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Fatigue Crack Propagation Rates
for Notched 304 Stainless Steel
Specimens In Elevated
Temperature Water

Fatigue crack propagation (FCP) rates for 304 stainless steet (304 55 were determined
in 24°C and 288°C air and 288°C water with 20--60 cc Hy /kg H,0 using double-edged -
notch (DEN) specimens. Tesis performed at matched loading conditions in air and water
provided a direct comparison of the relutive crack growth rates over a wide range of test
conditions. Crack growth rates of 304 SS in water were about 12 times the air rate for
both short cracks (0.03-0.25 mm) and long cracks up 16 4.06 mm beyond the notch,
swhicl are consistent with conventional deep crack tests. The large environmental degra-
dation for 304 §S crack growth is consistent with the strong reduction of fatigue life in
high hydrogen water. Further. very similar envivonmenial effects were reported in fatigue
crack growth tests in hydrogen water chemisiry (HWC). Prior to the recent 1ests reported
by Wire and Mills [1] end Evans and Wire {2], most literature data in high hydrogen
water showed only a mild environmental effect for 304 88, of order 2.5 times air o less.
However. the tests were predominantly performed at high cyclic stress intensities or high
Jrequencies where environmental effects are small. The environmental effect in low oxvgen
environments at low stress intensity depends strongly on both the stress ratio. R, and the
load rise time. T,. Fractographic examinations were performed on specimens tested in
both air and water to understand the operative cracking mechanisms associuted with
environmental effects. In 288°C water, the fracture surfaces weve crisply fuceted with a
crystallograpliic appeavance, and showed stiations under high magnificarion. The
cleavage-like facets suggest that hydrogen embrittlement is the primary cause of acceler-
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ated cracking.

Introduction

Fatigue crack propagation data for Type 304 stainless steel (304
SS) were obtained in air and an clevaled temperature aqueous
_environment. The data were developed from instrumented fatigue
tests on double-edged notched (DEN) fatigue specimens with two
different notch root radii p of 0.38 and 1.52 mm, reported by Wire
et al. [3]. The fatigue tests were primarily designed to determine
the effect of notch radius on tatigue crack initiation but also pro-
‘vide fatigue crack growth data for both shallow ‘and long cracks.
Direct comparison of crack growth rates obtained in air and water
under identical Joading conditions.and for equivalent crack sizes
demonstrates that 304 SS experiences a large environmental ef-
fect, and the detailed analysis below shows that this trend was
supported by all tests.
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2 Experimental

The DEN specimens (Fig. 1) were machtned from a 127 mm
diameter bar forging with an L-C orientation per ASTM EJ823,
with yield and ultimate strength of 288 and 546 MPa. The chemi-
cal composition of the 304 SS material is provided in [1]. The
microstructure consists of nonsensitized grains with a grain size of
ASTM 2. .

Load-controlled cyclic fatigue tests were performed in air at
room temperature and 288°C and in deaernted 288°C water. The
_electric polen(mi drop (EPD) technigue with current reversal was
1sed to monitor crack initiation and pgrowth, as dcla)]ed in 1].
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The double-cdge notched uniaxial specimen provides two sites
for crack tnitiation. It provides an aclvamagc over compact tension
spaumens in that it can be tested in both tension-lension and
tension-compression loading conditions. Tests were performed un-
der load control in fully reversed (R=~ 1) and tension-tension
loading (R=0). Alignment was achieved by manually adjusting
the pull rod to minimize bending stresses, which were monitored
by strain gages attached to the specimen (Fig. 1). Once a satisfac-
tory alignment was achieved, the strain gages were removed and
the EP) leads were attached. For the tests in water, the assembly
was then enclosed in an autoclave, which was filled with water
and heated to 288°C. Deaerated water containing 20 to 60 cc
Hai /kg HyO was used in this study. The room temperature pH was 4
10.1 to 10.3. and the oxygen concentration was Jess than 20 ppb
The specimen was cycled until crack initiation was detected,
based on the clectrical potential drop reading corresponding to 2
crack growth of 0.13 mm. Following an interim visual inspection,
cycling was continued to obtain crack extension data.

