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

6 mm/cycle) and higher (v 10'6 to

studied at both near-threshold (< 10~
10'3 mm/cycle) growth rates. It is found that, at low load ratios, crack
growth rates in o0ils are lower than in moist air and dry hydrogen and
increase with increasing o1l viscosity in higher growth 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 o0il. 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 0il 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 embrittiement

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 ana1ysisvmethods. vThe major aspects of the improved
mode]]ing.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 henetration 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; AK; respohs1b1e for the crack growth) can
be'continuously predicted without using any adjustable parameters.
Genefa]]y speaking, any requiréd quantitative information and. predictions
about the 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 0il 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

crack iength

.initial crack Iength 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 Toading 1ine of CT specimen

.penetration distance of fluid into an arbitrary edge crack

effectiVelpénetration distance of fluid ihto 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 fréquency

 resultant hydrodynam1c force (per unit thickness) at minimum

load during fatigue cycle due to full fluid penetrat1on into an
edge crack

resultant hydrodynamic force (per unit thickness) at minimum
1oad during fatigue cyc]e due to partial fluid penetration into
an edge crack

resultant hydrodynamic force {per unit thickness) at minimum
load during fatigue cycle due to partial fluid penetrat1on into
a crack in C7 spec1men

crack mouth open1ng displacement (CMOD)

maximum crack mouth opening displacement

minimum crack mouth opening displacement

average crack opening width

maximum average crack opening width

minimum average crack opening width

-{y-



X

mean of the maximum and the minimum average crack opening
widths (s(H .. + H i)

linear e1ast1c 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 full fluid
penetration into an edge crack

stress intensity increment at minimum load due to full 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 hydrodynam1c wedge actions in the crack

stress intensity increment at minimum 1oad during fatigue cycle
due to hydrodynamic wedge actions caused by the partial fluid
penetration into an edge crack

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

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

geometric factor dependent upon the crack geometry and the
extent of fluid penetration into the crack

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

load ratio (Kmin/Kmax)
time

-\=-



AK
AKeff

o,

T,

monotonic yield strength

approaching velocity of fatigue crack walls during unloading
half cycle

o

R

width of CT specimen

'stress intensity range (K. - K. )

effective stress intensity range taking into account crack
closure (Kmax - Kc] .

threshold stress intensity range for no crack growth
the crack length-to-width ratio

wetting-angTe

surface tension of fluid

crack tip opening displacement (CTOD)

maximum crack tip opening displacement

minfmum crack tip opening displacement

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

kinematic viscosity

initial kinematic viscoﬁity

angle formed by crack walls

Poisson's ratio

density of fluid

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

length

viscosity-pressure coefficient

-Vi=-



1. INTRODUCTION

1.1 CONCEPTUAL BACKGROUND

It is well known that fatigue crack propagation behavior of many
engineerfng materials are sensitive to mechanical, microstructural, and
environmental variables, such as load ratio or mean stress (characteriz-
ed by R = Kmin/Kmax)’ 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
behévibr are summarized in Figure 1 [1j where the variation'of the crack
‘growth rate, log(da/dN) withstress intensity range, log(AK) 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 AKO, 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 agueous envi-

ronments. However, it has been recognized that the fatigue resistance



of cyclically-stressed components can be markedly affected by the .
presence of supposedly non-corfosive liquid environments. qu 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 thdsé in air. Many
studiés on rolling contact fatigue'behévior'of high strength bearing
steels in lubricant fluids [7.9-12]:also indicated that the hrésence of
‘water in the lubricants could 1arge1yvacce1erate the pitting fai]ure of
bearing baI]s and tause significant reductions in'surface.fatigue life.
Such effects were attributed to conventional corrosion processes, such as.
“hydrogen embritﬁ1ement. Moreover, fetent:work by Vosikovsky and co-workers
[13,14] on fatigue crack growth in X65 pipeline steel tested in crude o0il
environments also showed that Stage.IIvcrack.growth rates could be increased
by 3 to 20 times compared to airvas the concentfation of H2$ fn the o0il
increased from 1 ppm to saturation level (m4700 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 speties 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 investfgations,
fatigue lives of ball or roller bearings have been reported to increase
[15-22], decrease [19] or be unchanged [19,23,24] with thevincrease of
viscosity of the fluids. Furthermore, Endo and co-workers [5,6] found

that fatigue crack propagation rates at constant stress amplitude and



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. Subseqqent researchers [5,6,18-20,22,23] also.explained
their similar fatigue results based on this hydraulic wedge mechanism,
among them Endo et al. [5,6] reported that the hydrodynamic 0il pressure
within a closing fatigue crack due to the penetration of oil filling the
crack could reduce the stress amplitude actually experienced at the h
crack tip and hence lower crack growth rates.

Recentiy the phenomena of fatigue crack closure, including
plasticity-induced crack closure [26,27], oxide-induced crack closure
[28-34], and surface roughneés-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 (AK =
K ax " ﬁnin) for crack extension due to the premature contact of the

m
crack surfaces at positive loads during the unloading part of a cycle.



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-érack can induce éfack closure or a mechanism equivalent to
that. Thus the hypothesis proposed by Way f25] that the fluid within-
cracks c§u1d accelerate crack growth is questionable from crack c]osure
viewpoints unless the fluid pressure exceeds the maximum applied load.
Since cracksvafe usually small enough to be treated as capillaries, the
extent of the penetration of fluids into the cracks will be closely
related to the capi1jary action [5,22,42]. Howevef, this factor which
may greatiy influence the fatigue crack propagation behavior in non-
corroéivé viscous environments has been rarely considered in previous

- work in viscous environments.

1.2 SCOPE OF PQESENT STUDY

It is apparent from the above discussion that the effect of non-
corrosive viscous environments on fatigue crack pfbpagation behavior,
especia]ly in near-threshold region (regime A), i5 not clearly under-
stood. The previous1y proposed hydrodynamic wedge mechanisms [5,6]
cannot satisfactorily explain the observations of increased or unchanged
| fatigue 1ife with increasing fluid viscosity. Accordingly, the
objective of the present study is to examine mechanistically the effect
bf 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 Tower 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 behavior with a combined fracture mechanics,

hydrodynamics, and surface chemistry apbroach.



2; EXPERIMENTAL PROCEDURES

2.1 PREPARATION OF MATERIAL AND SPECIMENS

The steel used in this investigation was a lower strength 24Cr-1Mo
pressureivessei 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 mm 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 sfeel are listed in Tables I, Il 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 1-T”compaét tension C(T) sﬁecimens with a 12.7 mm
(3% 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 straih 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 o0ils (Dimethyl Siloxane Polymer or Dimethyl Polysiloxane)
with kinematic viscosities ranging from 5 to 60,000 centistokes were

obtained from Dow Corning Corporation, Midland, Michigan.



