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HYDROGEN EMBRITTLEMENT, GRAIN BOUNDARY SEGREGATION AND
STRESS CORROSION CRACKING OF ALLOY X-750 IN
LOW AND HIGH TEMPERATURE WATER

ABSTRACT

The nature of intargranudar strass corrogion cracking {SCC) of Alloy X-750 was characterized in
low and high temperature water by testing as-notched and precracked fracture mechanics
specimansg. Materials given the AH, EH and HTH haat treatments ware studied. While all heat
treatments were susceptible to rapid low temperature crack propagation {LTCP} balow 150°C,
Canditions AH and BH wera particularly susceptible. Low temperature tests under various
loading conditions {a.g., constant displacement, constant load and increasing load) revealad that
the maximum strass intensity factors (K,,.) from conventional riging load tests provide
conservative astimates of the critical loading conditions in highly susceptible heats, regardless
of the load path history. For resistant heats, K, provides a reasonable, but not necessarily
conservative, estimata of the critical stress intensity factor (K) for LTCP. Tasting of as-notched
speacimens showed that LTCF will not initiate at a smooth surface or notch, but if a crack-lke
defect is prasent it readily occurs. Comparison of the cracking response In water with that for
hydrogen-precharged specimaens testad in air demonsirated that LTCP is associated with
embrittlemant of grain boundaries by hydrogen generated by the corrosion reaction at the crack
tip. Equivalent activation anergies for Stage i LTCP ratas (11.3 keal/mel) and hydrogen diffusion
{11.5 kcal/mol) indicate that hydrogen diffusion to the peak stress regions ahead of a crack is
the rate controlling process. Auger analysls showed that heat treatment and hest-to-heat
variability was associated with phosphorus and sulfur ssgregation to grain boundarias, Above
150°C, rapid cracking doas not occur due to an increass in fracture resistance and decrease in
the degree of hydrogen enrichiment. SCC initiation and growth doss accur in high temperature
water {>250°C), but crack growth rates are orders of magnitude lower than LTCP rates. The
SCC rasistance of HTH heats was far superior 10 that for AH haats as crack initiation times were
two to thres orders of magnitude greater and growth ratas were one 10 two ordors of magnitude
lower,
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INTRQRUCTION

Aloy X-750 is a precipitation hardened nickel-base superalloy thet is used in high strength
fastanar applications because of its high temperature strength, corrosion resistance and load
relaxation resigtance. Studies have shown that this material |s susceptible to intsrgranular stress
corrogion cracking {SCC) in low temperatura {<150°C} and high temparature (> 250°C)
water."¥ Moregver, evidance of SCC in Alloy X-750 components has bean observed in light
water reactors.*®

Alloy X-750 is a very mature alloy system having undergone a significant evelution involving heat
treatment, chemistry and processing changes aimed at improving SCC properties. Variations in
heat treatment have the greatest effect on SCC porformance, and the most common heat
traatmants for fasteners, termed Conditions AH, BH and HTH, are given in Table 1. The criginal
fagtener matarials were givan the Condition AH treatment, but this resultad in infarior SCC
initiation and crack growth properties at high temperatures and variable cracking resistance at
low tamperatures. While the Condition BEH treatment improved high temperature SCC (HTSCC)
properties, it resulted in a high degree of variability!"! and rather poor low temperature crack
propagation (LTCP) resistance.™ The Condition HTH treatment improved SCC performance at
both high and low temperatures and reduced haeat-to-heat vanability. The 1083°C anneal
resulted in a uniform microstructure, substantial grain growth and a lowaer vield strength relative
to Condition BH. Metal producers have attompted to improve the SCC properties for HTH
material by controlling trace elemant levels and modifying themomechanical processing
paramaters. In this paper, the original and modified heats ara refarred to as original process
heats and process variation hesats, respectively.

The nature of SCC of alloy X-750 in low and high temperature water is presented in this paper.
It is shown that regardiess of heat treatment, this material is susceptible to rapid cracking in low
temperatura waters that is associated with a hydregen-assisted cracking mechanlsm. The LTCP
behavior was characterized by testing fracture mechanics specimens to establish the critical
stress intensity factor {K)) for rapid cracking as a function of test temperature, hydrogen content
of the water, load history and heat treatment. The role of hydrogen was established by
comparing the cracking behavior in [ow temperature water with that in hydrogen-pracharged
specimens tasted in air. Auger electron spectroscopy (AES) of matarials given various heat
trestments was performed to relate grain boundary segregation to cracking suscaptibility. To
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characterize the HTSCC responss, tests on fracture mechanica specimens wers performad in
2B88° to 360°C watar. The parameters studied included the time required to initiate SCC from
a notch, time raquired to incubata SCC from a fatigua precrack, and crack growth rates.



AL ED
Matetigls

Matarials given the AH, BH and HTH heat treatments were includad in this study. The chamical
composition of the heats is provided in Table 2. The first letter of the hest identification
represents the matarial supplier (from "A" to "E"). Heat numbers are consistent with thosa in
Referance (7). Heats A2, AB and A17 and A18 are process variation heats; all others are original
procasa haats. Some of the heate were givan two differant heat traatmeants, asg indicated in
Table 2.

Typical microstructuras are shown in Figura 1. Tha AH and BH materials exhibited a fine grain
siza (ASTM No. 8-10), whereas the HTH heats axhibited a coarse grain size {ASTM No. 2-4) as
a result of the high temperature solution anneal. The room temperature tensile properties are
summarized in Table 3. The yield and ultimate strength levels for both AH and HTH materlals
arg significantly lower than those for EH mataeriels, beceuse the latter is direct aged after hot
working.

Test Specimens

Tests were parformed on compact tengion (CT) specimens with a width of 20.2 mm and a
thickness of 10.2 mm and three-point-bend spacimans with a width of either 10 or 8.3 mm and
a thickness of 5.8 mm. The root radii in specimens tested in the as-notched condition ranged
from 0.1 to 0.76 mm and notches were finished by low stress grinding. Precracked specimens
were prepared per ASTM E399 procedursz with a maximum K, of 20 MPa/m during the final
precrack interval. The nominal crack iength or notch length ta width ratio {a/W) was 0.5 for all
tests.

Convantional .L':T specimens wara ugad in riging load tests and constart-load SCC tests. For
canstant-displacement SCC tests, a threaded hole was machined aleng the load line in one of
tha specimen arms in order to bott load the specimens.



The LTCP response was characterized by 1) rizing load testing of CT and thres-paint-bend
apacimens, 2} constant-displacemnant tasting of boltdoaded CT spacimans and 3) comtrollad-load
testing of CT specimens. Rising load tests ware performed on both hydrogen-pracharged and
non-precharged specimens in air and water. Most water tests were conducted at a constant
displacement rate with a K of about 4 MPa/m/h based on the original pracrack langth. Prior to
tasting, specimens were preconditioned for two weeks in 288° to 360°C water with high
hydrogen {30-60 ¢¢ Hykg H,0). It is noted that non-pracharged specimens tasted in water and
hydrogen-precharged specimens tested in air exhibited rapid low temperature cracking at K
values as high as 100 MPa/m/h. Limited slow rata testing was performed at K values as low
as 0.2 MPaJ/m/ 1o assure that there was sufficient time for fully developing hydrogen enrich-
maent in the pask strass region ahoad of a crack. A few hydrogen-precharged specimens were
rapidly loaded at a K of about 3000 MPa/m/Mh to preciude hydrogen from diffusing and accumu-
lating ahasd of the crack. Strasgintensity factor calculations were performed in accordance with
ASTM E399 procedures,

The key parameters In rising load tests are the K, values at maximum load (K,,.) and the time
required to go from maximum ioad to one-half maximum load (t,pna)- ONIY Kp,.. values are
reported herein. It is noted that at a K of 4 MPaym/M, typical t e, valuas ara lass than 1
minuts for susceptible AH and BH heats and greater than 4 minutes for HTH heats. Onca LTCP
inltiated in these tests, the rate of load drop was used to estimate crack growth rates in
accordance with the Saxana-Hudak compliance relationship.™

In Alloy X-750 with yield strengths from 760 to 1030 MFPFa, linear-elastic fracture mechanics
concepts are valid up to K, levels of about 65 MPaJm. Higher K., valuas are reported for heats
with high SCC resistance. While these valuas are not strictly vulid, they provide e ralative
ranking of SCC susceptibility.

