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INFLUENCES OF GASEOUS ENVIRONMENT ON LOW GROWTH-RATE FATIGUE'CRACK

PROPAGATION IN STEELS
{

R. 0. Ritchie, S. Suresh and J. Toplosky.

FOREWORD

This report summarizes work perfo?med during the ini-
‘tial &ear-of the program, commencing May 1, 1979. The research
was administered under contract'No. DE-AC02-79ER10389.A000 by the
Office of Basic Energy Sciences, U.SalDep;rtment of Energy, with
Dr. Staniey M. Wélf as Proéram Monitor. The work waé péffofmed
under the directién of Professor Robert O. Ritchie as principal
investigator, with assistance from‘gfaduate students S. Suresh

and J. Toplosky, and undergraduate Helen Conley.
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ABSTRACT

. fhe influence of gaseous‘environment is examined on fatigue crack
propagation behavior in steelé. 'Specificélly, a fully martensitic 300-M
ultrahigh sttength steel and a fﬁlly Bainific 2%Cr-1Mo lower strength
steel aré»investigéted in gnQirdnments of ambient tempé;ature. moist air
and low pressure dghumidified hydrogen and argon gases over a wide range
of growthiraées from 10_8 to lO_me/cycle, with particulér emphésjs given
to behaﬁior near the crack propagation threshold AKo-' It is fpund that
two distinct growth rate regimeé.exist where hydrogen can iarkedly‘ac—
celeraté crack proﬁagation rates compared'to air, 1i) at near-threshold‘
levels below (5x10-6mm/cycle)_and ii) at higher growth rates, typically
around lO-Smm/cyq;é above a critical maximum stress intensity Kiax .

Hydrogen-assisted crack propagation at higher growth rates is attributed

T

to a hydrogen embrittlement mechanism, with K'max nominally equal to

Kiséc (the sustained load stress corrosion threshold)in high strength
steels, and far below KIacc in the strain-rate sensitive lower stréngch
steels. Hydrogen—assisted crack propagation at neér-threshéld levels is

attributed to a new mechanism involving fretting-oxide-induced crack

closure generated in moist (or oxygenated) environments. The absence of

hydrogen embrittlement mechanisms at near-threshold levels is ‘supported

"by tests showing that AKO values in dry gaseous argon are similar to

AKO values in hydrogen. The potential ramifications of these results

.are examined in detail. ¢
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1. TINTRODUCTION

The curreat uncertainty in foreign crude 0il supplies to this country
h?s pfé@pted renewed interest in our cqal resources as a viable major energy
source. Although the technology for extensive utilization'of this coal is
: now%rapidly emerging, many materials-~related prbblemé still remain, both on
the basis of ecqnomics and from the point of view of increased reliability.
Challenges to the materials community in this regard now lie in thelsearch
for less expensive materials capable of improved performance in'the;presence
of mechénically aﬁd chemically hostile environments. Coal gasification and
. liquefaction processes, for example, both involve the use of wéidedAsteel
pressure vessels, as'lérge as 60 m high, 6 m in diameter with 250-350 mm
wall thicknesses, which must operate continuously, economically and, above
all, safely, at high pressures and temperatures in the presence of erosion-
produéing'sblid particles, and chemically-aggressive atmospheres containing
hydrogen and hydrogen sulfide gases, etc. Design of such vessels must allow
for the fact that sub-critical growth of crack-like defects, which invariably
are present in such large~sgale structures, may be vastly accelerated by the-
presence of such-eﬁvironments, particularly those containing (or producing)
hydrogen. The princ¢ipal focus of the present ﬁrbgram is a fundamental_study
‘of tﬁe influence of gaseous environment on sub-eritical crack growth by fa-
tigue, with particular emphasis on influences of hydrogen on crack propaga-
tion at ultralow, near~threshold growth.rates.(less than lO—6mm/cycle) in
both high. strength and low strength steels. '

Fétigue crack ﬁropagacion in general is characterized in terms of the

alternatiﬁg stress intensity AK through expressions of the'forml:

da = m

N CAK 1)

where da/dN is the crack growth increment per-cycle, AK is given by the
differeuce betwéén the maximum and minimum stress intensities for each cycle,
i.e. AK = Kmax - Kmin , and C and m are scaling constants. This expres-

sion adequately describes behavior (in the absence of environmental effects)

5

at the so-called mid-range of growth rates, typically 10~ to 1073 mm/cycle,
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but may sevgrely‘underestimate.rates at higher growth rates as Kmax ap-
pro;cheé KIC , the fracture toughness, (or, when limit load is exceeded)
and is conservative at much lower growth rates (i.e. less than 10_6 mm/
cycle) as AK approéches the threshold stress intemnsity, AKO ’ below
which cracks remain dormant or grow at experimentally undetectable rates
(Fig. 1). Whereas a large body of information exists for behavior at in-
termediate and high growth rates, behavior patterns for fatigue crack pro-
pagation at near-threshold levels. have only recently become apparentz. It
has been found in high strength steels, for example, that near-threshold
cfack'propagation rates are accelerated; and the value of AKO decreased,
by such factors as increasing load ratioé, increasing strength level, finer
microstructures, and prior impurity-induced embrittlement2_6. Siﬁilar re-
sults on lower strength.steels7,_titanium8 and aluminum9 alloys broadly re-
flect these trends. Models to explain such data aré relatively scarce,
although_Ritchiez’A has proposed that, for high4strength steels at least,
sﬁch behavior can be rétionalized in terms of environmental effects, which-
in this case pertain to hydrogen émbrittlement mechanisms resulting from
erack tip reactions with moisture in air. Data to support such environmental
interactions at near}threshold levels, however, are in cerfain instances
somewhat contradictory. Where growth rates have been compared between air
and vacuum, significant envigonmental accelerations have invariably been.

