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Absffact - The inf]uence of dehumidified silicone and paraffin oils
'w1th k1nemat1c v1scos1t1es varyIng from 5 to 60,000 cS has been_
exam1ned on fatigue crack propagatIOn ina lower strength ba1n1t1c
steel over a range of growth rates from near—thresho]d levels (10'6 to
10-8 mm/cyc]é) to higher growth rates (up to 10-3 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 jn moist air below
10-6 mm/cycle, yet are lower than in moist air above 10-6 mm/cycle.
Furthermore there is a small but definite trend of higher growth rates
in the higher viscosity oi]s. Such observations are discussed and
interpreted in terms of threé mutualTy compétitive mechaniéms specific
..fOIer viscous environmentsg ﬁamély suppréssion ofrmdistﬁre-induced
hydrogen embrittiemenf_ahd/Or'mefal dissolution, ﬁinimization of oxide--
fnduced crack é1os¢re, and the hydrodyhamic wedging action_bf'the 0i1l
inside the crack,"A quantifative analysis for the effect of crack
‘closure induced by a viscous medium is‘developed in Part II of this

paper.

Current]y in the Division of Englneer1ng, Brown Un1vers1ty, Providence,
RI 02912.
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1. INTRODUCTION

Recently, there has béen considerable interest in the role of crack
closure mechanisms in influencing fatigue'crack propagation. in metals
and alloys, and in particular, in the cqntribuiion of such mechanisms
to microstructural and environmental gffécfs commonly observed at very
1bw growth rates below typicaHy*lO'6 mm/cycle (for a recenfnreview,
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 Sma11=SCa1e'yie1dihg,conditions,‘tﬁe‘stress'intEnsity range s -

reduced from the nominally applied value AK, computed from applied

loads, geometry and crack Tength measurements, to some lower effective |

value, AKeff; actually éxperienced at the crack t1'p.~2 Specifically
below 106 mm/cycle, where growth rates approach a fatigue threshold
stress intensity range, AK,, below which 1on§ cracks* remain dormant or
propagate at experimentally undetectable rates, the origin of such
fatigue crack closure is found to be nof So]e]y a result of cyclic.
ﬁlasticity,2’4 as first envisioned_by Elber's plasticity-induced -

closure concept,2 but additionally from the formation of insoluble

- crack surface corrosion deposits,5'12 irregular fracture morphologies

coupled with inelastic Mode II crack tfp-displacements,13‘19 the

. wedg1ng act1on of viscous f1u1ds conta1ned w1th1n the crack, 20-22 and

1

from metal]urglcal phase transformat1ons. Such crack closure

mechanisms are schematically illustrated in Figure 1.

-
Long cracks here refer to cracks of a length Targe compared to the scale
~of microstructure or the scale of local plasticity. The distinction 1is
made since short cracks, which are small compared to such size-scales,
are known to propagate below the long crack threshold &K, (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, eté., where behavior can be_mode1'led 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

20-25 g

viscous environments on fatigue crgck growth characteristics
in particular whether the presence of a viscous fluid within an
extending fatigue crack can induce additional closure through
hydfodynamic wedging.action;zo'zz' | |

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 10-3 mm/cycle). Through comparison to previous data for
this steel in moist air, dry hydrogen and dry helium gas
envir'onmeni:s,g'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 examihed in
the following Part II of this paper,26 and a new quantitative model for
this closuré mechanfém 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 0il environments in affecting fatigue 1ife,20'21’23‘43

promoted
largely by thé‘problems of rolling contact fatigue in lubricated
bearings. The majofity of these studies interpret the effect of the
0il medium in influencing fatigue behavior simply in terms of
supbressing, or in the odd case promoting, sbmé environmental
contribution to crack initiatibn andvsubseqﬁént growth.  For eXample,
. | 21-23,27,28 4o 20,27

seVera1 investigations in both ferrous . and non-ferrous

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

typically between 10-5 tb 10-2 mm/cyc1é) are slower in non-corrosive
0ils, 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 1ife.27’29'32 In somewhat similar vein, studies on
Stage II fatigue crack growth in HSLA pipeline steels tested in sour
crude 0il have demonstrated that growth rates could be increased by
some 3 to 20'times, compared to room air, as the HyS concentration in -
the oil was increased from 1 ppm to satﬂrétion level ( 4700
opm). 24,25 o |