Paraffin o0il, a mixture of'saturated aliphatic and naphthentic
hydrocarbons containing 28-36 carbon atoms [44], was produced by Fisher
Scientific Company, Fair Lawn; New Jerséy. The viscosity of paraffin
oils depénds 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 GROWTH TEST PROCEDURES
Fatigue crack p%opagation experimehts were perfonned.on a 98 kN,
electro-servo-hydraulic MTS machine operating under load control at room

‘temperature (N'21?C).at a_cyc1i¢ frequency of 50 Hz. The abp]ied'load

was sinusoidal tension at load ratio (characterized by R é.Kmin/Kmax) of

0.05 and 0.75 where Kpin 2nd Koay 2T 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

K = (2 *2) (0.886 + 4.64a - 133207 + 147247 - 5.6a")
BW (1 - a)
where P = applied load
B = specimen thickness
W = specimen width, and
a = a/W, the crack length-to-width ratio

expression valid for a/W > 0.2 [45].
Testing in oils was achieved through immersion of the specimens in

the o0il contained iﬁ a stainless steel chamber which was clamped onto



the bottom grip of MTS load frame. The o0il environments were continuously
dehumidified <n situ by bubbling ultrapure dry helium gas through the
0il 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 Figuré 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 load-shedding (decreasing stress intensity) technique

in which a procedure of successive load (or AK) reducfion (initially in
decrements of 10% an& near AKO, 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 .
genérated in front of the crack tip, the crack 1ength increments ovef
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, AKO, was defined as the
highest alternating stress intensity at which no crack growth could be
detected withiﬁ 107 cycles, i.e., in terms of a maximum crack growth
rate of 1078 mm/cycle [1].

In order to compare the crack growth behavior in o0il 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 AK of 12.3 MPa/m, 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 (SEM)

Fatigue fracture surfaces were examined using AMR-1000 and ISI
DS-130 scanning'e1ectron microscopes operated at 20 and 25 kV,
respectiQely. The variation in fracture modes at different stress
intensity ranges at threshold and highef values (~ 15 MPavR) in oil o
environments was examined and compared at approximately mid-thickness

of the test pieces.

2.4.2 fAuger E]ectrdn Spectroscopy (AES)

The detefmination of oxide thickness on fatigue fracture surfaces
~in oil environments at R = 0.05 was performed using a PHI Model 590
Auger electron spectfoscobe.‘ TheiFé&O‘depth'COmposition.profiies were
obtainéd as a function of Auger sputtefing time, from which the éxéess
oxide thickness (identified as Fe203) was estimated as a function»of
crack length uéing the analytic technique adopted by Suresh et al. [32]
on the same steel. Using a beah voltage of 5 kV, ion and electron beam
sizes of about 100 and 2 um, respectively, 0 and Fe profiles were
obtained at a sputtering rate of approximately lsoﬂ/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 thevcrack assuming only thickness-direction growth.
The detailed description of the Auger analysis technique was given in

Reference [43].



3. RESULTS

3.1 FATIGUE CRACK PROPAGATION

3.1.1 General Observations

Theivariation of fatigue crack propagation rates (da/dN) with
stress intensity range (AK = Kmax - Kmin) 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 hydrogén andihelium 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 thoée 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-
thresﬁo]d levels (< 10'6 mm/cycle), crack growth rates in oils are
substantially higher (and threshold AKo values lower) than those in

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

~ 30% lower in o0il 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
0ils 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 AKo values for both high and low viscosity 0il environments
as well as moist air and dry hydrogen atmospheres are virtually

identicai (~ 3 MPay/m) (Fig. 7). "

3.1.2 Effects of 0il1 Viscosity and Chemistry

Figures 8 and ‘9 show the variation of the crack growth rates
(da/dN) with the stress intensity range (AK) at R = 0.05 in silicone
and paraffin oils, respectively. Crack growth rétes above 10'6 mm/cycTe
in both silicone and'paraffin oil show a trend to insrease with
1ncreaSing 0il viscosity up to a viscosity of 12 ,500 cS.

- The variation 1n threshold AK va]ues with increaSing kinematic
.yisc051ty of the 0115 is shown in Figure 9. It is apparent that the
effect of viscosity on the value of the'fatigue threshold AKo is
ﬁeg]igible_at R = 0.75, whereas at R = 0.05 there is a small but finite
trend of decreasing AK, with increasing viscosity in both oils.
Furthermore, it is found that the crack growth rates in mid-growth-rate
region (i.e., ~ 107 to 1073 mm/cycle) at R = 0.05 (Fig. 6) in paraffin
0ils are lower than those in silicone 0ils even though the viscosities
are higher.

The results of constant-stress intensity (AK ~ 12.3 MPa/m) inter- e
‘rupted tests in dry heljum (138 kPa) and silicone o0ils on one specimen
at R = 0.05 and 0.75 (Fig. 10) show that the crack growth rates at
constant stress intensity range (AK = 12.3 MPa/m and R = 0.05) (Fig. 10a)
is closely related to the changé'of environment and increase with
increasing oi] viscosity, with the slowest crack growth in dry helium.

The trend, however, is less significant at R = 0.75 (Fig. 10b). It is
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evident that the previous observations of the effects of environment and
o1l 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 (= Kmin/Kmax) on crack growth behavior
in 0il 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 and 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 0ils decrease with increasing oil viscosity
(Figs. 1la, b, ¢), but are much more significant in 25 ¢S paraffin oil

especially at higher growth rates (> 10’6 mm/cycle) (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 neaf AKo for
crack growth in o0il environmenté is uniformly low {~ 30 Ror3 nm)
compared to much thickéf scales observed in moist air (v 2000 R or
200 nm) at near-threshold growthvrates (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 micfpgraphs'of representativé areas on the fatigue
fracthe surfaces of SA542-3 steel tested in oil environments at R = 0.05
and 0.75'qre shown in Fiéure 14. At near-threshold stress intensities,
fraéture mprpho]ogy at both load ratios shows a typicé] fine-scale
transgranu]ar mode with isolated intergranular'facets (Fig. 14a),
similar to fhoée previously observed morphology in moist and dry
environments [32]. ' '

At R = 0.05 and AK ~ 15 MPa/m, 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 transgranular mode in pafafffn 0ils (Fig. 14c). How-
ever, at R = 0.75 and AK ~ 15 MPa/m, a large proportion of intergranular
fracture mode is observed in both oils. The proportion of intergranular
facets in paraffin 0il is increased to about 80.percent (Fig. l4e) but
‘'with no appreciable Change in silicone 0115 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 al. [32]. At near-threshold levels where
crack growth rates are typically below 10'6 mm/cycle, crack growth rates
in dehumidified oil environments were higher (and threshold AK° values
Tower) 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).. Cohverse]y, at higher stress

intensities or at crack growth above 10'6

mm/cycle, crack growth rates
in 0il environments were substantially lower than those in moist
environments and dry hydrogen, but again were compérab]e to those in dry
helium, |

Explanations for similar observations in two 2%Cr-1Mo steels (i.e.,
ASTM 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 AKO) and
hydrogen embrittlement arising from the production of hydrogen vis-a-vis

the oxidation process (which increases growth rates and decreases the

threshold AKO). 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
véffective, it has been observed [28,32] that closure phenomena, particu-
larly oxide-induced crack closure, appear to domiﬁaté overall near-
threshold fatigue crack growth behayiqr. Accofding1y, crack growth
rates at near-threshold leyeis were found to be significantly fastér at
low load ratios in dry environments thén in wet environments. However,
in mid-growthvregion (da/dN > 10'6 mm/cycle)'where conQéntioha] qorrosion
.fatigue mechgnisms are effective [5]]; craék growthArates were much |
1ower in inert dry enQironments, such as dry he]fum Qas,_than those in
corrosiVé enyironments,‘such as wet media and dry'hydfogen;