Constant-displacement testing of boit-loaded CT spacimens was conducted to detenmine the
critical strass intensity factor (Kgec r) below which LTCP does not ocewr. Bolt loading was
accomplished by a load transter method, whereby spacimens were pin loaded to 95% of the
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desired load in a tensile machine and then the load was transferred to the bolt. This was done
by torquing tha beft, followed by partially reducing the load in the load train, and then retorguing
the bolt until the desired creck mouth opening displacement {CMOD) was obtained. This process
was repeated until the machine load was completely removed. Bolt-loadad specimens were then

tested in autcclavas at various tamparatures and water hydrogen contems. Most bolt-loaded
specimeans wers preconditioned in 288%t0 360°C high hwdrogen water for approximataly two
weeks and then slowly coaled through the critical temperature ragime (150° to 24°C) to initiate
LTCP. The value of Ky 1 Is takan to be either the value of K; where the intergranular crack
arrasts or the epplied K, leved below which LTCP did not occur.

Cocldown testing of CT specimens under constant or slightly increasing load wag also
performed 10 compare K.,y obtained under these loading conditions with critical K; values
obtainad in constant-displacement and riging lcad tests. The load was applied while specimens
ware exposad to 288°C high hydrogen water. During cooling to 24° or 54°C, the loed was held
constant or continuously increased. Some specimens were held for 12 to 21 days in 54 °C water
fallowing the cooldown in &n attempt to increass the opportunity for L.TCP to occur. A few
specimens wuare also tested under constant-load conditions directly at the test temperature
without high temparature preconditioning.

High Tamperature SCC Tastsg

High temperature SCC proparties wera characterized by testing precracked CT spacimans under
constant-load or constart-displacement conditions in 288 ° to 360°C high hydrogen water. The
key parameters in thesa tests are the time to initlate SCC from a notch {t,,). time to incubate
SCC from a precrack (ty,), and crack growth rate (da/dt}. During constant-load tasts, specimens
waere axposad to high temperature water prior to loading, and in-situ LVDT measuremeants of the
crack mouth opening displacement {CMOD) ware used to determine when crack incubation
occurred. Tha bolt-doading mathod for constant-displecermant tasts was the same as described
above. After bolt loading, specimens were axpesed to 2889 to 380°C watar containing 40 1o
60 cc Hy/kg H.0. Whenever HTSCC teats were Intorrupted and cocled below 175°C, the water
hydragen content waa reduced below 20 cc Hy/kg HyO to minimize the potential for LTCP.

Periodically, spacimens were removed from sutoclaves to determine crack incubation times and
crack growth rates. Surface crack length measwements were made visually on all specimens,



but significant crack tunnaling is typical, so cracking in the center of the speciman is significantly
greatar than that obsarved on the surface. To account for tunneling, tha averags crack size was
astimataed based on rasidual load measuraments made by using the load transfer mathod in
roverse. Specifically, the bolt load was transfamed to the tengile machine, while never unleading
the crack tip by more than 2-3%. The crack length was then determinad from the residual bolt
load via the Saxena-Hudak compliance relationship.™ Dastructive evaiuation of gpecimens was
performed to confirm LVDT and residual bolt load results.

The majority of tests were conducted in water with a room temperature pH batwaen 10.1 and
10.3, an oxygen content lass than 100 ppb, and conductvity between 20 and 8% #Siem. Some
rising load tests were performad in 93 °C argon-sparged deionized water at atmospheric prassure,

Hydrogen Precharging

Hydrogen precharging was accomplished by encapsulating specimens in an argon-purged
chambar cortaining tartalum hydride which was then heated to 704°C for ona to four hours.
This temperature was chosen since it corresponds to the final aging temperature for all three heat
treatments. Diffusional caleulations show thet the exposure time is sufficient to produce a
wniform concentration of hydrogen in specimens. To minimize hydrogen loss after charging,
specimans were refrigerated below 0°C up to tha time of tasting. Vacuum extraction analysis
was performed after testing to determine hydregen contents which typically ranged from 25 to

&0 ppm.

Hydrogen diffusion in Alloy X-750 was characterized by hydrogen penstration and hydrogen
dasorption studies of threa BH heats. Diffusion penetration data was obtained by hydrogen
analysis of layers machined from a speciman that was cathodically charged at 85°C for 835.8
hours. The hydrogen concentration profile fit the following function:™

€ _q.ert—X-
E_1 M(w] 1

where D is tha diffusion coefficient, C is the hydrogen concentration at distance, x, and time,
t, and C, is tha surface concantration, assumed to be constant.
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Diffusion coatficients corresponding to hydrogen desorption at 24° and 3168°C ware made hased
an hydrogen analyses immediately after charging and again after long tarm storage at 24°C or
after a short period of tima at 316°C, where substantial desorption did occur. It was assumed
that the surface offerad no resistance. The geomstry was assumed ta ba a8 semi-infinite plate
with the actual thickness, for which solutions are provided in Refarence (8). For the 316°C test
whare desorption is large, this i3 a reasonable assumption because hydrogen is lost
predominantly through the large surface normal to the minimum ({thickness) direction. However,
at 24°C where dasorption was relatively small and diffusional loss was confined to the near-
surface region, a corraction was introduced by simply reducing the observed desorption by 35%,
which represents the ratio of the edge surface area {i.e., 2 x Width x Length) to the total surface
area.

Ayger Electran Spactroscopy

Thea grain boundary chemical composition was obtained by in-situ Auger analysis of
intergraruilar surfaces. To assurs intevgranular fracture, small netchad centilever bend specimens
suitable for fractures in the AES riigh vacuum chamber were hydrogen precharged by the
procedures cutlined above. After fracturing in @ vacuum of lass than 107 Pa, gspecimens wera
examined in the scanning eectron microscope {SEM) mode to identify approximately ten
intargranular facets for AES analysis.



The riging load test results in Figurs 2 illustrate the profound influence of low temperature water
on the cracking performance of a particularly susceptible BH heat. In 83°C air this heat axhibits
good fracture rasistance with a K, value of 128 MPay/m. While the actual toughness is even
higher because maximum load is limited by plasticity effacts, this K, velue demonstrates that
thizs material has suparior fracture toughness. In 33°C argon-sparged water, howeaver, environ-
mant-inducad cracking severely dagrades fracture registance ag K, I8 reduced to 45 MPaJm.
This dramatic effect is associated with a fracture mechanism transition frem ductile dimple
rupture in air t0 imergranular LTCP in water. Cracking in low tomperature water initiates wall
within the linear-elastlc domain and the rapid crack advance leads to failure within 1 minute. For
this BH heat, the Stage [l crack growth rate was determined to be 7.2 mm/min at 83°C.

The effects of water tamperature and hydrogen content on Ky, values from rising load tests are
summarized m Figures 3 and 4. For comparison, Kp.. valuses in air, ranging from 0 to 130
MPav'm, are represented by the arrows on Figure 3. As notad earfier, K, levels in this range
are gverly conservative due to plasticity effects and the actual K. fracture toughness is cloger
to 150 MPavm."¥ For exampls, J,. testing of & CT specimen (width = 30.5 mm} from HTH
Heat A10 yielded a ;.. of 115 MPa/m and an equivalent K. of 156 MPa+/m.

For susceptible AH and BH heats, K. . values ara significantly raduced in water. AH heats
exhibit a wide range of LTCP properties and tha results in Figures 3a and 4 represent typical
susceptible heats. BH heats tend to be more susceptibie to LTCP and the data shown in Figure
3b are represantative, aithough it is notad that soma BH heats display good resistance to LTCP.
HTH heats tend to have suparior LTCP resistance and the typical behavior is raprasented in Flgure
3c. While tha degree of susceptibility for HTH heats is relatively small in water with 16 cc Hakg
H,0, the fracture rasistance is decraased markedly in 24° to 94°C water with 60 ¢ Hykg H 0.
Two common heats wara tegted in both the BH and HTH Miﬂnn&, and comparison of the solid
symbols in Figures 3b and 3¢ shows the claar superiority of the HTH treatment.

Considerable scatter is common in rising load tests, so lower bound curves for K. ., are shown
in Figure 3 for 16 and 35-60 cc Hy/kg H;0 to illustrate the overall behavicr. In low hydrogen
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water (10-20 oo Ho/kg H,0), the minimum K, eccurs {at a K of 4 MPa «fm/h) between 55° and
120°C and there iz a marked increass in Ke,,,. 8t room temperatura, regardless of heat treatmant.
I high hydrogen water, the minimum K, occurs at about 55 °C and thare is very littla increase
in toughmess at room tampsarature.

