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and 
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Abstract - The influence of dehumidified silicone and paraffin oils 

with kinematic viscosities varying from 5 to 60,000 cS has been 

examined on fatigue crack propagation in a lower strength bainitic 

steel over a range of growth rates from near-threshold levels (10-6  to 

10 -8  mm/cycle) to higher, growth rates (up to 104 mm/cycle). Crack 

growth data for a cyclic frequency of 50 Hz at both low and high load 

ratios are compared with previous results for environments of moist 

air, dry gaseous hydrogen and dry gaseous helium. It is found that at 

low load ratios, growth rates in oil exceed those in moist air below 

106 mm/cycle, yet are lower than in moist air above io mm/cycle. 

Furthermore there is a small but definite trend of higher growth rates 

in the higher viscosity oils. Such observations are discussed and 

interpreted in terms of three mutually competitive mechanisms specific 

to dry viscous environments, namely suppression of moisture-induced 

hydrogen embrittlement and/or metal dissolution, minimization of oxide -

induced crack  closure, and the hydrodynamic wedging action of the Oil 

inside the crack. A quantitative analysis for the effect of crack 

closure induced by a viscous medium is developed in Part II of this 

paper. 

Currently in the Division of Engineering, Brown University, Providence, 
RI 02912. 



1. INTRODUCTION 

Recently, there has been considerable interest in the role of crack 

closure mechanisms in influencing fatigue crack propagation. in metals 

and alloys, and in particular, in the contribution of such mechanisms 

to microstructural and environmental effects commonly observed at very 

low growth rates below typically 10-6  rn/cycle (for a recent--review, 

see ref. 1). Such closure leads to the suppression of the effective 

driving force for crack advance through premature contact between the 

crack surfaces at positive loads during the fatigue cycle such that, 

under small-scale yielding conditions, the stress intensity range is 

reduced fromthe nominally applied value AK, computed from applied 

loads, geometry and crack length measurements, to some lower effective 

value, tKeff,  actually experienced at the crack tip. 2  Specifical ly 

below 10-6  rn/cycle, where growth rates approach a fatigue threshold 

stress intensity range, tK0 , below which long cracks*  remain dormant or 

propagate at experimental ly undetectable rates, the origin of such 

fatigue crack closure is found to be not solely a result of cyclic. 

plasticity, 2 ' 4  as first envisioned by Elber's plasticity-induced 

closure concept, 2  but additionally from the formation of insoluble 

crack surface corrosion deposits, 542  irregular fracture morphologies 

coupled with inelastic Mode II crack tip displacements,' 349  the 

wedging action of viscous fluids contained within the crack, 2022  and 

from metallurgical phase transformations 1  Such crack closure 

mechanisms are schematically illustrated in Figure 1. 

* 
Long cracks here refer to cracks of a length large compared to the scale 
of microstructure or the scale of local plasticity. The distinction is 
made since short cracks, which are small compared to such size-scales, 
are known to propagate below the long crack threshold AKO  (see, for 
example, ref. 3). 