In additibn to the aforementioned obsérvations, Holshouser and
Utech [52] observed that the fatigue crack pfopagation rafes in some
alloys, such as high-strength 4340 steel, 17-7 PH stainless steel,
6061-T6 Al aT]oy and a copper-beryllium alloy, were reduced by coating
the specimens with dodecyl'a1cdhol which could form an organic oleo-
phobic film on metal surfaces and then concluded that the reduction of
crack growth rates was mainily attributed to the exclusion of oxygen and
moisture from these materials by those oleophobic films. Ryder et al.
[8] stated that inert liquid environments, such as dodecanol decane,
silicone o0il, 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
fatiguevbehavior of various kinds of metallic materials [13,53-60j 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 embrittlement
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 01l environments at both Tow 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
embrittling species (i.e., moisture) to the crack tip region, i.e., to
behave like dry or ihert environment.

Quantitative analysis of the fracture surfaces using Auger electron
spectroscopy which has recently been adopted to measure the excess oxidg
thickness on the near-threSho1d’fatigue fracture surfaces [32,39,6]-63}
showed that the thickness of cfack surface oxide scales near AK0 for
crack growth in o0il environments at R = 0.05 was uniformly low
(~308 or 3 nm) compared to huch thicker scales observed in room air
(20008 or 200 nm) at the same 1oéd ratio (Fig. 13) and became a strong
supporting evidence for the protective effects due to o0il 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 AK value
actually experienced at the crack tip, namely AKeff = Kmax - Kc]’ where

K

- is the stress intensity at which crack closes.

Suresh et al. [31,34] treated the crack surface oxide as an ideal
rigid body (Fig. 15) and calculated the closure stress intensity Koy at

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

DE '
K, = (1)
cl Y AY - v8)

—_—

where D'is the maximum excess oxide thickness located at a distance 28
from the crack tip, E'the'Young'svmodu1us. ahd v the Poisson's ratio.
Taking £~ 2 um, they found the calculated difference'invclosure stress
intensity due to different oxjde-thicknésses,between tests (R = 0.05)
in moist air and dry hydrogen at fhreshoid'Teve1s were approximdte]y |
equal to the differeqce in observed thresho]dAKo values (v 2 MPa/ﬁ).
Now, based on the same assumptiqns; the estimated stréss intensity
increment foritests in 0i1 environments with a maximum‘oxide thickness.
of d~ 30k (Fig. 13) is about 0.1 MPa/i, compared to 4.5 and 2.3 MPa/m
for moist air and dry hydrogen, respectively. It is apparent that the
| créck closure due to the existence of oxide debris is substantially
minimized in . 0il environments. Thhs, the role of dehdmidified oil
envirohménts in influencing near-threshold fatigue crack growth.can be
explained. The protettive effects and the limited oxide formation on
crack surféces due to 0il1 environments lead. to lower crack growth rates
(combared to corrosive environments, such as wef environments and dry
hydrogen) abbvevtypically ]0'6 mm/cycle where conventional corrosion
fatique processes contribute to crack growth, and to faéter crack
growth rates at near-threshold levels.

At R = 0.75 and above 1076 mn/cycle (Fig. 7), the lower crack
growth rates in silicone oils compared to air and dry hydrogen can also
be attributed to the protective effects provided by the oii 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 (v 3 MPa/m). It is clear that the concept of oxide-
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:I fatigue crack growth in non-corrosive fluids
would be likely to result from the shielding effects .provided by the
fluids rather than from the "hydraulic removal” of the fretting debris
[8]. Fﬁrthermbre, 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 physica1 properties of fluids, such as viscosity, viscosity-
pressure coefficient, compressibi1ity, etc., and that the'higher the
pressure the faster the crack wou1d grow :However, no quantitative
analyses of the pressure mechan1sm were made by these 1nvest1gators and
“their explanations were a1so quest1onab1e from fracture mechanics view-
ooints Since it is well known that the pr1mary effect of crack closure
on fat1gue crack propagat1on is to reduce the dr1v1ng force or stress
1ntens1ty rangecrespons1b1e for crack extens1on_from AK (= K - K.)

_ | _ - max min
- to AKeff (= Kmax-' Kcl) due to premature contact of crack faces at

- positive external‘app1iedﬁload and hence 1ower the fatigue crack

propagation rates.. Consequent1y, w1thout cons1der1ng chemical effects,
any mechanical factors, such as the ox1de and hydrodynam1c wedge
actions, which can cause fattgue crack-c1osure or, say, reduction of

| stress'intensity range AK, are expected to reduce rather than to
increase the fatigue crack growth rates.

Accord1ng 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 011 environments were affected by the wedge action of o0il 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 oi1sva1so decreased with increasing
viscosity. - However, the current studies on SA542-3 steel tested at

= 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 oils

at both near-threshold and higher growth rates.
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Despite the apparent discrepancies, Endo et al. [5] quantified the
0il wedging action using the following expression for the o0il pressure
distribution within a closing fatigue crack, based on the assumption that

0il could fully fill the crack, as shown in Figure 16:

; |
p(x) = 5“:; 4 10901 - %) (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 d6/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 AK levels and
high frequencies, the crack dpening'widths afe'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. Howevef, 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 Kmin will be raised to
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Kz], where Kg] is the closure stress intensity due to hydrodynamic
wedge effect. Hence, nominal AK (= Knax - Kmin) reduced to effective

Wy .
value K c¢ (= Kma - Kcl) by an amount Kp resulting from such pressure,

X
" where Kp 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 hydrbdynamic 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 determinejthe effectfvénéss of the
hydrodynamic Qedge on influencing crack growth behavior. In this;cése,
éssuhé the ratio of the pehetratibn distance (d) to the crack widfh
(B) is small (Fig. 18) so that the fluid within the crack will not flow
in fhe thickness direction, i.e., the z-direction, when the fluid is
squeezed as crack closes. Then, the real fluid pressure distributioﬁ

based on ref. 64 is approximately given by

p(x) = - 5—“}{%— (x - d) (3)

where H is the average crack opening width at closing velocity v. The
profile for the pressure distributions in a crack, based upon Egs. 2
and 3, are shown in Figures 16 and 18.