~ In addition to the role of 0ils 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



bearings have reported fatigue lifetimes to be increased,34‘4°
decreased37 or sometimes unchangéd37’41’42 by incfeasing the viscosity
of the oil. In particular, early studies on Stage II crack propagation
: at constant stress amplitude in tin and copper-lead bearing meta]s and
in a medium carbon steel tested in non-corrosive mineral and po1ymeric
silicone o0ils indicated that growth rates were decreased with
increasing fluid viscosity;2°’21 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”fu10f8 tq_10f3 mm/cyc1e) indicated grdwth rates to be slightly

increased with increasing viscosity.zz

The effect of o0il viscosity on fatigue behavior has been eXplained'

fn terms of the fluid penetrating into the crack and creating a
hydraulic wedge, but unfortunate1y the mechanism differs widely in its
interpretation. Way,43 for examplé, 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 furfher suggests that this accelerating éffect will be
enhanced in lower viscosity oils due to easier penetration. Endo et
al.,2°’21 conversely, interpret essentially the same mechanism to
decrease crack growth rates through an effect of the hydrodynamic oil
pressdre, generated by the complete penetration of 0il into the closing
crack, in reducing the effective stress amblitude experienced at the
crack tip. Since in their "full penetration” model the internal 0il

pressure is directly proportional to viscosity, these authors expect

I8



‘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 spetifiC'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.ofwthevcurrent work is to develop a.

'modelffor‘crack closure;induced'by‘a‘non-reacting viscous fluid by -

~ estimating the extent of oil penetration based on simple considerations

of capillary flow20 40,44 ang then computing the internal oil pressure-
for the part1ally penetrated crack. As shown below and in the
companion paper (Part II),26 such concepts can be used to rationalize

the widely contrad1cting effects reported for the influence of o0il

viscosity on fatigue behav1or.

3. EXPERIMENTAL PROCEDURES

v_Thelnaterlal used in this study was an ASTM A542 Class 3, 2.25Cr-

1Mo steel. Follow1ng austenit1zing at 954°C water guenching,'

: temper1ng 8 h at 663° and stress rel1ev1ng 15 h at 593°C 22 h atv

649°C, 18 h at 663°C the m1crostructure was granular ba1n1te (less

than 3 pct polygonal ferr1te) with a yield strength of 500 MPa.

' Chemical composition,and room temperature mechan1cal properties are



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.5+9,10,45,46

Fatigue crack propagation tests were performed on 12.7 mm thick 1-T
compact C(T) speqimens, machined in the T-L orientation.” Specimens
were cycled under load controj, with a cyclic frequency of 50 Hz (Sinev
wave), at load ratios‘of 0.05 and 0.75 (where load ratio R =
Kmin/Kmax)-  Using d.c. electrical potential techniques to monitor

| continﬁous]y cracknlength, thresholds were approached using mabuallload
~'_$hedd1ng procédureS'with the vaiue bf-Ak§ defihedf&t a maximum growth -
vrate of 10~8 mm/cycle (4'x_10"10 in/cycle), as described in detail
elsewhere.4’ . | | '

Tests were performed at room temperaturé in a series of
dehumidified oils, namely a series of chemically similar silicone oils
(dimethyl polysiloxane) of kinematic viscosities ranging from 5 to
60,000 cS and two chemically similar pafaffin 0ils (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 0i1 bath clamped to the loading ;rain.
The oil was continuously dehumidified in_situ‘by bubbling through dry

ultrapure helium gas with the whole environmental enc1osdre'sealed to

*Based on the criterion that the cyclic plastic zone size (r,) remained
small compared to thickness (B), i.e., rp = 1/2n (AK/Zoy)2 < 1/15 B,
this geometry was sufficient to maintain plane strain conditions.