To date, most closure studies have been exclusive to simple gaseous 

and aqueous environments, e.g., room air, hydrogen gas, distilled 

water, etc., where behavior can be modelled to result from a mutual 

competition between corrosion fatigue processes, e.g.,, hydrogen 

embrittlement and active path corrosion, which accelerate crack growth, 

and the accompanying closure mechanisms which retard it. Only very 

seldom, however, have attempts been made to examine the effect of 

viscous environments on fatigue crack growth characteristics 2025  and 

in particular whether the presence of a viscous fluid within an 

extending fatigue crack can induce additional closure through 

hydrodynamic wedging action. 20 '22  

It is the objective of the present work to investigate fatigue 

crack propagation behavior for a bainitic steel in non-corrosive 

viscous environments, specifically silicone and paraffin oils, and to 

examine systematically the role of viscosity changes from 5 to 60,000 

cS in influencing crack extension over a wide range of growth rates 

(i.e., 10.8  to 10' rn/cycle). Through comparison to previous data for 

this steel in moist air, dry hydrogen and dry helium gas 

environments, 9 ' 10  fatigue behavior in viscous fluids is discussed in 

terms of corrosion fatigue and closure mechanisms. The question of 

closure induced by the wedging action of a viscous fluid is examined in 

the following Part II of this paper, 26  and a new quantitative model for 

this closure mechanism is developed based on the fluid pressure 

resulting either from the partial or full penetration of the oil inside 

the crack. 
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2. BACKGROUND 

Over the past 45 years there have been numerous studies on the role 

of oil environments in affecting fatigue life, 20 ' 21 ' 2343  promoted 

largely by the problems of rolling contact fatigue in lubricated 

bearings. The majority of these studies interpret the effect of the 

oil medium in influencing fatigue behavior simply in terms of 

suppressing, or in the odd case promoting, some environmental 

contribution to crack initiation and subsequent growth. For example, 

several investigations in both ferrous223 '27 '28  and non-ferrous20 ' 27  

alloys have shown that Stage II fatigue crack growth rates (i.e., 

typically between iO to 10-2  rn/cycle) are slower in non-corrosive 

oils, such as mineral or silicone oils, compared to room air. However, 

when water is added to such fluids, studies on rolling contact fatigue 

in lubricated bearing steels have shown that the water greatly 

accelerates pitting failures leading to significant reduction in 

surface fatigue life. 27 ' 2932  In somewhat similar vein, studies on 

Stage II fatigue crack growth in HSLA pipeline steels tested in sour 

crude oil have demonstrated that growth rates could be increased by 

some 3 to 20 times, compared to room air, as the H2S concentration in 

the oil was increased from 1 ppm to saturation level ( 4700 

ppm) 24,25 

In addition to the role of oils in providing a non-corrosive 

environment for fatigue (at least where chemically-active species are 

not added), many investigations on the fatigue of ball or roller 
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bearings have reported fatigue lifetimes to be increased, 344° 

decreased37  or sometimes unchange& 7 ' 41 ' 42  by increasing the viscosity 

of the oil. In particular, early studies on Stage II crack propagation 

at constant stress amplitude in tin and copper-lead bearing metals and 

in a medium carbon steel tested in non-corrosive mineral and polymeric 

silicone oils indicated that growth rates were decreased with 

increasing fluid viscosity. 20 ' 2 ' More recent studies, on the other 

hand, for a low carbon alloy steel tested in similar oils but at higher 

frequencies (50 Hz) over a much wider spectrum of propagation rates 

(i.e.,'10 8  to mm/cycle) indicated growth rates to be slightly 

increased with increasing viscosity. 22  

The effect of oil viscosity on fatigue behavior has been explained 

in terms of the fluid penetrating into the crack and creating a 

hydraulic wedge, but unfortunately the mechanism differs widely in its 

interpretation. Way, 43  for example, proposes that such fluid 

penetration, which forms a wedge within the crack, will increase crack 

growth rates by providing an additional driving force for crack 

advance, and further suggests that this accelerating effect will be 

enhanced in lower viscosity oils due to easier penetration. Endo et 

al,, 20 ' 2 ' conversely, interpret essentially the same mechanism to 

decrease crack growth rates through an effect of the hydrodynamic oil 

pressure, generated by the complete penetration of oil into the closing 

crack, in reducing the effective stress amplitude experienced at the 

crack tip. Since in their "ful 1 penetration" model the internal oil 

pressure is directly proportional to viscosity, these authors expect 
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this decelerating effect of the oil to be enhanced in higher viscosity 

oils. 

Clearly, the various mechanisms by which oil environments can 

affect fatigue behavior have yet to be documented in any systematic 

way, and further the specific role of fluid viscosity remains largely 

unresolved. Any quantitative analysis of the latter effect must 

include considerations of both the hydrodynamic oil pressure created 

within the pulsating crack walls and the extent of fluid penetration 

into the crack, processes which will have opposite dependencies on 

viscosity. One of the objectives of the currentwork is to develop a. 

model for crack closure induced by a non-reacting viscous fluid by 

estimating theextent of oil penetration based on simple considerations 

of capillary f low20'40'44  and then computing the internal oil pressure 

for the partially penetrated crack. As shown below and in the 

companion paper (Part II),26 such concepts can be used to rationalize 

the widely contradicting effects reported for the influence of oil 

viscosity on fatigue behavior. 

3. EXPERIPENTAL PROCEDURES 

The material used In this study was an ASTM A542 Class 3, 2.25Cr-

1Mo steel. 	Following austenitizing at 954 0 C, water quenching, 

tempering 8 h at 663 0  and stress relieving 15 h at 593 0C, 22 h at 

649 0C, 18 h at 663°C, the microstructure was granular bainite (less 

than 3 pct polygonal ferrite) with a yield strength of 500 MPa. 