10-1 . .
observed, .3 but for tests conducted in air, water and argon atmospheres

14-16 . . .
and, in certain cases, the seemingly more

. R . . . . , 17,18
aggressive environment has resulted in slight decelerations in growth rates. o1

often no effect has been seen

Whereas certain of these observations could be the result of "impure" inert
atmospheresll, they do present contradictory evidence for the environmental
modelz’a. One of the principal objectives of the present program is to de-
monstrate unambiguously the influence of environment on near-threshold be~
havior by a comparison of créck propagation rates in carefully controlled en-
vironments of moist air, inert gas, vacuum and hydrogen gas. Both high and
low strength steels are chosen féf study because of their markedly different
sensitivity to environmentally-induced crackiﬁg (i.e. hydrogen embrittlement),
at least under monotonic loading.

This reporg summarizes the progress of the first nine months of the
b

-program. Studies have been performed on two materials, a fully martensitic



300-M ultrahigh strength steel, tempered to two strength levels, and a thick-
"section, fully bainitic 2%Cr-lMe low streegth steel (ASTM A542 Class 3}.

; Testing has“principally involved the generation’of fatigue crack propéga—
tion data (covering six decades of growth rates from 1072 o 1078 mm/cycle)
and associated fractography in atmospheres of ambient temperature moist air,
dry argon and dry hydrogen gas as a function of cyclic frequency and-load .
ratio. Preliminary studies have alsd been iﬁstigated to monitor hydrogen
transport rates in both structures, in both pnstressed and plastically de-
formed smaples, using electrochemical permeation measurements. From the re-
sulterbtained, a radically new interpretation of the influence of environ-
ment on near-threshold fatigue crack propagationEbehavior in steels is sug-
gested which, if substantiated, may have eignificant consequences Qn the po-
tential use of steel structures for coal conversion, hydrogen storage, and

hydrogen transport systems.

2. EXPERIMENTAL PROCEDURES
2.1 Materials

Two alloy steels were investigated during the first year-of the pro- .
gram, namely 300-M quenched'aﬁd tempered to yield strengths of 1737 'and 1074
MPa, and ASTM A542 Class 3, quenched and tempered to a yield strength of‘SOO
MPa. .Chemical compositions in weight percent are listed in Tables I.

The ultrahigh strength 300-M steel (essentially AIST 4340 modified

&ith 1.4% silicon) was of aircraft-quality (vacuum-arc remelted) and supplied
in the form of fully-annealed hot-rolled bar.‘ Material was austenitized at
87OOC_for l'hour, quenched into agitated oil, and tempered for 1 hour at
300°C* and at 650°C. These treatments will be hereafter referred to as 300M-
T300 and 300M~T650 respectively. Both microstructures were fully martensitic
with a prior austenite grain size of 20 uﬁ; evidence of é-carbide precipita-
tion and roughly 4% retained auctecnite as inlerlath f1lms were observed in
the T300 structure, whereas spheroidized cementite was present in the T650
structure with no evidence of retained austenite.

The lower strength 2%Cr-1Mo steel was supplied as a 175 mm thick

plate from Lukens Steel Co., conforming to the ASTM A542 Class 3 standard and

* - ;
the commercially-used heat-treatment



hereaftef‘referred'to as SA542-3. The plate had been austenitized at 950°C
for %5 hr, Qater quenched and tempered at 663°C for 7 hrs, before
stress-relieving for 15 hrs at 593°C, 22 hrs at 649°C, and 18 hrs at 663°C.
Microstructures and properties of this plate varied only marginally with
through~thickness position, the sﬁructure being predominately bainitic
with less than' 3% free polygonal ferrite at center thickness. Bainite
grgin sizes were meésured between 60 to 70 umlg. Ambient temperature me-

chanical properties of both steels are listed in Table II.
2.2 TFatigue Crack Growth Testing

Fatigue crack pﬁopagation tests were performed using 12.7 mm thick
ASTM standard 1-T éompact specimens, of L-T orientation for 300-M and T-L
for SA542-3. Specimens were cycled under load control on 50kN Instron elec-
tro sefvo-hydraulic testing machines under sinusoidal tension over a range
of load ratios (R = K_,
! min ‘
varying between 0.5 and 50 Hz. Crack lengths were continuously monitored

/Kmax) from 0.05 to 0.75 with cyclic frequencies

using DC electrical potential systems, capable of measuring absolute crack .
length to within 0.1 mm, and to detect changes in craék length of the order
of 0.01 mm. Growth rates in excess of lO-Smm/cycle were generated under
constanqlloéd (increaéing K) conditions. Lower growth rates were determined
‘using both load-shedding (decreasing K) and load increasing (increasing K)
conditions. Crack propagation threshéld, AKO , defined in terms of a ma-

ximum growth rate of lO-Bmm/cycie (é»xlO—lo

in./cyclé),Awefe aﬁproached using
a procedure of successive load reduction (by not more than 10%) followed by
crack growth. ‘At each load level, growth rate measurements were taken over
increments of 1 toilfS mm, rebresenting more than four times the previous-
cyclic plastic zone size. Following AKo measurements, loads were increased

" in steps and the same procedure followed. Plane strain conditions were
maintained throughout, based on the criterion that cyclic plastic zone
sizes did not exceed one-fifteenth of the specimen thickness. All tests
were performed at ambient températures in carefully controlled environments
of moist air (30% relative humidity), dehumidified ultrahigh-purity hydro-
gen gas (138 kPa pressure) and’dehumidified ultrahigh—pu;ity argon gas
(138 kPa pressure). Input gases to the environmental chamber, which was
mounted locally on the specimen, were rigorously purified through the use