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 spectrosoooy to assess quantitatively the extent of fracture

~surface oxidation. The latter technique has been described in detail

elsewhere.g-10 '
4. RESULTS

Fatique Crack Growth Data

The variation of fatigue craCk'propagation rates (da/dN) with
nominal stress ihtensity}range~(AK = Kmax = Kmin) for the A542 steel
vtested in the sxl1cone 011 and paraffin 0i1l env1ronments 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 datad>10 for this steel tested in
‘room temperature moist air (30 pct re]ativelhumidity), dehumidified
gaseous hydrogen and dehumidified:gaseous helium (a1l at atmospheric
pressure). At low load ratios (RV= 0.05), crack growth rates in
silicone oils are slower than those in moist air above~ 106 mm/cyc le,
- -yet faster at near-threshold levels below~10-6 mm/cycle (F{g. 2).
BeheVior ih the paraffin oils iS'simi]ar, although the increase'in
growth rates at near thresho]d 1eve15 and reduct1on in growth rates
above '\.10'6 mm/cycle is somewhat 1arger (Fig. 3). Thresho'ld,AK0
~values in o0il are at least 20 pct Tower than in air and comparable to

those for dry gaseous environments. At high load ratios (R = 0.75),



thresholds for moist air, hydrogen gas and the various o0il environments
are virtually identical, although above 1076 mm/cycle, growth rates
in ﬁhe silicone oils are approximately 2.5 times slower than in moist
air* (Fig. 4). |

The specific influence of 0il viscosity can also be seen with
reference to Figs. 2 to 5. Although near-threshold behavior is
relatively unchangéd above ~ 1076 mm/cycle, the dat§ for oils show the
following trends at Tow 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 i
'_both 0ils than in air.or hydrogen. uThe-influenCé of viscosity on the
value 6f the fatigue threshold AK, appears to be negligible at R = 0.75
although at R = 0.05 there is a small but finite trend of decreasing
AK, 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 0ils show similar
increases in propagation rates with increasing R -at near-threshold
levels, the effect of load ratio above ~ 10-6 mm/cycle becomes
significantly more pronounced with decreasing viscosity, especially in
the paraffin oil. A listing of the measured fatigue threshold 8K,y
values in the viscous environments is given in Table IV, &nd is
compared with previous data for gaseous and aqueous

environments,9-1°945

*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.



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,
charactefistic of Tower strength steels tested close to 8K, (Fig.
7a).6-10,15 At higher growth'rafes, i.e., abbve AK ~ 15 MPav/m,
however, fracture surface in the si1icone'oils contained more

noticeable evidence of intergrandlar facets at R = 0.05 (Fig. 7b and
c), a]though a large proport1on of such facets were apparent in both -
0ils at R = 0 75 (Fig. 7d and e).

The extent of crack surface oxidatidn, dgtermined using Art
sputtering Auger techniques,10 is showﬁ-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 Fe,03) is
plotted against crack length and crack growth rate, and results
" compared with previous data®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 AK, of the ordér of
200 nm (2000 R),lo in oi1 the oxide films were uniformly much smaller
and were estimated to be of the order of 3 nm (30 K) thick.



5. DISCUSSION

Similar to previouslstudies on the role of gaseous and aqueous
- environments in influéncing fatigue crack propagation in lower strength
stee1s,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 sﬂico‘ne and paraffin
0ils give rise to faster growth rates at near-threshold levels and
s'low‘er‘ growth rates above 10"6 m/cyc1e., comparvedvto c-‘rack} growth in
'moisﬁ air at R'étibs.- In fact,,cra&k'pfopégatidn behavior in these
oils is similar to that in dry gaseous hydrogen or helium at near-
threshold levels, and yet sighificantly slower than in gaseous hydrogeq
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 embritt]ement and/or active path corrosion, which
intrease crack growth rates, and crack closure mechanisms, e.g.,
resulting from oxidation products at the crack tip (oxide-induced) or
irregular fracture morphologies (roughness-induced), which decrease
crack growth vrates.12’4}8' Whereas corrosion fatigue mechanisms tend to
~dominate environmental ly-influenced cratk growth behavior at higher
gfthh rates and at high load ra_tiAos, f.he'r'o1ev of .c’:]vosure-mecharﬁsms
becomes increasingly more important at low load ratios as growth rates