Chemical composition and room temperature mechanical properties are 
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listed in Tables I and II, respectively. This particular heat of steel 

has been the subject of several recent studies where environmentally-

influenced fatigue crack propagation behavior has been well-

documented. 6 ' 9"0 ' 45 ' 46  

Fatigue crack propagation tests were performed on 12.7 mm thick 1T 

compact C(T) specimens, machined in the T-L orientation.* Specimens 

were cycled under load control, with a cyclic frequency of 50 Hz (sine 

wave), at load ratios of 0.05 and 0.75 (where load ratio R = 

Kmin/Kmax ). Using d.c. electrical potential techniques to monitor 

continuously crack length, thresholds were approached using manual load 

shedding procedures with the value of AK O  defined at a maximum growth 

rate of 108  mm/cycle (4 x 10 0  in/cycle), as described in detail 

elsewhere. 47  

Tests were performed at room temperature in a series of 

dehumidified oils, namely a series of áhemically similar silicone oils 

(dimethyl polysiloxane) of kinematic viscosities ranging from 5 to 

60,000 cS and two chemically similar paraffin oils (mixture of 

saturated aliphatic and naphthentic hydrocarbons) with kinematic 

viscosities of 25 and 75 cS. The physical properties of these oils are 

listed In Table III. Testing was achieved by full immersion of the 

specimen In a stainless steel oil bath clamped to the loading train. 

The oil was continuously dehumidified in situ by bubbling through dry 

ultrapure helium gas with the whole environmental enclosure sealed to 

*Based on the criterion that the cyclic plastic zone size (rn ) remained 
small compared to thickness (B), i.e., r = 1/27i (K12o) 2  < 1/15 B, 
this geometry was sufficient to maintain plane strain conditions. 
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maintain a positive pressure of helium, thus minimizing contact with 

the atmosphere. 

Fracture surfaces were subsequently examined in the scanning 

electron microscope and from Ar+  sputtering techniques using Auger 

electron spectroscopy to assess quantitatively the extent of fracture 

surface oxidation. The latter technique has been described in detail 

elsewhere. 9"0  

4. RESULTS 

Fatigue Crack Growth Data 

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

nominal stress intensity range (tK = Kmax Kmin) for the A542 steel 

tested in the silicone oil and paraffin oil environments at R = 0.05 is 

shown in Figs 2 and 3, respectively, and at R = 0.75 in Fig. 4.. 

Results are compared with previous data9"0  for this steel tested in 

room temperature moist aIr (30 pct relative humidity), dehumidified 

gaseous hydrogen and dehumidified gaseous helium (all at atmospheric 

pressure). At low load ratios (R = 0.05), crack growth rates in 

silicone oils are slower than those in moist air above i06  mm/cycle, 

yet faster at near-threshold levels below't.10 6  mm/cycle (Fig. 2). 

Behavior in the paraffin oils is similar, although the increase in 

growth rates at near-threshold levels and reduction in growth rates 

above ,106 mm/cycle is somewhat larger (Fig 3). Threshold tK 0  

values in oil are at least 20 pct lower than in air and comparable to 

those for dry gaseous environments. At high load ratios (R = 0.75), 
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thresholds for moist air, hydrogen gas and the various oil environments 

are virtually identical, although above i10 6  inn/cycle, growth rates 

in the silicone oils are approximately 2.5 times slower than in moist 

* 
air (Fig. 4). 

The specific influence of oil viscosity can also be seen with 

reference to Figs. 2 to 5. 	Although 	near-threshold behavior is 

relatively unchanged above 106 nyu/cycle, the data for oils show the 

following trends at low load ratios: a) growth rates in general are 

faster in higher viscosity oils, b) growth rates- in silicone oils are 

faster than those in paraffin oils, and c) crack growth is slower in 

both oils than in air or hydrogen. The influence of viscosity on the 

value of the fatigue threshold AK 0  appears to be negligible at R = 0.75 

although at R = 0.05 there Is a small but finite trend of decreasing 

AK0  with increasing kinematic viscosity in both oils (Fig. 5). 

The influence of viscosity on the load ratio dependence of growth 

rates is illustrated in Fig. 6. Although all the oils show similar 

increases in propagation rates with increasing Rat near-threshold 

levels, the effect of load ratio above 10 mm/cycle becomes 

significantly more pronounced with decreasing viscosity, especially in 

the paraffin oil. A listing of the measured fatigue threshold AK 0  

values In the viscous environments is given in Table IV, and is 

compared with previous data for gaseous and aqueous 

environments, 9 "0 ' 46  

* 
Although such differences in crack growth behavior may appear small in 
comparison with the overall scale of the plots, the trends shown were 
consistently reproducible between duplicate tests. 
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Analysis of Fracture Surfaces 

Scanning electron micrographs of representative areas of the 

fatigue fracture surfaces are shown in Fig. 7. At near-threshold 

levels, fracture morphology in all oils was similar, showing a fine-

scale transgranular mode with isolated intergranular facets, 

characteristic of lower strength steels tested close to AK O  (Fig. 