, *
vf molecular sieves and liquid nitrogen cold traps. A modified system is

®
"Liquid nitrogen cold traps cannot be used for argon since the gas freezes
ahove ~196°C, For this reason, future inert gas testing will involve helium.
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currently inuse wﬁich,allows prior evacuation and -bake-out of gas lines.
A more complete description of the environmental near—thfeshold fatigue

test procedures can be found elsewherezo,

2,3 Accelerated KIﬁcc Testing

‘ Thresholdszor-sustainéd-ldad stress corrosion cFacking, KIscc’
in gaseous hydrogén were estimated using the accelerated rising-load pro-
cedure of Clarkﬂaﬁd Landesgl. Standard 12.7 mm thick compact specimens,
fatigue pre—cr;cked to a crack length~to-width (a/W) ratio of 0.5 at a
stress ihtensi;y bélOW'ISMPa/ﬁ (R=0Q.05), wgie loaded in air and 138kPa dry
hydrogen gas at a fixed displacement rate corresponding to an initial elas-
tic stress intensity rate (k) of 0.1 MPa/ﬁ]sec. KIscc values were estim-

. ated using J-integral measurements where the load/load-line displacement
record in hydrogen showed significant departure from the base-line air
record (Table IT). The values quotéd in Tabie IT must only be taken as
approximate because of the rapid k.rates utilized, and the approximate
nature of the test procedure. We are.currently repeating these measurements

using an order of magnitude slower displacement rates'.

2.4 Hydrogen Permeation Measurements.

Experimenté to measure rates of hydrogen transport in both steels
utilized the electrochemical permeation procedufes ;f Kurkela and
Latanisionzz, based on the technique of Devanﬁthan and Stachursk123.

A schematic diagram of the hydrogen permeation cell used is shown in
4 Fig. 2. The material under investigation is made a bi-electrode in the

form of a mémbrahe_(about 1.5 mm in thickness) and .clamped between the cath-
ode (hydrogen entry) and anode (hydrogen exit) half-cells exposing 1.27 cm?
of surface area. An electrolyte solution of 0.1 N HZSOA is used in the
cathode half-cell and 0.1N NaOH in the anode half-cell. To minimize the
effects of oxygen reduction, both solutions are de-aerated prior toland

. during the experiment by bubbling nitrogen gas. Hydrogen charging is con-

" trolled by a galvanostatic circuit which insures that the cathodic charging
current is a function of the exterﬁal resistance and not the cell resis-

- tance. Hydrogen is absorbed into the membrane and diffuses through to the



other side. The anodic side of the specimen is maintained at a constant
potential versus a saturated calomel electrode by a potentiostat so that
the concentration of hydrogen on that surface is zero. Thus, when hydro-
gen emerges at the anodic side, it is immediately oxidized and the current
generated thereby is a direct measure of the permeafion rate. To make
sure that the oxidation of hydrogen is the sole reaction, the anodic side -
is plated with palladium to suppfess the oxidation of iron (this has no
effect on the permeation behavior). The permeation current is measured by
an.ele;trométer and recorded on chart paper. All'experimenté are carried
out at room temperature. - ' ‘ '

To study permeation in specimens undergoing plastic deformation,
a tensile specimen (design shown in fig. 3) with an exposure area of 0.3 cmzwill
be used and the same technique adopted. The specimen-cell assembly is po;‘
sitioned between the crossheads of an Instron machine. The specimehs are to be
deformed'at a constant extension rate and simultaneously charged with

hydrogen. Permeation currents and stress-strain curves wtll be recorded.

3. RESULTS TO DATE

3.1 Hydrogen.Transport Studies in 300-M and 2}%Cr-1Mo steel.

The objective of this phasé of the program is to measure the rela-
tive rates of hydrogen transport in the various microstructures under inf
vestigation, both in unstressed samples to gather diffusion data and in
samples -undergoing plastic deformation at varying strain rates to determine
possible.dislocation—aided25 tranéport data. The rationale for these stu-
dies are several-fold. We wish to examine whether the varying susceptibil-
ity of certain steels and certain microstructures can be related to trans-
port factors, i.e. does hydrogen transport ever become rate-limiting for :
hydrogen-assisted failure. In fact, for lower strength steels where me-
chénisms for such. fracture are largelyAunknown, it is uncertain at this
stage whether hydrogen transport in the iron matrix plays a role since the

embrlttlement zone' may be very close to the crack tlp, rather than some
"dlstance (approximately two crack tip displacements )into. the material, as

is often modelled for high strength steels. In addition, as described be-

low, the effective threshold stress intensity for environmentally-assisted -
failure in fatigue by hydrogen embrittlement is significantly less than ‘
w;epresenting the point of maximum dilataticenm, '




KIscc in low strength, strain-rate sensitive steels. This sﬁggests -

'a strain-rate dependence on the environmental threshold, which is conceivably
a consequence of hydrogen transport via dislocation-aided motion.

‘ | This stuay has only recently been started and initial experiments
have been performed only on unstressed samples; A typical permeation tran-

. sient for SAS542-3 is shown in Fig. 4. By applying Fick's law with appro-
priate boundary conditions, one can solve for the diffusion coefficient

" for hydrogen using

L, |
0.138 L 2)

t

D, - =

L
where Dy is the diffusion coefficient of hydrogen in cmz/sec, L the
membrane thickness in cm, and t% the half time of the permeation current
transient in seconds. Using such analyses, the diffusion coefficient in .
. SA542-3 was found to be 5.51!110'-7 cm2/sec, in agreement with‘publiéhed

24
values.