The crack growth rate da/dN was: calculated using the secant
method applied to the average extension curves, as discussed by
Wire {1]. Crack growth rates were obtained at extensions as low
as 0.013 .mm in order to investigate possible short crack effects.
For.conventional deep cracks, rates were calculated over larger
increments of crack extension.

For shallow cracks, of depth L<p from the notch the stress
intensity factor solution developed by Schijve {4] for a crack ema-
nating from an edge notch was used to compute K. When the
crack ‘depth exceeded the notch root radius, the conventional
stress intensity factor solution developed by Tada et al. [5] for
DEN specimens, which is based on the total crack depth including
the notch depth, was used 1o calculate X. The transition between
the two formulations was made at L= p. It is noted that an inde-
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Fig. 1 Doubls-edge notched fatigue spacimen with EPD (Grlp
details not shown, all dimensions in mm)

endent K solution for a double-edge notched plate by Yamamoto
Fﬁ] provided results within 4% for shallow and intermediate erack
lengths over the range of the present tests. For both the fully
reversed and tension-tension tests, the stress intensity factor range
(AK) is defined as the difference between X at maximom and
minimum loads (ie., AK=K ,,—Knn). Crack asymmetry is a
potential ptoblem with the DEN specimen. Howevet, the largest
difference observed between the two cracks was 2 mm out of an
overall crack length (D + L) of sbout 9 mm. The 2 mm difference
is less than 5% of the specimen width of 38 mm, indicsting crack
asymmctry is not & problem for this data.

Broken specimen halves were examined on a scanning electron
microscope (SEM) to characterize the fatigue fracture surface
morphology. The crack length associated with each fractograph
was determined 3o fracture surface features could be correlated
with creck growth rates and applied AK levels. Relative smounts
of o' martensite on fracture faces were estimated using a com-
mercial fermite measurement jostrument (Feritscope® MP3C).
While fracture surface roughness and the presence of only a3 thin
Jayer of martensite precluded precise measurements, relative
smounts of martensite were readily determined.

3 Test Results
3.1 Short Crack Effects, Before examining envixonmental

effects, it is approptiate to evaluate the cracking behavior for short *

versus long cracks. Crack growth rates for shott cracks can be
much larger than long crack data due to differences in crack clo-
sure according to Newman [7). Crack closure in the crack wake
reduces the pottion of the load that is effective in growing 4 crack.
However, shott cracks have little of no crack wake, and closure js
subsequently reduced. To examine for such closure effects, the
growth rates in air for the DEN at 8= — I were compared directly
to growth rates from conventional degp crack tests in air at 288°C,
R=0 per Jaroes and Jones (87

dutdN=140X 10"°AK™Y, mm/cycle, AK in MPa\frE
©(2)

The ratio of the DEN rates t rates for long cracks from Eq. Q)
are shown in Fig. 2. It was convenient to use ouly the positive
porstion of the loading to rajculate the air rates for long cracks, as
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the ratio in Fig. 2 then decressed to values near unity at Jarge
crack depths. The figure shows that the short crack growth rates
can exceed the deep crack rates by a factor of thirty, but that the
tatio quickly approaches a stable value as the crack depth be-
comes significant compated to the notch radius. The value of the
ratio at larger crack depths ranged from approximately obe to four
for the tests shown, iroplying that the teasile portion of the loading
is largely responsible for the crack propagation at large erack
depths. For the purticular notch depths studied bere, short crack
effects are only important below L/p of order 0.2. Therefure, shal-
low crack effects can produce an order of magnitude increase in
crack growth rates under fully reversed loading conditions, but
this acceleration is confined to very small crack extensions, on the
order of 0.1 to 0.3 mm. For longer cracks, conventional test data
for deeply cracked specimens can be used to predict cracking
behavior.

