigue cycle due to partial. fluid penetration into 
an edge crack 

resultant hydrodynamic force (per unit thickness) at minimum 
load during fatigue cycle due to p<tt'tiaZ fluid penetration into 
a crack in CT specimen 

h crack mouth opening displacement (CMOD) 

hmax maximum crack mouth opening displacement 

hmin minimum crack mouth opening displacement 

H average crack opening width 

~ax maximum average crack opening width 

Hmin minimum average crack opening width 
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'. 
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H 

K 

KC 

Kcl 

KW 
cl 

Ke 
f 

KC 
f 

~ax 

~in 
Kp 

Ke 
p 

KC 
P 

p(x) 

pC 
f 

mean of the maximum and the minimum average crack opening 
widths (~(Hmax + Hmin » 

linear elastic stress intensity factor 

stress intensity factors at final failure (fracture toughness) 

. stress intensity to cause closure of the crack 

closure stress intensity due to hydrodynamic wedge actions 

stress intensity increment at minimum load due to fUZZ fluid 
penetration into an edge crack 

stress intensity increment at minimum load due to fUZZ penetra­
tion into a.crack in CT specimen· 

maximum stress intensity during fatigue cycle 

minimum stress intensity during fatigue cycle 

stress intensity increment at minimum load during fatigue cycle 
due to hydrodynamic wedge actions in the cr.ack 

stress intensity increment at minimum load during fatigue cycle 
due to hydrodynamic wedge actions caused by the partiaZ fluid 
penetration into an edge crack 

stress intensity increment at minimum load during fatigue cycle 
due to hydrodynamic wedge actions caused by the partiaZ fluid 
penetration into a crack in CT specimen 

half the distance between location of peak oxide layer and 
crack tip 

pressure as a function of distance x (or pressure distribution) 

resultant hydrodynamic pressure at minimum load during fatigue 
cycle due to fuZZ fluid penetration into a crack in CT specimen 

resultant hydrodynamic pressure at minimum load during fatigue 
cycle due to fUZZ fluid penetration into an edge crack 

Q,QI ,Q" geometric factor dependent upon the crack geometry and the 
extent of fluid penetration into the crack 

r rotational factor determining the location of the apparent 
plastic hinge along crack line in the specimen ligament b 

R load ratio (~in/~ax) 

t time 
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v approaching velocity of fatigue crack walls during unloading 
half cycle 

w 
y 

a 

8 

E 

n 

\) 

p 

width of CT specimen 

monotonic yield strength 

stress intensity range (~ax - ~in) 

effective stress intensity range taking into account crack 
closure (~x - Kcl ) 

threshold stress intensity range for no crack growth 

the crack length-to-width ratio 

wetting angle 

surface tension of fluid 

crack tip opening displacement (CTOD) 

maximum crack tip opening displacement 

minimum crack tip opening displacement 

ratio of the fluid penetration distance (d) to the crack length 
(a) in an edge crack (= dja) 

kinematic viscosity 

initial kinematic viscosity 

ang 1 e formed by crack walls 

Poisson's ratio 

density of fluid 

ratio of the distance between the centroid of the hydrodynamic 
pressure distribution and notch root in CT specimen to the crack 
length 

viscosity-pressure coefficient 

-vi-
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1. INTRODUCTION 

1.1 CONCEPTUAL BACKGROUND 

It is well known that fatigue crack propagation behavior of many 

engineering materials are sensitive to mechanical, microstructural, and 

environmental variables, such as load ratio or mean stress (characteriz­

ed by R = ~in/~ax)' frequency, stress history, crack geometry; grain 

size, grain boundary composition, and yield strength of the materials; 

temperature, pressure, constituents of the environments, and so on [1]. 

Since these variables are strongly interrelated, every combination may 

generate different crack growth behavior in different mechanical situa­

tions. The various mechanisms associated with fatigue. crack propagation 

behavior are summarized in Figure 1 [1] ~here the variation of the crack 

growth rate, 10g(da/dN) with stress intensity range, 10g(~K) is shown. 

This figure represents behavior from extremely low growth rates (less 

than 10-6 mm/cycle) approaching a so-called threshold stress intensity 

range ~Ko' below which cracks remain dormant or grow at experimentally 

undetectable rates [1], to higher growth rates. It is evident that the 

role of environment in influencing fatigue crack growth behavior is 

most predominant in the near-threshold and mid-growth-rate regions 

(regimes A and B in Fig. 1) which are generally the regimes of greatest 

engineering interest at present. 

Although many studies have focused on the influence of environments 

on fatigue properties of engineering materials over the last few decades, 

most attention has been drawn to merely a comparison of fatigue crack 

initiation and propagation behavior in various gaseous and aqueous envi­

ronments. However, it has been recognized that the fatigue resistance 
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of cyclically-stressed components can be markedly affected by the 

presence of supposedly non-corrosive liquid environMents. For example, 

a number of investigators [5-8] have found that the Stage II (or regime B) 

fatigue crack growth in both ferrous [4,6,7] and non-ferrous [5,8] alloys 

were slower in several kinds of non-corrosive fluids, such as mineral 

oils [4-7], silicone oils [6,7], etc., compared to those in air. Many 

studies on rolling contact fatigue behavior of high strength be~ring 

steels in lubricant fluids [7,9-12] also indicated that the presence of 

water in the lubricants could largely accelerate the pitting failure of 

bearing balls and cause significant reductions in surface fatigue life. 

Such effects were attributed to conventional corrosion processes, such as 

hydrogen embri ttl ement. M.oreover, recent work by Vos ikovsky and co-workers 

[13.14] on fatigue crack growth in X65 pipeline steel tested in crude oil 

environments also showed that Stage II crack growth rates could be increased 

by 3 to 20 times compared to air as the concentration of H2S in the oil 

increased from ~l ppm to saturation level (~4700 ppm). It is thus believed 

that the improvement in fatigue life or retardation of Stage II fatigue 

crack growth rates in non-corrosive fluids is mainly due to the exclusion 

of moisture or other corrosive species from the crack tip region and the 

suppression of the conventional corrosion fatigue processes. 

In addition to the protective actions of viscous fluids, the role of 

viscosity has received much attention. In numerous investigations, 

fatigue lives of ball or roller bearings have been reported to increase 

[15-22]. decrease [19] or be unchanged [19,23,24J with the increase of 

viscosity of the fluids. Furthermore. Endo and co-workers [5.6] found 

that fatigue crack propagation rates at constant stress amplitude and 
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constant frequency in two non-ferrous alloys [5] and a medium carbon 

steel [6] decreased with increase in viscosity of mineral and polymeric 

silicone oils. Although most of the above-mentioned results have 

apparently shown a general trend of increased fatigue life (or decreased 

fatigue crack growth rates) with increasing fluid viscosity, no 

satisfactory explanations have been made for the reported observations. 

With regard to the effect of viscosity, it was suggested by Way 

[25] that the fluid penetration into cracks could act as a wedge and 

caused the cracks to~propagate during load reversals. It was also 

pointed out that less viscous lubricating fluids reduced fatigue life 

because they could enter cracks more easily, hence accelerating fatigue 

crack propagation. Subsequent researchers [5,6,18-20,22,23] also explained 

their similar fatigue results based on this hydraulic wedge mechanism, 

among them Endo et a1. [5,6] reported that the hydrodynamic oil pressure 

within a closing fatigue crack due to the penetration of oil filling the 

crack could reduce the stress amplitude actually experienced at the 

crack tip and hence lower crack growth rates. 

Recently the phenomena of fatigue crack closure, including 

plasticity-induced crack closure [26,27], oxide-induced crack closure 

[28-34], and surface roughness-induced crack closure [35-40], have been 

well recognized and successfully used to explain many aspects of fatigue 

crack propagation behavior in near-threshold and higher-growth-rate 

regions, such as load ratio, environmental, and microstructural effects 

[41]. It results in a reduction of the nominal driving force (~K = 

Kmax - ~in) for crack extension due to the premature contact of the 

crack surfaces at positive loads during the unloading part of a cycle. 
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Based on the concept of crack closure, it is thought that the afore­

mentioned hydrodynamic wedge mechanism due to the fluid confined within 

the fatigue crack can induce crack closure or a mechanism equivalent to 

that. Thus the hypothesis proposed by Way [25] that· the fluid within· 

cracks could accelerate crack growth is questionable from .crack closure 

viewpoints unless the fluid pressure exceeds the maximum applied load. 