3.2 Fatigue Crack Propagation in Ultrahigh Strength 300-M Steel.

High strength steels,. &ith yield strengths exceeding 1000 MPa,
such as 4340 and 300-M, are generélly regarded as being extremely suscept-

ible to hydrogen embrittlement based on the fact that their K gee fhresb=

' 6
Ie °
cyclic loading, there is now ample evidence for a similar susceptibility

. : . L 26-32. . 4
to hydrogen embrittlement at intermediate growth rates. 6-32 However,

olds for sustained load cracking are often small compared to K Under

no information has been éolléctedAtp date on whether such hydrogen-induced
embrittlement rgsults in accelerated crack propagation at near-threshold
growth rates below lO-emm/cycle.

The variation of fatigue crack pfopagation for 300-M is shown in
Fig. 5 for a range of tempering temperatures and strength levels. These
data, from the preVious work of Ritchiel, were obtained for a load ratio of
0.05 at 50 Hz frequency in an -atmosphere of ambient temperaturé moist air.
It is very apparent that a reduction in thé tensile strength from 2300 to
1200‘MPa by increasing the tempering temperature,while producing_little
variation at intermediate levels, results in a significant reduction in

near-threshold growth rates (by almost 3 orders of magnitude at AK = 9 MPaym),



and an increase.in threshold AKo ‘values from 3 to 8.5 MPa/m. Results
‘at high load ratios of R = 0.70 show similar trends although the magni-
. tude of the differences were very much smallera.

In the present study we are examining the structures tempered at
300°¢C (T300) and 650°C (T650) in moist air, hydrogen gas, and inert atmo-
spheres to investigate environmental effects.’ Initial tests have been
conducted on the T300 structure at 50 Hz frequency with load ratios of
0.05 and 0.30 in both moist air and dehumidified hydrogen gas. The fe—
sults obtained so far are shown in'Figs. 6 and 7. It is apparent from
Fig. 6 that at R = 0.05 at 50 Hz, there is little significant difference
between growth rates in moist air and dry hydrogen, except for a slight in-
crease due to hydrogen above lO-amm/cycle. By increasing the’load ratio
(Fig. 7), theuthreshold is decreased somewhat as expected, but mére im-
portantly_an enhancement due to -hydrogen can be observéd at intermediate
growth rates in the form of a sharp acceleration abo%e a - Kmax value
of approximately 20 MPavm. This valug of Kmax’ where hydrogen-—-assisted
growth becomes ;eadily apparent, hereafter referred to as Kiax , corre-
sponds approximately to typical values of KI o’ the threshold for hydro-
gen—a551sted growth under monotonic loading for 300M~T300. 29,35, Such be—
havior is consistent with the concept of '"stress-corrosion fatlgue 93, where
the environmentally-assisted fatigue crack propagation can be con51dered
in_terms of (sustained-load) stress corrosion cracking and mechanical ta-
tigue cémponents which are either additive27 or mutualiy competitive2

. 'Preliminary fractographic results indicate no change in fracture
mechanism due to hydrogen at near-threshold and at higher growth rates; a
fine-scale transgranular mode with isolated intergranular facets is ob-
served for both environments. Macroscopically, little corrosion deposit
can be observed on near-threshold fracture surfaces in either atmosphere.

Summarizing tﬁe limited data obtained so far on Qltrahigh strength
300M-T300 steel, dry hydrogen gas appears only to accelerate fatigue crack
propagation rates (with respect to air at 50 Hz) above a critical K

max
value approximately equal to KIscc . Thus, for a steel/heat-treated con-
dition which is generally considered to be very susceptible to hydrogen
embrittlement (under sustained loads), it is clear that the presence of

dry hydrogen gas has no significant effect on AKO or on near-threshold

cima v C e e e rr—




growth rates.

3,3 Fatigue Créck Propagation in Lower Strength'Z%Cr;lMo Steel (SA542—3).

Alloy steels with yield strengths below 1000 MPa, such as
2%Cr-1Mo, are generally considered to be relatively immune to hydrogen em-

brittlement based on their high‘Klgcc thresholds for sustained load crack-
ing20,31,32

Under cyclic loading, however, recent data in this laboratory

‘and elsewhere have shown that fatigue crack growth in these steels can be.
_considerably enhanced due to the presence of gaseous hydrogen at stress
intensities well below KIscc20’3I’32' |

In the present program, bainitic SA542-3 2}4Cr-1Mo steel has been tes-
ted at load ratios between 0.05 and 0.75 at cyclic frequencies between 50
and 0.5 Hz in ambient femperature moist air énd dry hydrogeh. Resulﬁs at
low mean stresses (R = 0.05) afe shown in Fig. 8 for a range of frequen-
cies, and in Fig. 9 at 50 Hz for .a range of load ratios. It is appareht from
these data that,by comparing crack growth behavior in air and hydrogen
in the lower strength steels, two distinct regimes exist where hydro- |
gen-assisted fatigue‘crack'propagation can occur, namely at intermediate
growth rates, typically above lO—Smm/cycle, and (dnlike ultrahigh strength
steels) at near;threshold levels Below 5x10_6mm/cycle, as shown SCheméti-
cally in rig. 10.

The major enhancement in crack propagation rates due to the presenée
of dry hydrogen gas can be seen below 5x10“6mm/cycle where growth rates
in hydrbgen were as much as 100 times greater than in air and threshold
AKO values were reduced by as mﬁch és 27%. Similar results have been ob-
served in normalized 2%Cr-1Mo steels with lower strength ferritic/bainitic

, 20,3
microstructures 0, 2.