The increased rates -observed for short cracks near notches is
consistent with increased effective stress intensity, as reviewed in
depth by Laler, Sehitoglu, and McCinng [9]. They observed that
the crack opening stress. increased rapidly with increasing crack
depth and leveled out for erack depths above approximately 40%
of the notch radius, They were able to explain the observed crack
opening stresses on the basis of finite element analysis of crack
closuxe cffects. :

- 32 Environmental Effects by Comparison to Controls.
The effect of environment on fatigue crack growth can be seen by
ditectly comparing the data from 283°C air and water tests, as
controls were rup jn air at the same or very similar loading con-
ditions to the tests in water. This aifows a direct assessment of
environmental effects down to the smallest detectable crack ex-
tensions, while avoiding the need for an explicit reatmem of short
crack effects. Hence, the da/dN values in air and watey are com-
pared directly 2t the same ctack extension and cyclic stress. This
agsures that crack driving forces are the same, without having to
explicitly caleulate them,

Figure 3 shows conclusively that e crack growth mates in wa-
ter are much enhanced over rates in air. The ratio of crack growth
rates in water over air is called the environmental mtio {(ER), for
convenience. At a stress amplitude of 69 MPa and lowest fre-
quency tested of 0.0033 Hz, the ER is 15 (Fig. 3(a)). The large ER
in water observed in Fig. 3(s) persisted to the end of the test,
where the crack extension was 4.1 mm. Hence, Jarge environmen-
ta] effects continue to crack depths of engineering significance,
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Fig. 3 - Environmental stlects in DEN tests. Btresa amplitude and other test parameters on plots

and are not just a short crack phenomenon. Figure 3 shows that
the BR was large at the stnallest detectable crack extensions of
about 0.025 mm. Hence, the increages in crack growth rate &x-
plain the reductions ip fatigue life reported in the literature [10].

Several other trends are worthy of nate. Higher frequency led ©

a smaller ER of 10X, as gshown by comparing Fig. 3(b) and Fig.

3(a). The apparent increase in BR with decreasing frequency is
consistent with the reduction of fatigue Jife at low strain ate poted
by Chopra and Smith [10). The ER for a higher stress amplitude
{Fig. 3(c)) is onty about a factor of 8X compared to 15X in Fig.
3(a) at the same low frequency, indjcating a reduction in ER at
high stress amplitude and crack growth rates. The ER at R=0 is
also smaller, as shown in Fig. 3(d). This may be further evidence
of an effect of highet effective loading for a given stress ampli-
tude provided by R=0 compared to R= -1, which has a com-
‘pressive half cyele, Also, the ER in Fig. 3(c,d) decreases at the
largest crack extensions, which comrespond to the highest stress
intensity. Such an effect is consistent with the general notion that
at high loading, mechanical effects will dominate.

3.3 Environmental Effects Using Time-Based Plots and
Comparison to Literature, From a fagdamental point of view,
the crack tip strain rate is the appropriate crack driving parameter
10 correlate environmentatly assisted crack propagation tatc data,

, as revicwed by Scott [11]. However, a unigue method of crack-tip
A strain-tate calculation coufd not be established and vanability in
* calculated valucs was over a factor of ten between varicus mod-
els. Shoji et al. [12] suggested using the time-based rate in air as
a practical correlating parameter representing crack tip strain-rate
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for low alloy stee] fatigue crack growth data. This varable was
used successfully to correlate enviropmental effects on low alloy
steels in water. The time-based crack growth ip air (da/dt), is
defined ag

(daldt),=(da/dN)y IT. where T, is the load rise time
(3a)

and the titne based environmental rate (da/dr), in watet is

(daldt),=(daldN),IT, (3b)

Eq. (3) is appropriate for fatigue crack growth tests with continu-
ous cycling, which produce a tine-independent rate such as seen
in the present tests. In the event that stress corosiot cracking or
other time-dependent behavior is operative, the total time would
be more appropuate in Eg. 3.