Since cracks are usually small enough to be treated as capillaries, the 

extent of the penetration of fluids into the cracks will be closely 

related to the capillary action [5,22,42]. However, this factor which 

may greatly inf1uertce the fatigue crack propagation behavior in non­

corrosive viscous environments has been rarely considered in previous 

work in viscous environments. 

1 .2 SCOPE OF PRESENT STUDY 

It is apparent from the above discussion that the effect of non­

corrosive viscous environments on fatigue crack propagation behavior, 

especially in near-threshold region (regime A), is not clearly under­

stood. The previously proposed hydrodynamic wedge mechanisms [5,6J 

cannot satisfactorily explain the observations of increased or unchanged 

fatigue life with increasing fluid viscosity. Accordingly, the 

objective of the present study is to examine mechanistically the effect 

of dehumidified silicone and paraffin oils of viscosities ranging from 

5 to 60,000 cS on fatigue crack growth behavior from near-threshold to 

higher-growth-rate regions in a lower strength low alloy steel. The 

intent is to develop mechanisms and models to explain and analyze 

quantitatively the precise role of the viscous environments in 

influencing crack growth behavi~r with a combined fracture mechanics, 

hydrodynamics, and surface chemistry approach. 
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2. EXPERIMENTAL PROCEDURES 

2.1 PREPARATION OF MATERIAL AND SPECIMENS 

The steel used in this investigation was a 10\'/er strength ~Cr-1Mo 

pressure vessel steel, namely ASTM A542 Class 3 (hereafter referred to 

as SA542-3). A thick section of this steel (Lukens heat no. 3707) was 

obtained with a size of approximately 140 mrn x 300 mm x 175 mm from 

Westinghouse Research and Development Center. The chemical composition, 

as-received heat treatment, and the ambient temperature mechanical 

properties of this steel are listed in Tables I, II and III respectively. 

The microstructure of SA542-3 was fully bainitic with less than 3% 

polygonal ferrite at plate mid-thickness, as shown in Figure 2. 

ASTM standard l-Tcompact tension C(T) specimens with a 12.7 mm 

(~ inch) thickness (Fig. 3) were machined in the T-L orientation, i.e., 

cracks propagate in the rolling direction (Fig. 4), between quarter and 

mid-thickness section of the plates. The thickness was chosen such that 

in subsequent tests plane strain conditions were maintained, based on 

the criterion that cyclic plastic zone sizes did not exceed 1/15 of 

test-piece thickness. 

2.2 PREPARATION OF ENVIRONMENTAL OILS 

Silicone and paraffin oils, each of chemical similarity but with a 

series of viscosity levels, were used as environments in the fatigue 

tests of current research program. 

Silicone oils (Dimethyl Si10xane Polymer or Dimethyl Polysiloxane) 

with kinematic viscosities ranging from 5 to 60,000 centistokes were 

obtained from Dow Corning Corporation, Midland, Michigan. 
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Paraffin oil, a mixture of saturated aliphatic and naphthentic 

hydrocarbons containing 28-36 carbon atoms [44], was produced by Fisher 

Scientific Company, Fair Lawn, New Jersey. The viscosity of paraffin 

oils depends basically on the number of carbon atoms contained in the 

hydrocarbon constituents. Species with kinematic viscosities of 25 and 

75 centistokes were chosen. The major physical properties of silicone 

and paraffin oils are listed in Table IV. 

2.3 FATIGUE CRACK GRO\ti'TH TEST PROCEDURES 

Fatigue crack propagation experiments were perfonned on a 98 kN, 

electro-servo-hydraulic MTS machine operating under load control at room 

temperature ('V 21°C) at a cyclic frequency of 50 Hz. The applied load 

was sinusoidal tension at load ratio (characterized by R = ~in/~ax) of 

0.05 and 0.75 where ~in and ~ax are the minimum and maximum stress 

intensities during each cycle. The stress intensity K calibration for 

the C(T) specimen is expressed as follows [45]: 

P (2 +a) 2 3 4 K = --- 3/2 (0.886 + 4.64a - 13.32a + l4.72a - 5.6a ) 
sIR (1 - a) 

where P = applied load 

S = specimen thickness 

W = specimen width, and 

a = a/W, the crack 1ength-to-width ratio 

expression valid for a/W ~ 0.2 [45]. 

Testing in oils was achieved through ilTll1E!rsion of the specimens in 

the oil contained in a stainless steel chamber which was clamped onto 

J.. 
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the bottom grip of MTS load frame. The oil environments were continuously 

dehumidified in situ by bubbling ultrapure dry helium gas through the 

oil bath, while the whole load frame was sealed using a plastic cover to 

minimize the contact of oils with the atmosphere of moisture, as shown 

in Figure 5. Crack growth was continuously monitored using DC electrical 

potential technique [46,47] capable of detecting increments in crack 

length of the order of 0.01 mm. Near-threshold growth rates were 

measured using a 10ad-shedding- (decreasing stress intensity) technique 

in which a procedure 'of successive load (or ~K) reduction (initially in 

decrements of 10% and near ~Ko' in decrements of 5%) followed by crack 

growth was performed. In order to minimize premature crack arrest and 

crack growth retardation effects due to residual compressive stresses 

generated in front of the crack tip, the crack length increments over 

which measurements of growth rate are taken were always kept at least 

four times larger than the plastic zone size generated at the previous 

load level. The threshold stress intensity, ~Ko' was defined as the 

highest alternating stress intensity at which no crack growth could be 

detected within 107 cycles, i.e., in terms of a maximum crack gro\,/th 

rate of 10-8 mm/cycle [1]. 

In order to compare the crack growth behavior in oil and dry helium 

gaseous environments, constant-load interrupted tests were also per­

formed where the environment was abruptly changed during crack growth at 

a constant ~K of 12.3 MPalm, at both low and high load ratios. During 

each change of oil environment, the residual oil attached on the specimen, 

especially in the notch root area, was cleaned using organic solvents and 

compressed air blast. 



2.4 ANALYSIS OF FRACTURE SURFACES 

2.4. 1 Fractography/Scanning Electron Microscopy (Sa1) 

Fatigue fracture surfaces were examined uSing AMR-1000 and lSI 

OS-130 scanning electron microscopes operated at 20 and 25 kV, 

respectively. The variation in fracture modes at different stress 

intensity ranges at threshold and higher values (tV 15 r~Parm) in oil 

environments was examined and compared at approximately mid-thickness 

of the test pieces. 

2.4.2 Auger Electron SpectroscOpy (AES) 

The detennination of oxide thickness on fatigue fracture surfaces 

8 

in oil environments at R = 0.05 was performed using a PHI Model 590 

Auger electron spectroscope. The Fe-O depth composition profiles were 

obtained as a function of Auger sputtering time, from which the excess 

oxide thickness (identified as Fe203) was estimated as. a function of 

crack length uSing the analytic technique adopted by Suresh et ale [32] 

on the same steel. Using a beam voltage of 5 kV, ion and electron beam 

sizes of about 100 and 2 ~m, respectively, 0 and Fe profiles were 

obtained at a sputtering rate of approximately l50~/minute. Since the 

Pilling-Bedworth ratio for iron oxides is approximately 2 [34], the 

oxide thickness measured on fracture surface represents the excess 

thickness within the crack assuming only thickness-direction growth. 

The detailed description of the Auger analysis technique was given in 

Reference [43]. 
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3. RESULTS 

3.1 FATIGUE CRACK PROPAGATION 

3.1.1 General Observations 

The variation of fatigue crack propagation rates (da/dN) with 

stress intensity range (~K = ~ax - ~in) for SA542-3 steel tested in 

various oil environments is shown in Figures 6 and 7. Results are 

compared with the previously obtained data [32] for this steel tested 

in room temperature moist air (30% relative humidity) and dehumidified 

gaseous hydrogen and helium environments (both 138 kPa pressure). 

It is apparent that at growth rates above 10-6 mm/cycle (Fig. 6), 

the fatigue crack growth rates in oil environments at R = 0.05 are lower 

than those in moist air and dry hydrogen by ·up to an order of magnitude 

and are comparable to those in dry helium gas. Conversely, at near­

threshold levels (~ 10-6 mm/cyc1e), crack growth rates in oils are 

substantially higher (and threshold ~Ko values lower) than those in 

moist air by one to two orders of magnitude with threshold ~Ko values 

~ 30% lower in oil environments and are again comparable to dry gaseous 

environments. 