Increasing the load ratio R further increased
growth rates (and lowered AK,) in both environments, although the large
acceleration due to hydrogen observed at R = 0.05 was practically non-
existent at R = 0.75 (Fig. .1ll). Reducing'the frequency from 50 to 5 Hz
did not appear to affect near-threshold rates. Fractographically, there
was little difference between fracture mechanisms in air and hydrogen

near AKO despite the large influence of hydrogen on near-threshold growth.
Below lo—smm/cycle, a fine scalc transgranular mude was seen for both at-

mospheres with little evidence ( 10%) of intergranular facets (Fig. 12).

Macroscopically, characteristic bands of corrosion deposit were observed
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on fracture surfaces tested in air at low R values where growth rates
had been less than lO—7mm/cycle (i.e. near AKO). Such bands were not ob-
served at high R values, and were far less pronounced in hydrogen gas.
With increasing growth rates above AKb , the ;nfluence of hydrogen
gas becomes progressively lessened. . However, around 10—5mm/cyc1e (ét
R < 0.5), a second enhancement in growth rates due to hydrogen (up to 20
-times) can be observed in the form of an abrupt acceleration in hydrogen-
‘assisted growth (Fig. 8-10) similar to that observed in 300—M‘(Fig; 7),.
which is both sensitive to frequency and load ratio. Provided the fre-
quency is below a critical value (dependent upon R), the onset_of the ac-
celeration occurs at a constant maximum stress intensity KTmax of ap-
proximately 20 MPavm , 1.e. at lower AR levels with increasing load
‘ratios (Table II‘and Fig. 9). Fufther, growth rates in hydrogen above
KTmax were increased with decreasing frequency, whilst rates in'air above-
10-5mm/éycle were largely insensitive to both frequency and load ratio.
Unlike near-threshold behavior, a characteristic fracture mode for hydrogen-
assisted cracking was obéerved;'failures were predominately transgranular
in air and in hydrogen below ‘Kiax , ‘and predominately_intergranqlar’in
hydrogen above Kiax where an acceleration had occurred (Fig. 13). This
effect .of hydrogen on higher growth rates, with its chdracteristic fracture
mode and ffequency/load ratio dependence, appears very similar to the stress-

30 observed in high strength steels, with the very notable

corrosion fatigue
exception that in these low strength steels the omset of this effect occurs
at Kiax values far below the sustained-load KIscc threshold.
Summarizing, data obtained on lower strength 2%Cr-1Mo bainitic steel
indicate that marked hydfogen—assisted crack bropagation océurs both at
near-threshold levels and at higher growth rates ét stress intensities well
below KIscc' Thus, for a steel generally considered to be relatively im-
mune to hydrogen embrittlement (under sustained loads), it is clear that
the presence of dry hydrogen gas results in a significant reduction in AKO,

in addition to accelerating growth rates by up to two order of magnitude.

4, DISCUSSION

Although there have been many mechanisms for hydrogen embrittlement

, . 3:
proposed over the years, such as the Pfeil-Troiano-Oriani decohesion models 3
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and the Zappfe pressure~model34} no single theory gives a complete de-
scription to the problem. For high strength steels, however, in "hydrogen-
producingfatmospheres ,e.g. Hy, H)8, H)O0, etc., under-both.monotogéizgng3_
cyclic loading, decohesion theories are now quite widely accepted ’ 'ﬂ
Hydrogen-assisted failure in lower strength ductile steels, on the other
hand, is still poorly understood, and few mechanistic studies have beeh
performed for such failure under cyclic loading. No studies have been re-
ported for the problem of hydrogen-assisted failure at near-threshold
stresses. ‘ A .

' Through examination of a very wide'range of growth rates (six de-
cadés) in both low-strength and high strength steel;, the present work in-
dicates that there are two distinct growth rate fegimes where éaseous hy-
drogen can markedly enhance crack_propagaﬁion rates with respect to air,
i) ét near-threshold levels at low load ratios, and ii)> at higher growth

rates above a critical K value (K? ). Significant differences in be-
max . max '

‘havior, however, exist between low and high strength steels. We now ex-

aminé,each regime in turn. (It should be appreciated that the treatment
given and the models proposed are, at this stage, far from complete but
it is felt that they provide a good framework for future investigation).

1) Higher Growth Rate Regime. |

Both high and low strength steels show an abrupt onset of hydrbgen-
assisted fatigue fracfuré at higher growth rates above a critical Kmax
value.(Kzax) . The environmentally-enhanced propagation is coincident
with a change in fracture mode from predominately transgranular to pre-
dominétely intergranular cracking in the,lowef strength steel and is pro-
moted by decreaéing frequéncy. In highAst;ength 300-M steel, this tran-
sition occurs when Kiax ~ KIscc » whereas in lower strength SA542-3 the
effect of hydrogen is observed at Kmax values far below KISCC"

Several authors have observed marked hydrogen-assisted growth in
27,28,30
Isce

high strength steels when Kmax exceeds K
which is often referred to as stress-corrosion fatigue3o, has been usefully

. The phenomenon,

. . . " PR u27' " P 1128
rationalized in terms of ''superposition or ''process-competition
models, where the environmentally-assisted crack propagation is considered

to be simply a result of sustained-load stress—-corrosion cracking and
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mechanical fatigue components which are either additive or mutually com-
‘petitive.lCarefuliréaction kinetic studies have revealed that such cracking
is rate~limited by surface reactions at the crack tip, namely chemisorption
of hydrogen atoms for gaseous hydrogen atmospheres and oxidation of thé
iron surface for water environments31’35} | , \
‘The current studies show that analogous effects may occur in low

strength steels, but at stress intensities below K , i.e. where no

Iséc .
such hydrogen-assisted cracking would take place under sustained loading.