The strong snvironmental effects observed on 304 SS are cor-
related reasonably well by utilizing a time-based plot, as shown in
Fig. 4, although data variability is lagge. The air rates for DEN
specimens were determined directly from the control tests in air,
as shown in Fig. 3. The 304 S§ DEN data (diamonds) show &
cleat inicrease in crack growth rates relative to those in air at low
air rates, and are consistent with the degradation of fatigue life of
up to 15X reported by Chopra and Smith [10] and 13X reported
by Leax [13). As noted above. the large ER did not diminish in
one test up to s crack depth of 4.1 mm. This depth is greater than
aszociated with *“‘short crack'” effects and is significant from an
engineering standpoint. Subsequent tests on conventional compact
tension specimens at this laboratory, represented by the circles in
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Flg. 4 304 5S DEN crack growth rates In water vs alr. Trend
shows decroased ER at high air rate. Alr rates are calcuiniod
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Fig. 4, verify that the environmental effect continues unabated to
a crack growth of 17 mm, ss reported by Evans and Wire [2]. For
304 SS CT dat, the bascline crack growth rate in =ir, (da/dN),;,,
was determined via [8] for the appropriate test conditions (j.e.,
AK, R, and temperatuye). It is also noted that the agresment be-
tween short crack and long ¢rack results indicates that there is no
“chemical”” ephancement of crack growth of shoft eracks, such as
reported by Gangloff [14] for high stxength stee) in a NaC} solu-
tion.

A review of fatigue crack propagation of mustenitic stajolesy
steels was performed recently by Shack and Kassner [15). Data
from surface crack tests performed in Jow oxygen "bydrogen wa-
ter chemistry”” (HWC) environments by Prater et al. [16] are com-
pared with DEN data in Fig. 5. HWC is BWR water chemjstry
with hydrogen added to covtrol the electrochemical potentjal. The
literature 1est3 on surface crack specimens tested in HWC water
confirm that the large envitopmental effects shown here have been
obsetved previcusly. Overall, the surface crack tests from the lit-

1o F~Burface Crack Tests by Prater, stal in HWC |
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Flg. 5 Comparison of DEN to gurface crack data, Surface
crack data tested In HWC [16] ) .
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mental offects extand to low alr rates

erature average about 14 Bmes the air rate, very similar to DEN
data. Indeed, crack growth rates in HWC at fraguencies between
1.67X 1072 and 5.56X 10~* Hz are identical to those obtained in
this study. The fact that the staipless stee]l studied by Prater was
sensitized does not appear to be important, as he crackiog mode
was trapsgrapular. Gordon et al. [17] indicatesd that the fatigue
crack growth rates in HWC water were the same for solution
anpealed apd sensitized 304 S8, and Jewett en al, [18] reported
very similar rates in these materials as well as welds.

A comparison of crack growth data trends from DEN tests and
selected conventional compact tension test data in HWC is pro-
vided in Fig. 6. The DEN and CT data are in good agreement jo
the intermediate growth rate regimes where boih specimen types
were evaluated. Moreover, the data by Ljunberg [19] show even
greater enhancement in the low crack growth rate regime. These
tesults provide further support for the observation that environ-
mental effects tend to increase in the lower stress intepsity regime
whore crack growth rates {n air are reduced. S

The tests by Andresen and Campbell [20] sheow evidence for a
trapsition to reduced environmental effects at high equivalent air
rates, and more limited data by Gordon et al. {17] are consistent
with such an cffect. It is noteworthy that the DEN data agree
qualitatively with HWC data in Fig. 6, incjudimg cvidence of a
wansition to substantially lower environmental effccts at equiva-
tent air rates above 107° mm/s.

The hydrogen leve] for the HWC test data jm Figs. 5 and 6 1§
150 ppb or less, much less than several ppm in ‘the cument DEN
tests apd in PWR water. Although the cotrosion potential in HWC
is typically about 0.3 V SHE higher than that in water with higher
hydrogen used in the present tests, according so ‘Gilman [21], the
overall crack growth rate response in the two environments ap-
pears to be similar.