At R = 0.75 (Fig. 7), crack growth rates above 10-7 mm/cycle in 

silicone oils are lower than in air and dry hydrogen by a factor of 

about 2.5. However, the crack growth rates in 25 cS paraffin oil in the 

same growth rate region are interestingly higher than those in silicone 

oils and are comparable to those in corrosive environments (moist air 

and dry hydrogen). This is opposite to the observations at R = 0.05 

(Fig. 5) where the crack growth rates in paraffin oils can be up to an 

order of magnitude lower than in silicone oils. In near-threshold 
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region where the effect of oil is absent, the crack growth rates and the 

threshold t.Ko values for both high and low viscosity oil environments 

as well as moist air and dry hydrogen atmospheres are virtually 

identical (~3 MPalim) (Fig. 7). 

3.1.2 Effects of Oil Viscosity and Chemistry 

Figures 8 and 9 show the variation of the c~ack growth rates 

(da/dN) with the stress intensity range (t.K) at R = 0.05 in silicone 

and paraffin oils, respectively. Crack growth rates above 10-6 nvn/cycle 

in both silicone and 'paraffin oil show a trend to increase with 

increasing oil viscosity up to a viscosity of 12,500 cS. 

The variation in threshold t.Ko values with increasing kinematic 

viscosity of the oils is shown in Figure 9. It is apparent that the 

effect of viscosity on the value of the fatigue threshold t.Ko is" 

n~gligib1e at R = 0.75, whereas at R = 0.05 there is a sm~ll but finite 

trend of decreasing t.Ko with increasing viscosity in both oils. 

Furthermore, it is found that the crack growth rates in mid-growth-rate 

region (i.e., ~ 10-6 to 10-3 mn/cyc1e) at R = 0.05 (Fig. 6) in paraffin 

oils are lower than those in silicone oils even though the viscosities 

are higher. 

The results of constant-stress intenSity (t.K ~ 12.3 MPaJii) inter- ... 

rupted tests in dry helium (138 kPa) and silicone oils on one specimen 

at R = 0.05 and 0.75 (Fig. 10) show that the crack growth rates at 

constant stress intensity range (t.K = 12.3 MPalim and R = 0.05) (Fig. lOa) 

is closely related to the change of environment and increase with 

increasing oil viscosity, with the slowest crack growth in dry helium. 

The trend, however, is less significant at R = 0.75 (Fig. lOb). It is 

.. 
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evident that the previous observations of the effects of environment and 

oil viscosity on crack growth behavior (Figs~ 6 and 7) are reproducible 

in a constant-load test on one specimen. 

3.1~3 Effect of Load Ratio 

The effect of load ratio R (= ~in/~x) on crack growth behavior 

in oil environments is shown in Figure 11. It is clear that crack 

growth rates in oil environments are increased as load ratio is raised 

from 0.05 to 0.75 an~ that such effects are more significant at near­

threshold levels. Moreover, it is found that the load ratio effects on 

the crack growth in silicone oils decrease with increasing oil viscosity 

(Figs. 11a, b, c), but are much more significant in 25 cS paraffin oil 

especially at hi'gher growth rates (> 10-6 lTIll/cyc1e) (Fig. 11d). 

3.2 ANALYSIS OF FRACTURE SURFACES 

3.2.1 Auger Electron Spectroscopy 

Fracture surfaces obtained after fatigue tests in moist environ­

ments often show bands of corrosion products in near-threshold region 

[32]. It was found [32] that the oxide (Fe203) layer was thickest on 

specimen tested at low load ratios and was relatively insignificant at 

high load ratios. The macroscopic appearances of the fatigue fracture 

surfaces obtained in oil environments and the actual measurements of 

oxide thickness on the specimens tested in oils and moist air (R = 0.05) 

[1] as a function of the crack length measured from notch and hence a 

function of crack growth rate, estimated using Auger electron spectro­

scopy, are shown in Figures 12 and 13. 
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The threshold oxide bands on specimens tested at R = 0.05 in oil 

environments (Fig. 12) are much less visible than the rust-like bands 

obtained in moist air [32]. The Auger electron spectroscopic analysis 

(Fig. 13) reveals that the estimated iron oxide thickness near ~Ko for 

crack growth in oil environments is uniformly low ('" 30 ~ or 3 nm) 
o 

compared to much thicker scales observed in moist air ('" 2000 A or 

200 nm) at near-threshold growth rates (R = 0.05). The threshold data 

for SA542-3 steel tested in oil environments are listed in Table V. 

3.2.2 Fractography 

Scanning electron micrographs of representative areas on the fatigue 

fracture surfaces of SA542-3 steel tested in oil environments at R = 0.05 

and 0.75 ~re shown in Figure 14. At near-threshold stress intensities, 

fracture morphology at both load ratios shows a typical fine-scale 

transgranular mode with isolated intergranular facets (Fig. 14a), 

similar to those previously observed morphology in moist and dry 

environments [32]. 

At R = 0.05 and ~K '" 15 MPalril, it is found that the typical fracture 

modes for tests in silicone and paraffin oils are obviously different, 

with'" 30 - 40 percent intergrnaular facets in silicone oils (Fig. 14b) 

and'" 100 percent transgranu1ar mode in paraffin oils (Fig. 14c). How­

ever, at R = 0.75 and ~K '" 15 MPalffi, a large proportion of intergranu1ar 

fracture mode is observed in both oils. The proportion of intergranu1ar 

facets in paraffin oil is increased to about 80 percent (Fig. 14e) but 

with no appreciabl~ change in silicone oils as load ratio increases 

(Fig. 14d). 
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4. DISCUSSION 

4.1 VISCOUS FLUID-INDUCED PROTECTIVE EFFECTS 

Current studies on fatigue crack propagation in SA542-3 steel have 

shown that dehumidified oil environments can influence behavior in two 

distinct crack growth rate regions at low load ratios (Figs. 6 and 8), 

compared with the earlier data curves obtained in various moist and dry 

environments by Suresh et a1. [32]. At near-threshold levels where 

crack growth rates are typically below 10-6 mm/cyc1e, crack growth rates 

in dehumidified oil environments were higher (and threshold ~Ko values 

lower) than those in moist environments (i.e., room air, distilled water 

and wet hydrogen), yet were comparable to growth rates in dry environ­

ments (i.e., dry hydrogen and dry helium)., Conversely, at higher stress 

intensities or at crack growth above 10-6 mm/cyc1e, crack growth rates 

in oil environments were substantially lower than those in moist 

environments and dry hydrogen, but again were comparable to those in dry 

helium. 

Explanations for similar observations in two 2~Cr-1Mo steels (i.e., 

ASTH A387 class 2 grade 22 and currently-used SA542-3) tested in moist 

and dry environments have been made by Ritchie et al. [28] and Suresh 

et al. [32] in terms of a competition between two concurrent processes, 

namely crack closure due to corrosion debris formed on the fracture 

surfaces [29,48-50,62], i.e., oxide-induced crack closure [28,31-32] 

(which decreases growth rates and increases the threshold ~Ko) and 

hydrogen embrittlement arising from the production of hydrogen vis-a-vis 

the oxidation process (which increases growth rates and decreases the 

threshold ~Ko). Since in lower strength steels tested at high 
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frequencies, e.g., 50 Hz, the conventional corrosion fatigue processes 

(i.e., hydrogen embrittlement and/or active path corrosion) are less 

effective, it has been observed [28,32] that closure phenomena, particu-· 

larly oxide-induced crack closure, appear to dominate overall near­

threshold fatigue crack growth behavior. Accordingly, crack growth 

rates at near-threshold levels were found to be significantly faster at 

low load ratios in dry environments than in wet environments. However, 

in mid-growth region (da/dN > 10-6 nm/cycle) where conventional corrosion 

fatigue mechanisms ate effective [51], crack growth rates were much , . 
lower in inert dry environments, such as dry helium gas, than those in 

cotrosiveenvironments, such as wet media and dry hydrogen. 

