Oxide-Induced Crack Closure: An Explanation
for Near-Threshold Corrosion Fatigue Crack

Growth Behavior
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The concept of oxide-induced crack closure is utilized to explain the role of gaseous and
agueous environments on corrosion fatigue crack propagation at ultralow, near-threshold
growth rates in bainitic and martensitic 2 %, Cr-1 Mo pressure vessel steels. It is shown that at
low load ratios, near-threshold growth rates are significantly reduced in moist environments
(such as air or water), compared to dry environments (such as hydrogen or helium gas), due
to the formation of excess corrosion deposits on crack faces which enhances crack closure.
Using Auger spectroscopy, it is found that at the threshold stress intensity, AK, below which
cracks appear dormant, the maximum thickness of excess oxide debris within the crack is
comparable with the pulsating crack tip opening displacement. The implications of this
model to near-threshold fatigue crack growth behavior, in terms of the role of load ratio,

environment, and microstructure are discussed.

IDESCRIPTIONS of the environmental contributions
to cracking during stress corrosion and corrosion fa-
tigue have traditionally involved mechanisms generally
classified in terms of hydrogen embrittlement or active
path corrosion (i.e. metal dissolution) processes.! At
very low growth rates (< 10~mm/cycle) in fatigue,
however, approaching the so-called threshold stress
intensity AK  for no detectabale crack growth, recent
studies? in steels have indicated corrosion fatigue
behavior totally inconsistent with such mechanisms.
For example, environmentally-affected near-threshold
fatigue crack growth has been found a) to predominate
only at low load ratios,>* b) to be markedly accelerated

*Load ratio is defined as R = K,/ K, where K .. and K.
are the extreme values of stress intensity during the cycle.

in dry inert gas atmospheres compared to air,2= and

¢) to be decelerated in dry hydrogen gas atmospheres in
ultrahigh strength steels which are prone to hydrogen
embrittlement.*S To account for such surprising obser-
vations a new model for environmental effects, in-
volving the role of excess corrosion debris generated
within the crack in promoting crack closure, has
recently been proposed for the near-threshold fatigue
regime.>® According to this model, termed oxide-induced
crack closure,” near-threshold growth rates in lower
strength steels are accelerated in dry, gaseous hydrogen
because of an absence of moisture compared to air.
Moist atmospheres result in the formation of readily
observable oxide films within the crack,>® which are
thickened at low load ratios by “fretting oxidation™,’ i.e.
a continual breaking and reforming of the oxide scale
behind the crack tip due to a “smashing” together of
crack surfaces as a result of plasticity-induced crack
closure.!® This oxide debris, which must be less pre-
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dominant in dry, oxygen-free atmospheres or at high
load ratios (where there is no plasticity-induced closure)
provides a mechanism for increased crack closure. By
resulting in an earlier contact between the fracture
surfaces during the closing portion of the load cycle,
closure loads are raised and the effective stress intensity
range at the crack tip reduced, i.e. the presence of the
oxide debris effectively raises K ,,,. This mechanism for
environmentally-affected crack growth, however, is spe-
cific only to stress intensity ranges where oxide thick-
nesses are of the order of crack tip opening displace-
ments (CTOD), e.g. at near-threshold levels.

The object of the present paper is to report new
evidence supporting the concept of oxide-induced crack
closure, and to comment on its significance to near-
threshold corrosion fatigue in pressure vessel steels
tested in air, water, hydrogen and helium atmospheres.
In particular, a characterization of crack flank oxide
deposits is made using ESCA and Auger spectroscopy.
Further, additional contributions to enhanced crack
closure at low stress intensities resulting from varying
fracture surface morphology are discussed in the light of
the mechanical, microstructural and environmental be-
havior patterns commonly observed at near-threshold
levels.

EXPERIMENTAL PROCEDURES

The two pressure vessel steels investigated were both
2Y, Cr-1 Mo steels, namely ASTM A542 Classes 2 and 3
(hereafter referred to as SA542-2 and SAS542-3 respec-
tively), of composition shown in Table 1. The SA542-2
steel, which was supplied as 25 mm thick plate, was
fully martensitic following water quenching from
927 °C prior to tempering (1 % h) at 638 °C. The lower
strength SA542-3 was supplied as 175 mm thick plate,
and after water quenching from 954 °C and tempering
(7 h) at 663 °C, the microstructure was found to be fully
bainitic (<3 pct ferrite), uniformly through the thick-
ness. A few additional tests were performed on SA542-
2, reaustenitized at 950 °C, water quenched and tem-
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pered (1 h) at 690 °C, to give a lower strength marten-
sitic structure (referred to as SA542-2/T690). Ambient
temperature mechanical properties are listed in Ta-
ble I1.

