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ABSTRACT

The role of gaseous environment on fatigue crack propagation in a bainitic

24Cr-1Mo pressure vessel steel is examined for atmospheres of moist air and de-—
humidified hydrogen and helium gases. Two distinct regimes are found where hydro-
gen can markedly accelerate crack propagation rates compared to air, namely at
near—threshold levels (<10~6mm/cycle) and at higher growth rates. Whereas mecha-
nisms of hydrogen-assisted growth in the latter regime are attributed to hydrogen
embrittlement, at near-threshold stress intensities the influence of the environ-
ment is modeled in terms of the effect of excess oxide debris generated inside
near-threshold cracks in promoting crack closure. The consequences of this new
mechanism, termed oxide-induced crack closure, are discussed, particularly with re-
gard to the question of reproducibility of threshold stress intensity AK, measure-
ments.
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INTRODUCTION

It is well established that the presence of an aggressive gaseous environment such
as hydrogen can cause considerable deterioration in fatigue crack growth resistance
in high strength steels, particularly when maximum stress intensity (Kyppx) levels
exceed Krg.. , the threshold for envirommentally-induced cracking under sustained
loads (e.g. McEvily and Wei, 1971). Lower strength steels (yield strength below
800 MPa), conversely, are often considered to be relatively immune to such "em—
brittlement" largely because of their relatively high Kjg.. thresholds. Under
cyclic loading, however, it is now clear that such steels become very susceptible
to hydrogen-assisted fatigue crack growth, at Kyppy values far below conventionally-
measured Kygee thresholds (Nelson, 1976; Brazill, Simmons and Wei, 1979; Ritchie,
Suresh and Moss, 1980). Whereas most data have been obtained for growth rates in
excess of 10’5mm/cycle where mechanisms of hydrogen-assisted growth have been ra-
tionalized in terms of hydrogen embrittlement theories, recent observations have
shown that the maximum enhancement due to hydrogen occurs at growth rates below
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10—6mm/cycle, approaching the so-called threshold stress intemsity AK, for no
crack growth (Ritchie, Suresh, and Moss, 1980; Ritchie, 1980). Further, it is
apparent that arguments based on hydrogen embrittlement models are not consistent
with behavior patterns observed at such near-—threshold levels (Ritchie, 1980).

In the present work, mechanisms of hydrogen-assisted fatigue crack growth are
examined in a lower strength 2%Cr-1Mo pressure vessel steel tested over a

wide range of growth rates from 107° to 10~3mm/cycle in environments of moist air
and low pressure dehumidified hydrogen and helium gases as a function of load ra-
tio (R = Kpip/Kpax) and frequency. It is shown that whereas hydrogen-assisted
crack growth at higher propagation rates (typically >107 mm/cycle) is consistent
with hydrogen embrittlement concepts (although precise mechanisms in such low
strength steels are unknown), at near-threshold levels differences in crack growth
behavior in air and hydrogen may be ascribed to a new mechanism involving increased
levels of crack closure promoted by excess oxide debris generated within near-
threshold cracks propagating in moist environments (Stewart, 1980; Ritchie, Suresh
and Moss, 1980; Ritchie, 1980). The implications of such "oxide-induced crack
closure" with regard to the uniqueness and reproducibility of threshold stress
intensity AKO measurements are discussed.

EXPERIMENTAL PROCEDURES

The 2%Cr-1Mo pressure vessel steel examined was received in the form of a2 175 mm
thick plate, conforming to the ASTM A542 Class 3 standard (hereafter referred to
as SA542-3). Prior heat treatment consisted of austenitizing at 950°C for 5 hrs,
water—quenching, and tempering at 663°C for 7 hrs, before stress relieving at
593°C (15 hrs), 649°C (22 hrs) and 663°C (18 hrs). Microstructures and mechanical
properties (Table 1) of this plate varied only marginally with through-thickness
position, the structure being predominately upper bainite (grain size 60-70pm)
with less than 3% polygonal ferrite at center thickness.

TABLE 1 Ambient Temperature Mechanical Properties of SA542-3 Steel

0.2% Proof Stress U.T.S. Redn.in Area Charpy Impact Energy KIc KIscc
(MPa) (MPa) (%) (®)) (MPavm) (MPavm)
496 =7 610 % 17 77 197 £18 295 >85

Fatigue crack growth experiments were performed using 12.7 mm thick compact-tension
specimens (T-L orientation), in environments of ambient temperature moist air (30%
relative humidity) and dehumidified and purified hydrogen and helium gases (138
kPa pressure) over a range of frequencies (0.5 to 50 Hz sine wave) and load ratios
(0.05 to 0.75). Ultra-low growth rates (below lO"emm/cycle)were obtained using a
load-shedding (decreasing K) technique, whereas higher growth rate data were ob-
tained at constant load amplitude, the electrical potential method being utilized
to monitor crack lengths. Thresholds AKO values were defined at a maximum growth
rate of 107°mm/cycle. Experimental techniques are described in detail elsewhere
(Ritchie, 1977; Ritchie, Suresh and Moss, 1980).