7a). 610 ' 15  At higher growth rates, i.e., above tK " 15 MPa/, 

however, fracture surface in the silicone oils contained more 

noticeable evidence of intergranular facets at R = 0.05 (Fig. 7b and 

c), although a large proportion of such facets were apparent in both 

oils at R = 0.75 (Fig. 7d and e). 

The extent of crack surface oxidation, determined using A r+ 

sputtering Auger techniques,'° is shown in Fig. 8 for the 5 and 12,500 

cS silicone oils and the 25 cS paraffin oil. Here the thickness of the 

excess oxide layer (identified using ESCA to be predominately Fe203) is 

plotted against crack length and crack growth rate, and results 

compared with previous data9 '10  for moist air. Although the extent of 

the crack surface oxide films in moist air is inversely related to the 

growth rate, reaching maximum thicknesses (s) near AKO of the order of 

200 nm (2000 A),'° in oil the oxide films were uniformly much smaller 

and were estimated to be of the order of 3 nm (30 A) thick. 
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5e DISCUSSION 

Similar to previous studies on the role of gaseous and aqueous 

environments in influencing fatigue crack propagation in lower strength 

steels, 45 ' 46  it is clear from the present work that the effect of the 

viscous environment is markedly different at near-threshold as opposed 

to higher growth rates (i.e., above and below 10- 6  mm/cycle, 

respectively). Specifically, both dehumidified silicone and paraffin 

oils give rise to faster growth rates at near-threshold levels and 

slower growth rates above 10.6  mm/cycle, compared to crack growth in 

moist air at R = 0.05. In fact, crack propagation behavior in these 

oils is similar to that in dry gaseous hydrogen or helium at near-

threshold levels, and yet significantly slower than in gaseous hydrogen 

at higher growth rates. 

In general terms, such contrasting effects of environment have been 

rationalized in terms of a competition between two concurrent but 

mutually competitive processes, namely corrosion fatigue mechanisms, 

e.g., hydrogen embrittlement and/or active path corrosion, which 

increase crack growth rates, and crack closure mechanisms, e.g., 

resulting from oxidation products at the crack tip (oxide-induced) or 

irregular fracture morpho logi es (roughness-induced), which decrease 

crack growth rates. 12 ' 48  Whereas corrosion fatigue mechanisms tend to 

dominate environmentally-influenced crack growth behavior at higher 

growth rates and at high load ratios, the role of closure mechanisms 

becomes increasingly more important at low load ratios as growth rates 

approach threshold levels. In fact, in lower strength steels, such as 
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the present 2.25Cr-iMo steel, tested at the high frequencies (i.e., 50 

Hz) coninonly utilized for low growth rate testing, the contribution to 

crack advance from corrosion fatigue mechanisms, such as hydrogen 

embrittlement and active path corrosion, is generally fairly minimal 

below " 10 rn/cycle in environments such as water, moist air, gaseous 

hydrogen, etc., 45  such that closure phenomena, particularly oxide-

Induced closure, often dominate overall near-threshold behavior. 610 ' 48  

Accordingly, near-threshold crack growth rates have been found to 

be faster at low load ratios in dry environments (e.g., dehumidified 

gaseous hydrogen, helium and oxygen) compared to moist environments 

(e.g., room air and wet gaseous hydrogen)., 610  whereas behavior is 

similar at high load ratios where the influence of closure is minimal.* 

Above " iO 6  mm/cycle, on the other hand, conventional corrosion 

fatigue processes begin to dominate such that growth rates become 

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

aggressive environments such as hydrogen gas or water vapor. 45 ' 49  

In the present study on viscous environments, the observed effects 

of dehumidified oils tested at a frequency of 50 Hz can be interpreted 

in terms of similar considerations, only now specifically involving 

three distinct mechanisms, i.e., I) exclusion of moisture from the 

* 
In more oxidizing. environments, sufficient crack surface corrosion 
deposits can form as a result of thermal oxidation, even at high load 
ratios where fretting effects are generally minimal, to enhance oxide-
induced closure over, a wider range of R.kG 	 . 