Considering én 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 Newman's [42] capillary flow equations as
HYL cosB 5
d v (——) (4)
6npf

where YU is the surface tension of fluid, B 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 & at the crack tip, using Turnbull's [65] calculation

for the average crack opening width of compact tension specimen, the

average crack opening width for an edge crack will be
H = 3(h + &) (5)

If treating cyclically-loaded cracks as static ones with crack”opening
width independent of time, the simp]ifiéd average'crack'opening width

can be approximated as follows:

H W(H _+H.) (6)

max min

%(hmax * 6max + hm1'n + Gmin) (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 h and § can be expressed as

_ a+rb
h = =8 (8)
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Taking 8, the crack tip opening displacement, = 0.49 (KZ/YE) [1], where
K fs the applied stress intensity factor, Y the yield strength, and E the

Young's modulus, Eq. 7 becomes

2

= 1 a, &K 1 +R
H = z(2 +=) (9)
where R is load ratio (= Kmin/Kmax)' Combining Eqs. 4 and 9, the fluid
penetration distance into an edge fatigue crack is approximately
L
1 v, cosB : 2 .. 92
d [_L_._ @+2) o€ 1+ (10)
48npf (1 - R) .

It is now apparent that the constant frequency, crack length, stress
amplitude and 1oad ratip, the extent of the penétration of 0ils with
similar surface pfopertieé (e.g., surface tension, contéct angle, etc.)

and densities is mainly determined by the viscosity of oils.

4.2.2 Estimation of the Closure Stress Intensity (KY]) 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
d]osure mechanism, namely viscous fluid-induced crack closure.

Firstly, for the case of partial penetration (Fig. 18), 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
-8 3 a+rb YErb,",1 - R
F& = 3.2 x 10°° npfd ( ) ( ) (1)
p (a + 2rb)S  AK? R

where the superscript e and the subscript p stand for 'edge 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:
k& = 2Q g (12)
P Jia P

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)
/i - (e/2)2

where '
C(e) = 1.2945 - 0.1473¢ - 0.0978&2 + 0.048953 + 0.04854

5 6 7 8 _ 0.001¢

+ 0.0078¢’ + 0.002¢! 9

- 0.024e” - 0.0155¢

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 - a,:

%

d v 2)

eff

2

Y, cosB AK a-a 2

(e (2 + oy 1+R
48npfYE rb (1 - R)

(13)
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. a-a_ +rb
F¢ = 3.2 x 1078 npfdd,, ——0 ——— YErb) (= R (1
P (a - a, + 2rb) AKZ
€ = 2 | (15)
P /m P |

where the superscript ¢ stands for 'CT specimen', a, the initial crack
length or the notch depth of the CT specimen, Q' the geometric factor
determined byv

Q' =;_G£2L
Y R
= dotr .
where ¢ = c/a, and ¢ (= a, + ——5—0 is the-d1stance-between the centroid

of the efféétiVe distributed hydrodynamic pressure and the loading line

of the CT specimens, and

6(¢) = 1.2945 - 0.2945¢ - 0.3912¢° + 0.39126° + 0.76856"
- 0.7685¢4° - 0.9942¢% + 0.9942¢7 + 0.5094¢° - 0.5094¢°

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 increment at Kmin due

to 01l wedge is

- e
Ke = 1.8595 P/ | (16)
where 6
PE = 11x 1078 nof (a 25 (Yﬁ:b) (1 =) (17)
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2) For CT specimens:

kS - %P:(a - a,) | (18)
where 2

PS = 1.1 x 1078 npt (— ;:2 ﬂ,)3(YAEK;")2(‘ & (o)

¢ - Sl

A

where

. a
_ 0
T = ¥%(3+ 7;)

where the subscript f stands for 'full penetration.' The detailed
derivation of Eq. 17 is given in Appendix B.
According to the above analyses, under the same mechanical condi-

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

e
P

, resulting in increasing AKeff (and

c

(Egs. 12 and 15) the fluid-induced stress intensity increments K- and Kp

are inversely proportional to o
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 Kg are
proportional to n, resulting in decreasing AKeff (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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expiain the reason why there have been diversely observed variations of
fatigue behavior with the yistosity 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 specihens with rotational factor r n 0.4 [68] and crack length
a ~ 25 mm for tests in silicone and paraffin oils (f = 50 Hz, AK =
10 MPa/m. Assuming the same estimated wetting angles (v 10°) at R =
0.05 and 0.75, the calculations of the magnitude of the closure stress
intensity K cl using the full penetrat1on model (Eq. 18) indicate that the
closure stress intensity ' " values are too 1arge to be acceptable.
However, the calculations using the currently proposed part1a1 penetra-
tion model (Eq. 15) pred1ct Wi thout any recourse to the use of adjustable
parameters, reasonab1e c1osure stress 1ntens1ty K cl values (Tab]e Vi)
and show that at R = 0.05 and higher growth rates the 0il penetration
into the.cfack is highly restricted for the higher viscdsity (e.qg.,
1000-60,000 cS) oils due to the small crack opening widths, partial oil
' penetrafion‘into the craék can‘resu1t in additional crack closure for
0ils of lower viscosity. Accordingly, crack growth rates between

A, 10‘6 -5

and ]0 mm/cycle in the paraffin o0ils and 5 ¢S silicone 0il were
‘actually slower than in dry helium gas (Fig. 6) indicating that both
environmental shielding effects and viscous fluid-indhced crack closure
mechanisms were active. At R = 0.75, the éstimated penetration depths
for both low and high viscosity oils are ~ 5 times larger than thbse_at
R = 0.05 due to a 25-fold increase of average craék 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.
Finé]]y, 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 aepths and under the same mechanical conditions,
fluid with larger viscosity-pressure coefficient tends to generate a
larger hydrodynamic pressure inside the crack and hence a smaller
effective dfiving force (Akeff) 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 (Kzl) are comparable to those for 5 ¢S 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

In 3 = YP
o

where Ny is the original viscosity, ¥ the viscosity-pressure coefficient.
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cause detrimental effects, such as hydrogen embrittlement. The
abnorma11y highef crack growth rates above 10'6 mm/cycle observed in
25 ¢S paraffin oil compared'to.those in silicone oils at R = 0.75
(Fig. 7) méy be a result of this effect, since a larger percentage
(~ 80%) of intergranu1ar facets which were not seen in silicone oils
(Fig. 14d) was observed on the fracture surfaces obtained in 25 ¢S
paraffin oil (Fig. 14e).

Thus; any factor which can affect the extent of oil penetration and
the magnitude of hydr@dynamic oil pressure or change the local environ-
ment near the crack tip, such as a) the crack'openiﬁg displacements,

b) the viscosity-pressure charaéteristics, c) the composition, d) the
_chemi¢a1~stability'of the environmental oils, é)_the relative motions
between the cracked components and the environméntal of1s (e.g.; the
‘rolling 6f bearing balls in lubricating oils), f) the growing drientation
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 preésure applied to the environmental |
.oi1s, etc., may lead to different observations of the variation of crack
growth behavior with any specific physical propertigs of interest. But
uhdoubted]y, based on the present studies, for fatigue cracks growing in
dehumidified vistous 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/Kmax) is always considered to be of great importance. Generally
speaking, the load ratio effects are minimal in the mid-growth-rate

6 to 1073

regions (typically 10~ mm/cycle) but are significantly relevant
at near-threshold levels (< 10'6 mm/cycle) with the threshold stress
intensity AKo value obviously decreased and crack growth rates increased
as R is raised [1].