Figure 4 shows that increasing the hydrogen content of the watsr decreasss LTCP registancs,
with the largest affdct occurring below 25 cc Hykg H0. The greater susceptibility with
incrassing hydrogen ovarpressura is balioved to be associsted with greater hydrogen absorption
due to an increase in the equilibrium concentration of nascant hydragan and formation of leas
protective oxide films. Figure 4 also indicates that heats with a low toughness in 18 cc Hykg
H;0 show the lsast reduction In K, with further increases in hydrogen content. This behavior
sugoests that a threshold K, level exists balow which higher hydrogen levels do not further
dagrade fracture toughness. Extrapolation of the trends indicate that the apparant threshold K,
is on the order of 30 MPav'm for susceptible AH and BH heats and 40 MPavm for HTH haats.
In argon-sparged deionized water, the majority of haats show a dramatic improvement in LTCP
registance, which is expacted as the water hydrogen content is reduced to zero. Three heats
showad lite change in K, batweaan 0 to 16 ce Hy/kg H;O (raprasantad by dotted lines in Figure
4], but this behavior is attributed to data scatter as each of these heats exhibit unusually large
decreases in K, between 16 and 25 cc Hy/kg H 0.

While the rising load test results presented above are directiy applicable under increasing |oad
conditions, testing has shown that thass results also provide lowar-bound threshold stress
intensity factors (Kigecy) fOr constant-displacemeant and constant-load conditions, as described
below. Undar strictly constant-load conditions during cooling, no LTCP accwurrad for a series of
K, levels well above those that produced c¢racking in isothermal rising load tests. As shown in
Figura 5, no cracking occurred in AH end BH specimens that weare cooled from 288°C undar
constant-oad condltlons in high hydrogen water, even though applied K, levels were well above
Ko vaiues from rizing load tests {denoted by solid linag). The AH spacimen was subjected to
thrae coolings at successively higher K, levels of 38, 47 and 57 MFa«/m. No avidence of LTCP
was obsarved even after a 21 day hold in 54°C high hydragen water at the highest K, level.
Following constant-oad testing, this specimen yielded a rising load K, value of 38 MFaym,
which was just slightly higher than that obtained in previous rising load tests on this heat,
represerted by the solid line. Similar behavior was observed for a BH haeat with K, veluss
ranging from 28 to 49 MPa+/m at 54° to 150°C. Two succassive coolings under constant-load



conditions with a K, of 49 MPam failed to produce LTCP, even after a 12 day hgld in 54°C
watar, the most susceptible temperature. Subsequent rising load testing of this BH spscimen
vialded a K, of 34 MPaym, which was only slightly higher than the previausly determined K.
value for this heat at 54°C. The modest increase in K, after constant-load testing was
attributed to an overload or prestrain effect that retarded subseguent cracking. ConstantHoad
cooldown tasts ware not conducted on HTH specimens.

Results from cookdown testing of two BH haeats and one HTH heat under mildly increasing loads
(by -~ T0%) are shown in Figure 6. In thase tests, the increase in load represants the load
change obsarved under constant-displacament conditions during continuous cooling due to an
increase in elastlc modulus, LTCP is sasn to occur under temperatura and K, conditions that are
consistant with rising load K, . results, dasignated by the solid lines. Thus, K, rapresents the
critical streas intensity factor Kgee ) for LTCP undar mildly or significantly increasing loads.

Figure 7 comparas rising load K, values with critical LTCP gtrass intensitiss basaed on constant-
lnad and constant-displacement tests whare specimens were exposed to low tamparature water
for times up to one ysar. The data from Figure € obtained under mikdly increasing load conditions
ara also includad in this plot. When K, values were higher than K., LTCP occurred in pariods
as short as 2 days and as long as 60 days. Therefore, if the applied K, is greater than Keco,r
cracking may occur at any time. Comparison of constant-load results n Figures 5 and 7
indicates that high temperatura exposura of pracracked specimens has a mitigating effect on
cracking in low tamperature water. Specifically, LTCP did not occur in constart-load tests after
continuous ¢ooling from 288°C {Figure 51, but did ocour in constantload specimens that were
exposed only to low temperature water (Figure 7). The reason for increased fracture resistance
after high temperature sxposurs is not clsgr but may be associated with davelepment of a
protective oxide film in high temparature water. Auger analysis revealed that the primary
difference in oxide films formed In low and high temperature water is their thickness. Films
formed in 54.°C water had a thickness of about B0 A, whereas 288°C films were an order of
magnitude thicker. It i possible that a thick film serves as a diffusion barrier or promotes more
affective recombination of hydrogen. Because lass nascent hydrogen is availabla to enter the
matal, apscimens with a thick high-tsmperature oxida fim resist LTCP. Crack tip strains
associated with rizsing losd conditions or continuous cooldowns undar increasing load conditions
rupture the thick protective oxide which anhences hydrogen pickup.
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It iz signiflcant that survivors as well as failures are possible whan K is greater than K., ..
When bolt-loaded CT specimens tested In water with 35 to 80 ¢c H,/kg H,O were rapeatadly
coolad from 2489 - 360°C to room tamperatura, tha number of cooling cycles prior to sudden
massive low temperaturs crack extsnzion ranged from 1 to 21 at K, levels approximately twice
Keneer  Thus, survival for soma period above K., i# possible, but sudden failure may occur at
any time,

The degres of consarvatism in riging load tasts appears to be depandant on material susceptibil-
ity. Figure 7 shows that rising load K, valuaz conservatively predict K., ; for matarials with
high and intermediata susceptibility (K., < 45 MPayml. For more resistant materials such as
process varigtion HTH heats, rising load K, valuas provida a reasonable estimate of Kgp .y, but

are not always conservative. Apparently, the conventional riging load strain rate of X = 4
MPa/m/M is too fast to allow for sufficient hydrogen accumulation to fully embrittle grain
boundaries In resistant materiala, This is supported by the observation of lowear K values with
an order of magnitude decraase in straln rate.

in summary, the conventional riging load test is an appropriate and effactive method for
conservatively predicting the critical K, for LTCP in susceptible heats, while it provides a
reasonable, but not necessarily conservative, astimath of the critlcal K, for SCC resistant heats.
Although a lower strain rate test providea a lower K., value, the long test time generslly
prohibits ita usa for production testing. To obtaln a conservative Kecor vatue for highly resistant
materials, crack arrest testing of multiple bolt-loaded CT specimens under continuous cooldown
conditions is recommanded.

Low temperature cracking of AH and BH materials invalves a classic two-stage behavior, with
growth rates being indupundeht of K; over a wide range of stress intensities {Stage Il). Figure
8 shows that Stage [l crack growth rates fit an Arrhenius law [da/dt = A expi{-Oyy/RTI] with
an activation snergy, Q o, of 11.3 kealfmol. Crack grawth rates for this BH heat tested in 3279-
54°C argon-sparged water are on the order of 0.02 to 0.2 mm/hour., Stage Il LTCP rates for
susceptible heats in 93°C wataer can be as high as 400 mm/our.
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The nature of tha LTCP phenomenon was characterized by testing hydrogen-pracharged
apecimens under various conditions. The findings demonstrate that cracking in low temperature
water is controlisd by a hydrogen smbrittiement mechanism where hydrogen is generated by
carrosion reactions at the crack tip. Key findinga from this study are summarized below:

1.  Pracharged specimens tested in air demonstrated that hydrogen alene, without corresion,
produced intergranular fractures indistinguishable in fractographic appearance from those
producad in low temperatura water (Figure 9). Non-précharged specimens tested in air
typically fail in a transgranular mannar.

2. Stage || crack growth rates in low temperaturs water are controlled by hydrogen diffusion
from the water-metal interface to the maximum hydrostatic strass region ahaad of the
crack tip. This conclugion is baged on the aquivalency of activation energies for crack
growth rats {11.3 kcal/mol} and hydrogen diffusion {11.5 kcal/mol). The activation energy
for hydrogen diffusion was basad on hydrogen desorption measurements at 24° and
316°C and hydrogan panetration measurements for a cathodically-precharged specimean
gt 856°C, As shown in Figure 10, the activation anergy of 11.5 kcal/mol was in excellant
agreement with the 11.7 keal/imol reported for Alloy X-7507" at 204° to 315°C and the
11.9 kcal/mo! reported for nickel-base superafioy Alloy 718"? over a wide range of
tamperstures. In additien, the room temparature diffusivity, 3.0 x 10" em?/s, agread
reasonably well with the value of 5.6 x 10" cm®/s determined for Alloy X-750 by
Latanigion and Kurksla!'®

3. Figure 11 shows that the fracture toughness of hydrogen-precharged AH and BH spaci-
mens tested in air Is comparable to their non-precharged counterparts tested in low
temparaturae water with 16 cc Hykg H;0. Whils the toughnass of hydrogen-pracharged
HTH specimens is substantially lower than K, for non-precharged specimens testad in
watar with 16 cc Hy/kg H.0, it is only slightly lower than the K, value of ~40 MPav'm
obtained in water with 80 cc Hy/kg H,0 {see data for HTH Heat B5 in Figure 3).
Comparison of the air and wataer data for BH and HTH Heat B5 {Figures 11b and 11c})
clearly domonstrates that the superior performance of the latter in water with 16 cc H,/kg
H.O ia dus to increased resistance to hydrogen pickup from the corrosion reaction,
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bacause both materials are aqually susceptitle to hydrogen ambrittlement when
pracharged to 62 ppm hydrogen. The diffarence in hydrogsn absorption for BH and HTH
materials ia believed to be influenced by grain boundary spacies such as phosphorus and
sulfur, as discussad later. In the high hydrogen water, hydrogen absorption in the HTH
material is enhanced due to the increased concentration of nascent hydrogen.