** 
Studies of near-threshold fatigue crack growth at ultrasonic frequencies 
up to 21 kHz are often conducted in oils to simulate inert environments, 
although the specific role of the viscous fluid contained within the 
crack at such high frequencies has not been documented. 50 ' 5 ' 
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crack tip thereby minimizing hydrogen embrittlement/metal dissolution 

processes, ii) exclusion of moisture and oxygen from crack tip thereby 

minimizing oxide-induced crack closure, and iii) partial penetration of 

the oil films within the crack to create additional closure from the 

hydrodynamic wedge effect of the viscous fluid. Each mechanism is now 

discussed in turn. 

Minimization of Hydrogen Enthrlttlement/Actjye Path Corrosion 

As both dry silicone and paraffin oils do not chemically react with 

steel, the principal function of such media is to act as an inert 

environment for crack growth, as evidenced by the fact that behavior in 

the oils is similar to that in dry gaseous helium (Fig. 	2 and 3). 	This 

is consistent with the studies of Ryder et al. 23  in Al -Zn-Mg alloys 

where the decreased Stage II fatigue crack growth rates measured in 

silicone oil were attributed to limiting the access of air to the crack 

tip region. This exclusion of moisture and oxygen from the vicinity of 

the crack tip, resulting from iimiersion in dehumidified oil, will thus 

minimize any enhancement in crack growth rates due to metal dissolution 

(oxidation) at the crack tip and/or hydrogen embrittlement from the 

consequent release of hydrogen. This is substantiated by the Auger 

data In FIg. 8 which show almost negligible levels of crack surface 

oxidation products for the oil environments at both near-threshold and 

higher stress intensity ranges. This reduced contribution to crack 

advance from corrosion fatigue processes will be effective over the 

entire range of growth rates and load ratios, but will dominate 

behavior above iO mm/cycle since closure mechanisms here are less 

V 
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effective. Thus it is to be expected that crack growth rates in oil in 

this regime will be slower than in moist air or hydrogen gas, and be 

comparable with rates in helium, as shown experimentally in Figs. 2 and 

3. Similar explanations in terms of shielding the crack tip from 

detrimental environmental species have been used in the past to account 

for the reduction of crack growth rates in several alloys tested in 

inert liquid environments such as dodecyl alcohol, oils and grease, 

where either the inert liquid forms a physical barrier, or in the case 

of dodecyl alcohol forms organic oleophobic films, which exclude the 

presence of oxygen and water vapor from the crack tip region. 23 ' 52  

Minimization of Oxide-Induced Crack Closure 

For the current steel tested at 50 Hz, the exclusion of moisture 

and oxygen afforded by the oil environment has the reverse effect, 

however, on lower growth rates. Observations of faster near-threshold 

propagation rates in oil than in moist air at R = 0.05 (Figs. 2 and 3) 

can be attributed to a much reduced role of oxide-induced crack closure 

in the oil environments due to far less crack surface oxidation. Such 

corrosion debris, which forms as a result of fretting oxidation between 

the crack walls, 510  is about 20 to 40 times thicker in moist air 

compared to. inert oil environments (Fig. 8). This results in 

significant closure near AK O in moist air since the oxide films here 

become comparable in size to the crack tip opening displacements. At 

high load ratios, however, where fretting and closure effects are 

minimal, near-threshold behavior In the air and oil environments 

becomes very similar (Fig. 4). 
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The relative effect of oxide-induced crack closure on near-

threshold growth rates in dry oil and in moist air (at R = 0.05) can be 

appreciated by considering the simple model of a rigid wedge inside a 

linear elastic crack.'° The model considers the reduction,, in stress 

intensity range from its nominal value (AK = Kmax Kmin) to some near 

tip effective value (AKeff = Kmax - Kci), and estimates the closure 

stress intensity, Ki, in terms of the maximum oxide wedge thickness s 

located at distance, 22w, behind the crack tip: 

sE 
K1  

4,/r (1 - 

where E/(1 - v 2.) is the effective elastic modulus in plane strain. 10  

With 2.. ".2 pm, 10 ' 53  the peak excess oxide thickness, s, in moist air 

close to AK 0  can be seen to be "200 nm compared to "3 nm oil (Fig. 

8). From Eq. (1) the corresponding values of the closure stress 

intensity Kci  at R = 0.05 are '1-  4.5 MPav" in moist air and less than 

001 MPaV'ii in oil. Thus at a nominal AK of 8 MPa,'ii, roughly half of the 

applied stress intensity range in air is lost to closure, whereas less 

than 1 pct is affected in oil. This clearly indicates that the driving 

force for crack extension in oil is far less restricted by oxide-

induced closure. Similar calculations show closure effects to be 

negligible in both the oil and moist air at R = 0.75. 