Fatigue crack propagation experiments were per-
formed with 12.7 mm thick compact specimens,* ma-

* Plane strain conditions were maintained, based on the criteria
that cyclic plastic zone sizes did not exceed 1/15 of test-piece
thickness.

chined in the T-L orientation between quarter and
mid-thickness sections of the plates. Testing was per-
formed on 50 kN Instron electro servo-hydraulic ma-
chines, operating under load control at 50 Hz (sine
wave) at load ratios R of 0.05 and 0.75. Tests were
conducted at ambient temperature in moist air (30 pct
relative humidity), distilled water, and high purity
dehumidified hydrogen and helium gases. Hydrogen
and helium atmospheres were maintained at 138 kPa
pressure in a small O-ring sealed chamber, clamped
onto the test-piece, where gas purity was obtained using
an extensive purification system, involving molecular
sieves, cold traps, and heat bakeable lines. The system,
which was modelled on procedures of Gangloff and
Wei,!! is described elsewhere.!? Crack growth monitor-
ing was achieved using DC electrical potential tech-
niques capable of detecting changes in crack length of
the order of 0.01 mm.". Near-threshold growth rates
(below 10~-¢ mm/cycle) were measured under both
load-shedding (decreasing stress intensity) and increas-
ing stress intensity conditions, with the threshold AK,
defined in terms of a maximum growth rate of 10-8
mm/cycle.! Growth rates above 10~ mm/cycles were
measured at constant load amplitude. Full experimental
details have been described elsewhere.>12-16
Characterization of corrosion deposits on fatigue
fracture surfaces was performed using a fully comput-
er-controlled ESCA/Scanning Auger spectrometer.
ESCA (X-ray Photoelectron Spectroscopy) studies were
conducted on fracture surfaces at 25X depth (after ion
sputter-etching). By comparing the resulting ESCA
survey spectra with standard spectra, the compositon of

Table |. Base Plate Chemistrles of 27, Cr-1 Mo Steels (Wt. Pct)

C Mn Si Ni Cr Mo P S Cu

SA542-2 0.14 044 022 061 228 092 0.010 0.020 —
SA542-3 0.12 045 021 0.11 228 105 0.014 0015 0.12

the fracture surface oxide was deduced. To determine
the extent of oxidation, depth-composition profiles were
obtained on broken fracture surfaces as a function of
Auger sputtering time. Using a beam voltage of 5 kV,
ion and electron beam sizes of roughly 200 and 25 pm
respectively, and rastering rates of 180 Hz (x-direction)
and 30 Hz (y-direction), sputter time was calibrated
using a known thickness of tantalum oxide standard.* O

* Background oxide thicknesses on fracture surfaces were found to
be 50 to 150A. Since this was of the order of the thickness of natural
oxide formed on metallographically polished samples simply exposed
to the same laboratory air environment for similar times, oxide growth
during the transfer of fracture surfaces to the Auger spectrometer was
considered negligible.

and Fe, as well as C, profiles were monitored at a
sputter rate of approximately 100A/min. From this
information, the thickness of fracture surface oxide
debris was estimated as a function of crack length.

RESULTS

For the bainitic SA542-3 steel tested at R = 0.05 and
0.75, the variation of fatigue crack propagation rate
(da/dN) at 50 Hz with alternating stress intensity (AK
= K, — Ko is illustrated in Fig. 1. Above 10-¢
mm/cycle, crack growth data in dry hydrogen and
moist air at both load ratios are similar, whereas
near-threshold propagation rates in hydrogen exceed
those in air by up to two orders of magnitude at R
= 0.05, with threshold AK | values 48 pct higher in air.*

* Hydrogen-assisted fatigue crack growth is observed in this steel
above 10~ mm/cycle, but only at lower frequencies (<5Hz) when
K 1y €xceeds ~20 MPay/m, but is accompanied by a transition to
predominately intergranular fracture*'>:

Little difference, however, is apparent at R = 0.75. In
dry helium gas at R = 0.05 (Fig. 2), growth rates above
10-¢ mm/cycle are lowered compared to air, although
below 10-¢ mm/cycle the presence of the inert gas
actually accelerates near-threshold growth compared to
air by over an order of magnitude, with threshold AK
values 24 pct higher in air. A distilled water envi-
ronment, conversely, results in a marginal retardation in
near-threshold growth, with a threshold AKX, value
fractionally above that measured in air (Fig. 2).
Similar results are seen in the higher strength marten-
sitic SAS542-2 steel and the reheat treated SA542-2/T690
steel tested in moist air and dry hydrogen and helium
gases (Figs. 3 through 5). For the SA542-2 steel, near-
threshold growth rates in hydrogen are significantly

Table Il. Ambient Temperature Mechanical Properties of 27 Cr-1 Mo Steels (1/4T-1/2T sections)

Yield Strength*

Reduction
Monotonic cyclic UTS in Area K. Kt
Steel Structure (MPa) (MPa)i (MPa) (Pct) (MPa\/m) (MPa+/m)
SA542-3 bainite 500 400 610 i 295 85
SA542-2 martensite 769 568 820 56 — 80
SA542-2/T690 martensite 575 460 697 65 — —

*0.2 pct offset yield stress.
fMeasured in 138 kPa dry gaseous hydrogen.
i Measured using incremental step tests.
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Table Iil. Threshold Data for 2% Cr-1 Mo Steels
CTop* Maximum Oxide
AK, Cyclic Maximum Thickness
Steel Environment R (MPa+\/m) (um) (um) (um)
SA542-3 moist air 0.05 7.7 0.18 0.31 0.20
(Y =500MPa) moist air 0.75 3.2 0.03 0.78 0.01
dry H, 0.05 5.2 0.08 0.14 0.09
dry H, 0.75 33 0.03 0.83 0.01
dry He 0.05 6.2 0.11 0.20 0.10
water 0.05 7.8 0.18 0.32 0.25
SAS542-2 moist air 0.05 71 0.11 0.17 0.12
(Y =769MPa) moist air 0.75 238 0.02 041 —
dry H, 0.05 46 0.04 0.07 0.04
dry H, 0.75 238 0.02 0.38 —
dry He 0.05 49 0.05 0.08 0.04
dry He 0.75 2.7 0.02 035 —
SA542-2/T690 moist air 0.05 8.6 0.19 0.34 0.16
(Y =575MPa) dry H, 0.05 6.9 0.12 0.22 0.11
dry He 0.05 7.1 0.13 0.23 0.11

*Plane strain values defined as 0.49 (AK3/2Y'E)—cyclic, and 0.49 (K%, o/ YE)—maximum, where AK, and K, , are the cyclic and
maximum threshold stress intensities, ¥’ and Y are the cyclic and monotonic yield strengths and E is the elastic modulus.
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enhanced compared to air at R = 0.05 (AK, ~ 54 pct
higher in air),with no effect of hydrogen again being
observed at R = (.75 (Fig. 3). Dry helium similarly
accelerates near-threshold growth rates compared to air
(AK, ~ 45 pct higher in air), but again only at low load
ratios (Fig. 4). These threshold data (Table 1II), together
with parallel results on normalized bainitic/ferritic 2
Cr-1 Mo steel (SA387),26 are plotted in Fig. 6 as a
function of yield strength. In addition to a general trend
of decreasing threshold AK | values with increasing
strength in these steels,* it is apparent that both dry

* Similar effects of strength level on AK, have been reported for a
wide range of steels. See, for example, Refs. 8 and 14.

hydrogen and helium atmospheres significantly lower
AK  values compared to air at R = 0.05, whereas at R

14383—VOLUME 12A, AUGUST 1981

ALT ERNATING STRESS INTENSITY, AK (MPa~/m)

= 0.75 environment has little influence on threshold
behavior. Fractographically, failures in both Class 2
and Class 3 steels were similar. At near-threshold stress
intensities, fracture morphology consisted of a fine-
scale transgranular mode with evidence of additional
intergranular separation (Fig. 7). The proportion of
intergranular facets, which were not seen at R = 0.75,
increased with increasing AK to a maximum of typically
30 to 40 pct at AK ~ 15 MPa+/m, before decreasing to
zero above AK ~ 20 to 25 MPa+/m, in air, water, and
hydrogen environments. Little evidence of such facets
was seen in helium tests. Thus, the occurrence of
intergranular facets near AK , does not appear to
directly correlate with subsequent growth rate behavior.
At R = 0.05, near-threshold growth rates are similar in
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hydrogen and helium where the proportion of inter-
granular fracture is different, whereas proportions of
intergranular fracture are similar in air and hydrogen
where growth rates are very different.