A1

The onset of "apparent" stress-corrosion fatigue in low strength steels be-

low 'KIscc may be considered to result from the fact that cyclic  loading
will maintain a sharp crack tip and thus continuously provide freshly ex-
posed metal surface there for hydrogen to adsorb32. Further, in such strain-
' rate sensitive, ductile steels, the KIscc envirqnmental threshold cannot

be taken as a material constant for a particular alloy/environmental system,
and can be expected to be reduced under dynamic (i.e. cyclic) straining con-
ditions36. This implies that the environmental coﬁtribution to crack growth
(da/dt)env , defined in ﬁerms of the difference between the crack growth

increment per unit time in hydrogen and in the reference inert atmosphere, -
-.[Q_a_] [éé.]

dt /| dN

env _

~whould be increased with increasing frequency (v) , consistent with current

i.e.

H dN air

[d_a] , e
, |

observations (Fig. 14). The environmental component can be seen to fall off
at low frequencies as behavior under static load conditions is approached.
Similar results have been reported for lower strength steels in équeous en-

vironments37’38

, and may be consistent with a strain-rate dependence of
hydrogen transport within the metal lattice. Such a dependence is feasible
if the hydrogen transport mechanism is via Cottrell atmosphereé on mobile

"25). Hydrogen permeation

dislocations. ("'dislocation sweep-in-mechanism
measurements on plastically-deformed samples as a function of strain rate

were instigated in this program to examine this effect.

ii) Near-Threshold Regime. -
The most pronounced influence of gaseous hydrogen in accelerating crack

prdpagation rates was seen at near-threshold levels, below lo_bmm/éycle,
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‘but surprisingly only at low load ratios in lower strengthfSA542-3 steel

without apparent change in fracture mechanism., Near-threshold growth in
ultrahigh strength 300-M steel, which is markedly more prone to hydrogen
embrittlement, was not accelerated in the presence of dry hydrogen gas.
These‘resﬁlts are somewhat at variance with the concept4 proposed previous-
ly that mechanical and microstructural factors which are known to affect
near-threshold behavior, e.g. strength level, mean stress, etc. can be
rationalized in terms of environmental effects aﬁd, in particular, hydro-
gen embrittlement mechanisms for steels. While it is obviously premature
to completely rule out h&drogen embrittlement mechanisms at this stage,

an alternative explanatibn is warranted. It-is‘tehtatively suggeéted

that the large acceleration due to gaseous hydrogen in low strength steels

at low R ratios may not be entirely associated with hydrogen embrittle-~

ment per se, but instead involve a phenomenon which we term "fretting-

oxide-induced" crack closure.

At low load ratios, typically below R = 0.5, as a result of residu-
al plastic deformation left in the wake of a growing fatigue crack, some
closure of the crack surfaces occurs at positive loads during the loading
cycle. This is known simply as crack closure, or mofe correctly in our
terminology "plasticity-induced crack closure". Since the crack is unable
toApropagace whilst it remains closed, the net effect of closure is to re-

duce the applied AK value (computed from applied load and -crack length

"measurements)'to some lower effective value (AKeff) actually experienced

at the crack tip. As mean stress (or load ratio) is increased, the crack
remain open for a larger portion of the cycle thereby increasing AKeff s
until above a load ratio of roughly 0.5, the crack remains open during

the entire cycle and AKe = AK It has been appreciated for

ff applied”™

- some time that the amount of crack closure may be more significant at

near-threshold levels12 (this 1ncidéntiy may explain the large load ratio

effect on AKO), yet no sensible explanation for this has been proposed.

Now,we examine the effect of this plasticity-induced crack closure
on a near-threshold crack propagéting in a moist enviromment such as air.
Once fresh reactive surface is created at the crack tip it will readily
oxidize. Measurements of the thiqkne§s of the oxide layer indicate that

the thickness is i) inversely proportional to local crack growth rate
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and ii) two to three times thicker than that which forms by simple ex-
posure of the metal for the same time in the same environment39. A me-
chanism for this enlarged oxide deposit at very low growth rates can be

thought of as '"fretting oxidation" 7740,

Plasticity-induced closure
causes contact between the two fracture surfaces, and the associated tan-
gential friction between the.crack walls may lead to local re-welding of
fresh surface with.subsequent decohesion in different locations, and
. cracking in the naturally formed oxide scale. The result is to generate
new zones of fresh surface, further oxidation, and a thickening of the
oxide film. At high load fatios,'ho&ever, where there islittle;ﬂasdcity-
"induced crack closure to cause contact between surfaces, such fretting
oxidation will not occur, consistent with observations of visible bands
of corrosion deposits on near-threshold fracture surfaces at low R ,
and their absence at high r2»3%:41 (Fig. 15). A