Role of Viscous Fluid-Induced Crack Closure 

Both effects of the oil environments described above, in terms of 

minimizing corrosion fatigue mechanisms and oxide-induced closure, are 
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essentially independent of oil chemistry and viscosity, provided the 

oil is chemically inert. However, the current low load ratio results 

in Figs. 2 to 7 indicate growth rates to be somewhat higher in the 

higher viscosity oils, particularly above 10.6  mu/cycle, although the 

effect saturates above 12,500 cS. Moreover, at comparable viscosities, 

paraffin oils show the faster growth rates near AK O and the slower 

growth rates above 10 mm/cycle (at R = 0.05). Such observations 

can be rationalized by considering the additional crack closure which 

arises due to the hydrodynamic wedging action of a viscous fluid within 

the crack walls. 

As modelled in Part II of this paper, 26  the description of this 

closure phenomenon and its role in governing the effect of oil 

viscosity on growth rates must include an analysis of both the extent 

of oil penetration and the subsequent oil pressure created within the 

crack. Earlier models 20 ' 21 ' 4' of this phenomenon have generally 

ignored the kinetics of oil penetration, yet both the extent of 

penetration and the internal oil pressure are important since they have 

opposite dependencies on viscosity. 22  

In the present model of viscous fluid-induced closure, 26  the 

kinetics of oil penetration are assessed in terms of Newman's capillary 

flow equations, 44  where the extent of oil penetration (d) into the 

crack of length (a) after time (t) is given by: 

d2(t) •= [i;] f <h>dt 
	

(2) 

where <h> is the average crack opening width, y the surface tension of 
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the oil, B the wetting angle between fluid and crack wall, n the 

kinematic viscosity and P the density. The resulting hydrodynamic 

pressure distribution p(x), distance x along an edge crack in an 

infinite plate, is then estimated from the analysis of Endo et al. 20 ' 2' 

for the fully penetrated crack (i.e., d/a = 1), or from the analysis by 

Fuller54  of fluids between parallel plates for the partially penetrated 

crack (i.e., d/a < 1), viz: 

dh 
p(x) = 6np _L.-_E!- a2  log(1 - 	, d/a = 1, 	(3a) 

h 	dt 
m 	

x/a :5 

or 

p(x) = 	1 d<h> x(d - x) 	d/a < 1, 	(3b) 

x/d 	1, 

where hm  is the opening width at the crack mouth and dh/dt is the 

closing velocity of the crack walls.26  Using superposition methods to 

compute the maximum resultant linear elastic stress intensity arising 

from such oil pressure (Kax),  the effective stress intensity range 

corrected for viscous fluid-induced closure becomes: 

M(eff = Kmax  - (Kmi n  + Kax) 	o 	 (4) 

With such analyses it is apparent that the extent of such closure 

should progressively increase with increasing viscosity although at 

very high viscosities, values of Kax  will be kinetically limited by 
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the ability of the oil to penetrate into the crack. Thus, where the 

rate of oil penetration (d) (from Eq. 2) exceeds the rate of crack 

extension (a), the full penetration model becomes appropriate and 

growth rates are to be expected to be lower in higher viscosity oils, 

as originally observed by Endo et al. 20 ' 2' However, where is less 

than , e.g., with increasing AK levels in higher viscosity oils, the 

proposed partial penetratiOn model (Eqs. 2 and 3b) must be used, and 

the resulting dependency of Snax'  and hence growth rates, on viscosity 

will be a function of the relative magnitude of the hydrodynamic and 

kinetic effects. As described in detail in Part II, 26 the lowest 

growth rates, between 10 to 10 rn/cycle, observed in the paraffin 

oils (Fig. 3) can be quantitatively ascribed to rapid oil penetration 

(due in part to a69 pct increase in surface tension over the silicone 

oils) and resulting higher Kax  values, whereas the highest growth 

rates in the 12,500 and 60,000 cS silicone oils (Fig. 2) appear to 

result from restricted oil penetration and hence lower Krnax  values with 

the highly viscous fluids. 

The concept of viscous fluid-induced closure is also pertinent to 

explaining the varying dependency of growth rates on load ratio in the 

various oil environments, particularly above ".. 10 rn/cycle (Fig. 6). 