In the previous studies 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"lo'5 mm/cycle, whereas at
~ near-threshold: levels growth rates were 1arge1y increased, and threshold
AK0 va1ues'marked1y decreésed, with iﬁcreasing 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 viscosit& of the
environmental oils in mid-growth4rate region and were more visible for
lTower viscosity oils.

It is recalled that the stress intensity increments at higher

6

growth rates (> 107" mm/cycle) due to the partial oil penetration, KS 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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- e
d or deff « b———————7§) (Eqs. 10 and 13)
n(1 - R)
6
« (Egs. 11 and 14)
. 6
c 3 ,1-R
P ndegel—g—)
such that
L 2% 3
Ko K = R R)(;*’R)) (20)

At constant viscosities, both K: and Kg thus decrease as load ratio
increases, indicating that the load ratio effects are more marked in
lower viscosity oils. The current fésu1ts.(Fig. 11),“éhowing 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 6bserved in 25 cS paraffin oils
(Fig. 11d) was possibly due to an unexpected decomposition of its
constituents. Therefore, the load ratio effects on fatigque crack
propégation 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 fatiéue 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)

2)

3)

4)

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 rateg (typically above n 10'6 mm/cycle) and at near-

6

threshold levels (< 107 mm/cycle).

In mid-growth-rate region (&'10°6

to 10'3 mm/cycle), growth
rates in dry oil environments were Zowér 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. _
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 AKo values approximately
30 percent lower in oil environments. At R = 0.75, growth
rates and AK0 values were identical in oils, air and dry
hydrogen.

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

silicone and paraffin o0ils increased with increasing oil

viscosity and became unchanged when viscosity reached 12,500 ¢S



5)

6)

7)

8)
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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 AK.o values with increasing viscosity. At

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

mid-growth-rate and near-threshold regions.
The crack growth rates in oil environments were increased as

load ratio increased from 0.05 to 0.75 in both»near-thresho]d‘

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

effect was more significant for lower viscosity oils.

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 Tower viscosities. It probably resulted from
that the paraffin oi]§ haQe higher Surface tension and
viscosity-pressure indices which tended to enhance the '
hydrodynamic wedging effects.

The complex fatigue crack growth characteristics in dry viécpus
environments could be rationalized in terms of three mutually
competitive mechanismé: suppression of moisture-induced
hydrogen embrittiement and/or metal dissolution, minimization
of oxide-induced crack closure and hydrodynamic wedging effects
of the viscous fluid within the crack.

A new quantitative model termed viscous fluid-induced crack
closure characterizing the hydrodynamic wedge action of viscous
fluid within a fatigue crack was developed based on partial
penetration phenomena through the tombination 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.

33



1.

2.

10.

REFERENCES

R. 0. Ritchie, "Mear-Threshold Fatigue-Crack Propagation in Steels,"

Int. Met. Rev., 20, 1979, 205-230.

P. C. Paris and F. Erdogan, "A Critical Analysis of Crack Laws,"

J. Basic Eng., Trans. ASME, Series D, 85, 1963, 528-534.

R. 0. Ritchie and J. F. Knott, "Mechanisms of ?atigue Crack Growth
in Low Alloy Steel," Acta Met., 21, 1973, 639-648.
N. E. Frost, "The Effect of Environment on the Propagation of

Fatigue Cracks in Mild Steel," Appl. Mat. Res., 3, 1964, 131-138.

K. Endo, T. Okada and T. Hariya, "Fatigue Crack Propagation in

Bearing Metals Lining on Steel Plates in Lubricating 0i1,"

-Bull. JSME, 15, 1972, 439-445.

K. Endo, T. Okada, K. Komai and M. Kiyota, "Fatigue Crack Propaga-
tion of Steel in 0i1," Bull. JSME, 15, 1316-1323.

C. J. Polk. W. R. Murphy and C. N. Rowe, "Determining Fatigue Crack
Propagation Rates in Lubriéating Environments thrdugh the Applica-
tion of a Fracture Mechanics Technique," ASLE Trans., 18, 1975,
290-298.

D. A. Ryder, M. Martin and M. Abdullah, "Some Factors Influencing
Stage I Fatigue-Crack Growth," Met. Sci., 11, 1977, 340-344.

L. Grunberg and D. Scott, "The Acceleration of Pitting Fracture by
Water in the Lubricant," J. Inst. Petrol., 44, 1958, 406-410.

P. Schatzberg and I. M. Felson, "Effects of Water and Oxygen During
Rolling Contact Lubrication," Wear, 12, 1968, 331-342.



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

35

J. A. Ciruna and H. J. Szieleit, "The Effect of Hydrogen on the
Rolling Contaét Fatigue Life of AISI 52100 and 440C Steel Balls,"
Wear, 24, 1973, 107-118.

C. J. Polk and C. N. Rowe, "Crack Growth Rate: Its Measurement and
a Controlling Factor in Rol]ing Contact Fatigue," ASLE Trans., 19,
1976, 23-32.

R. E. Cantley, "The Effect of Water in Lubricating 0i1 on Bearing
Fétigue Life," ASLE Trans., 20, 1977, 244-248.

0. Vosikovsky, fFatigue Crack Growth in an X65 Line-Pipe Steel in
Sour Crude 0i1," Corrosion, 32, 1976, 472-475.

0. Vosikovsky and A. Rivard, "The Effect of Hydrogen Sulfide in
Crude 0i1 on Fatigue Crack Growth in-a Pipe Line Steel,"

Corrosion, 38, 1982, 19-22. |

M. E. Otterbein, "The Effect of Gas Turbine 0il on Roller Bearing
Fatigue Life," ASLE Trans., 1, 1958, 33-39.

W. J. Anderson and T. L. Carter, "Effect of Lubricant Viscosity-and
Type on Ball Fatigue Life," ASLE Trans., 1, 266-272.

J. B. Martin and A. Cameron, "Effect of 0il on the Pitting of
Rollers," J. Mech. Eng. Sci., 3, 1961, 148-152.

F. G. Rounds, "Effects of Base 0il Viscosity and Type on Bearing
Ball Fatigue," ASLE Trans., 5, 1962, 172-182.

W. E. Littmann, R. L. Widner, J. 0. Wolfe and J. D. Stover, "The
Role of Lubrication in Propagation of Contact Fatigue Cracks,"

J. Lubric. Tech., Trans. ASME, Series F, 90, 1968, 89-100.

F. G. Rounds, "Lubricant and Ball Steel Effects on Fatigue Life,"
J. Lubric. Tech., Trans. ASME, Series F, 93, 1971, 236-245.




22.

23.

24.

25.

26.

27.

28.

29.

30.

36

F. G. Rounds, "Base 0il Effects on Fatigue Life for Additive

Blends as Measured on a 4-Ball fatigue Machine," ASLE Trans., 20,
1977, 115-125.

G'LD' Galvin and H. Naylor, "Effect of Lubricants on the Fafigue of
Steél and Other Metals," Proc. Instn. Mech. Engrs., 179, 1964-65,

857-875.

I. Koved, "The Effect of Three Mineral Base 0il1 on Roller Bearing

~ Fatigue Life," ASLE Trans., 9, 1966, 222-228.