RESULTS
A comparison of fatigue crack propagation in moist air and dry hydrogen for SA542-3

steel is shown as a function of varying frequency at R=0.05 in Fig. 1, and as a
function of load ratio at 50 Hz in Fig. 2. Clearly two distinct growth rate
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regimes are apparent where hydrogen markedly enhances propagation rates, namely
at near-threshold levels below 10_6mm/Cycle and at higher growth rates typically
above 10™9mm/cycle (Fig. 3).

Above growth rates of typically lO_Smm/cycle (at R<0.5), an abrupt acceleration

in crack growth rates (up to 20 times) can be observed in the presence of hydrogen
(Figs. 1-3). The onset of this acceleration occurs at an approximately constant
Knax value, termed K%ax , i.e. at lower AK levels with increasing load ratio
(rable 2), provided the frequency is below a critical value (dependent upon R).
Further growth rates in hydrogen above K%ax are increased with decreasing frequen-
cy whilst rates in air are insensitive to both frequency and load ratio. As might
be expected, the effect of hydrogen on growth rates is reversible, in that re-
placing hydrogen by moist air causes a reduction in crack velocity whereas re-
placing air by hydrogen causes an acceleration (Fig. 4). For the present steel,

a characteristic fracture mode for hydrogen-assisted growth is also observed;
failures are predominately transgranular in air and hydrogen below K%ax and pre-
dominately intergranular in hydrogen above K%ax where an acceleration occurs
(EBige . 5)s

The most significant degradation in crack growth resistance due to hydrogen is ap-
parent in the near-threshold regime where growth rates in hydrogen exceed those in
air by up to two orders of magnitude, and threshold AKO values are decreased by
up to 30% (Fig. 6). Such effects, however, occur only at low load ratios (at
R=0.75 behavior is virtually identical in air and hydrogen (Fig. 6)) and appear in-
dependent of frequency (Fig. 1). Further, despite the large accelerating influ-
ence of hydrogen, there is no significant difference in fracture mode between air
and hydrogen below 10™°mm/cycle, failures being predominately transgranular with
sporadic intergranular facets. Moreover, unlike behavior at higher growth rates,
effects of hydrogen on near-threshold growth rates appear non-reversible. By
changing environment from dry hydrogen to moist air, a deceleration in crack velo-
city is observed (Fig. 7a), as would be expected from constant environment data
(Fig. 6). However, replacing moist air by dry hydrogen at stress intensities
close to AK, produces no corresponding acceleration in crack velocity (Fig. 7b).

DISCUSSION

Although there have been many mechanisms for hydrogen embrittlement proposed which
provide at least a partial description of hydrogen—assisted crack growth in higher
strength steels (e.g. Zappfe and Sims, 1941; and Oriani and Josephic, 1974), the
phenomenon of hydrogen-assisted failure in lower strength ductile steels is still
poorly understood. The current studies show that at higher growth rates, such
steels show behavior analogous to higher strength steels in that the presence of

TABLE 2 Conditions for Onset of Hydrogen-Assisted Crack Growth
. Jn it
Load Ratio Frequency Sx” Ko

(Hz) (MPavm) (Pa’m)

0.05 50 no effect

0.05 5 no effect
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0.30 50 1543 21,9
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0.75 50 4.7 18.8
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hydrogen results in a sudden acceleration in growth rates above a critical Kpax
value (K%ax). This phenomenon, which is sometimes referred to as ''stress-corro-
sion fatigue", occurs in high strength steels when Kpux exceeds Kyg.., and has
been rationalized in terms of "superposition'" (Wei and Landes, 1969) or 'process-
competition" (Austen and McIntyre, 1979) models, where the environmentally-assisted
crack growth is considered to result from sustained-load stress—corrosion cracking
and mechanical fatigue components which are either additive or mutually competi-
tive. Reaction kinetic studies have indicated that such environmentally-enhanced
cracking in both 4340 and 24Cr-1Mo steels can be attributed to hydrogen embrittle-
ment mechanisms, rate limited by surface reactions at the crack tip, i.e. chemi-
sorption of hydrogen in gaseous hydrogen or the oxidation of iron in water environ-
ments (Brazill, Simmons, and Wei, 1979). It is clear that in lower strength steels
like 2%Cr-1Mo, such hydrogen-assisted growth occurs at stress intensities far be-
Low Kygee » reflecting the fact that cyclic loading maintains a sharp crack tip
and thus continuously provides freshly exposed metal surface there for hydrogen

to be adsoerbed.