In addition to the aforementioned observations, Holshouser and 

Utech [52] observed that the fatigue crack propagation rates in some 

alloys, such as high-strength 4340 steel, 17 .. 7 PH stainless' steel, 

6061-T6 Al alloy and a copper-beryllium alloy, were reduced by coating 

the specimens with dodecylalcohol which could form an organic oleo­

phobic film on metal surfaces and then concluded that the reduction of 

crack growth rates was mainly attributed to the exclusion of oxygen and 

moisture from these materials by those oleophobic films.. Ryder et ale 

[8] stated that inert liquid environments, such as dodecanol decane, 

silicone oil, and grease, decreased the Stage II fatigue crack growth 

in two Al-Zn-Mg alloys by excluding air from crack regions and enhanced 

Stage I crack growth probably by hydraulic removal of fretting products 

from the crack. Moreover, a considerable amount of studies on the 

fatigue behavior of various kinds of metallic materials [13,53-60] have 

confirmed that moisture or water vapor existing in moist atmospheres 

• 
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is the primary supplier of harmful species, especially hydrogen, which 

enhances fatigue crack propagation mainly through hydrogen embritt1ement 

mechanism as a result of oxidation reaction taking place in the crack 

tip region. The results of current studies on SA542-3 steel tested in 

dehumidified oil environments at both low and high load ratios are con­

sistent with these observations and indicate that the principal function 

of the oil environment is to serve as a physical barrier to the 

embritt1ing species (i.e., moisture) to the crack tip region, i.e., to 

behave like dry or inert environment. 

Quantitative analysis of the fracture surfaces using Auger electron 

spectroscopy which has recently been adopted to measure the excess oxide 

thickness on the near-threshold fatigue fracture surfaces [32,39,6]-63} 

showed that the thickness of crack surface oxide scales near ~Ko for 

crack growth in oil environments at R = 0.05 was uniformly low 

(~30~ or 3 nm) compared to much thicker scales observed in room air 

(~2000~ or 200 nm) at the same load ratio (Fig. 13) and became a strong 

supporting evidence for the protective effects due to oil environments. 

According to the oxide-induced crack closure model [32], the oxide 

layers can cause premature contact of crack surfaces during the unload­

ing part of a stress cycle at near-threshold levels where cyclic crack 

tip opening displacements are small and result in a reduced ~K value 

actually experienced at the crack tip, namely ~Keff = ~ax - Kc1 ' where 

Kcl is the stress intensity at which crack closes. 

Suresh et a1. [31,34] treated the crack surface oxide as an ideal 

rigid body (Fig. 15) and calculated the closure stress intensity Kcl at 

the crack tip due to oxide wedging using the following expression for 
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closure stress intensity under plane strain conditions 

= 
o E (1) 

where 0 is the maximum excess oxide thickness located at a distance 21 

from the crack tip, E"the Young's modulus, and v the Poisson's ratio. 

Taking 1 ~ 2 ~m, they found the calculated difference in closure stress 

intensity due to different oxjde thicknesses between tests (R = 0.05) 

in moist air and dry hydrogen at threshold levels were approximately 

equal to the differe~ce in observed threshold 6Ko values .(~ 2 MPav'm). 

Now,based on the same assumptions, the estimated stress intensity 

increment for tests in oil environments with a maximum oxide thickness 

of d ~ 30~ (Fig~ 13) is about 0.1 MPav'm~ coinpared to 4.5 and 2.3 MPaviii 

for moist air and dry hydrogen, respectively. It is apparent that the 

crack closure due to the existence of oxide debris is substantially 

minimized in oil environments. Thus, the role of dehumidified oil 

environments in influencing near-thresho2d fatigue crack growth can be 

explained. The protective effects and the limited oxide formation on 

crack surfaces due to oil environments lead. to lower crack growth rates 

(compared to corrosive environments, such as wet environments and dry 

hydrogen) above typically 10-6 rrrn/cycle where conventional corrosion 

fatigue processes contribute to crack growth, and to faster crack 

growth rates at near-threshold levels. 

At R = 0.75 and above 10-6 l1TIl/cycle (Fig. 7), the lower crack 

growth rates in silicone 011s compared to air and dry hydrogen can also 

be attributed to the protective effects provided by the oil environments. 

Since the enhanced oxide formation by fretting oxidation mechanisms [29] 

.. 
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and closure mechanisms in general are relatively insignificant at high 

load ratios, near-threshold crack growth behavior in oils, air and 

hydrogen tend to be similar (Fig. 7), with approximately the same 

threshold ~K value (~ 3 MPalim). It is clear that the concept of oxide-
. 0 

induced crack closure appears to be able to successfully demonstrate 

the general near-threshold fatigue crack growth behavior of SA542-3 

steel not only in moist, dry and inert environments, but in oil environ­

ments as well. Therefore, based on the above discussion, the observed 

enhancement of Stage,l fatigue crack growth in non-corrosive fluids 

would be likely to result from the shielding effects ,provided by the 

fluids rather than from the "hydrau1ic removal" of the fretting debris 

[8]. Furthennore, it will be shown later that the entering of fluids 

into Stage I cracks is extremely limited such that any fluid flow 

responsible for the removal of fretting products from the cracks is 

unlikely to occur. 

4.2 VISCOUS FLUID-INDUCED CRACK CLOSURE 

4.2.1 Effect of a Hydrodynamic Wedge 

Suppose a certain amount of viscous fluid is trapped in a fatigue 

crack, it is not hard to imagine that the fluid will act as a cushion 

or a wedge as the crack closes at a sufficiently high speed and will 

probably affect the fatigue crack growth behavior. It has been mentioned 

that most of the studies [5,6,15-24] showed that the fatigue lives of 

(or fatigue crack propagation rates in) metallic materials tested in oil 

are increased with increasing oil viscosity. With regard to the viscosity 

effects, following Way's [25] fluid penetration and hydraulic pressure 

mechanisms, Galvin and Naylor [23] subsequently stated that the pressure 
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generated by the fluid confined in a crack was considered to be relevant 

to the physical properties of fluids, such as viscosity, viscosity­

pressure coefficient, compressibility, etc., and that the higher the 

pressure the faster the crack would grow. However, no quantitative 

analyses of the pressure mechanism were made by these investigators and 

their explanations were also questionable from fracture mechanics view­

points. Since it is well known that the primary effect of crack closure 

on fatigue crack propagation is to r~duce the driving force or stress 

intensity rang~resp~nsible for crack extension f.rom toK (= Kmax - Kmin ) 

to toKeff (= ~x - Kcl ) due to premature contact of crack faces at 

positive externalapplied load and hence lower the fatigue crack 

propagati on rates •. Consequently, without cons idering chemical effects , 

any mechanical factors, ~uch as the oxide and hydrodynamic wedge 

actions, which can cause fati~ue crack closure or, say, reduction of 

stress intensity range toK, are expected to reduce rather than to 

increase the fatigue crack growth rates. 

According to the studies by Endo and his co-workers [5,6], the 

fatigue crack propagation in both ferrous [6] and non-ferrous alloys [5] 

in oil environments were affected by the \,/edge action of oil trapped in 

the crack during the unloading part of stress cycles. Their results 

showed that the rates of fatigue crack growth in a medium carbon steel 

tested in 'silicone and paraffin oils also decreased with increasing 

viscosity. However, the current studies on SA542-3 steel tested at 

R = 0.05 in similar oil environments at 50 Hz (Figs. 6 and 8) indicated 

crack growth rates to be marginally higher in the higher viscosity oi 1 s 

at both near-threshold and higher growth rates. 

.. 
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Despite the apparent discrepancies, Endo et a1. [5] quantified the 

oil wedging action using the following expression for the oil pressure 

distribution within a closing fatigue crack, based on the assumption that 

oil could fully fill the crack, as shown in Figure 16: 

p(x) 
3 = 6npa de 10g(1 _ .!) 

h3 dt a (2) 

where p(x) is the hydrodynamic oil pressure depending on the position 

between the crack tip and mouth while crack closes with an angular 

velocity de/dt at the crack mouth opening displacement h, n the 

kinematic viscosity, p the density of oil and a the crack length. The 

problem with this full penetration model is that lower ~K levels and 

high frequen~ies, the crack opening widths are so small (of the order 

of microns) that it is improbable that viscous fluids will fully 

penetrate into the crack naturally without external force. The extent 

of fluid penetration into a crack is thus of importance in determining 

the extent of closure. However, this aspect has been ignored in almost 

all of the previous modelling studies reported. Furthermore, previous 

models have not been analyzed for the hydrodynamic wedge effect on the 

fatigue crack growth in terms of fracture mechanics. In the present 

work, a new model for characterizing the crack closure during fatigue 

crack growth in viscous fluid environments is proposed based on a 

fracture mechanics analysis of hydrodynamic wedging effects from partial 

penetration of oil into the crack. 