4., The most severe hydrogen embrittlement occurred when precharged specimens wera
testad in low temperature water. In this case, hydrogen produced by the corrosion
reaction combined with hydrogen already present to severely weaken grain boundaries as
well as fill traps and interact with dislocationa. This indicates that the corrosion reaction
in water further increased the local hydrogen content within the high triaxial stress region
ahead of crack.

The magnitude of hydrogen enrichment and how it relates to the cencept of critical hydrogen
concentration for intergranular cracking was assessed by relating hydrogen-pracharged spacimean
resuits to the LTCP phenomeanon in water. Testing of hydrogen-precharged specimens was
performed at both high and low straln rates o detarmine tha gritical hydrogen concentration for
intergranular cracking and how hydrogen concentratesin the hydrostatic stress fiekd ahead of the
crack tip, Data from variable strain rate tasts were used to select the slow and fast loading
conditions where K, . values ware independent of displacement rate {i.e., sither sufficient tima
to develop full embrittiemant in slow tests or insufficient time to pammit hydrogen diffusion in fast
tests), At 93°C, aK of 600 MPa/mh was sufficiently stow for hydrogen anrichment to develop
in the peak stress region ahead of the crack, while a five-fold increase in K prevented significant
hydrogen concantration. At 24°C where diffusion rates are about fifty times slower, a K of 600
MPa/m/h was fast enough to preclude hydrogen erwichment. To assure sufficient time for
concentrating hydrogen ahead of the crack tip, slow rate testing at room temperature was
perfomad at 0.3 MPaJ/m/M. Intergranular cracking was obsarved in all precharged specimens
tested at slow strain rates and in specimens with high hydrogen concentrations tested et high
strain rates, as detailed below.

In high rate tests of precharged specimens, the local concentration was taken to be the bulk
hydrogen comtent because there wasg insufficiant time to allow hydrogen to diffuse and
accumulate ahead of the crack. These fast tests showed that the critical bulk hydrogen
concentration requirad to inducea intergranular fracture was about 25 ppm and the comresponding
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Kpmex vBIUR wWas 55-60 MPa+/m. When tha concentration increased to about 50-100 ppm, Kg.
decreased to 40-50 MPavJ/m, which is consistent with K, _ valuss asaociated with rapid
intargranuler cracking in low temperature water. Hence, the critical hydrogen concentration
reguired te produce LTCP in water is about 50-100 ppm.

In slow rate tests, there is suifficient times for hydrogen to diffuse to the triaxfal stress region
ahead of tha erack. The local concentration under chemical equilibrium conditians was calculsted
by the relationship"¥

" 4 2)

where C and C, are the local and bulk concentrations, ¢, is the hydrostatic stress, V is the partial
molar volume of hydrogen in solid solution, R is the universal gas constant and T is absolute
tempergtura, V is defined as the changa in volume produced by the addition of 1 gram-mc! of
hydrogen into the metal. The valus for Alloy X-750 was estimated to be 1.8 cm?mol basad on
lattice parameter maaswements for solutions of hydrogen in nicket and other face-centered cubic
metals'® 19, This value reprasants the lower bound of values reported for hydrogen in iron and
steel."'?  Rice'™ showed thst the meximum normal stress, &, inside the plastic zone is
assantially indepandant of K. The sffect of increasing K, is to axpand the peak stress over a
wider region and locate the peak stress reglon farther from the crack tip. Tha magnitude of the
pesk stresa, o,,, is about 3.Ea,, for a strain-hardsning material such as Alloy X-750. Assuming
plana strain conditions, the paak hydrostatic strass is about 50% to 60% of the peak normal
streas or twice the vield strangth, which is within 5% of the peak hydrostatic stress assumed
by Gerberich et al."® This relationship wasz incorporated into Eq. {2) to estimate the maximum
C/C, ratios as functions of temperature and yield sirongth (gee Figure 12}, It is sean that peak
C/C, ratios range from 1.7 at 360°C to 3.2 at 24°C for a yield strength of BOO MPa
{representative of Conditions AH and HTH) and from 1.8 at 380°C to 4.2 at 24°C for a vield
strangth of 1000 MPa {reprasantative of Condition BH).

Tha K, valuas for fast and stow rising foad tests of hydrogen-precharged specimens conducted
in 24° and 93°C alr are shown in Figure 13. As expacted, there is no correlation batween Ky,
values and bulk hydrogen contant. Howevar, tha calculated [ocal hydrogen ervichment for the
slow tests, basad on the peak C/C, ratios given in Figure 12, and measured bulk content for fast
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tests provide & rezsonable comrelation with K, ., as repragentad by the solid line in Figure 13,

Thug, the stress intensity factor causing intergranuar cracking in hydrogan-precharged
spacimena is correlated with the local hydrogen content ahead of tha crack tip. By assuming this
correlation holds regardless of the source of hydrogen, the observed K, values for LTCP in
watar suggest that about 100 ppm hydrogen |3 absorbed due to the zorrosion raaction and
concertratad ahead of the crack as a result of diffusion to the high triaxial atress region.

Temperature effects on K, for hydrogen-precharged material are shown in Figure 14. These
tests wara performed at relatively high rates {0.05 mm/min at 23°C, 0.05 mm/min for AH and
0.13 mm/min for HTH at 149° and 204°C, and 0.51 mm/min at 288°C} so hydrogen content
would not decrease significantly during high temperature exposure. The beneficial effect of
increasing temperature is apparent, with the degrea of embrittlement and amount of intergranuler
cracking decreasing markedly above 1502C, The increasaed fracture rasistance and evidence of
some transgranular cracking above 150°C accounts for the sbsence of a rapid cracking mecha-
nism in this tamperature regime. The transgranular fracture surface observed in high temperature
tests has a faceted, crystallographic appearance (Figure 15), indicative of channgd fracture. This
machanism occurs when localized cracks initiate and propagate along intanse dislocation
channels, so the presence of a channel fracture mechanism indicates that hydrogen tends to
promote planar slip.

In summary., accumulation of hydrogen ahead of the crack tip appears to ba the critical factor
for LTCP in water. The degree of ambrittlament increases axponantially with peak hydrostatic
stress, yield strength and notch acuity, as discussed balow. Under the most savere conditions
the maximum snrichmant ratio is 3 to 4. Simce this enrichment phanonemen diminishes with
temperature, it is expactad to have lass importance for HTSCC.

As-notched spacimens subjacted to constant-displacement conditions hava exhibited no svidance
of cracking in low temperature water. Tha Immunity to LTCP is attributad to the greater
diffusion distance and lass severa stress state for as-notched spacimans, in comparison to thoss
for precracked specimens (see Figure 16). The proximity of the peak stress position relative to
the crack tip is particularly impertant. For notched configurations, the distance between the
metal-water interface and peak stress |ocation is ralatively large, 50 hydrogen has to diffusa over
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a considerable distance to reach the assumaed ¢rack nuclaation site, as ilustratad in Figure 16.
Bacause the diffusion distance for as-notchad specimens is about five times graater than that for
precracked specimens, only a small fraction of the comosiongenerated hydrogen reaches the
critical peak hydrastatic location ahead of a notch due to diffusion loas in the surrounding matrix.

During rising load testing of as-notched specimens in low temperatura water, ductile tears form
near maximum load as a result of a microvoid coslescence mechanism, rather than intergranukar
cracking. The lack of intergranular cracking during the Initiation stage is due to relatively low
hydragen enrichmant resulting from the low peak hydrostatic stress and the large distanca from
the metal-water interface to the peak stress position. Once a ductile tear initiates at the notch
root, additional crack axtension occurs by an intergranular machanism, as shown in Agure 17.
Inthis casa, tha crack-like taar enhances hydrogan erwichment by incraasing the paak hydrostatic
strass and dacreasing the distance from the crack tip to the peak stress position to about 0.03
mm, which minimizes ditfusional lossas.