approach threshold levels. In fact, in lower strength steels, such as

10



| tne present 2.25Cr-1Mo steel, tested at the high frequencies (i.e., 50
Hz) commonly utilized for low growth rate tescing, the contribution to
crack advance from corrosion fatigue mechan1sms, such as hydrogen
embrittlement and act1ve path corrosion, is generally fairly minimal
below «'10‘5 mm/cycle in environments such asiwater, moist air, gaseous

hydrogen, etc.,45

such fhat closure phenomena, particularly oxide-
induced closure,'often dominate overall near-threshold behavior.5‘10’48‘

Accordingly, near-threshold crack growth rates have been found to
be faster at Tow load ratios in dry environments(e g-s dehumidified
,:gaseous hydrogen, helium and oxygen) compared to mo1st env1ronments
(e.g., room air and wet gaseous hydrogen),6 -10 whereas behavior is
similar at high load ratios where the influence of closure is m1n1ma1
Above ~ 10'5 mm/cycle, on the other hand, convent10na1 corrosion
fatlgue processes begin to dom1nate 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 corrgsion
deposits can form as a result of thermal oxidation, even at high 19ad
ratios where fretting effects are genera]]y m1n1ma1 to enhance oxide- |
1nduced closure over a wider range of R. “6 : '

Stud1es of near- thresho]d fat1gue crack growth at u]trason1c frequenc1es
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. 30551

11



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

diséussed in turn.

Minimization of Hydrogen Embrittlement/Active Path Corrosion

As both dry silicone and paraffin oils do not chemically react with
~steel, the principa]rfunction of such media is to act as an inert
'envifbnmehtkfor 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 a1.23 4y Al1-Zn-Mg alloys
where the decreased Stage II fatigue crack growth rates measured in
silicone 0il1 were attributed to limitihg the access of air to the crack
tip region. This exclusion of moisture and oxygen from the vicinity of
the crack tip, resuiting from immersion in dehumidified 0i1, 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 f&tfgue'processes will be effective over the
entire range of growth rates and load ratios, but will dominate

behavior above ~ 10~6 mm/cycle since closure mechanisms here are less

12
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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
comparab]é with rates in helium, as shown experimentally in Figs. 2 and
3. Similar exp1ahations in terms of shielding the crack tip from
detrimental enviroﬁmental species have been used in the'past to account
for the reduction of crack.growth rates in several alloys tested in
inert 1iquid environments such as dodecyl alcohol, 0ils 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

» ,pfesence,of oxygen and water vapor frbm‘the crack tip region,23’52

. ﬂinimizatibn‘gg Oxide-Induced Crack Closure

- For the cufrent steel tested at SOJHz,: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 0il environments due to far less crack surface oxidationa'_Suéh
corrosion debris, which forms as a result of fretting oxidation between
the crack walls,s'lo is about 20 to 40 times thicker in moist air

compared'to_inert 0il environments (Fig: 8). This results in

.signifitant'c1osqre near 8K, in moist air since the oxide films here

become comparable in size to the crack tip opening disb]acéments. At

,high.load;fatios, howevér; wheré frettihg and élosdre effects are

minimal, near-threshold behayior in the air and oil environments

- becomes very similar (Fig. 4).