Since hydrodynamic pressure is generated as crack closes, linear 

superposition methods indicate that the linear elastic stress intensity 

actually experienced at the crack tip at applied ~in will be raised to 
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w w Kcl' where Kc1 is the closure stress intensity due to hydrodynamic 

wedge effect. Hence, nominal ~K (= ~ax - ~in) reduced to effective 

value ~Keff (= Kmax - K~l) by an amount Kp resulting from such pressure, '~ 

where ~is the stress intensity increment as a result of the hydro-

dynamic wedge action. This concept is demonstrated in Figure 17. 

Based on Endo et al.'s full penetration model (Eq. 2), the magnitude of 

the hydrodynamic pressure and hence Kp will be proportional to the oil 

viscosity at constant crack length, stress frequency and amplitude, 

showing qualitative consistence with their experimental results [5,6]. 

Now we assume that the depth of fluid penetration is reasonably governed 

. by the capillary actions and will determine'the effectiveness of the 

hydrodynamic wedge on influencing crack growth behavior. In this case, 

assume the ratio of the penetration distance (d) to the crack width 

(B) is small (Fig. 18) so that the fluid within the crack will not flow 

in the thickness direction, i.e., the z-direction, when the fluid is 

squeezed as crack closes. Then, the real fluid pressure distribution 

based on ref. 64 is approximately given by 

p(x) = _ 6npvx (x - d) 
H3 

(3) 

where H is the average crack opening width at closing velocity v. The 

profile for the pressure distributions in a crack, based upon Eqs. 2 

and 3, are shown in Figures 16 and 18. 

Considering an idealized fatigue crack of uniform rectangular 

cross-section having length a, width B and average crack opening H, and 

assuming fluid only enters the crack from the notch during the opening 

half cycles (Fig. 19), the penetration distance (d) can be estimated 
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using Newmants [42] capillary flow equations as 

HyL cosS ~ 
d '\, ( ) 

6npf 
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(4) 

where YL is the surface tension of fluid, S the wetting angle between 

fluid and crack walls, and f the cyclic frequency. Assume the overall 

shape of the crack to be trapezoidal with the displacement h at the 

crack mouth and 0 at the crack tip, using Turnbull's [65] calculation 

for the average crack 9pening width of compact tension specimen, the 

average crack openin~ width for an edge crack will be 

H = ~(h + 0) (5) 

If treating cyc1ica11y~loaded cracks as static ones with crack opening 

width independent of time, the simplified average crack opening width 

can be approximated as follows: 

{6) 

(7) 

Assume the rotational axis of a fatigue-cracked specimen is at a position 

rb to the right of the crack tip (Fig. 19), where r is the rotational 

factor determining the location of the apparent rotational axis in the 

specimen ligament b (= W - a) along crack line, usually varying from 

'\, 0.195 in elastic situation to '\, 0.47 in plastic situation [66], then 

the relationship between hand 0 can be expressed as 

a + rb ~ h = u rb 
(8 ) 
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Taking 15, the crack tip opening displacement, = 0.49 (K2/YE) [1], where 

K is the applied stress intensity factor, Y the yield strength, and E the 

Young's modulus, Eq. 7 becomes 

H = i< 2 + ..!..} ~K2 1 + R2 
8 rb YE (1 _ R}2 

(9 ) 

where R is load ratio. (=Kmin/~ax). Combining Eqs. 4 and 9, the fluid 

penetration distance into an edge fatigue crack is approximately 

(10 ) 

It is now apparent that the constant frequency, crack length, stress 

amplitude and load ratio, the extent of the penetration of oils with 

similar surface properties (e.g., surface tension, contact angle, etc.) 

and densities is mainly determined by the viscosity of oils. 

4.2.2 Estimation of the Closure Stress Intensity (K~l) Due to 

Hydrodynamic Wedge Actions 

Owing to the existence of hydrodynamic wedging effects, the crack 

faces are expected to stop closing before reaching the minimum load 

during the unloading part of a cycle, showing an equivalent crack 

closure mechanism, namely viscous fluid-induced crack closure. 

Firstly, for the case of partial penetration (Fig. l8), assuming 

the crack walls approaching at a constant velocity when they close, the 

equivalent resultant force (per unit thickness) in MN/m for the parabolic 

pressure distribution (Eq. 3) at minimum applied load (or Kmin ) can be 

expressed as 

.. 
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2 6 e -8 3 a + rb (VErb) (1 - R) Fp = 3.2 x 10 npfd 
{a + 2rb )3 t.K2 R 

(1l) 

where the superscript e and the subscript p stand for ledge crack ' and 

'partial penetration ' , respectively. The detailed derivation of Eq. 11 

is given in Appendix A. Since the centroid of the parabolic pressure 

distribution is at x = d/2 (Fig. 18a), the calculation by using Sih's 

[67] solution to an edge crack subjected to concentrated forces yields 

an approximate stress intensity increment experienced at the crack tip 

as follows: 

where Q is the geometric factor given in terms of the ratio of the 

penetration distance to the crack length E (= d/a), 

Q = C(E) 

where 

C(E) = 1.2945 - 0.1473E - 0.0978E2 + 0.0489£3 + 0.048£4 

- 0.024E5 - 0.0155E6 + 0.0078E7 + 0.002E~ - 0.001£9 

(12 ) 

However, for a compact tension testpiece (Fig. 3) with a growing 

fatigue crack, the effective hydrodynamic oil pressure contributing to 

the fluid-induced crack closure effect is expected to be generated only 

in the 'effective ' penetration distance deff measured from the notch 

root as indicated in Figure 18b. In this situation, Eqs. 10 to 12 can, 

therefore, be modified into the following by replacing a with a - ao: 

d
eff 

~ (YL cosS 6K
2 

(2 + • - ·0) 1 + R2 )~ (13) 
48npfYE rb (1 - R}2 
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-8 3 a - a + rb 2 6 
FC 0 ( YErb) (1 - R) (14 ) = 3.2 x 10 npfdeff (a - a + 2rb)3 p t:.K2 R 

0 

KC ' lQ.:. FC = (15 ) p IiTi p 

where the superscript c stands for 'CT specimen', ao the initial crack 

length or the notch depth of the CT specimen, Q' the geometric factor 

determined by 

Q' = 
G(p) 

~ _ <p2 

where <p = cIa, d ff 
and c (= ao + -lr-> is the distance between the centroid 

of the effective distributed hydrodynamic pressure and the loading line 

of the CT specimens, and 

G(<p) = 1.2945 - 0.2945<p - 0~3912<P2 + 0.3912<p3 + 0.7685<p4 

- 0.7685<p5 - 0.9942<p6 + 0.9942<p7 + 0.5094<p8 - 0.5094cp9 

Secondly, provided that the capillary action is not considered, the 

calculations of the stress intensity increment using Endo's oil pressure 

model (Fig. 16 and Eq. 2) and performing the same analyses as above 

generate the following results: 

1) For an edge crack, the stress intensity incr~ment at ~in due -

to oil wedge is 

. Ke 
f = 1.8595 p~ra (16 ) 

where 3 2 6 pe -8 ( a ) (YE rb) (1 R R) = 1.1 x 10 npf f a + rb t:.K2 
(17) 

:. 
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2) For CT specimens: 

KC = f.9..:: pc (a - a ) f ma f 0 

where 

10-8 npf 
a - a 3 2 6 pc = 1.1 x ( o ) (VErb) (1 - R) 

f a - a + rb 6K2 R 0 

QII = G(-r} 

~ _ -r2 

where 
. a 

-r' = ~(3 + .J!.) a 

where the subscript f stands for 'full penetration.' The detailed 

derivation of Eq: l} is given in Appendix B. 
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(18 ) 

(19 ) 

According to the above analyses, under the same mechanical condi-

tions, it is not hard to find that for cases of partial penetration 

(Eqs. 12 and 15) the fluid-induced stress intensity increments K~ and K~ 

are inversely proportional to n-~, resulting in increasing ~Keff (and 

hence increasing crack growth rates and decreasing fatigue lives) with 

increasing fluid viscosity. However, for cases of full penetration 

(Eqs. 16 and 18), the stress intensity increments K~ and K~ are 

proportional to n, resulting in decreasing ~Keff (and hence decreasing 

crack growth rates and increasing fatigue lives) with increasing 

viscosity. It is therefore clear that the presence and absence of 

capillary action can lead to two totally opposite dependences of the 

hydrodynamic wedge action on the fluid viscosity. Hence, the above­

stated theoretical rationalization through a combination of fracture 

mechanics, capillary flow and hydrodynamic concepts may be able to 
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explain the reason why there have been diversely observed variations of 

fatigue behavior with the viscosity of environmental fluids so far. 