Macroscopically, fracture surfaces in both steels were
characterized by bands of corrosion deposits (Fig. 8),
which were identified using ESCA to be predominately

Fe,O, (Fig. 9). The oxide, which appeared thickest in air

and water tests, was not visible at high load ratios.
Actual thickness measurements, as a function of crack
length (and thus growth rate) are shown in Fig. 10 for
SA542-3 steel, estimated using Ar* sputtering analysis
in the Auger spectrometer. It is apparent that oxide
thicknesses are inversely related to crack growth rate,
and are at a maximum close to AK,. In air, the max-
imum thickness is of the order of 0.2 pm at R = 0.05,

METALLURGICAL TRANSACTIONS A

Previous studies in 2 Y Cr-1 Mo steels have shown
that two distinct growth rate regimes exist where
hydrogen markedly accelerates fatigue crack propaga-
tion compared to air (Fig. 11), namely a) at near-
threshold levels, involving no change in fracture mode
(predominately transgranular) and b) at higher growth
rates (typically >10~% mm/cycle) above a critical K,
value (K,,) involving a fracture mode change to
predominately intergranular cracking.!># Environ-
mentally-assisted growth in the latter regime, which is
only observed below a critical frequency' (e.g. 5 Hz at
R = 0.05), has been attributed to hydrogen embrittle-
ment,!” although precise micromechanisms of such
embrittlement in these lower strength steels are unclear
at this time. At near-threshold levels, however, hydro-
gen embrittlement theories to explain the observed
environmentally-affected growth rate behavior must be
questioned.” As shown in the present work, compared
to moist air, dry hydrogen accelerates near-threshold
growth rates only at low load ratios (Figs. 1, 3 and 5),
water results in a marginal deceleration in growth rates

VOLUME 12A, AUGUST 1981—1439



Fig. 7—Fractography of near-threshold fa-
tigue crack growth in SA542-3 steel, tested in
moist air, dry hydrogen, dry helium and
distilled water.

HELIUM WATER

<*+—— AKy= 3.1 MPa/m

<«+—— notch

R= 005 R=075

Fig. 8—Bands of corrosion deposits visible on near-threshold fatigue fracture surfaces of SA542-3 tested in moist air at (@) R = 0.05 and (b)) R
= 0.75.
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(Fig. 2), dry helium gas results in a marked acceleration
in near-threshold rates at R = 0.05 (Figs. 2, 4 and 5),
and further there is no characteristic fracture mode for
environmentally-assisted growth (Fig. 7). Such obser-
vations, however, are in accord with concepts of oxide-
induced crack closure.??

During fatigue crack growth, material is plastically
strained at the crack tip, and due to the restraint of
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Fig. 9—ESCA analysis of crack tip corrosion debris in SA542-3
showing presence of predominately Fe,0,.
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Fig. 10—Measurements of oxide thickness as a function of crack
length and crack growth rate (da/dN) for SA542-3 tested in air and
hydrogen gas at R = 0.05 and 0.75. Data from Ar* sputtering
analysis using Auger spectroscopy.
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surrounding elastic material on this residual stretch,
some closure of the crack surfaces may occur at positive
loads during the loading cycle.!® Since the crack cannot
propagate while it remains closed, such “plasticity-
induced closure” can result in a reduced AK value
actually experienced at the crack tip, i.e. AK 4 = K
- K, where K, is the stress intensity to close the
crack. As the load ratio is increased, however, the crack
remains open during a larger portion of the cycle and
the role of crack closure becomes less significant (i.e.
AK 4 — AK). In oxidizing environments, where crack
tip opening displacements are small, such closure pro-
vides a mechanism for enhanced corrosion debris
formation within the crack by repeated breaking and
compacting of the oxide (fretting oxidation).? In the
present work, such oxide thicknesses generated in air
environments are as large as 0.2 pm (Fig. 10 and Table
III), over an order of magnitude larger than oxide
formed on a freshly-exposed surface left in the same
envirgnment for the same length of time. At high load
ratios, where plasticity-induced closure and hence fret-
ting oxidation mechanisms are absent, no such enlarged
oxide deposits are generated (Figs. 8 through 10.) The
consequence of this excess debris formed within the
crack is that, where crack tip opening displacements are
small, i.e. at near-threshold levels, its presence will lead
to earlier contact between crack surfaces, thereby
raising K, and thus reducing the effective AK. In fact,
with respect to the current data (Table III), it appears
that the threshold AK for no crack growth is consistent
with a maximum oxide thickness of the order of the
pulsating crack tip opening displacement. Such a result
is clearly physically appealing since it infers that the
crack will be “wedged closed” at the threshold such that
AK . has no finite value.