The significance of this excess oxide debris is that it will generate
increased crack closure, because, although its presence will "wedge—open"
the crack, on the closing porfion cf the load cycle, contact between the
‘twb fracture sﬁrfécés will occur earlier, thereby increasing closure
loads and thus decreasing AKeff . The effect of this "fretting-oxide-
induced" crack closure at near-threshold levels can be appreciated by
realizing that typical oxide films can be of the order of several microms
in near-threshold cracks where predicted crack tip opening dlsplacementsJ*
are less than 0.2 um. .In dehumldlf1ed#m2nv1ronments such as gaseous hy-
drogen, however, the amount of oxidation is reduced to negligible propor?
tions, such that thaere is no mechanism for increased (oxide-induced)
crack c;osﬁre and AKeff remains unchanged. We are thus proposing that

the marked influence of hydrogen in accelerating near-threshold growth

~rates and loyering threshold- AKO values in low strength steels may be
simply due to the fact that the environment is dry or oxygen free. 1In
‘moist air, oxide~induced closure will decrease AK.eff resulting in lower
growth rates and higher AKb values, At high load ratios (i.e. R = 0.75),
bhowever, such. a mechanism cannot occur since there is no plasticity-

induced closure., Thus we would expect no difference between air and

*
typlcally up to several microns

**Maximum crack tip opening displacements computed from 0.49 KmaX/ZU E,
Hdek

"We. are uncertain at this stage whether it is the lack of oxygen, or m01sture,

or Luth that reducece fretting nx1dation.
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'hydrqgen environments at high R, consistent with the fact that little
oxide deposié‘is,seen and that threshold values and subsequent:growth
rates are almost identical (Fig. 11). The fact that hydrogen has little
influence on threshold behavior in high strength steels (see Fig. 6) can
also be rationalized in terms of this model, since (plasticity-induced)
crack closure is mutch reduced in high strength materials and further,

an oxide particle on the harder fracture surface is capable of doing

less fretting damage. Such an explanation may account for the fact that
the large effect of strength level on _AKO values is seen only at lower
load ratios; at R values approaching 0.7-0.8 near-threshold growth rates
are largely insensitive strength level3. ‘Moreover, the concept of oxide-
induced closure readily provides a mechanism for the fact that closure is
more significant at lower growth rateé, and is consistent with observations
that near-threshold fracture surfaces are generally 'fuzzy" and ‘difficult
to image sharply in scanning electron micrographséofaz.Themodel is also
consistent with the fact that there is no change in fracture mechanism

near AK.o between hydrogen and air _envirounments (Fig. 12), despite the
'large acceleration due to the presence of hydrogen, and further it re-
‘moves the difficulty of explaining why hydrogen accelerates growth above
.Kiéx values, but not at lower stréss intensities until AKO is approached.

It is to be appreciated that this model is in its: infancy and many

details and critical experiments remain to be worked out. Such experiments
include testing in wet, dry, and oxygen-free environments, interrupted
tests where hydrogen is suddenly replaced by air and vice versa, measure-
ment of apparent activation energies for near-threshold crack growth,
measurement of oxide scale thickness as a function of crack velocity and
examination of the effect of vacuum. Many of these tests are plamned for
the coming year.. We are encouraged though by our initial critical experi-
ments of testing in inert gas, in this case dehumidlfled gaseous argon.

. The results (Fig. 16), which incidentally are for normalized 2%Cr-1Mo steel,
indicate that the threshold in dry argon is almost identical to that in dry hydro-
gen, and below that in moist air, i.e. dry argon accelerates near-threshold
growth rates relative to air. The fact that dry argon behaves like dry
hydrogen isAclearly inconsistent with any hydrogen embrittlement mechanism,

yet is totally in accord with the concept of oxide-induced closure.
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Several hitherto unexplained observations in the literature are also
now capable of interpretation in terms of this model. For example,

Amzallag18 reports lower thresholds in argon gas relative to air for 316

stainless steel. Similarly, results in A53BB14 and a NiCrMoV rotor steel13

17

show slightly higher AKo values in water compared to air. Tu and-Seth
actually mention the presence of corrosion products forming at the crack
tip in their paper describing observations of higher thresholds in steam
relative to air at elevated temperatufes for a range of steeis.

Thus it is concluded that the influence of gaseous hydrogen on fatigue
crack propagation in steéls‘may-resﬁlt from two very different physical
phenomena. At higher growth rates above éﬁcritical Kmax value, the en-
hancement in crack velocity due to‘hydrogén appears to be associated with
hydrogen embrittlement, although precise mechanisms of embrittlement in
low strength steels remain to be determined. The lémiting Kmax value for
this effect or effective threshold for corrosion fatigue, Km , is nomi-.
nally equal to the sustaidned-load stréss—coxrosion threshold, KIscc , in
strain~rate insensitive, high srength steels, whereas it is much less than
in lower strength steels, possibly due to an influence of strain

KIscc
rate on K from hydrogen transport limitations. At near-threshold

cc :
growthAraiZs, however, it is ohr contention that the marked acceleration
in crack velocity due to hydrogen results more from the absencé of moisture
(and/or oxygen) in .limiting "fretting-oxide=luduced cracl clogure' than
any embfittlement mechanism per se. We plan to develop these concepts
fﬁlly in the coming program year.

Finally, it is worth mentioning that, if substantiated, the possible
ramifications 'of these effects are extremely important. Firé;, suscepta-
bility to stress corrosion crécking of lower strength steels in gaseoﬁs
hydrogen should nét be assessed merely on the basis of sustained load
data, such aé KISCC values, sinceAsignificant hydrogen-assisted sub-

critical crack propagation can occur at stress intensities far less than

KIscc in the presence of cyclically varying loads. This is in agreement

with the work of Ford%%nd Wei3% Second, the potential problem of hydrogen
embrittlement in natural gas pipelines during their proposed usage for-
energy transportation by gaseous hydrogen must be carefully considered.