3.4 Effects of Stress Ratlo, Stress Intensity, and Rise Time.
Evans and Wire [2] performed a series of tests on a 1.9T CT
specimen (thickness=24.1 mm) of the same hext and water con-
ditions used in the DEN tests. The CT tests sisowed that Jarge
enviroproental effects occurred in conventional,, deeply cracked
comnpact tension specimens with high hydrogem levels and the
attendant lower potential. Results from the DEN tests and the
compact tension tests by Bvans and Wire (2002) are shown i Fig,
7. For DEN data represented in Figs. 7-3, the full cyclic $tress
range and crack extensions increments of 0.32 mgm or larger were
employed,
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The results in Fig. 7 indicate a strong cffect of both T, and K.
The environmental cffects can be rationalized in terms of a com-~
bined mean stress offect on closure or R ratio and a rise time or
freguency effect, consistent with the litersture. Bamford [22]
noted larger enviropmenta! effects at higher R ratios. He incorpo-
rated an effective AK 5= K,.,(1—~R)%%, which shifted the high R
data more in lipe with low R data. Cullen [23] reported strongly
increased FCP ratcs for cast stalnless steel at higher R in PWR
#ater. The data by Bemard et al. [24) on Z3 CND17-12, similar to
«~A416 S8, showed a clear rise time effect in PWR water. Recently, g
cortelation for FCP of austenitic stainless steels in BWR waler
was developed by Itatani <t al. (25]. The correlation was of the
form

da/dN=A(AK)"T}/(1~R)? with m=3.0,

n=‘0.5, aidand p=2.12 " (4)
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Fig. 9 Narmallzed 304 SS CT FCP Data at Low Potential. Nor-
matization: (1~R)~"1, 122! to R=0,T,~150 s

This formulation indicates a strong role of 7, and R, consistent
with results desctibed above in low oxygen water, It is noted that
the present crack growth rates are similar to those reported by
fratani et al. [25] in BWR water in the few cases where data are
available at similar T, R, and AKX, Figure 8 shows that the crack
growth rates in Fig. 7 can b reasonably well nopmalized by 78!
and 1/(3 —~R)"}, Hence, the fotm of the correlation developed by
Itatuni et al. for tension-tension appears to be promising for
tension-compression. Further; the present rise tire and siress ratio
R ratjo dependence are consistent with ali but the very high R
(0.93) BWR water data utilized by Itatani et al. [25]. Figure 9
shows that pormalization in Fig. 8 worked successfully on dat
frosm compact tension tests at high R by Evans and Wire {2] and
at low K by Bemard et al. [24]. Both dota sets include long rise
times (450-500 s) where cnvironmental effects are substantial.
The plot shows that ER reduces to about 2X at large AK. While
the selected parameters values comrelate these limited data sets,
much more data would be requirced to obtajp- a definitive
cotrelation.

-4 Characterization of Fatigwe Crack Propagation

Mechanisms

Fracture surface features for specimens tested in air and water
were evaluated to comrelate operative cracking mechanisms with
environmental cracking behavior, The fractire surface appearsgce
for specirnens tested in roora tempetature air was found to be
dependent on loading conditions. A faceted murphology (Fig.
10(2)) was obscrved at crack growth ratcs less than 1
*x10™% my/eycle, vast fields of well-defined striations were gen-
erated beyween 1 X 10~4 and 1X 10™% mm/cycle, and a combina-
tion of fatigue striations and dimples (Fig. 10(b)) was observed
above 1 X 10~? mm/cycle. The nature of striated fracture sutfaces
iat the intermediate and high crack growth rate regimes resembiles
that typically observed in FCC matetials, but the facets formed at
low crack growth rates are rather unjque, as discussed below,
Evidence of rubbing and fietting (Fig. 11) due to repeated contact
between rnating fracturs surfaces was observed in specimens
tested under fully reversed cyclic loading conditions.