S. Way, "Pitting Due to Rolling Contact," J. Appl. Mech., Trans.

ASME, Series E, 2, 1935, A49-A114.
W. Elber, "The Significance of Fatfgue Crack Closure," in Damage

Tolerance in Aircraft Structures, ASTM STP 486, Amer. Soc. Test.:
Mat., 1971, 230-242. '
W. Elber, "Fatigue Crack Closure Under Cyclic Tension," Eng. Fract.

- Mech., 2, 1970, 37-45.

R. 0. Ritchie, S. Suresh and C. M. Moss, "Near-Threshold Fatigue -

Crack Growth in 2%Cr-1Mo Pressure Vessel Steel in Air and Hydrogen,

J. Eng. Mat. Tech., Trans. ASME, Series H, 102, 1980, 293-299.

D. Benoit, R. Namdar-Irani and R. Tixier, "Oxidation of Fatigue

Fracture Surfaces at Low Crack Growth Rates," Mat. Sci. Eng., 45,

1980, 1-7.
A. T. Stewart, "The Influence of Environment and Stress Ratio on
Fatigue Crack Growth at Near-Threshold Stress Intensity in Low-

Alloy Steels," Eng. Fract. Mech., 13, 1980, 463-478.




31.

32.

33.

34,

35.

36.

37.

38.

37

S. Suresh, D. M. Parks and R. 0. Ritchie, "Crack Tip Oxide Forma-

tion and Its Influence on Fatigue Thresholds," in Fatique

Thresholds, ed. by J. Backlund, A. Blom and C. J. Beevers, EMAS

Ltd., Warley, U.K., 1982, Vol. 1, 391-408.
S. Suresh, G. F. Zamiski and R. 0. Ritchie, "Oxide-Induced Crack
Closure: An Explanation for Near-Threshold Corrosion Fatigue

Crack Growth Behavior," Metall. Trans. A, 12A, 1981, 1435-1443.

S. Suresh and R. 0. Ritchie, "Mechanistic Dissimilarities Between
Environmenta11yfInf1uenced Fatigue Crack Propagation at Near-

Threshold and Higher Growth Rates in Lower Strength Steels,”

Met. Sci., 16, 1982, 529-538.

S. Suresh and R. 0. Ritchie, "Some‘Considerations on the Modelling

of Oxide-Induced Fatfgue Crack Closure Using So]utions for a Rigid

Wedge Inside a Linear Elastic Crack," Scripta Met., 17, 1983,
575-580. |

G. Sewell and H. L. Marcus, "A Model for Fatigue Crack Closure “
Based on Surface Roughness and Residual Strain," Scripta Met., 11,

1977, 521-524.

N. Walker and C. J. Beevers, "A Fatigue Crack Closure Mechanism in

Titanium," Fatig. Eng. Mat. Struct., 1, 1979, 135-148.

I. C. Mayes and T. J. Baker, "Load Transference Across Crack Faces
During Fatigue Crack Growth at Positive Values of R in Low Growth
Rate Regime," Met. Sci., 15, 1981, 320-322.

K. Minakawa and A. J. McEvily, "On Crack Closure in the Near-

Threshold Region," Scripta Met., 15, 1981, 633-636.



39.

40.

4.

42,

43.

44,

45.

46.

38

S. Suresh and R. 0. Ritchie, "A Geometric Model for Fatigue Crack

Closure Induced by Fracture Surface Roughness," Metall. Trans. A,

13A, 1982, 1627-1631.

G. f. Gray, ITI, J. C. Williams and A. W. Thompson, “Roughness-

Induced Crack Closure: An Explanation for Microstructurally

Sensitive Fatigue Crack Growth," Metall. Trans. A, 14A, 1983,
421-433.

R. 0. Ritchie, "Fatigue Crack Growth: Mechanics and Fatigue

--Mechanisms," in the Encyclopedia of Materials Science and Engineer-

ing, ed. by M. B. Bever, Pergamon Press, Oxford and New York, 1983,

in press.

-S. Newman, “Kinetics of Wetting of Surfaces by Polymers: -Capillary

Flow," J. Colloid Interface Sci., 26, 1968, 209-213.

S. Suresh, "Mechanisms of Environmentally-Influenced Corrosion
Fatigue Crack Growth in Lower Strength Steels," Sc.D. Thesis,

M.1.T., 1981. |

A. N. Carlson, Jr., Fisher Scientific Company, Fair Lawn, New Jersey,
privatevcommunication. |

J. E. Srawley, "Wide Range Stress Intensity Factor Expressions for

ASTM E 399 Standard Fracture Toughness Specimens," Int. J. Fract.,
12, 1976, 475-476.

R. 0. Ritchie, G. G. Garrett and J. F. Knott, "Crack-Growth
Monitoring: Optimisation of the Electrical Potential Technique Using

an Analogue Method," Int. J. Fract. Mech., 7, 1971, 462-467.




39

47. R. 0. ﬁitchie, "Crack Growth Monitoring: Some Consideration on the
Electrical Potential Method," Dept. of Metallurgy and Materials
Science Report, Univ. of Cambridge, January 1972.

48. R. P. Skelton and J. R. Haigh, “"Fatigue Crack Growth Rates and

Thfesholds in Steels under Oxidising Conditions," Mat. Sci. Eng.,

36, 1978, 17-25.
49. L. K. L. Tu and B. B. Seth, "Threshold Corrosion Fatigue Crack
Growth in Steels," J. Test. Eval., 6, 1978, 66-74.

50. G. E. Nordmark and W. G. Fricke, "Fatigue Crack Arrest at Low

Stress Intensities in a Corrosive Environment," J. Test. Eval., 6

301-303.
51.- R. Brazill, G. W. Simmons and R. P. Wei, "Fatigue Crack Growth in

| 2%Cr-1Mo Steel Exposed to Hydrogen Containing Gases," J. Eng. Mat.

Tech., Trans. ASME, Series H, 101, 1979, 199-204.
52. W. L. Holshouser and H. P. Utech, "Effect of Oleophobic Films on
Fatigue Crack Propagation,” Proc. ASTM, 61, 1961, 749-756.
~53. A. Hartman, "On the Effect of Oxygen and Water Vapor on the
Propagation of Fatigue Cracks in 2024-T3 Alclad Sheet," Int. J.
Fract. Mech., 1, 1965, 167-188.

54. F. J. Bradshaw and C. Wheeler, "The Effect of Environment on Fatigue

Crack Growth in Aluminum and Some Aluminum Alloys," Appl. Mat. Res.,

5, 1966, 112-120.

55. K. Endo, K. Komai and 0. Furukawa, "The Effects of Atmosphere on
Fatigue Crack Propagation,” Bull. JSME, 10, 1967, 581-587.



40

56. P. Luk&s, L. Kunz and J. Bartos, “"Influence of the Gaseous
Environments on Fatigue Crack Propagation in an Austenitic Steel,"

Mat. Sci. Eng., 56, 1982, 11-18.

57. I. M. Austen and P. McIntyre, "Corrosion Fatigue of High-Strength
Stee1 in Low-Pressure Hydrogen Gas," Met. Sci., 13, 1979, 420-428.