The role of environment in influencing near-threshold
fatigue crack growth can thus be readily explained.
Crack growth rates in dry hydrogen at R = 0.05 exceed
those in air because limited oxide formation results in
lower K, values and hence larger effective stress

max
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intensities. Any dry, reducing or inert environment
should behave similarly, as indicated by results at low
ratios in helium (and argon?). At R = 0.75, where
plasticity-induced closure and hence enhanced oxide
formation is insignificant, crack growth rates in air,
hydrogen and helium are identical. In moist oxidizing
environments, such as air and water, near-threshold
growth rates at low R are significantly lower simply due
to enhanced oxide-induced closure. As described else-
where,? the marked effect of load ratio, which is specific
to the near-threshold regime, is also consistent with this
model.

The idea of corrosion deposits forming in cracks and
influencing subsequent growth behavior is not entirely
new. Swanson and Marcus,'® for example, have ob-
served enhanced oxygen transport into the matrix
during fatigue crack growth of several non-ferrous
metals tested in oxygen environments. Tu and Seth!®
report slower near-threshold growth rates in several
rotor steels tested at 100 °C in the seemingly more
aggressive environment of steam compared to air; a fact
they attribute to a number of factors including crack-tip
corrosion deposits. Nordmark and Fricke® use a
similar argument to explain crack arrest during fatigue
of 7475 aluminum alloys in sump water. Skelton and
Haigh?! interpret their results of lowered AK, values in
vacuo and at R = —1in Cr-Mo-V steels at 550 °C in
terms of reduced crack tip displacements from “shear
lips and oxide filling” of the crack. In addition,the
hitherto unexplained result of Paris et a/?> where
near-threshold fatigue crack growth in nuclear pressure
vessels steels was retarded by adding water is clearly
consistent with the idea of oxide-induced crack closure.

Many aspects of the phenomenon of oxide-induced
crack closure remain unexplored. For example, effects
of alloy composition, microstructure, temperature, pres-
sure, and so forth, on oxide debris size and associated
closure have not been resolved. Further, mechanisms
for enhanced oxide growth within cracks, such as
fretting oxidation,’ are still somewhat vague. In this
light, recent studies in mild steels by Davidson? have
identified a strong Mode Il component at low load
ratios in crack growth mechanisms very close to AK,,.
Such a sliding component, which would be essential to
any fretting mechanism and hence perhaps to enhanced
oxide formation, was found to be delayed to lower
AK levels in gaseous hydrogen and to be almost non-
existent at high R. These observations are clearly con-
sistent with the present oxide measurements (Fig. 10),
and furthermore may provide the clue as to why thick
oxide deposits only occur close to AK,,.

CONCLUDING REMARKS

The current studies have shown how, inside near-
threshold cracks were pulsating crack tip displacements
are small, the presence of foreign debris can have a
profound influence on subsequent crack growth behav-
ior through mechanisms of crack closure. However,
since the size-scale of the fracture morphology may also
be of comparable size, it is interesting to speculate on
additional sources of closure from fracture surface
roughness? and irregular morphology.? Given the pres-

1442—VOLUME 12A, AUGUST 1981

ence of a Mode II component at near-threshold levels, a
rougher fracture surface clearly implies enhanced clo-
sure loads by wedging open the crack at discrete contact
points along crack faces.”* One can now envisage
possible explanations, not only for the strong envi-
ronmental and load ratio effects near AK, but also for
the marked influences of yield strength®!426-28 and grain
size®?8-32 which are specific to the near-threshold regime.
The role of increased strength in decreasing AK values
may simply result from reduced crack closure, arising
from limited plasticity-induced closure,’ less fretting*-
or perhaps smoother fracture surfaces.?* Certainly high-
er strength steels show far less retardation in crack
growth following single positive overload cycles,® a
phenomenon often explained in terms of crack closure
arguments. The role of finer grain size in similarly
decreasing AK  values again may simply be a result of
reduced crack closure from less fracture surface rough-
ness. Such an explanation is more appealing than those
based on inherent microstructural reasons where plastic
zone sizes near AK | are often far less than a grain
diameter. Quantitative verification of these ideas is in
most instances lacking, but it is interesting to note that,
similar to the role of moist environments seen in the
present work, the beneficial effects of lower strength
and coarser microstructures in reducing near-threshold
growth rates are generally far less evident, and often
non-existent, at high load ratios,®'426-28 an observation
which strongly suggests a prominent role of crack
closure.