Facets generated at low crack growth rates had an irregular
appearance that was associated with a quasi-cJeavage mechapism




s e i+ ~w v wr waia va R NOFIMAUZANON:  WNAt was operative for both shallow and deep cracks, as long as
(1-A) " 7 to R=0, T,~150 8 crack growth rates were less than 1 X 107! mm/cycle. Beocause
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' Fig. 10 Fractographs of 304 SS tested In 24°C air. (a) Irregular
quasi-cleavage facets at da/dN=8>1 0-% mm/cycle. Arraw de-
notas failed twin boundary. (b) Striations and dimpteos at 3
X102 mmyeycle

304 SS is a meastable alloy at room tempersature, the material
dircctly ahead of an advancing crack undergocs a strain-induced
transformation to o' martensite. Therefore, cracks propagate
through martensite, which results in a quasi-cleavage morphology
that resembles the quasi-cleavage fracure surface appearance in
martensitic steels, Feritescope measurcments showed that all fa-
tigne fracture surfaces genecrated at room teraperature contained
o' martensite, with the amount of martensite increasing at higher
stress intensity factar levels due to larger plastic zone gizes.

The morphology of the quasi-~cleavage facets wag consistent
with the fracture surface appearance for 304 S8 {Gao et al. [26])
and high purity Fe-18Cr-12Nj §S (Wei ct al. [27]) tested in room
temperature air, 3.5% NaCl solutjons and hydrogen. Strain-
induced a' marensite formed ahead of fatigue cracks in both
alloys, which caused a quasi-cleavage mechanism. Unlike 304 SS,
316 SS fatigue tested in room temperature air (Mills [28]) exhib-
ited morc conventional, cleavage-like facets, Because 316 SS is a
more stable alloy due to its higher nickel conient, &’ martensite
transformation does not occur at room temperature; hence, it ex-
hibits clasgic, cleavage-like faceted growth as eracks propagute
through stable austenite,

In the low crack growth rate regime, 304 SS also cxhibited
localized cracking along annealing twin boundaries, but no evi-
dence of intergranular cracking. Localized separation along favor-
ably oriented twin boundaries produced flat, featureless facets that
appear as dark islands, surrounded by quasi-cleavage facets. Gao
et al, [26) and Wei et al. [27] also reported twin boundary érack-
ing in 304 88 and high purity Fe-18Cr-12Ni S8,

Facets formed in 283°C air had a different morphology. as they
100k on & more conventional cleavage-like appearance. Comparni-
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Fig. 11 Repoalad contact betwaen crack surfaces (R=~1). (1)
Aub marks at low AKX laveld in 288°C alr. (b) Striations gur-
rounded by severely rubbed reglons (24°C alr),

son of Figs. 12(s) and 12(b) shows that the high temperature
facets had more of a cystallographic nature with some evidence of
river patterns, in contrast with the irregular facets generated i
room temperature air. The lack of quasi-cleavage facets indicates
that 288°C is sbove the critical temperature where cold working
induces a martensite transformation (i.c., M temperature). Based
on the composition of 304 8§, the M temperature agsociated
with 30% cold work is on the order of 100°C (Lacombe [25]).
Indeed, Ferritescope measorements showed no  detectable
o’ -martensite on fatigue fracture surfaces generatod at 288°C,

At crack growth rates glightly above 1 X 10™* mm/cycle, facets
formed in 288°C air were poorly defined and paralle} fracturc
markings associated with slip offsets were often superimposed on
them. The transition to poorly defined facets is believed to be
associated with a transition from heterogeneous-to-homogeneous
slip, Fracture sorfaces generated in 288°C water were remarkably
different than those generated in air. Facers formed in water had a
crystallographic appearance with well-defined river patterns, as
shown in Fig. 12(c). The sharp, cleavage-like facets formed im-
mediately adjacent to machined notches snd well away from the
notches, indicating that the same faceted growth mechanism was
operative for shillow and long cracks. Moreover, well-defincd
crysullographic facets persisted over the entire tange of crack
growth rateg generated in this program, including crack growth
ralcs as high as 8X 10~ mm/eycle where fracturc surfaces gencr-
ated in air exhibited poorly defined facets and vast fields of fa-
tigue stistions. There was no ovidence of cither intergranular
eracking or annealing twin boundary cracking in 288°C water.