58. P. Smith and A. T. Steward, "Effect of Aqueous and Hydrogen
Environments on Fatigue Crack Growth in 2Ni-Cr-Mo-V Rotor Steel,"
Met. Sci., 13, 429-435.

59. I. S. Enochs anq 0. F. Devereux, "Fatigue Crack Growth in 5052-H34

Aluminum ih Vacuum and Active Gas Environments," Meta11. Trans. A,
6A, 1975, 391-397. | |

60. R P. Wei, P. S Pao, R. G. Hart, T. W. Weir and G. W. Simmons, -
“Fracture Mechanics and Surface Chemistry Studies of Fatigue Crack

Growth," Metall. Trans. A, 11A, 1980, 151-158. o

61. P. K. Liaw, T. R. Leax, R. S.'wi11fams and M. G. Peck, "Influence
of Oxide-Induced Crack Closure on Near-Threshold Fatigue Crack A
Growth Behavior," Acta Met., 30, 1982, 2071-2078.

62. A. K. Vasudévan and S. Suresh, "Influence of Corrosion Deposits on
Near-Threshd]d Fatigue Crack Growth Behavior in 2XXX and 7XXX
Series A]umﬁnum Alloys," Metall. Trans. A, 13A, 1982, 2271-2280.

63. S. Suresh, 1. G. Palmer and R. E. Lewis, "The Effect of Environment
on Fatigue Crack Growth Behavior of 2021 Aluminum Alloy," F;t; Eng.
Mat. Struct., 5, 1982, 133-150.

64. D. D. Fuller, in Theory and Practice of Lubrication for Engineers,

John Wiley & Sons, New York, 1956, 134-135.



65.

66.

67.

68.

69.

70.

41

A. Turnbull, "A Theoretical Evaluation of the Influence of
Mechanical Variables on the Concentration of Oxygen in a Corrosion

Fatigue Crack," Corrosion Sci., 22, 1982, 877-893.

C. C. Veerman and T. Muller, "The Location of the Apparent Rotation

Axis in Notched Bend Testing," Eng. Fract. Mech., 4, 1972, 25-32.

University, Bethlehem, Pennsylvania, 1973.
J. Landes and D. McCabe, Westinghouse R & D Center, Pittsburgh, PA,
private communication.

D. E. Swets and R. C. Frank, "Hydrogen from a Hydrocarbon Lubricant

Absorbed by Ball Bearings," Trans. the Metall. Soc. AIME, 221, 1961,

11082-1083.

C. M. Branco, J. C. Radon and C. E. Culver, "Influence of Specimen
Orientation and Loading History on S.C.C. in an Aluminum Alloy,"

Corrosion Sci., 17, 1977, 125-141.




42

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 f1uid into a closing fatigue crack

(Fig. 18a) has been given by [64]:

p(x) = --ﬁﬂﬁg—’i(x-d) (1)
where n= kinemafic viscosity

p = density of fluid

vV = approachihg_velocity of the crack walls: in m/sec -

d = penetration distance

H = averége 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:

d d
F& = 7 pl)dx = -7 S0O¥X (x . qd)dx
P 0 ) H
vd3

H
Assume the angle 6 between the(crack faces is small and the crack
walls approachAat 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 (= de/dt),

i.e.,
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do \ A8
v &~ (a+ rb) rra (a + rb) t (22)
Since 8 nv —I and h = &5 rb 8§ (Eq. 8), therefore 8 = and
a+rb : 5
hence
= A8
80 = % | (23)

- Taking A8 = 0. 49 [1]. the approach1ng ve10c1ty of the crack
walls during the unload1ng half cycles (At = 1/2f) is thus approximately

~ 2
f(a + rb)AK
V. Y S (24)

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

‘1oad (or Kmin) based on Eqs. 5 and 8 is estimated as

Hm1'n = %(hmin + smin)
2 2
= a K R .. _ R
= %2 +3p) v %) (" Kpin = TR &K

(25)

Consequently, the resultant hydrodynamic force (per unit thickness) when
externally applied load reaches its minimum value (or Kmin) can be

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

P (a + 2rb)° AKZ
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B. Determination of the Resultant Hydrodynamic Force Within a Closing

Fatigue Crack Fully Penetrated by a 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 al. [5]:

3
- 6npa” dé = p® X
p(x) 3 gt log(1 - %) = P 10g(1 - %) (2)
where h = crack mouth opening displacement
de/dt = angular closing velocity of crack walls in sec'1
a = crack 1édgth |

~ 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 4
e _ = bnpa dé
Ff = 6 p(x)dx = ——;g—-dt (26)
_ e
= an
From Eqs. 22 and 24, we get
_d_e_ n, .Aﬂ = v = fAKZ (27)
dt At a+rb 2YErb
. _at rb 2
Since hin =~ 75— ®min (Fig. 8) and Spin = 0-49 Kmin/YE’ the
resultant force becomes
e -8 3 a%vErb 2,1 - R '
Ff = 1.1 x 10 npf( b) ( ) | ) (28)

a + r AK2

e
an
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8 6

- P -
- YErb,% 1 - R
= P o= 1.1 x 107 noflz2-) ‘Aé” =) (17)
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Table 1. Base plate chemistries of SA542-3 steel (wt. pct.).

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 5 hrs at 954°C
1 Water Quench
Temper 8 hrs at 663°C

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

Table II1. Ambient temperature mechanical properties'of SA542-3

steel (% to 4T sections).

Charpy
Reduction Impact

49617 610£17 25 77 187+18 295

Strength U.T.S. Elongation in Area Energy KIC KISCC
(MPa) (MPa) (%) (%) (J) (MPavm) (MPa/m)
85




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

oils.
Kinematic Surface
0i1l Viscosity Density Tension
(eS) (gm/cm?’) (dyne/cm)

Silicone 0i1 5 0.92 19.7
1,000 0.97 21.2
12,500 0.975 21.5
60,000 0.975 21.5
" Paraffin 0il 25 0.87 35.0

75 0.89 36.0




‘Table V. Experimental fatigue threshold data for
SA542-3 steel tested in 0il environments
at R = 0.05 and 0.75 (50 Hz sine wave).

- Threshold
011 Kinematic Load - Stress
Environment Viscosity Ratio Intensity
(eS) R BK, (MPa/m)
Silicone 011 5 - 0.05 6.4
1,000 " 6.1
12,500 " - 5.8
60,000 " 5.7
Paraffin 011 25 "o 5.9
o 75 " 5.2
Silicone 01l 5 . 0.75 2.8
1,000 " 3.0
12,500 " 3.0
60,000 " 3.0

Paraffin 0il 25 " 3.0

48



Table VI. Predicted closure stress intensities K:] 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 = 25 mm and an applied (nominal) (1)
stress intensity range of AK = 10 MPa/m in oil environments at both R = 0.05 and 0.75""’.