The most pronounced influence of gaseous hydrogen in 2%Cr-1Mo steels, however, is
seen at near-threshold levels, although somewhat surprisingly only at low load
ratios (Fig. 6) and without change in fracture mechanism. Further, related stu-
dies in ultrahigh strength steels, which are very prone to hydrogen embrittlement,
indicate a very small but decelerating influence of hydrogen at near-—threshold
levels (Ritchie, 1980). 1In addition, measurements in inert gas environments have
revealed AK, values below those measured in air (Ritchie, 1980; Stewart, 1980).
Such observations are clearly at variance with hydrogen embrittlement mechanisms
for environmentally-assisted near—threshold crack growth. Very recently, an al-
ternative explanation has been proposed based on the concept of "oxide-induced
crack closure" (Stewart, 1980; Ritchie, 1980; Ritchie, Suresh and Moss, 1980).
According to this model, near-threshold growth rates are accelerated in hydrogen
simply because the dry, oxygen—free environment restricts the formation of oxide
films within the crack tip. In moist atmospheres, such as air, at low load ratios,
oxide debris is generated and thickened by fretting oxidation mechanisms (Benoit,
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Namdar-Tixier and Tixier, 1980) resulting from plasticity-induced closure of the
fracture surfaces. Such enlarged oxide debris in low strength steels is com-
parable in size with crack tip opening displacements at near-threshold levels, and
correspondingly results in increased crack closure thereby reducing effective AK
levels at the crack tip. Art sputtering analysis using Auger spectroscopy by
White (1980) has shown oxide layers near AK, to be almost 30 times thicker than
at higher growth rates for the present SA542-3 steel tested in air at R=0.05
(Fig. 8). The major implication of this model is that hydrogen per se does not
"accelerate' near-threshold growth compared to air, but rather prevents the de-
celeration due to crack closure from enlarged corrosion debris. The consequence
of this is that near-threshold crack propagation in any dry (or oxygen-free) en-—
vironment should exceed growth rates in air. This is verified in Fig. 9 where
below 10~%mm/cycle, crack growth rates in dehumidified purified helium gas are
accelerated with respect to air, with threshold values approaching those measured
in hydrogen. Similar results have been reported for other 24%Cr-1Mo steels, namely
normalized SA387 tested in argon, and higher strength martensitic SA542-2 tested
in helium (Ritchie, 1980). At higher load ratios, however, behavior in air, hy-
drogen and inert gas is identical since little oxide debris will be created where
there is no plasticity-induced closure to promote fretting oxidation.

Observations of non-reversible effects of hydrogen on near-threshold crack growth
rates from tests where environments were changed during crack growth (Fig. 7) are
also capable of explanation in terms of oxide-induced closure. The result, where
a crack, previously grown to near-threshold levels at R=0.05 in moist air, is
abruptly flooded with hydrogen gas and yet shows no immediate acceleration in
growth rate (Fig. 7b), follows from the fact that a distribution of oxide deposits
has already been generated within the crack during prior near-threshold growth in
air. The introduction of gaseous hydrogen under these circumstances will have
little effect until the crack has grown a sufficient distance from the oxide de-
posits. This experiment raises important questions about the uniqueness of thresh-
old measurements, since the value of AK  determined may depend upon the amount
of oxide debris created, which in turn may depend upon the route and time taken

to reduce growth rates to near-threshold levels. Recently we have found evidence
that various hold times at stress intensities above and below the conventionally-
measured AR, value can lead to premature crack arrest (an "apparent' threshold)
due to the build-up of excess oxide during the hold periods. Clearly, from the
point of view of the application of near-threshold fatigue data in design, further
work on the question of the reproducibility of AK, measurements is warranted.

Finally, evidence to support oxide-induced closure concepts may be readily found
in the literature. For example, results for pressure vessel and rotor steels show
somewhat higher AKO values in water compared to air (Paris and co-workers, 1972;
Stewart, 1980). In addition, both Tu and Seth (1978) and Nordmark and Fricke
(1978) report premature crack arrest for near-threshold crack growth in certain
steels and aluminum alloys tested in aggressive environments due to the progres-
sive build-up of corrosion products on the crack surfaces. In fact, observation
of corrosion debris has traditionally provided a means to detect and monitor the
growth of incipient flaws under service conditions (i.e. in aircraft components).

SUMMARY ANWD CONCLUSIONS

The role of gaseous enviromment on influencing fatigue crack propagation in a
bainitic 2%Cr-1Mo pressure vessel steel has been examined for atmospheres of moist
air, dry hydrogen and dry helium gases. It is apparent that whereas hydrogen-
assisted fatigue crack propagation at growth rates in excess of lO‘Smm/cycle may
be ascribed to hydrogen embrittlement mechanisms, significant enhancements in
crack velocities due to hydrogen at near—threshold levels (<107 °mm/cycle) appear
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to result more from the absence of corrosion deposits formed within the crack sur-
faces. Such concepts of oxide-induced crack closure are shown to be consistent
with effects of load ratio and environment at near—threshold levels, and further
highlight certain inconsistencies in the reproducibility of threshold fatigue
data.
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