When as-notched specimena are embrittled by hydrogan pracharging. they ars susceptibls to
intergranular crack Initiation. Apparenty, bulk hydrogen levals in precharged specimens producad
sufficient hydrogen enrichment ahaad of the notch to initiate intergranular cracking, This finding
demonstrates that hydrogen snrichmant, rather than peak stress conditions, control initiation of
intergranular cracking ahead of a notch. Thus, the lack of intergranwlar crack initiation in non-
precharged specimens tasted i water must be dus to diffusional logs over the larpe distance
from the metal-water nterface and the peak strags location. This is further supported by the as-
notched speciman data {squares) in Figure 11a, While as-notched specimens are embrittiad by
hydragen precharging, both precharged and nonprecharged specimens ara essantially unatfacted
by the prasence of water. This chservation indicatas that relatively little of tha hydrogen picked
up in low tempsaratura water reachas tha critical peak stress location dua to diffusionsl loss in
tha sumrounding matrix.

Effect of Grain Boundary Segregation gn LTCP

AES studies of intergranuler fracture surfaces were parformed to characterize the grain boundary
composition and relate It to LTCP properties. Figura 18 shows that LTCP resistance correlates
with grain boundary phosphorus concentrations, but not bulk phosphorus levels. An increase of
intargranular phosphorus content from 1 to 4 atomic percent results in a 60% decrease in K.,

16



from 110 to 45 MFav/m. As a hydrogen recombination poison, phosphorus promotes hydrogen
absorption by retarding recombination of corrogion-gensrated nascent hydrogen into molecular
hydrogen, which cannot be absocrbed inte the metsl. In addition, phosphorus reduces grain
boundary cohesive strength during the hydrogen-assisted cracking process. Interactions of
hydrogen and phosphorugs may also be involved in high temperature SCC, but definitive
information is lacking.

Comparison of results In Figure 18 also demonstrates that the degree of segregation varies
widely in EH heats, is very high in the AH heat, and is generally low in HTH heats. The nature
of phosphorus segregation to grain boundaries was investigated by AES 10 understand tha rola
of heat treatment. Increasing the anneallng temperature from 954° 1o 1121 °C was found to
cause A continuous decreasa in intergranular phosphorus concentration, whethar or not gram
coarsaning occuired. Specifically, grain boundary phosphorus contents for two BH heats
decreased from 2.6-2.7 atomic percent in the as-raceived condition to 0.2-0.6 atomic parcent
after the 1121°C anneal. The high temperature anneal alzo caused considerable grain growth
that had a profound effect on segregation kinetics during subsaquent re-aging at 704°C, as
shown in Figura 19. Coarss grainad specimens annaaled at 1121 °C axhibited a segregation rate
during 704°C aging that was almost two orders of magnitude less than that for specimens
annealed at 954°C, which did not show grain coarsening. Grain coarsening per se does not
retard segregation; in fact, it often has the opposita effect as coarse grain structuras have less
boundary area so greater concentrations can be achieved. For Alloy X-7B0, however, grain
boundary migration alters the nature of the boundarias which retards segregation during
subsequent thermal aging. It is postulated that tha retarded phosphorus sagragation in coarse
gralned material aged at 704°C is associated with @ chemicsl intaraction of phoaphorus with
niobium and titanlum. These spacias have been shown to react with phosphorus to reduce grain
boundary segregation in iron and stesls® 211, In fine grained AH and BH materials, small niobium
and titanium-rich MC-type carbides decorate grain boundaries {as discrete particles or thin films)
and thereby reduce the amount of niobium and titanium evailable to tie up phosphorus. The high
temperature HTH annesl dissvlves these carbides or keeps them from forming and results in the
formation of intergranular chromium-rich M,,C, carbidesa. The increased concentration of niobium
and titanium then raduces the effective matrix concentration of phosphorus which has a strong
effect on segragation kinetics. Alternatively, the nioblum and titanium-rich MC type interfaces
present in Condition AH and BH materials may simply be more susceptible to phosphorus
segregation than the M,,C, interfaces in Conditicn HTH material.
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AES studies also showed that an intermediate age at 954 °C after the 1121 °C annaal enhances
subsaquent segragation at 704°C, as shown in the following comparison:

Grain Boundary P

Treatment {at. %}
BH + 704°C-1 h 2.7
BH + 1121°C-1 h + 704°C-1 h 0.58
BH + 1121°C-1 h + 954°C-1 h + 704°C-1 h 1.2
BH + 11219C-1 h + 704°C-20 h 0.67
BH + 11219C-1 h + 954°C-1 h + 704°C-20 h 1.5

{Note that all spacimens were hydrogen precharged at 704°C for at least one hour to induce
intergranular fracture.} It is seen that tha 1121°C anneal caused a factor of five reduction In
phosphorus concantration. ralative to tha starting BH material. Whils direct aging at 704°C for
tirmes up to 20 hours causad relatively litthe phosphorus segregation, duplex aging at 954 ° and
704°C doubled phasphorus segregation. Some of this increasa was caused by segragation at
964°C, but a significant amount occurred at 704°C dua to an enhancing effect of the ntermedi-
ate tamperature. The 954 °C treatment ig likely to immaobilize some of the niobhium and titanium
by carbide precipitation, thareby increasing the effective matrix concentration of phosphorus at
704°C,

Thus, the 885°C stress equalization and 704°C age in the AH treatment results in significant
phosphorus segregation and poor LTCP properties, even in heats with low bulk contents. BH
materials tend to axhibit poor LTCP properties due to significant phosphorus sagregation rasulting
from direct aging of the fine grained material at §D4“l: in addition to [ts higher strength which
anhances hydrogen concentration in the peak stress ragion ahead of the crack. The good LTCP
resistance of Condition HTH iz assoeciated with minimizing phosphorus segregation by altering
the grain boundary structure during high temperature annaaling and tha avoidance of reheating
at intermediate temparatures above 704°C,

While grain boundary phosphorug content was camrelated with heat-to-heat variability in LTCP
performanca for Conditions AH and BH and the overall improvement in behavior for HTH
materials, it appears to have only a weak correlation with heat-to-heat variability of tha latter,
as HTH heats typlcally have less than 2 atomic percent grain boundary phosphorus levels . To
astablish the cause of heat-to-heat variakility for HTH heats, rising load testing and AES analysas
were performed on cne orginal process HTH heat and fowr process variation HTH heats. One
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BH heat was also included in this study for comparison with aardier results. Fgura 20 shows that
Ko vValues for HTH hests ara not corralated with grain boundary phosphorus bacausa the coarse
graim structure consistently produces low grain boundary concantrations (1.1 to 1.7 atomic
percent). The BH heat with more than double the gran boundary phosphorus (3.8 atomic
parcent) exhibited a low K, value of 46 MPay/m, which is consistant with the trend in Figure
18. Figure 20 does, howaver, implicate grain boundary sulfur as being detrimental to SCC
parfarmance in HTH heats. This is not surprising bacause sulfur is also a hydrogen recombination
poison, just like phosphorus, and It is known to reduce grain beundary cohesive strangth in nickel
allays. Thus, it is expoectad to play a rols in hydrogen absorption and arnhrittllamant. Unlike
phuspﬁorm, which showed no corralation batween grain boundary and bulk concentrations, the
decrease in grain boundary sulfur In process variation HTH heats is associated with reduced bulk
content, which is shown parenthetically in Figure 20. Grain boundary sulfur may have played
a role in tha SCC parformance of AH and BH heats, but preliminary AES studias indicated that
local sulfur lavels were generally much lower {<0.3 atomic percent) than phosphorus lavels. As
a result, graln boundary analysis of sulfur was not performed for the matarials reapresanted in

Figure 18.