To quantify the significance of viscous fluid-induced crack 

closure, we use the above models and take currently used SA542-3 steel 

CT specimens with rotational factor r ~ 0.4 [68] and crack length 

a ~ 25 rrmfor tests in silicone and paraffin oils (f = 50 Hz, 6K = 
10 MPalril. Assuming the same estimated wetting angles (~ 10°) at R= 

0.05 and 0.75, the calculations of the magnitude of the closure stress 

intensity K~l using ~hefull penetration model (Eq. 18) indicate that the 

closure stress intensity K~l values are too large to be acceptable. 

However, the calculations using the currently proposed partial penetra~ 

tion model (Eq. 15) predict" Without any recourse to the use of adjustabZe 

parameters" reasonable closure stress intensity K~l values (Table VI) 

and. show that at R = 0.05 and higher growth rates the oil penetration 

into the crack is highly restricted for the higher viscosity (e.g., 

1000-60,000 cS) oils due to the small crack opening widths, partial oil 

penetration into the crack can result in additional crack closure for 

oils of lower viscosity. Accordingly, crack growth rates between 

~ 10-6 and 10-5 mm/cycle in the paraffin oils and 5 cS silicone oil were 

actually slower than in dry helium gas (Fig. 6) indicating that both 

environmental shielding effects and viscous fluid-induced crack closure 

mechanisms were active. At R = 0.75, the estimated penetration depths 

for both low and high viscosity oils are ~ 5 times larger than those at 

R = 0.05 due to a 25~fold increase of average crack opening displace-

ments. However, this much larger crack opening yields minimal pressure 

such that oil pressure induced crack closure is infinitesimal (Table VI) 

.. 
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and corresponding little effect of oil viscosity is observed (Fig. 7). 

The comparison of quantitative extent of viscous-fluid-induced crack 

closure based on current partial penetration model (Table VI) and 

Endo and co-workers' full penetration model is shown in Table VII. 

Finally, a few points associated with the above analyses are worthy 

of note. Firstly, it is well known that the viscosity of fluids usually 

increase with increased ambient pressure. The viscosity-pressure 

coefficient* of fluids will determine the extent of the viscosity change 

with the variation of the ambient pressure. In other words, with 

similar penetration depths and under the same mechanical conditions, 

fluid with larger viscosity-pressure coefficient tends to generate a 

Zarger ~ydrodynamic pressure inside the crack and hence a smaZZer 

effective driving force (~Keff) for fatigue crack growth. Compared with 

silicone oils, paraffin oils have larger viscosity-pressure coefficients 

[6]. This may explain why the crack growth rates are lower in paraffin 

oils (Fig. 6) even though the calculated fluid-induced closure stress 

intensities (K~l) are comparable to those for 5 cS silicone oil (Table 

VI). Secondly, there is always a possibility that active constituents 

in the oil might give rise to some environmentally-assisted contribution 

to crack growth. For example, Swets and Frank [69] showed that the 

hydrogen originally included in the hydrocarbon constituents of the 

lubricants may be absorbed by steel parts operated in the lubricant and 

* The viscosity-pressure relationship can be expressed as 

1 n.1l... = 1jJP 
110 

where 110 is the original viscosity, W the viscosity-pressure coefficient. 



cause detrimental effects, such as hydrogen embritt1ement. The 

abnormally higher crack growth rates above 10-6 mm/cycle observed in 

25 cS paraffin oil compared 'to those in silicone oils at R = 0.75 

(Fig. 7) may be a result of this effect, since a larger percentage 

(tV 80%) of intergranular facets which were not seen in silicone oils 

(Fig. 14d) was observed on the fracture surfaces obtained in 25 cS 

paraffin oil (Fig.14e). 
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Thus, any factor which can affect the extent of oil penetration and 

the magnitude of hydrodynamic oil pressure or change the local environ­

ment near the crack tip, such as a) the crack opening displacements, 

b) the viscosity-pressure characteristics, c) the composition, d) the 

. chemical stability of the environmental oils, e) the relative, motions 

between the cracked components and the environmental oils (e.g., the 

rolling of bearing balls in lubricating oi1s)~ f) the growing orientation 

of the crack relative to that of the ambient gravity field [70] in 

different types of specimens (e.g., rotating beam, single-edge notch, or 

CT specimens), g) the external pressure applied to the environmental 

oils, etc., may lead to different observations of the variation of crack 

growth behavior with any specific physical properties of interest. But 

undoubtedly, based on the present studies, for fatigue cracks growing in 

dehumidified viscous environments, the viscosity and viscosity-related 

properties of the fluid which dominate the penetration mechanisms and 

therefore the hydrodynamic wedging effects, play the more important 

roles in determining the crack growth behavior under various mechanical 

situations. 
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4.3 Effect of Load Ratio (or Mean Stress) 

In studies of fatigue crack propagation, the load ratio R -

(= Kmin/~ax) is always considered to be of great importance. Generally 

speaking, the load ratio effects are minimal in the mid-growth-rate 

regions (typically 10-6 to 10-3 mm/cycle) but are significantly relevant 

at near-threshold levels « 10-6 mm/cycle) with the threshold stress 

intensity 6Ko value obviously decreased and crack growth rates increased 

as R is raised [1]. 

In the previous ~tudies on SA542-3 steel tested in moist air and dry 

hydrogen (50 Hz) at room temperature [32], it was_observed that growth 

rates were insensitive to load ratio above 10-5 mm/cycle, whereas at 

near-threshold levels growth rates were largely increased, and threshold 

6Ko values markedly decreased, with increasing load ratio. However, in 

the present investigation the latter trend was again observed in near-

threshold region (Fig. 11) although it became smaller due to the 

minimization of oxide-induced crack closure at low load ratios. Moreover, 

the R effects seemed to be dependent on the type and viscosity of the 

environmental oils in mid-growth-rate region and were more visible for 

lower viscosity oils. 

It is recalled that the stress intensity increments at higher 

growth rates (> 10-6 mm/cyc1e) due to the partial oil penetration, K~ and 

K~, are proportional to the resultant hydrodynamic forces, F~ and F~, 

respectively (Eqs. 12 and 15). Since the penetration distances and the 

hydrodynamic forces are proportional to the complex functions of oil 

viscosity (n) and R as 
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d or deff a: (Eqs. 10 and 13) 

(Eqs. 11 and 14) 

such that 

(20) 

At constant viscosities, both K~ and K~ thus decrease as load ratio 

increases, indicating that the load ratio effects are more marked in 

lower viscosity oils. The current results (Fig. 11), showing the 

increasing R effect on higher growth rates with decreasing oil viscosity, 

are quite consistent with the above rationalization. However, it has to 

be noted that the marked R effect observed in 25 cS paraffin oils 

(Fig. lld) was possibly due to an unexpected decomposition of its 

constituents. Therefore, the load ratio effects on fatigue crack 

propagation in dehumidified viscous environments are apparently compli­

cated by several mechanisms, such as the minimization of oxide-induced 

crack closure, the hydrodynamic wedging effects of the viscous fluid 

within the crack, and the probable local environmental change near the 

crack tip due to unanticipated chemical degradation of the viscous 

fluids. The complex characteristics of fatigue crack propagation in 

viscous environments at intermediate and near-threshold growth rates 

are summarized in Table VIII. 
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5. CONCLUSIONS 

Based on a study of the effect of dehumidified viscous environ-

ments on the ambient temperature fatigue crack propagation behavior in 

bainitic 2~Cr-1Mo pressure vessel steel (ASTM A542 Class 3), the 

following conclusions can be made: 

1) The role of the dehumidified viscous environments in fatigue 

crack propagation in lower strength steels was apparent in 

two distinct growth rate regions, namely at the mid-range of 

growth rate~ (typically above ~ 10-6 mm/cyc1e) and at near­

threshold levels (~ 10-6 mm/cyc1e). 