At first glance, the use of SA516 or X-65 low strength steels for such

0
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pipelines would suggest that there is no problem since such steels are con-

" sidered to be reldtively immune to gaseous hydrogen embrittlement,»based

on sustained load KIscc data. However, since hydrogen pipelines will con-
tain in-line compressors, clearly cyclic loading will be present, and in
view of the typical -hoop stresses ahd flaw sizes involved, conditions are

43. Although such data are pfe—

likely to be in the near-threshold regime
sently being génerated43, it is probable that hydrogen will give rise to .
a marked enhancement in near-threshold crack velocities very similar to
that observed in 2%Cr-1Mo steel. However, if oxide-induced ;losure argﬁ-
ments are correct, this potentially damaging "embrittlement' may simply

be reduced by iﬁtroducing into the gas stream traces of moisture and/or
oxygen. Traces of oxygen, of course, have additional advantages since

- selective adsorption of oxygen atoms at the crack tip can markedly reduce

suséeptibility to "true" hydrogen embrittlement as well.

5. CONCLUSIONS

Based-on a stﬁdy of the characteristics of low~growth rate fatigue
cfack propagation in ultrahigh strength 300-M and lower strength 2%Cr-1Mo
steels, tested in moist air, dry gaseous argon and dry gaseous hydrogen en-

vironments, the following general conclusions can be made:

1) There are two distinct growth rate regimes where fatigue crack
propagation rates in gaseous hydrogen may be considerably enhanced compared
to air, namely at near-threshold levels below 5x10—6mm/cycle, and at higher

growth rates usually exceeding lO_Smm/cyclet

2) The influence of hydrogen at higher growth rates occurs ‘in both

. . T . T
high and low strength steels above a critical stress intensity Kmax . Kmax'.
values arernminallyequal to KIscc in 300—M,.and far below Kiscc in SA542-3.

3) Based on data primarily on SA542-3, hydrogen-assisted crack pro-
pagation at such higher growth rates is enhanced by decreasing frequency and
Hincreasing load ratio, and involves a fracture mode change from predominately

transgranular to predbminatély intergranular.

4) Hydrogen-assisted crack propagation at higher growth rates is

ascribed to some mechanism of hydrogen embrittlement, presumably involving
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~ decohesion at grain boundaries in SA542-3. Behavior is analogous to so-called

"stress~corrosion fatigue'.

5) At near-threshold levels, hydrogen-assisted growth is observed
only in low strength steels at low.load ratios, and involves no apparent ' ‘ .
change in fracture mechanism with respect to moist air. No influence of

hydrogen is observed near AKO for 300-M or for SA542-3 at R = 0.75.

6) On near-threshold fracture surface, corrosion debris may be formed
: : -7 N L
where growth rates were less than 10 mm/cycle. Little or no corrosion de-
posites are seen at high load ratios or in high strength steels, and deposits

are less for tests in hydrogen gas.

7) Hydrogen embrittlement mechanisms for the influence of gaseous
hydrogen on near-threshold behavior are quéstioned since near-threshold
growth rates in dry gaseous argon are similar to hydrogen, and are accelerated
"with respect to air. 1In addition, AKO  values in argon'are similar to

- those measured in hydrogen, and are lower than AKO "values measured in air.

" 85 4The infiﬁéﬁce of dr§-gaééohs hydrogén‘fand'aféoﬂﬁ én neéf?threshold
fatigue crack growth behavior is ascribed to a new_mechanism'involving fretting;
oxide;induced-crack closure. Accordingly to this model, near-threshold growth’
rates are accelerated in ﬁydrogen because the environment contains less mois-
ture (and/or 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. The enlarged oxide debris within the
crack can then lead to increased closure thereby reducing efféctive AK  values

at the c3ack tip. . Such models appear consistent with experimental data.
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Chemical Composition in‘Weight Percent of Steels Investigated
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Table I

C |Mo | Si| Ni | Cr | Mo | Cu P
300-M ]|0.42| 0.76|1.59| 1.76 | 0.76 | 0.41| - | 0.007 |0.002 | 0.10
|sas42-3 [l0.12| 0.42{ 0.25| 0.14 | 2.48 | 1.06 | 0.16 | 0.013 | 0.020
‘Table II

Ambient Temperature Mechanical Properties of Steels Investigated

Steel - Condition 0.2% Proof | U.T.S. | % elong. | Charpy Im- K 1

: Ic Iscc

Stress pact Energy
(MPa) (MPa) ) (MPavm) | (MPay/m)
300-M | T300 1737 2006 122 25 65 33
J00-M T650 1074 1186 182 55 152 -
SA542-3 | YT-4T 500 610 25> 200 295 85
1 For ambient tempaerature gaseous hydrogen (atmospheric pressure)
" 4

3

On 25 mm gauge length

On 45 mm gauge length

om T 2



Table III

Conditions for Onset of Hydrogen-Assisted Crack Growth'i'n SA542-3

R lFreguer}cx L . AK> 5 Kiax
(Hz) ' (MPa/'m)
0.05 - S'OA | ‘ : no'e'ffect,
0.05 - 5 ' | no effect
0.05 - 2 21.8 S 2209
0.05 0.5 | 21,2 22.3
0.30 - 50 : 153 21.9
0.30 ‘ 5 \ 14.4 | 120.6
0.50 50 - 11.8 © - - 236
0.75 - 50 4.7 18.8
{
g
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Fig. i Schematic variation of fatigue crack growth rate (da/dN) with alternating stress

intensity (AK) in steels, showing primary crack growth mechanisms. AKO is the

threshold stress intensity, K. is the stress intensity at final failure.
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Fig. 12: Mechanisms of near-threshold fatigue crack growth in 2%Cr-1Mo steel at
50 Hz, a) in moist air and AK = 9.2 MPaym, b) in dry hydrogen at

AK = 7.2 MPa/m (R = 0.05).
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Fig. 15: Example of bands of corrosion deposit observed where growth rates
were near-threshold. Specimen b) represents crack growth
exceeding 10~5mm/cycle.
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