High temperatura SCC tests were parformed in 288° to 360°C water with high hydrogen to
determine the time raquired to initiate an intergranular stress corrosion crack from a notch, the
time required to incubate a stress corroslon crack from a pre-existing fatigue crack, and SCC
rates. Crack initiation times in 360°C water were obtainad by testing as-notchad CT specimens
with various root radi and results ara plotted as a function of peak surface elastic stress (PSES)
in Figura 21, PSES iz defined as the produet of the theoratical stress concentration factor (K}
and nominal strass {g). Maximum stress levels at the notch roots are well beyond the yield
strangth, so PSES is more @ measure of surfaca strain than the actual stress. It is seen that data
for the AH material’ are reasonably well fitted to a power law with an exponent (n) of -0.8,
indicating thet PSES is effective in normalizing deta for various root radii (g}, The PSES
parameter is related to the K/Jp parametsr used to correlata fatigue crack initiation data for

1Ahnm half of tha AH specimens represanted in Figure 21 ware prestrained {i.e., imtemtional application of
an initial lopd that is higher than the final load) either 5% or 10%. Thasse prestrain levals had no effect on
SCC parformanes. Uge of 0%, 5% and 10% prectrain data, therefore, provides a better evaluation than
refignce on the 0% grougr alone,
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notched spacimens. Based on the work of Croager and Paris,”* Wilson ¥ and Glinka,?* the
stress field ahead of a notch tip can be given in terms of the stress intensity factor K, which is
egual to tha following:

K om0 (33)
2

K=

Rearranging terms and substituting PSES for (K, o), it is seen that PSES is proportional to K/v/p:

PSES = 2K (3b)
Vup

Hence, the correlation given in terms of PSES could also ba given in terms of Kive.

SCC inttiation times for Condition HTH, representad by the solid symbols in Figure 21, are two
to threo crdars of magnituda graater than thair AH counterparts. After 273 weaks of exposurs
in 360 °C water, three of slx specimans with PSES valuss between 2030 and 3060 MPa showad
no SCC. At higher FSES values, all specimens showsed SCC with initiation timas ranging from
35 to 237 weeks. This contrasts with the poor AR performance where all of the specimens
Ipaded to PSES valuas as low as 1060 MPa cracked prior to 3 weeks of axposure.

Typical of initlation bahavior in an SCC msistant material, the obsarved times vary significantly
under the same nominal conditions. A maximum likelihood analysis of the data for Conditicn
HTH specimens revegled a powerdaw correlation batween initiation time and PSES with an
axponent of -1.4. This ia approximately B0'% highar than the stress exponant for Condition AH,
suggesting that the improvement in SCC indbiation times resulting from the HTH treatment is
probably greater at low stresses.

Precracked CT specimens were tested in 288° to 360°C watar under both constant-displaca-
meant and constant-lcad conditions to characterize the time required to incubate intergranular
cracking. The effect of applied K, on the crack incubation time for Condition HTH in 360°C
water is shown in Figure 22. Crack incubation times are based on residual bolt-lcad maasure-
mants for constant-displacement tasts amd in-situ LVDT measirements of the CMOD for
congtant-load tests. The amount of crack extension associated with crack incubation was 0.05
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to 0.08 mm. High temperature SCC starts in lass than 100 howrs at K, levels abova 60 MPa/m
and after about 1000 hours at K, levels of -~ 30 MPa+m. The incubation data for fiva HTH heats
show veary similar behavior, despite the diffarent loading matheds that were used. That is, the
constant-load data from two heats and constant-displacemant data from threa different heats
appear to fit a common curve. Crack Incubatlon timas are correlated by a powerdaw exprazsed

by
tpe = 1.7 x 10° K74 (4}

whera K, is the stress itensity factor at 3607C in MPa/m and t iz In hours.

The affects of temparatura on crack incubation times for constant-loaded AH and HTH spacimens
ara shown In Figura 23. Thea incubation times fit an Arrhenius relationship with an activation
energy, Qg of 682 keal/mol for Condition AH and 66 kcal/mol for Condition HTH. Incubation
times for HTH materials are typically two to three orders of magritude greater than those for AH
materials under comparable test conditions. In Figure 23, the apparent difference is only a factor
of five, but the HTH specimens ware tested at a subgtartially higher K, level. Taking the K,
depandancy of Equation {4} into sccount in analyzing the data in Figurs 23 indicatasg that the data
support 8 30-fold difference in erack incubation times for AH varsus HTH materials.

Crack growth rates obtained for bolt-loadad AH and HTH spacimens are shown in Figures 24 and
25, respectively, Condition AH heats axhibit a classic two-stage crack velocity relationship with
rates being independant of K, between 20 to 45 MPa/m. Stage |l rates, plottad in Figure 24,
show gn Arrhenius relationghip with an activation enargy, Qgee, of 33.7 keal/mol. Crack growth
rates for two HTH haats, shown in Figure 25, are dependant on both K; and temperature. An
Arrhanlus fit with a powser-law relationship with K, provided an adequate description of the data:

%f- = 1.1 x 10° K4 g Cs M7 (5)

where daldt is in pm/day, K Is In MPaym, Tisin K, Ris 1.987 cal K mol" and Qg is 41,400
calimol. It is seen that HTSCC rates for Condition HTH increased significantly with K, with a
stress axponent {n} of 4.3, in contrast with the K, Independant response gshown by Condition AM,
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In addition, crack growth ratas for Condition AH wara 10 times faster than for Condition HTH
at a K, of 48 MPa/m and slmast 100 times fagter at a K, of 30 MPa+/m.

Thae activation energy levels of 33.7 and 41 kcal/maol for HTSCC in water are slightly higher than
those reported by Shan and Shawmon®® for Alloy X-750 given a modified AH treatmant? and
tested in 300° t0 400°C steam with high hydrogen. They found that O, was dependsnt on
applied K, level (21, 28 and 51 kcal/mol at 61, 32 and 15 MPa+/m, respectively}. In the present
study, O, was indepandent of K, level over the range tasted {20 to 45 MPa+fm for Condition
AH and 30 to 45 MPaym for Condition HTH).

Regardless of haat treatmant, high temparature crack growth rates were much lowar than LTCP
rates. Ewven at 360°C, HTSCC rates ware at least an order of magnitude lower than those
observed at 54 °C, indicating that the crack growth mechanisms in the two temperature regimes
are very different. In fact, the high apparent activation energy levels for HTSCC clearly demon-
strates that hydregen diffusion is not the rate controlling process. Although hydrogen-assisted
cracking is believad to ba active in HTSCC, it is suspacted that the controlling mechanism
involves a thermally activated alip process. Support for a hydrogen-assistad cracking mechanism
ig the observation that the intergranular fracture surface morphology associated with HTSCC I
indistmguizhable from that cbserved in hydrogen-precherged specimens tested in air, as shown
in Figure 26.

23olution anncaled at 382°C far 1 hour and alr cooled, Aged at B16°C for 20 haurs and alr coolext, Aged
at TO49C for 24 hours and alr cooled.
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DISCUSSION

Alloy X-750 axhibits an elastic-plastic fracture response with high J; values an the ordar of 100
kJim2"? corresponding to an equivalent K. toughnass of 150 MPa+im. in low tempsratue
water, howevar, susceptibility to rapid cracking at K| levels as low as 30 to 40 MPa/m negates
lts inherent high fracturs reslstance. With LTCP rates as high as 7 mm/min, unstable fracture
occurs very gquickly once LTCP initiates, so applied streas intenaities must be maintained below
Kiscoer 10 preclude fast fracture.

Tha fast eracking results from ambrittiement of grain bounderies by hydrogen that is genarated
by the corrosion reaction between low temperatwre water and the metal at the crack tip.
Obsarved K, . values in water indicate that critical hydrogen concentrations in the vicinity of 8
crack ara on the order of 100 ppm. The peak triaxial stress state ahead of the crack makes an
important contribution to the cracking machanism gince it acts on the hydrogen entering the
metal due to the corrosion reaction. jn the low temperature ragime, triaxial streszas produce &
three- to four-fold enrichment of hydrogen. The degree of enrichment diminishes markedly with
temperature, so triaxial stress effects are expected to be less important at high temperatures.

Suscaptibility to LTCP depends on tamperature, hydrogen contant of the water, heat treatment,
susceptlbility of a specific heat, loading rate and whether a erack is prasent. Low tamperature
cracking occurs below 150°C, but the temperature of maximum suscaptibility, corresponding
to a mirimum Kg.,y. occurs at 55°C for water with 35-60 cc Hy/kg H,0 and between 55° and
120°C in low hydrogen (<20 cc Hykg H,0} watar. This type of behavior Indicates that
competing processes ara operative. The primary competing processes are believed 1o be
generation of nascent hydrogen from the comosion reaction, which can be absorbed into the
metal, and its recombinstion intc molecular hydrogen, which cannot be abscrbed. With
incraasing temperature, more hydrogen is generated due to increased corrosion rates™, hut
recombination reactions are alzo anhanced, resulting in raduced entry inta the crack tip ragion.
Highar temperatures also raduce the degree of hydrogen anrichment in the high triaxial stress
region ahead of the crack. Under maximum susceptibility conditions, the combinad effects of
hydrogen genaration, recombination and enrichment are optimized.