Stress Intensity Effective
Increment Due Closure Stress
o1 Kinematic Load Penetration to Hydrodynamic Stress Intensity
Environment Viscosity Ratio Depth Pressure Intensity Range
n (cS) R dggg (mm) K; (MPa/im) Key (MPa/m)  AK e (MPa/m)
Sflicone 0Oi1 5 0.05 0.02 2.5 3.0 7.5
1,000 " 0.001 0.3 0.8 9.7
12,500 » 0.0004 0.05 0.6 ~10.0
60,000 . 0.0002 0.03 0.6 - ~10.0
Paraffin 011 25 » 0.01 2.6 3.} 7.4
75 “ 0.01 1.6 2.1 8.4
Si11cone 011 5 075 01 - 30(2) 103
1,000 " 0.005 - 30(2) 10(3)
_ 60,000 " 0.001 - 302) 1003)
Paraffin 011 25 " 0.05 - 30(2) 1003

(1) Calculations based on the following assumptions:

(a) Compact tension specimen.
ib; Crack length a = 25 mm (initial crack length a, = 17.5 mm).
c) Nominal applied stress intensity range AK = 10 MPavm,

(2) xg is negligible ==>K::‘] a (K K

min)eff * Fmin

{3) No closure: BRyge = BK.

bt
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Table VII. Comparison of quantitative extent of viscous fluid-induced
: crack closure (VICC) based on current partial penetrat1on
model (Table VI) and Endo et al.'s full penetration modell

0i1 Kinematic Load Endo et al.'s Present -
Environment Viscosity Ratio Model Model
n (cS) R ‘K¥1.(MPaJﬁ) -Kz] (MPa/m)
Silicone 0il 5 0.05 9.37 x 108 3.0
1,000 o 1.98 x 10" 0.8
12,500 : 2.48 x 102 0.6
60,000 “ 119 x 10 0.6
Paraffin 0i1 25 " 4.43 x 10° 3.1
- 75 n 1.36 x 1010 2.1
Silicone 011 5 0.75 30.02 302
1,000 " 35.8 302
60,000 " 377.4 302
"~ Paraffin 0i1 25 " 30.1 302

1
~ Calculations based on the following assumptions:

(a) Compact tension specimen
(b) Crack length a = 25 mm (initial crack length a, = 17.5 mm)
(c) Nominal applied stress intensity range AK=10 MPa/m

2
Closure is negligible ='Kc1 m1n eff Km1n




Table VIII. Characteristics of fatigue crack growth in SA542-3 steel tested in dry
011 environments at intermediate and near-threshold growth rates.

Intermediate Growth Rates (2 10'6-n/cycle) Near-Threshold Growth Rates (g lo'sun/cycle)
Variables
R = 0.05 { Ra0.75 R 0.0 Re0.75
(dl/d’l)on (dl/dN)oﬂ
Influence of ol (
da/aN) 4 < (da/oN) > (da/dN) = (da/dN)
environments oi) wist atr mist afr mist air
= (8K )gqy < (8Ky)yqp | (8KoDogy = (8K 4p
Small and finite trend
Influence of ofl (da/dN)Mgh n of increasing da/aN
viscosity (n) > (da/aN) Mo effect of n (or decreasing oK ) Mo effect of n
Tow n with {ncressing n
Influence of type (“/dn)sﬂicm ofl. (“/“):1111:0»'@ ofl (d'/“)sﬂkm ofl No effect of type oé‘
of ot} > (Qa/M)y attin 011 | < (98/ON) L iaretn ot1 | = (30/8M) i iepin o1 | O

Influence of load 1.

ratio (R) on da/aN
in o1l environments

growth rates

(da/aN)p o g.05 < (d8/dM)p o g 75
2. Much more significant at near-threshold

Fractographic
characteristics in
ofl environsents

Predominantly {ntergranular

Predominantly transgranular

Ressons responsible
for differences in
growth rates (be-
tween 0ils and
wist air)

Exclusion of moisture from crack tip
region by 011 environments @ minimi-
2ation of conventional corrosion fatigue
processes (Kz esdrittlesunt)

Minimization of
oxide-induced
crack closure

Reasons responsible
for different
growth rates in
various otl
enyironsents

Hydrodynamic wedging
effects due to oil
penetration into
the crack

Probable "2 mbrite
tlewent due to un—
expected decomposi-
tion of paraffin
oils’ Ahydrocardon
constituents

51
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Partial Penetration Model
2QF
(1) K = K_-K = K_ - —
P /na
s 3
(2) F_ = nDetd®
p K3
2 a-a_ +2rb
_ K 0
e I S e
y
(4) K_ = Km + %? sin wt
1 cosf t }
(5) d = | —5—— [ Hdt
np
0
From Eqns. (1)-(5)
. K ) MK .
> | A Eg + K = Km + 5 sin wt
3 a Erb
where ) = 64Qned Y
e a-a ¢+ 2rb

)

Table IX

SCHEME FOR AKe

ff

COMPUTATIONS

Fuli Penetration Model

' ZQ'Ff
(1) K = K -K = K - -
, P J/na
(2) F, = frole - %) g
f h3 dt
3) 8 _ 88 a-a + 2rb LK K
dt At a-a + rb oyErb
_ AK
(4) K, = K, + 7 sin wt
From £qns. (1)-(4)
b K . AK .
=> AF+K-Km+—2—smwt
. 4 02
96Q'np(a - ao) (o Erb)“(a - a + 2rb)
where X' = : Y

(a -a + rb)4 /na

s
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Fig. 1. Schematic variation of fatigue crack propagation rate (da/dN)
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AK is the threshold stress intensity

for crack growth and KC the®stress 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 (4T), and (c) mid-
thickness (3T) locations.
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Fig. 3. Design of compact tension specimen used for fatigue crack propagation tests.
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rig. 4. Crack plane orientation of the compact tension specimen
machined from base plates.
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Fig. 5. Experimental set-up for fatigue tests in 0il environments and electrical

potential crack monitoring system.
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Fig. 12. Typical macroscopic appearances of the fatigue fracture
surfaces of SA542-3 steel tested in (a) moist air [32] and
(b) 0il environments at R = 0.05, showing the absence of
oxide band on near-threshold fracture surfaces obtained in
01l environments.
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steel tested in o0il environments (data points) and in moist
air (data curve) [32]. Data from Ar’" sputtering rate =
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AK~ AK, (R=0.05 and 0.75)

Silicone
and Paraffin
Qils

AK~15MPa/m (R=0.05) AK~ 15 MPa/m (R=0.75)

Silicone
Oil

Paraffin
Oil

XBB 834-3826

Typical near-threshold (AK ~ AK_ ) (a) and higher growth rate
(AK ~ 15 MPav/m) (b-e) fractogrgphy of fatigue crack growth

in SA542-3 steel tested at R = 0.05 and 0.75 in silicone oils
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Arrow indicates general
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Fig. 15. Oxide-induced crack closure model for a near-threshold
fatigue crack [34].
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(Endo etal., 1972)

a) Arbitrary Edge Crack

b) Crack in a CT Specimen
X8L 834-5537

Idealizations of the pressure distribution and the hydro-
dynamic action due to full penetration of viscous fluids into
(a) an edge crack 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 Kpin to K¥7 and reducing the nominal AK
(= Kmax - Kmin) to &Keff (= Kmax - K¥7).
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p(x) = - é-szll (x-d)

(Fuller,1956)
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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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