Although fracture surfaces generated in 288°C water exhibited
crisp cleavage-like facets, high magnification of facet faces re-//\
vealcd the presence of (atigue striations (Fig, 13). At crack growth -
rates from | X 107° 10 3% 10™* mm/cycle, paralle! fractore mark-
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Fig. 12 Fractographs of 304 SS fatigue tested In (a) 2a°C air

. showing irregular facets (b) 288°C air showing cleavage-like -

tacets (c) 28B°C water with erystaliographic facets that are
sharp, claavage-like, and highly angular.

g8 on the facets were very straight, but their spacing was iden-
tical to macroscopic crack growth tates indicating that they were
fatighe striations. At growth rates above 3 X 1074 mmv/eyele, stia-
tions had a ductile or wavy appearagice, as shown in Fig- 13(b).
Pacet and striation orientations on fracture surfaces generated in
288°C waler yevealed that local cracking disections were often
very different from the overall cxacking direction. Although facets
were usually aligned in the cracking direction, some were aligned
pormal 1o the macroscopic cracking direction (Figs. 12(c) and
12(a)). Likewise, most striations were otjiented normal to overal)

ntatiops and in some cases were even parallel to the macro-
scopic cracking direction, These observations indicate that grack
advance in water involved & very uneven process, as cracking first

:king direction, but in some regions striations had different -

324 / Vol 128, AUGUST 2004

Fig. 13 Fractagraphs of 304 5S fatigus tested in 288°C water,
(a) Highly angular faets persist to 3X107* mm cycle. (b) High
magnification of (a) shows fatlgue striations suparimposad on
tacet {aces - '

occurred in the most susceptible regions, which left ligaments in
the wake of the advancing crack front. As the overall erack con-
tinued to extend, local stress iniensities within the more tesjstant
ligaments increased to the point where cracking reinitiated and
propagated across the ligaments. As a result, local cracking direc-
tions within these ligaments were often pormal to the overall
cracking direction, The rapid crack advance in the more suscep-
tible regions is believed to be a significant contributor to the en-
vironmental acceleration observed in high temperature water. Spe-
cifically, this apid cracking not ouly increased the overall crack
length, it increased local stress and provided altemate paths for
reinitiating local cracks along the more resistant ligaments.

The role of active path dissolution versus hydrogen cmbrittle-
ment in. causing accelerated cracking of stainless steel in high
terperature water remains an issue because of the coupled nature
of these processes, as olectrochemical reactions near the crack tip
involve both anodic dissolution of the metal and a cathodic reac-
tion that produces hydrogen. The presence of well-defined crys-
tallographjc features indicates the absence of significant metal dis-
solution, thereby supgestivg that slip/dissolution is not the
primary cause of accelerated cracking, This observation is consis~
tent with findings by Chopra and Smith [10] that erack growth
rates for 304 SS are preater in Jow dissolved oxygen water than in
high dissolved oxygen water. This observation capnot be recon-
ciled with = slip/dissolution mechanism. :

The presence of sharp, crystallographic facels suggesis that'a
hydrogen embrittlement mechanism 35 responsibie for acceferated
cracking in 288°C water. This is supported by fractographic find-
ings by Hanninen and HaKarsinen {30} where hydrogen-
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precharged 304 SS exhjbited cleavage-like facets without any de-
tectable o martensite formation. The facet mocphology for the
hydrogen-precharged specimens js very similar to that observed in

. 288°C wate, thereby implicating hydrogen in promoting acceler-

ated cracking in high temperaturc water. Morcover, Gao et al. (26]
and Wei et al. [27] demonstrated that 3 hydrogen embritticment
mechanism was responsible for accelerated fatigue crack growth
rates in stainless stecl alloys tested in room temperature aqueous
environments. Although ' martensite formation occurred in these
specimens, Gao and Wei detepmined that this transformation did
not have a critical role in controlling crack growth rates and it was
not a pterequisite for hydrogen embrittlement.