13



The relative effect of oxide-induced crack closure on near-
threshold growth'rates in dry o0il and in moist air (at R = 0.05) can be
appreciated by considering‘the simp]e model of a rigid wedge inside a
Iinear e1astic crack.10 The modeT considers the reduction.in stress
intensity range from its nominal value (aK = Kmax - Kmin) to some near
tip effective value (AKgfs =‘Kmax - Kc1)s and estimates the closure
stress intensity, Kc1’ in terms of the maximum oxide wedge thickness s

located at distance, 2%, behind the crack tip:

sE

K =
7 4AT (1 - V)

[0

where E/(1 ; v2) is the effective elastic modulus in plané strafn.lo
With 2 ~2 ﬁm,10'53 the peak excess oxide thickness, s, in moist air
close to 4K, can be seen to be 200 nm cdmpared to v 3‘nm 6i1 (Fig.
8). From Eq. (1) the corresponding values of the closure stress
intensity K.1 at R = 0.05 are " 4.5 MPa/m in moist air and less than
0.1 MPa/m in oil. fhus at a nominal AK of 8 MPa/m, roughly half of the
applied stféés intensity range in air is lost tp 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 o0il 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

14



es§entia11y independent of oil chemistry‘and viscosity, provided the
oil is chemically_inert. However, the current low 1oad ratio results
in Figs. 2 to 7 indicate growth rates to be somewhat higher in the
higher viscosity oils, partfcu]afly above ﬂ'lo‘svmm/cyCTe, although the
effect saturates_above 12,500 cS. Moreover. at comparable viscosities,
vparaffin 0oils show the faster growth rates near 4K, and the slower
growth'rates above n 106 mm/cycle (at R = 0.05). Such observations

can be rationalized by considering the additional crack closure which
_arises due to the hydrodynamic wedging act1on of a viscous fluid within
- the crack wa11s. w, | | . |

As mode11ed in Part II of th1s paper,26 the descr1pt1on of th1s
closure phenomenon and,1tsvrole in govern1ng the. effect of oil
viscds%ty:on growth ratés-must include an analysis of both the extent
: of 011 penetration and the Subseqﬁent 611 pressﬁre created within the
cragk. Earlier modé152°-21’41 ofAtﬁis phenomenon have generally
ignored the kinetics of oil penetration, yet both the extent of
penetration and the fnternai oi1 pressuré are important since theyvhave
opposite dependencies on viééosity.z2 '

In the present model of viscoﬁs fluid-induced c1osure,26 the
kinetics of 0il penetration are assessed in terms of Newman's capil]ary
flow equations,44 where the extent of qil penetration (d) into the
crack of length (a) after time (t) is given By:

#o = (g e @)

where <h> is the average crack opening width, y the surface tension of

15



the oil, B the wetting angle between fluid and crack wall, n the
kinematic viscosity and o the density. The resulting hydrodyhamic
pressure distribution p(x), di_stance x along an edge crack in an
infinite b'late,_ 1'vs then estimated from the analysis of Endo et a1.20’21
for the fully penetrated crack (i.e., d/a = 1), or from the ana]ysis by
Ful 'ler5‘4 of fluids between parallel plates for the partially penetrated

crack (i.e., d/a < 1), vﬁ‘z:

~ dh
_D(x) = 6np[hl—3 —dtm]az log(l - %) , d/a=1, (3a)
" - x/asl,
or
p(x) = 6no'[—hl-§'d—§23} x(d - x) , d/a<1l, (3b)
<h> ._ : .

x/d

in

1,

where h, is the opening width at the crack mouth and dh/dt is the
closing velocity of’n the crack wal1s.26 Using superposition methods to
compute the maximum resultant linear elastic stress intensity arising
from such o011 pressure (K;ax), the effective stress intensity range

corrected for viscous fluid-induced closure becomes:

*

AKeff = K (Kmi.n"'Kmax) o ' ) (4)

max =

With such analyses it is apparent that the extent of such closure
sho_u']d progressively increase with increasing viscosity although at

very high viscosities, values of K;ax will be kinetically limited by

16



the ability of the 0il to penetrate into the crack. Thus, where the
rate of 0il 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 Tower in higher v1sc051ty oils,
as originaily'observed by Endo et al. 20 21 However, where dis less
than a, e.g., with increasing AK levels in higher v1sc051ty oils, the
proposed partial penetration model (Eqs..é and 3b) must be used, and
the resulting dependency of K;ax' and hence growth rates, on viscosity
| will be a function of the reiative magnitude of the hydrodynamic and
kinetic effects. As described in detail in Part II 26 the 1owest
growth rates, between 3 10'6 to 10'4 mm/cycle, observed in. the paraffin
oils (Fig. 3) can be quantitatively ascribed-tovrapid»011 penetration
A(due:in part“to af6§ pct increase inlsurface.tension over the si1icone
oils) and resulting higher Kmax values, whereas the highest growth
rates in the 12,500 and 60,000 cS silicone 0115 (Fig. 2) appear to
'result from restricted oil penetration and hence lower Kmax values with
the'highiy viscoos fluids.