Although the influence of load ratio is generally relatively. 

insignificant between 10-6  to 10 rn/cycle, except in the presence 

of major environmentally-assisted mechanisms, it is clear that the role 

of the load ratio in the oil environments becomes progressively more 

prominant as the viscosity is decreased, and is particularly marked in 

the 25 cS paraffin oil. In terms of the current analysis, both the oil 
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penetration distance (d) and the resultant stress intensity Kax  due to 

the internal oil pressure are complex functions of R. However, 

although the value of Kax  would be expected to decrease with 

increasing load ratio, the increased crack opening promotes far greater 

oil penetration into the crack. Accordingly, there is little effect of 

R with high viscosity oils (see Fig. 6c for 60,000 cSsilicone oil) due 

to restricted oil penetration. Conversely, with lower viscosity and 

paraffin oils (Fig. 6a and d) the enhanced oil penetration yields a 

fluid-induced closure which is only effective at the small crack 

opening associated with low load ratio conditions. Quantitative 

predictions for the extent of such closure are derived in ref. 26. 

Thus, the observed effects of oil chemistry and viscosity on 

fatigue crack propagation behavior can be rationalized in terms of a 

mutual competition between corrosion fatigue mechanisms, crack closure 

and hydrodynamic wedging processes. Although the magnitude of the 

differences in growth rate behavior in the various viscous fluids is 

not large, for the conditions  investigated, the current analysis 

suggests dehumidified inert oil environments tend i) to suppress 

moisture-induced hydrogen embrittlement/metal dissolution processes 

(leading to slower growth rates than in moist air above 10 6  

mm/cycle), ii) to suppress similarly oxide-induced crack closure 

(leading to faster growth rates than in moist air below nu iO 

mm/cycle) and iii) to promote viscous fluid-induced crack closure 

(leading to a complex dependency of growth rates on viscosity). 
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6. CONMUSIONS 

Based on a study of the effect of dehumidified viscous environments 

on the room temperature fatigue crack propagation behavior of a 

bainitic 2.25Cr-iMo steel, specifically involving silicone and paraffin 

oils of viscosities ranging from 5 to 60,000 cS, the following 

conclusions can be made:,  

Dehumidified silicone and paraffin oil environments were found 

to have .significant but opposite effects on fatigue crack propagation 

above and below 10-6  rmn/cycle. 

At R = 0.05 in the near-threshold regime (da/dN 

rn/cycle), growth rates in dry oil were higher than those in moist air 

by-  up to two orders of magnitude with fatigue threshold E,K 0  values 

approximately 30. pct lower, although at R = 0.75, behavior was 

virtually identical. 

At higher propagation rates above 10-6  rn/cycle, growth rates 

at R = 0.05 and 0.75 in dry oil were lower than those in moist air by 

up to an order of magnitude and comparable with those for dry gaseous 

helium. 

At low load ratios, crack growth rates in both oils tended to 

increase with increasing oil viscosity, although the effect was 

diminished above above 12,500 cS and at lower, near-threshold growth 

rates. 

The complex dependence of fatigue crack propagation behavior on 

dehumidified viscous environments is rationalized in terms of three 

mutually competitive mechanisms: suppression of moisture-related 

19 



corrosion fatigue processes (i.e., hydrogen embrittlement and/or active 

path corrosion), minimization of oxide-induced crack closure, and 

development of additional closure through a hydrodynamic action caused 

by the penetration of the oil inside the crack. A quantitative model 

for the latter phenomenon is described in Part 11 of this paper. 
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NOMENCLATURE 

a 
	 crack length 

B 	 test piece thickness 

d 	 penetration distance of viscous fluid into an edge crack 

da/dN 	fatigue crack growth rate per cycle 

E 	 elastic (Young's) modulus 

h,<h>,hm 	instantaneous, average and crack mouth opening width, 

respectively,  

K 	 linear elastic stress intensity factor in Mode I 

Kcl 	 stress intensity to cause closure of the crack 

Kic 	 plane strain fracture toughness (Mode I) 



Kiscc threshold stress intensity for hydrogen-assisted 

cracking 

ax' Kmi n  maximum and minimum intensities, respectively, during 

fatigue cycle 

stress intensity due to hydrodynamic action of viscous 
ax 

fluid inside crack, evaluated at peak loads 

AK alternating stress intensity (Kmax  - Kmin) 

tKeff effective stress intensity range (Kmax - Ki) 