Altbough hydrogen embrittlement is believed to be the primary
cause of environmental cracking in 288°C water, it is possible that
oxide film formation at the crack tip also affects cracking behavior
by restnicting slip reversals during the unloading portion of fatigue
cycles. The importance of oxide film formation in affecting frac-
ture surface motphology is apparent when comparing fracture suc-
faces generated in air and vacuum. Fatigue fracture surfaces gen-
erated in air possessed crystallographic facets, whereas those

" geperated in vacuum had a nondescript, nonfaceted appearance

{Wire [1]). Apparently, the thin oxide fim that forms in 24°C air
serves as a dislocation barrier that impedes slip reversals during
unloading cycles. Hence, damage tends to be conceptrated along
particular slip bands, and eventually local separation along these
slip bands produces crystallographic facets. In vacnum, the ab-
sence of an oxide film promotes more effective slip reversals that
minimizes local damage along any particular slip band. As a re-

sult, erystallographic facets do not develop i vacuum. Oxide film |
formation in water is also expected to restrict slip reversals and ;
promote facet formation and higher crack growth rates; however, 1

the degree of acceleration is expecied to by much less than that
associated with hydrogen erpbrittlement. :

In surnmary, it is unlikely that slip/dissolution is a primary
causs of environmental cracking in 288°C hydrogenated water
because of the presence of crisp crystaliographic features and ap
increase in crack growth rates with decreasing dissolved oxygen
levels {Chopra and Smith, [10]). The cleavage-like facets on the
fracture surface, which are very similar to facets {ound ip
hydrogen-precharged 304 SS (Hanninen and Hakagainen [30]),
suggest that hydrogen embritement j8 the pomary cause of yc-
celerated cracking in bigh temperature water. It is also likely that
the formation of crack tip oxides sestricted slip reversals which
also contributed to increased crack growth rates, although thig
effect i5 sxpected to be much smaller effect than that associated
with hydrogen embrittlement,

5 Swmmary and Conclusions

Instrumented corrosion fatigue tests on 304 SS DEN specimens
provided fatigue crack growth rate data in 24° and 288°C air and
288°C water over a wide range of crack growth rates. Resunlts in
air and water at the same mechanical parampeters allowed direct
assessment of environmentsl effects, avoiding any concerns for

data variability due to materials, test technique, and data correla- |

tion. Crack growth ratcs in water are about 12X times the air rate
at low speeds where the environmental effects arc largest. The
Jarge environmental degradation in crack growth s consistent
with the strong reduction of fatigue life in commercial PWR wa-
ter. Further, very similar crack growth rate data were reported in
low oxygen HWC, in both surface crack and conventional deep
erack tests. The large environmental enhancement in 304 38
(12X) persisted to crack extensions up to 4.1 mum, far outside the

range associated with short crack effects. The same large environ- -

mental effects observed in the DEN tests were reproduced in CT
specimens at a high stress ratio and low AKX. The overal resuits
cap be normalized successfully by incorporating the combined

- effects of stross ratio and rise time, qualitatively similar to the

formulation developed by Itatani ct al. to describe test results in
BWR water.
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Much of literature data in hydrogenated water chemistry shows
an apparently mild environmenta) cffect for 304 SS, with an ER of
2.55 or less. However, based on the current test results, larger
environmental effects occur in bydrogenated water in the low AX
regime at Jong rise times and high R-ratio conditions.

The high crack growth rates jn 288°C deaerated water were
associated with a faceted growth mechanism. The highly angular,
cleavage-like appearance of the facets suggests that a hydrogen
embyjttiement mechanism was the primary cause of accelerated
cracking in this environment.
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