2) Inmid-growth-rate region (~ 10-6 to 10-3 mm/cyc1e), growth 

rates in dry oil environments were lower than those in moist 

air and dry hydrogen by up to an order of magnitude at both 

low and high load ratios and are comparable to those in dry 

helium gaseous environment. 

3) In near-threshold region, growth rates at R = 0.05 in dry oil 

environments were higher than those in moist air by up to two 

orders of magnitude and comparable to those in dry hydrogen 

and helium gases, with the threshold ~Ko values approximately 

30 percent lower in oil environments. At R = 0.75, growth 

rates and ~Ko values were identical in oils, air and dry 

hydrogen. 

4) At R = 0.05, crack growth rates above 10-6 mm/cycle in both 

silicone and paraffin oils increased with increasing oil 

viscosity and became unchanged when viscosity reached 12,500 cS 
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(in this study). The effect of oil viscosity was absent at 

near-threshold levels, although there was a small but finite 

decrease in 6Ko values with increasing viscosity. At 

. R = 0.75, no effect of oil viscosity was observed in both 

mid-growth-rate and near-threshold regions. 

5) The crack growth rates in oil environments were increased as 

load ratio increased from 0.05 to 0.75 in both near-threshold 

and mid-growth-rate regions. It was found that.the load ratio 

effect was ~ore significant for 1.ower viscosity o.ils. 

6) The crack growth rates above 10-6 mm/cycle at low load ratios 

in paraffin oils were lower than those in silicone oils of 

comparatively lower viscosities. It probably resulted from 

that the paraffin oils have higher surface tension and 

viscosity-pressure indices which tended to enhance the 

hydrodynamic wedging effects. 

7) The complex fatigue crack growth characteristics in dry viscous 

environments could be rationalized in terms of three mutually 

competitive mechanisms: suppression of moisture-induced 

hydrogen embrittlement and/or metal dissolution, minimization 

of oxide-induced crack closure and hydrodynamic wedging effects 

of the viscous fluid within the crack. 

8) A new quantitative model termed viscous f1uid-induced crack 

cZosure characterizing the hydrodynamic wedge action of viscous 

fluid within a fatigue crack was developed based on partial 

penetration phenomena through the combination of fracture 

mechanics, capillary flow and hydrodynamic analysis. The 



effects of viscosity and load ratio on the fatigue crack 

growth in viscous environments were predicted using this 

model. 
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APPENDIX 

A. Determination Of the Resultant Hydrodynamic Force within a Closing 

Fatigue Crack Partially Penetrated by a Viscous Fluid 

The expression of the hydrodynamic pressure distribution due to the 

partial penetration of viscous fluid into a closing fatigue crack 

(Fig. l8a) has been given by [64]: 

where 

p{x) = - 6npvx (x - d) 
H3 

n = kinematic viscosity 

p = denSity of fluid 

v = approaching velocity of the crack walls, in m/sec . 

d = penetration distance 

H = average crack opening displacement 

The resultant force (per unit thickness) can be obtained by 

integrating Eq. 11 with respect to x from x = 0 to x = d: 

e d fd 6npvx F = f p{x)dx = - . 3 (x - d)dx 
P 0 0 H 

= npvd
3 

H3 

(ll) 

(21) 

Assume the angle e between the crack faces is small and the crack 

walls approach at a constant velocity which is conservatively estimated 

as the product of the length measured from the crack mouth to the 

plastic hinge point (= a + rb) and the angular closing velocity (= d8/dt), 

i . e. , 

.. 

.. ' 

.' 
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de 6e 
v '" (a + rb) dt '" (a + rb) 6t (22) 

Since e '" a +h r6 and h = a ;6rb 0 (Eq. 8), therefore 8 = ~ and 

hence 

68 = ~~ (23) 

. 6K2 
Taklng 60 = 0.49 2YE [1], the approaching velocity of the crack 

walls during the unloading half cycles (6t = 1/2f) is thus approximately 

v '" f(a + rb)6K
2 

2YErb (24) 

where f is frequency. The average crack opening displacement at minimum 

load (or ~in) based on Eqs. 5 and 8 is estimated as 

(.: ~in = 1 ~ R 6K) 

(25) 

Consequently, the resultant hydrodynamic force (per unit thickness) when 

externally applied load reaches its minimum value (or ~in) can be 

obtained by substituting Eqs. 24 and 25 into Eq. 21 as 

2 6 
e -8 3 a + rb (YErb) (1 - R) (11) Fp = 3.2 x 10 npfd ~ 

(a + 2rb)3 6~ R 
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B. Detennination of the Resultant Hydrodynamic Force Within a Closing 

Fatigue CrackFuUy Penetrated bra Viscous Fluid 

The expression of the hydrodynamic pressure distribution due to 

the fully penetration of viscous fluid into a closing fatigue crack 

(Fig. 16a) has been given by Endo et a1. [5]: 

p(x) = 6npa
3 

de 10g(1 _ x) = pe 10g(1 _ ~) 
h3 dt a f a 

where h = crack mouth opening displacement 

de/dt = angular closing velocity of crack walls in sec-1 

a = crack length 

The resultant force (per unit thickness) F~ can.be obtained by 

integrating Eq. 2 with respect to x from x = 0 to x = a, thus 

a 
Fe = f p(x)dx -. 
f 0 

From Eqs. 22 and 24, we get 

de 6e v 
dt '" 6t = a + rb 

f6K2 
= 2YErb 

. a+rb 2 
Slnce hmin = rb 0min (Fig. 8) and 0min = 0.49 ~in/YE, the 

resultant force becomes 

Fe = 1 1 10-8 f( 1 )3(a
2
YErb)2(1 - R) 

f . x np a + rb 2 R 
6K 

(2) 

(26) 

(27) 

(28) 

",. 



e -Sa 3. VErb 2 1 _ R 6 
~ Pf = 1.1 x 10 npf{a + rb) (----2) ( R ) 

t.K 
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Table I. Base plate chemistries of SA542-3 steel (wt. pet.). 

C Mn Si Ni Cr Mo Cu P S 

0.12 0.45 0.21 0.11 2.28 1.05 0.12 0.014 0.015 

Table II. As-received heat treatment of 
SA542-3 steel. 

Treatment Time and Temperature 

Austenitize ~ hrs at 954°C 

Water Quench 

Temper 

Stress Relieve 

8 hrs at 663°C 

15 hrs at 593°C 
22 hrs at 649°C 
18 hrs at 663°C 

Table III. Ambient temperature mechanical properties of SA542-3 
steel (~to ~T sections). 

Charpy 
Reduction Impact 

46 

Strength U. T. S. Elongation in Area Energy K1C K1SCC 
(MPa) (MPa) (%) (%) (J) (MPalrTi) (MPalrTi) 

496±7 6l0±17 25 77 197±18 295 85 

~ 



Table IV. Relevant ambient temperature physical 
properties of silicone and paraffin 
oils. 

Kinematic Surface 
Oil Viscosity Density Tension 

(cS) (gJ!!/cm3) (dyne/em) 

Silicone Oil 5 0.92 19.7 
1,000 0.971 21.2 

12,500 0.975 21.5 
60,000 0.975 21.5 

. Paraffin Oil 25 0.87 35.0 
75 0.89 36.0 
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Table V. Experimental fatigue threshold data for 
SA542-3 steel tested in oil environments 
at R = 0.05 and 0.75 (50 Hz sine wave). 