The concept of viscous f10id-inducedac1osure is'a]so pertinent to
explaining the varying dependency of growth rates on load ratio in the
various oil environments, particularly above ~ 10-6 mm/cycle (Fig. 6).
Although-the infloencevof load ratio is generally relatively.
) insignificant between v 10‘6 to 10'3 mm/cycie, except in the presence
of maJor env1ronmenta11y-a551sted mechanisms, Tt 1s clear that the role
‘of the load ratio in the 011 env1ronments becomes progress1ve1y more
fprominant as the viscosity is decreased, and is particularly marked in

the 25 ¢S paraffin oil. In terms of the-current»ana1y51s, both the oil

17



penetration distancev(d) and the resultant stress intensity K;ax due to
the internal oil préssure are comp1ex'functions of R. However,
although the value of K;ax_wou1d be expected to decrease with
increasing load ratio, the increased crack opening‘promotes far greater
011 penetration into the érack. Accordingly, there is little effect of
R with high viscosity oils (see Fig. 6¢ for 60,000 cS silicone 0il) due
to restricted oil penetration. Conversely, with lower viscosity‘and
paraffin oils (Fig. 6a and d) the enhanced qi] penetration yields a
fluid-induced closure which is only effective at the small crack
opening assqéiated with,low 1qad ratio‘;onditions.: Quantitative
predictioné for the éxtenf‘of'sUch'cloéuré are derfved'in ref. 26. |
Thus, the observed effects of oil chemistry and viscosity on
fatigue crack propagation behavior can bevratiohalized.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 analysi§
suggests dehumidified inert oil environments tend i) to suppress
moisture-induced hydrogen ehbritt]ement/meta] dissolution processes

(1eading to slower growth rates than in moist air above © 10-6

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

(Teading to faster growth rates than in moist air below ~ 1076
mm/cycle) and iif) fovpfomoté’Viscous fluid=induced crack closure

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

Based on a study of the effect of dehumidified viscous environments

on therroom temperature fatigue crack propagation behavior of a

bainitic 2.25Cr-1Mo steel, specificaﬂy involving silicone and paraffin

ofls of viscosities ranging from 5 to 60,000 ¢S, the following
concTusions can be made: ‘
1) Dehumidified silicone and paraffin o0il environments were found

to have significant but opposite effects on fat1gue crack propagat1on

above and below ﬂ:10'6 mm/cyc]e.

2) =At R =V()05 in the near threshold reg1me (da/dN < 10'6

"mm/cycle), growth rates in dry 011 ‘were higher than those in mo1st air

"by up to two orders of magn1tude with fatigue threshold AKqy values

approximate]y 30 pct lower, although at R = 0.75, behavior was
virtually identical. o | |

3) At higher propagation rates above ~ 10-6 mm/cycle, growth rates
at R = 0.05 and 0.75'in dry 0il were louer'than those in moist air by
up to an order of magnitude and comparable with those for dry gaseous
helium.

4) At low load ratios,vcrack growth rates in both oils tended to

. increase withrincreasjng 0il viscosity, although the effect was

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

: rates.