AKO  threshold stress intensity range for no growth of a long 

crack 

half distance between the peak oxide thickness and crack 

tip 

N number of cycles 

p(x) pressure distribution as a function of distance x along 

crack 

r cyclic plastic zone size 

R load ratio (Kmin/Kmax) 

S excess oxide thickness measured on fracture surface 

UTS ultimate tensile strength 

t time 

x variable denoting distance along crack, measured from 

crack mouth 

8 wetting angle 

p 	

-r surface tension of fluid 

kinematic viscosity 

v Poisson's ratio 
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p 	 density of fluid 

cly 	
yield strength 
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Table I: Chemical Composition in Wt Pct of 
2*Cr-1Mo Steel (A542-3) 

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: 	Room Temperature Mechanical 	Properties of 
2Cr-1F4o Steel 	(A542-3) 

Yield Strength Redn impact K1 Iscc 

	

1 	 2 Monotonic 	Cyclic 	UTS 	Elong. Area Energy c  

(MPa) (MPa) 	(MPa) 	(Pct) (Pct) (J) (MPa/) (MPav' 

500 400 	610 	25 77 197 295 85 

from incremental 	step tests 'Measured 

a 45 mm gauge length 

3Computed from J 	 measurements Ic  
4Based on slowly rising load test in 138 kPa hydrogen gas 

tsk 

S 
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Table 	III: Room Temperature Physical 	Properties of the 
Silicone and Paraffin Oils 	Investigated 

Kinematic Surface 
Oil Viscosity 	() Density (p) Tension 	(y) 

(cS) (gm/cm 3 ) (dyne/cm) 

Silicone Oil 5 0.920 19.7 

1,000 0.971 21.2 

12,500 0.975 21.5 

60,000 0.975 21.5 

Paraffin Oil 25 0.870 35.0 

75 0.890 36.0 

Table IV: Experimental Fatigue Threshold Data for A542 
Steel Tested at 50 Hz at R = 0.05 and 0.75. 

Threshold Stress 
Intensity Range 	(K0 ) 

Environment R = 0.05 R = 0.75 

(MPa1/ii) (MPa/) 

5 cS 	silicone oil 6.4 2.8 

1,000 cS 	silicone oil 6.1 3.0 

12,500 cS 	silicone oil 5.8 - 	3.0 

60,000 cS 	silicone oil 5.7 3.0 

25 cS 	paraffin oil 5.9 3.0 

75 cS 	paraffin oil  

moist air 
* 

7.7 3.2 
* 

dry hydrogen gas 5.2 3.3 

dry helium gas* 6.2 - 
distilled water 7.8 5.4 

Data from refs. 9 and 46. 
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plastic 	 Plasticity-Induced 
zone 
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oxide Oxide-Induced 
debris 

	

	 Closure 
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fluid 	 Closure 

transformed zone 
4 414 4 4444 4 

Phase Transformation-Induced 

Closure 

X81-839-6312 

Fig. 1: Schematic illustrations of mechanisms of fatigue crack closure 
(after ref. 1). 
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and Paraffin 
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Silicone 
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Paraffin 
Oil 
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10 

Fig. 7: Fractography of fatigue crack propagation in oil environments 
showing a) predominately transgranular mode, characteristic of 
near-threshold behavior and b-d) mixed transgranular/inter-
granular mode typical of higher growth rates (AK u  15 MPav>) 
at both low and high load ratios. Arrows indicate macroscopic 
direction of crack growth. 

35 



2 Cr- I Mo STEEL 
	

R0.05 

E 
C 

ISTM A542 Class 3 
Frequency = 50Hz 
Room Temperature 

Silicone Oil 

o 5cS 
12,500 CS 

Paraffin Oil 
• 25cS 

  

U) 
U) 
a) 
C 

IO 
0 

I-

a) 

0 

 

Moist air 

 

'Is' 

 

Oils 

  

• 	 • 
3 

10-4 
0 

' 	lO 
E 

lG6  
z 
0 

I'-) 

0071 

Threshold AK O  

2 	4 	6 	8 	10 	12 
CRACK LENGTH MEASURED FROM NOTCH (mm) 

XBL 832-5304 

Fig. 8: Scanning Auger measurements of the excess crack surface oxide 
thickness (s) as a function of the length of the fatigue crack 
and the crack growth rate (da/dN) for bainitic 2Cr-1Mo steel. 
Data points for tests at R = 0.05 in silicone and paraffin 
oils are compared with previous results (ref. 9) in moist air. 
Auger analysis performed following Ar sputtering time of 4 
min at a sputter rate of 150 A/mm, using a Ta 2 05  standard. 
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