Threshold 
Oil Kinematic Load Stress 

Environment Viscosity Ratio IntenSity 
(cS) R 6Ko (MPalrii) 

Silicone Oil 5 . 0.05 6.4 
1,000 " 6.1 

12,500 .. 5.8 
60,000 .. 5.7 

Paraffin Oi 1 25 .. 5.9 
75 .. 5.2 

-----------------------------------------------------
Silicone Oil 5 0.75 2.8 

1,000 .. 3.0 
12,500 " 3.0 

. 60,000 .. 3.0 

Paraffin Oil 25 .. 3.0 

48 
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Table VI. Predicted closure stress intensities ~l and the effective stress intensity ranges AKeff 
using proposed viscous fluid-induced crack closure model (Eq. 15). Calculations are 
performed for SA542-3 steel at a crack length of a g 25 mm and an applied (nominal) (1) 
stress intensity range of AK • 10 MPalii in oil environments at both R • 0.05 and 0.75 • 

011 
Environment 

S l1icone 011 

Paraffin 011 

S11icone 011· 

Paraffin 011 

Kinematic 
Viscosity 
n (cS) 

5 
1,000 

12,500 
60,000 

25 
75 

5 
1,000 

60,000 . 

25 

load 
Ratio 

R 

0.05 
N 

N 

h 

" 
N 

0.75 
II 

II 

II 

Stress Intensity 
Increment Due 

Penetration to Hydrodynamic 
Depth Pressure 

deff (mm) K~ (MPalli) 

0.02 2.5 
0.001 0.3 
0.0004 0.05 
0.0002 0.03 

0.01 2.6 
0.01 1.6 

0.1 
0.005 
0.001 

0.05 

(1) Calculations based on the following assumptions: 
(a) Compact tension specimen. 
(b) Crack length a a 25 mm (initial crack length ao g 17.5 mm). 
(c) Nominal applied stress intensity range AK c 10 HPalrii. 

(2) K~ is negligible ~ K~l g (Kmin)eff = Kmin . 
(3) No closure: AKeff = AK. 

Effective 
Closure Stress 
Stress Intensity 

Intensity Range 

K~l (MPalli) AKeff (HPalrii) 

3.0 7.5 
0.8 9.7 

'\,{).6 "'10.0 
'\,{).6 "'10.0 

3.1 7.4 
2.1 8.4 

30(2) 10(3) 
30(2) 10(3) 
30(2) 10(3) 

30(2) 10(3) 

+::> 
\0 
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Table VI1. Comparison of quantitative extent of viscous f1 uid-induced 
crack closure (VICC) based on current partial penetration 
model (Table VI) and Endo et a1.'s full penetration mode11 

1 

2 

Oil Kinematic Load Endo et a1.'s Present 
Environment Viscosity ~atio Model· Model 

n (cS) R . K~l . (MPa~) w 
Kc1 (MPa~ 

Sil i cone Oi 1 5 0.05 9.37 x 108 3.0 
1,000 .. 1.98 x 10n 0.8 

12,500 .. 2.48 x 1012 0.6 
60,000 " 1.19 x 1013 0.6 

Paraffin Oil 25 .. 4.43 x 109 . 3.1 
75 .. 1. 36 x 1010 2.1 

---------------------------------------------------------------------
Sil icone Oil 5 0.75 30.02 302 

1,000 .. 35.8 302 

60,000 .. 377.4 302 

Paraffin Oil 25 " 30.1 302 

Calculations based on the following assumptions: 

(a) Compact tension specimen 
(b) Crack length a = 25 mm (initial crack length ao = 17.5 mm) 
(c) Nominal appl ied stress intensity range ~K = 10 MPalril 

Closure is negligible ~ KW
Cl = (K ) = K min eff "min 
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T.ble VIII. Char.cteristics o~ fatigue cr.ck growth In SAS42-3 suel tested In dry 
011 en.lromntnU .t Inte..-dl.te .nd ne.r-threshold growth r.tes. 

Intennedlate Growth Rates (~ 10-6..,,/cycle) Nelr-ThreShold Growth Rates (s 10-6 ... /cyclel 
V.rl.bles 

R • 0.05 R. 0.75 •• 0.05 R· 0.75 

(da/dII)on (da/dN)Ol1 
Influence of 011 

(da/dN)ol1 < (da/dNl.,lst air > (da/cIN).,ist .ir • (da/dN).,lst air 
en.iron_ts 

• (611:0)011 c (6ICo)alr • (611:0 )011 " (6ICo l. lr 

_11 .nd finite trend 

Influ ... ce of oil (dl/dNlhlgh ~ of Increasing da/dN 
No effect of ~ (or decreasing 6Ko) No effect of ~ 'iscoslty (~l 

, (da/dll)low 1'1 
.1 th 1 ncrees I ng 1'1 

IntI u ... ce of type (da/dNls111c_ 01~ (da/cIN)sl11cone 011 (da/dN)Sll1c_ 011 No effect of type of 

of 011 > (da/dNI~r.ffln 011 c (da/cINl~raffln 011 : (da/dN)~raffln 011 011 

Influence of load 1. (da/dIIl •• 0.05 < (da/dII)R • 0.75 
ratio (I) 011 da/dll 2. "'ch .,re slgnlflc.nt at ne.r-threshold 
In 011 ",.I_u growth r.tes 

Fract09r.plllc 

char.cterlstlcs In PredoIIIlnantly lntergranular Predomln.ntly transgr.nular 

011 .... I_ts 

Raasons responsible EAcluslon of .,lsture f",. cr.ck tip 

for dlffel"eMes In region by 011 .... 1_nts •• ln181- Mlni.1zation of 

growth r.tes (1Ie- Zltlon of con .... t1on.l corroSion fatlgu, ox 1 de-l neluced --
~ 0111 and processes (Hz eabrlttl_t) crack closure 
.,lst .lr) 

RaISons responSible Hydrodyn .. lc ""'lIng ProD.bl, Hz _rlt-
for different effects due to oil tl_t due to_ 

growth r.us In penetr.t 1 on Into '.l)Kted decaMIIOs 1- -- --
v.rlous 011 the cr.ck tlon of ~r.ffln 
..,.I_ts o11s' IIydroca""," 

constituents 
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Partial Penetration Model 

(l) K 

(2) Fp 

(3) H 

( 4 ) Koo 

K - K 
2QF 

K -~ 
00 P 

1')0Hd
3 

--)-
H 
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Fig . 1. Schematic variation of fatigue crack propagation r ate (da/dN) 
with stress intensity range (~K), showing regimes of primary 
growth rate mechanisms. ~K is the threshold stress intensity 
for crack growth and K theOstress intensity at final failure 
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Fig . 2. Optical micrograph of SA542-3 steel, 174 mm thick base plate 
at (a) surface, (b) quarter thickness (iT), and (c) mid­
thickness (~T) locations. 
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Fig. 4. Crack plane orientation of the compact tension specimen 
machined from base plates. 
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(b) 0.75, showing the effects of environment and oil viscosity 
at different load ratios. 
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oxide band on near-threshold fracture surfaces obtained in 
oil environments. 
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Fig. 13. Measurements of oxide thickness as a function of crack length 
measured from notch and crack growth rate (da/dN) for SA542-3 
steel tested in oil environments (data points) and in moist 
air ~data curve) [32]. Data from Ar+ sputtering rate = 
150 A/min, sputtering time = 4 minutes). 
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Typical near-threshold (6K ~ 6K ) (a) and higher growth rate 
(6K ~ 15 MPalm) (b-e) fractogrgphy of fatigue crack growth 
in SA542-3 steel tested at R = 0.05 and 0.75 in silicone oi ls 
(a,b,d) and paraffin oils (a,c,e). Arrow indicates general 
direction of crack growth. 
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Fig. 15. Oxide-induced crack closure model for a near-threshold 
fatigue crack [34J. 
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Fig. 16. Idealizations of the pressure distribution and the hydro­
dynamic action due to full penetration of viscous fluids into 
(a) an edge'~rack and (b) a crack in CT specimen, based on 
Endo et al. [5,6]. 
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Fig. 17. Schematic expressions for the crack closure effect due to 
hydrodynamic wedge action. Kp is the stress intensity 
increment due to hydrodynamic wedge when crack closes, raising 
the nominal Kmin to K~l and reducing the nominal 6K 
(= Kmax - Kmin) to 6Keff (= Kmax - K~l). 
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Fig. 18. Idealizations of the pressure distributions and the hydro­
dynamic wedge actions due to partial penetration of viscous 
fluids into (a) an edge crack and (b) a crack in CT specimen. 
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Fig. 19. Idealized fatigue crack with a trapezoidal shape and a 
plastic hinge (or rotational axis) when subjected to cyclic 1oading. 
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