5) The comp]ex dependence of fat1gue crack propagat1on behavior on
dehum1d1f1ed viscous env1ronments is rat1ona112ed in terms of three

mutua11y competitive mechanisms: suppression of moisture-related



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 quantitativé mode 1

vfor.the latter phenomenon is described in Part II of this paper.
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NOMENCLATURE
a crack length
B - test pfece thickness
d ' penetration distance of'viséous 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 v, - ' 1ihear e1a§ti¢istress ihteﬁsity factor in Mode I
cl stress intehsity to cause closure of the Crddk
Kic plane strain fracture toughhess (Mode I)
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KIscc

AKmax’ Kmin
*

Knax

AK

Meff
oK

threshold stress intensity for hydrogen-assisted
cracking

maximum and minimum intensities, respectively, during

. fatigue cycle

stress intensity due to hydrodynamic action of viscous
fluid inside crack,'evaluated at peak loads
alternating stress intensity (Kp,, - Kpip)
effective stress intensity range (Kpay = Ke1)
threshold stress intensity range for no growth of a long

crack

half distance between the peak oxide thickness and crack

tip

number of cycles

pressure distribution As a function of distance x along
crack

cyclic plastic zone size

1oadvratio (Kmin/Xmax)

excess oxide thickness measured on fracture surface
ultimate tensile strength

time

‘, variable denoting distande_aiong éréck, measured from

crack mouth

wetting anQ]e R
surface tension of fluid
kinematic viscosity

Poisson's ratio
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density of fluid
yield strength
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“Table I: Chemical Composition in Wt Pct of
23Cr-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
2iCr-1Mo Steel (A542-3)

4

Yield Strength - " A‘R’e‘an“" (IZI:S;E{ R
Monotonic Cyclic' _UTS Elong.° Area Energy _ C Iscc

(MPa) - (MPa)- (MPa) . (Pct) (Pct)  (J) (MPa/m) (MPa/m)
500 . 400 610 25 . 77 197 29 85

Measured from incremental step tests
On a 45 mm gauge length

1
2
3Computed from JI measurements
4

Based on s]ow]y r1s1ng load test in 138 kPa hydrogen gas
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- Table III:

0il

Silicone 0il

Paraffin 0il

Table IV:

Room Temperature Physical Properties of the
Silicone and Paraffin 0ils Investigated

Kinematic . Surface
Viscosity (n) Density (p) Tension (y)
(cS) (gm/cm3) (dyne/cm)
.5 0.920 19.7
1,000 0.971 21.2
12,500 0.975 21.5
60,000 0.975 21.5
25 0.870 35.0

75 ©0.890 . 36.0

Experimental FatiguevThreshold Data for A542

Steel Tested at 50 Hz at R = 0.05 and 0.75.
Threshold Stress

Intensity Range (AKO)

Environment R = 0.05 R = 0.75
(MPavm) (MPav/m)
5 ¢S silicone oil 6.4 2.8
1,000 ¢S silicone oil 6.1 3.0
12,500 cS silicone oil 5.8 - 3.0
60,000 ¢S silicone oil 5.7 3.0
25 ¢S paraffin oil 5.9 3.0

- 75 cS paraffin oil 5.2 -

. 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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Fig. 1: SChe_matic illustrations of mechanisms of fatigue crack closure:
(after ref. 1). '
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Fig. 2: Variation of fatigue crack propagation rates (da/dN) with AK
in bainitic 23Cr-1Mo steel tested at R = 0.05 in 5, 1,000,
12,500 and 60,000 cS silicone oils. Results compared with
previous data (ref. 9) for gaseous environments of moist air,
dry hydrogen and dry helium.
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Fig. 3: Variation of fatigue crack propagation rates (da/dN) with AK
in bainitic 23Cr-1Mo steel tested at R = 0.05 in 25 and 75 ¢S
paraffin oils. Results compared with previous data (ref. 9)
for gaseous environments of moist air, dry hydrogen and dry
helium.
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in bainitic 23Cr-1Mo steel tested at R = 0.75 in silicone and
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8K~ 8K, (R=0.05 and 0.75)

Silicone

and Paraffin
Oils l
AK~I15MPa/m (R=0.05) AK~ (5 MPa/m (R=0.75)

Silicone
Qil

Paraffin
Oil

XBB 834-3826

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 ~ 15 MPa/m)
at both low and high load ratios. Arrows indicate macroscopic
direction of crack growth.
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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 2iCr-1Mo steel.
Data points for tests at R = 0.05 in silicone and paraffin
0ils 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 R/min, using a Tap0g standard.
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