In summary, it is clear that concepts of crack closure
are of paramount importance to fatigue crack growth
behavior at near-threshold levels, although the mecha-
nisms of such closure may be very different from the
plasticity-induced closure originally proposed by
Elber.!® At low stress intensities, closure mechanisms
originate from the fact that pulsating crack tip opening
displacements are of a size comparable with fracture
surface roughness and the thickness of corrosion debris
within the crack. These ideas, although still somewhat
speculative at this time, suggest a very different role of
alloy composition and microstructure in influencing
fatigue cracking, a role which may have a profound
influence on the direction which should be taken for the
design of alloys with increased resistance to fatigue
crack propagation at ultralow growth rates.

CONCLUSIONS

Based on a study of ambient temperature corrosion
fatigue crack propagation in bainitic and martensitic 2 Y
Cr-1 Mo pressure vessels steels (SA542-2 and SA542-3)
the following conclusions can be made:

1) Fatigue crack propagation above 10-5 mm/cycle
was largely independent of load ratio, strength level and
environment for tests at 50 Hz in moist air, water and
dry gaseous hydrogen. Growth rates in dry helium in
this regime were nearly an order of magnitude lower.

2) At near-threshold levels, below 10-¢ mm/cycle,
growth rates in dry gaseous hydrogen exceeded those in
moist air by up to two orders of magnitude, with AK
values approximately 40 pct higher in air. The accel-
erating effect of hydrogen, however, was only apparent
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at R = 0.05; at R = 0.75 growth rates and AK values
were identical in air and hydrogen.

3) Near-threshold growth rates in dry gaseous helium
at R = 0.05 were similarly accelerated with respect to
air by over an order of magnitude with AK, values 24 to
45 pct higher in air. At high load ratios (R = 0.75)
growth rates and AK | values in helium were identical to
those measured in air and hydrogen.

4) In SA542-3, near-threshold growth in distilled
water at R = 0.05 were marginally slower than those
measured in air, with AK | values fractionally above the
air value.

5) Fractographically, fracture surfaces consisted of a
fine-scale transgranular mechanism with additional
intergranular facets. The maximum proportion of such
intergranular fracture (~30 to 40 pct) was observed at
AK ~ 15 — 20 MPa vm in air and hydrogen atmos-
pheres at R = 0.05. Little evidence of such fracture
was found at R = 0.75 or for tests in helium. The
presence of intergranular facets did not appear to
directly influence near-threshold growth rate behavior.

6) Macroscopically, bands of corrosion deposits,
identified as predominately Fe,O,, were observed on
fracture surfaces. The thickness of the oxide, which was
inversely related to growth rate, was at a maximum at
the threshold. Oxide thicknesses were significantly
smaller in hydrogen gas compared to air at R = 0.05,
and were an order of magnitude smaller in either
environment at R = 0.75. Such thicknesses were sig-
nificantly greater than those obtained by simply expos-
ing the same material in the same environment for the
same length of time.

7) The influence of environment on near-threshold
fatigue crack growth is ascribed to a new mechanism
involving oxide-induced crack closure. According to
this model, near-threshold growth rates are accelerated
in inert or reducing atmospheres (i.e. H,, He) because
the environment contains less moisture (and oxygen)
compared to air. Moist environments result in oxide
films formed at the crack tip, which are thickened by
fretting oxidation arising from plasticity-induced crack
closure. Since the excess oxide debris is of comparable
size to crack tip opening displacements, a source of
enhanced crack closure is realized thereby reducing
effective AK values at the crack tip.

8) Based on limited data it appears that at the
threshold stress intensity AK, the maximum excess
oxide thickness is of the order of the pulsating crack tip
opening displacement.

9) In addition to mechanisms generated by corrosion
debris, sources of enhanced crack closure from fracture
surface morphology and roughness are significant at
near-threshold levels because their size-scales are com-
parable to crack tip displacements. Such concepts are
consistent with experimental observations of the influ-
ence of load ratio, strength, grain size and environment
on near-threshold growth.
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