Hydrogen digsolved in the water increasas hydrogen pickup by the matal and reduces K, .
Increasing the hydrogen content in the water incraases the aquilibrium atomic hydrogen at the
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water-metal interface and may promote formation of less protective oxide filma. increasing the
hydrogen content of the water from 15 to 35-60 cc Hy/kg H;O typically decreases Ka.,,, values
by 25 to 50 parcent. Thus, the hydrogen content should be reduced any time the water
temperature 1s below 150°C to guard againat LTCF. This was a real concern in the current tests
when bolt-lcaded specimeans exposad at elevated temperatures ware coclad to room temperature.
To minimize the potential for LTCP, hydrogen leveals in autoclaves were maintained below 20 cc
H.fkg H,0 wheanever the temperature dropped below 175°C. For highly susceptibla heats, K,,,,
values ane not as sansitive to hydrogen content of the water between 15 and 60 cc Hy'kg H,0,
s0 the benafits of reduced hydrogen are not as great.

Susceptibility to LTCP varies widaly for the different heat treatments and from heat-to-heat. This
variabllity is generzlly associated with the degres of phosphorus and sulfur segregation to grain
boundaries during matertal processing and heat treatment. Condition BH material is typically the
most suscaptible to LTCP dus to its highar strength and phosphorus segragation to grain
boundaries. The high yield strangth incraases crack-tip triaxial stresses that cause an axponential
increase in hydrogen enrichment as well as an increase in the local stresass that serve a3 the
erack driving force. In addition, 704 °C aging of the fine grained structure results in significant
phosphorug segragation that further degrades LTCP resistance. For Condition AH materials, the
88E°C stress squalization preconditions grain boundaries which furthaer increases phosphorus
sagregation during aging at 704.°C, resulting in high concentrations, even in heats with relathvely
low bulk contents. The grain coarsening caused by the high temperature HTH anneal
dramatically decreases the tendency for phosphorus segregation during subsaguent 704 °C aging,
and this greatly improves SCC resistance. In Condition HTH material intergranular chromium-rich
M., C, carhidas form, rather than niocbium and titanium-rich MC carbides. As a result, the
increased nipbium and titanium in sclution is believed to reduce the effective phosphorus
concentration in the matrix and thereby reduce the degres of segregation. In HTH matarials,
reduced grain boundary sulfur was found to improve 5CC performance. Since the decrease in
grain boundary sulfur is associated with raduced bulk content, optimum mealting technigues for
improving ingot microclaanfiness should ba employed to provida maximum SCC resistance.

During cooting from high temperatires, the propensity for LTCP is highly sensitive to loading rate,
with stafic loading conditions resulting in much greater resistance than riging load conditions.
This sensitivity is significant because loads in many fastener applications increase during
cooldown due to onae or mora gources. In joints comprizsed of matarials with & similar thermal
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axpansion coefficiant, the load increases during cooling due to an increasa In slastic modulus.
This producas a 10-15 percent increasge in load during cooling from 288-380°C t0 24°C. As
shown in Figure 6, this rate of lcad increase is sufficient to produce LTCP at critical stress
intansitias equivalent to K., velues obtained in rising load tests. [f tharmal expansion
cosfficients for the fastener and compression path are substantially diffarent, significant
uploading or urdoading can oceur during cooldown. In cases where the load increases markadly
due to both modulus changes and differential tharmal expansion, isothermal rising icad results
are directly applicable. When cooling rasudts in no load change or a partial unloading, K, values
conservatively pradict cracking because LTCP i3 expected to be retarded. Since K., volues
accurstaly predict the threshold stress intensity, Kygo.,r. for AH and BH Alloy X-750 undar
increasing load conditions and congervatively predict it for congtant-load conditlons, low-rate
rising load tegting in high hydrogen watar is an effective and appropriate method for datermining
Kgeorr- For Condition HTH, rising load K. values provide a reasonable, but not necessarily
consarvative, estimate of Kyecyy- To astablish conzervative K., values for these materials,
crack arrest testing of multiple self-loaded specimens cooled from elevated temperatures should

be performed.

H is noteworthy that low temparature cracking doss not initiate in & reasonabla length of time
from a smooth surface or notch, A crack or crack-like defect must be present. As-notched
configurations rasist LTCP becausse the peak stresses and degrae of hydrogen enrichment are
much less sgvere than In precracked spocimens. A key factor is the relatively large diffusional
distance from the matal/water intarface at the notch tip to the peak triaxial strass region which
allows greater loss of hydrogen to the surrounding matrix.

While stress corrosion cracks cannot initiate at a notch in low temperature watar, they can
inftiate and propagate in high temperatura watar at relatively low strasses and K, levels. Hence,
tha failure pracess for Alioy X-750 involves crack initistion and growth by HTSCC or fatigue, and
when a critical flaw size is reached, as defined by K .- ,;. rapid low temperature cracking guickly
leads to unstabla fractura during cooldown.

Figure 21 shows that PSES provides a reasonable correlation of HTSCC initiation times and the

stress exponents, n, were -0.8 and -1.4 for Conditiona AH and HTH, respactivaly. Initiation
times for Condition HTH are two to threa orders of magnitude greater than those for Condition
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AH at PSES vahies sbove 2760 MPa. The difference is probably greater at lowsr stresses due
to the highar strass axponent for tha fermaer.

The HTH treatment also improves resistancs to SCC incubation and growth. Crack ingubation
times for precracked AH and HTH samples differed by two to three orders of magnitude and SCC
rates differed by one to two orders of magnitude. Activation energies for crack incubation (62
and 66 keal/maol) and crack growth rates {34 and 41 keal/mol} were relatively insensitive to heat
treatment. Thesa high activation anergies indicate that the rate controlling processes for SCC
ara different in the low and high temparature ragimes. At high temperatures, a hydrogen-
assisted cracking mechanism is believed to be operative, but the controlling mechanism is
probably a thermally activated slip process.

The suparior HTSCC performance of Condition HTH matarials is believed to be associated with
reducad phosphorus sagregation, reduced p* and an abgance of MC carbides dacorating the grain
boundarias,”- ¥ 2! a high density of intargranular My, C, carbides™* ™ and a larger grain size.®"
The ' phase that decoratas AH grain boundaries plays 8 dual rola: it is highly anodic which
results in hydrogen generation at the cathodic matrd®  and it is a strong hydrogen trap.®
Tha HTH treatment reduces the amount of intergranwlar ¥ and increases the amount of M,,C,,
which is cathodic with respact to the matrix. Tha reduction of intergranular ' enhances
comasion rasistance and minimizea hydrogen pickup. The larger grain siza is balleved to improve
SCC parformancea by increasing the characteristic distance over which critical levels of hydrogen
and strain energy density most be attained to cause SCC.™ Maoreover, modification of the graln
boundary structure by grain coarsaning is critical to minimizing phosphorus segregation during
the subsaquent aging treatment.
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CONGLUSIONS

Stress corrosion cracking tests wera parformed on as-notched and precracked specimens of
Cenditions AH, BH and HTH Alloy X-750 im low and high temparature water. Oparative eracking
mechanisms were characterizad by comparing the cracking response in water with that for
hydrogen-precharged specimeans tested In air. In addition, Auger analyses were performed to
relate grain boundary segregation to SCC performance. The cornclusions ara givan below:

1. Regardlass of heat traatmant, Aoy X-750 is susceptible to rapid cracking in low ternpera-
ture water, with growth rates as ligh as 7 mm/min. Stress intensity factors associated
with LTCP are a fraction of K. lavels in air, thereby negating the Inherant high fracture
resistance of this material.

2. The low temperature cracking phenomenon is assoclated with smbrittlemant of grain
boundaries by hydrogen generatad by the corrosion reaction at a crack tip. Hydrogen
diffuses to the peak triaxial stress region ahead of the crack, and a three to four-fold
enrichment can occur below 100°C, Comparison of K, values for non-precharged
specimans tested in water with those for hydrogen-precharged spacimens tested in air
indicatas that the critical hydrogen concantration to produce LTCP is on the order of 100
ppm. The equivalence of activation energies for Stage |l crack growth rates (11.3
kcal/mol} and hydrogen diffusion (118 kcal/mol} demonstrates that hydrogen diffusion is
the rate controlling process for LTCP.

3. Hydrogen in the water, which increasas aquilibrium nascent hydrogan at the water-metal
intarface, raducés LTCP resistance. Hence, the hydrogen content of the water should bs
reducad below 20 cc Hy,/kg H,0 whenever the water temperature is below 150°C to
minimiza the potential for LTCP.

4, Variability in LTCP resistance is correlated with the degree of phosphorus and sulfur
segragation to grain boundarias. Grain coarsening associatad with tha high temperature
HTH anneal produces a grain boundary structura that drematically decreases ths tendency
for phosphorus segregation during subsequent aging at 7049C. As grains coarsen, small
intergranular niobium and titanium carbides dissolve and subsaquent aging during the HTH
treatment inducas chromium-rich MyC,; carbides to form on grain boundarias. The
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increasad matrix niobium and titanium is believed to react with phosphorus to ratard
sagragation. In fine grained AH and EH materials, grain boundaries are deccrated with
niobjium and titanium carbides, so reduced amounts of thesse alements are available to tie
up phosphorus,

in HTH materials, reduced grain boundary sulfur resulted in supsrior LTCF propertias.
Since decreased sulfur sagragation is corralated with reduced bulk content, improved ingot
microcisantiness provides superior low temparaturs cracking performance,

For materials with low and intermadiate LTCP resistanca, K, values obtained from
conventional rising load tests provide a conservative estimata of the critical stress
intansity factor {Kgco,7) for rapid low temperature cracking regardless of the load path that
occcurs during cooldown. For highly resistant matesials (K, > 45 MPa+/m}, rising load
tests provide a reasonabls, but not necessarily conservativa, astimate of K., .. Forthese
materials, crack amest testing of boltdoaded specimens is the most effactive method for
conservatively determining Kgeeyr-

LTCP will initiate from a crack-lika defact, but not from a smooth surface of notch because
the peak stresses and degree of hydrogen enrichment are much less savere. Thus, the
failura scenario for Alloy X-750 involves crack jnitiation and growth by HTSCC or fatigue,
followed by LTCP when a critical flaw size is reached.

Abaova 150°C, the dagree of hydrogen envichment decreases and the fracture resistance
of grain boundaries in the presance of hydrogen increasas significantly. hence, the rapid
cracking phencmenon does not occur. Stress comrasion eracking does occur between
288° and 360°C, but cracking rates are orders of magnitude slower than LTCP rates, At
elavated temperatures, the high activation energies for crack incubation (62 and 66
kcal/mwoll and growth rates {33.8 and 41 keal/mol) Indicate that the contrelling mechanism
is 8 thermally activated slip proceas, rather than hydrogen diffusion.

The HTSCC parformance for Condition HTH is far suparior to that for Condition AH. Crack
initiation timas for HTH heats are typically tiwee orders of magnitude greater than in AH
heats, and crack growth rates are one to two ordars of magnitude lower. The suparior
parformance of HTH materials is balieved to be associated with reduced phosphorus
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sagrepation, reduced intergranular y* which is highly anodic and serves as a strong
hrydrogen trap, a large grain =ize &nd a high density of intergranular M_,C, carbides, rather
than nickium and titaniumn-rich MC-type carbides, '
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Table 1
Heat Treatment Conditions

Condition AH

Hot worked

Stress equalized at 885°C for 24 hours, air cooled

Aged at 704°C for 20 hours, air cooled
Condition BH

Hot worked

Aged at 704°C for 20 hours, air cooled
Condition HTH

Hot worked

Annealed at 1093°C for 1 hour, air cooled
Aged at 704°C for 20 hours, air cocled

X-TABLE1



Table 2
Chamical Compasition of Test Materéals lin weight percent|

265 | 106 | 068 | 010 | 0.03 | 0.043 | 002 | 0.09 | 0.01 | ©.002 | D.000 | 0.0027
258 | 101 |07 | 006 | 007 | C.O40 | 0.01 1 O.02 | 002 | O.001 £.001 C.0025

263 | 104 | 06810131004 | G040 ]| 000 | 0,08 | 002 | Q001 | 0.0002 NAZ

2858 | 1.04 |00 | 019 | 008 | 0041 | 001 | 006 | 002 | 0007 | D.ODOZ NA,
266 | 1.02 1873 | 211 | 008 | 00371000 | 0.01 | 0,06 | 0004 2003 | <0.007
287 1 1.00 |OF7 | Q10 | C11 | 0072 007 | 0.1 | 0,02 | O.007 o001 | 0.0070
266 | 1.00 | 0.77 | 0.08 | D.O7 | 0087 | 005 | 001 | 003 | 0.003 0.002 NA,

2.67 1.00 | 0.80 | 0.09 | 0.12 | 0.G686 | 0.06 | .01 | 0.02 | 0.008 0.002 MA

267 | 1071 | 0.72 | 008 | 0.02 | Q.040 | 001 | 0.1 | 002 { 0.0 0.003 | «0.001

2.88 .07 | 0.6B | D1& | 0.03 | O.084 | 0.07 | .03 | 0.02 | 0.007 0.502 0.007

242 | 089 | 063 | 005 | 006 | 006 | 0.62 | 0.01 | 0.02 | 0.006 0.005 | 0.0045

NA, N, NA, NA, NA A NA, MA, NA NA MNA MNA
B8 HTH* 7088 | 1610 | 203 | 273 | 9.8% |CE0 | 14 | Q10 1 0033 | 011 | 012 07 | 0008 | 00015 | 0.003
ED HTH 7138 | 16.54 | 8.24 | 2668 | 0.8 | 0.72 | 0.03 | 0.05 ] 0.041 | 0.05 | 0.0% | 0.04 | 0005 0.001 NA
B2 BH 7136 | 16,21 | B.26 | 266 | 0.86 | 086 | G116 | 0.09 | D029 | 0.04 | 0.1 MNA NA, 0.002 NA

B4 BHHTYH* | 7117 | 1669 | B.64 | 266 | 087 | 080 | 311 | 011 | 003 | 004 | 006 | NA | 0.0087 | ©0.002 NA

Bb BHHTH* | 7186 | 1665 | 758 | 262 | 0.86 | 083 | 0.04 | 008 | 0.03 | D02 | 0.0T | NA NA, 0.003 NA
BE BH 7139 | 1642 | 791 | 251 | 085 | 0.84 | 094 | 0.1D | D.028 | 0.02 | D.1 MNA NA, 0.005 NA
e7 BH 72,37 | 1641 | 7.B2 | 2,66 | 0.B8 | 0.8 | 0.04 | 0.08 | OO | 001 | 002 | NA NA ©.003 NA

c2 BHHTH* | 7236 [ 1574 | 7.08 | 2560 | 0598 |Q70 | Q13 |0.CB | Q.06 | 008 | 0.04 | NA 0.004 | 2.004 MNA

D3 84 HTH* {7203 | 1553 | 7.22 | 251 | 089 | 083 ) 0.24 | 0.50 | 0.03 | 0.04 | 0.12 | NA NA, 0.004 NA




D4* BH 74.01 | 15.14 | 6.26 | 253 | 095 | 076 | 009 | 07 | 005 | NA | 007 NA | O.0D95 | 0.004 NA
D& BH 7213|1653 | 722 | 2561 | 092 | 083 | 026 {009 | 002 | 008 | 015 | 099 | 0.0073 | D.004 0.003
DE BH,AH 7116 | 1860 | 743 | 231 | 092 | 074 | 0.24 {030 | 008 | NA | 0.16 | NA | 0.0023 | 0.008 HNA
o7 AH 7252 | 1586 | 677 | 253 | 0.B8 | 0.77 | Q16 | 0.26 | 0.04 | D08 | D08 | NA NA 0.007 NA
Da AH 7066 | 16.03 | 823 | 248 | 102 | 069 | 032 | 091 | 008 |410 | 020 | OB | 0.008 | 0.0007 | 0.002
D9 AH 7075 [16.31 | 7.76 | 260 | 099 | 080 | 027 | 031 | 005 [ 004 | 028 | NA MNA, 0.004 HA
010 AH 73.63 11544 | 6.75 | 249 | D.O8 | 0.77 | 0.08 { 0.11 | 0.03 | C.04 | 0.01 NA, NA 0.007 HA
El AH Mar1 1834 | 712 | 273 1104 |OBODJO21 010 | D08 | 0.2% | 0025 [ 023 | 0006 | 00008 | 0.002

1. The latter danotsa Verdor A, B, C, D ar E.
2. NA = Not Available

3. Anterisk denotes naterlat was givan tha BH treatmant followed by the HTH treatrnent. This ie assumed 1o ba aquivalent to the conventionsl HTH trastmiant baosuss the
high temperature snreal should remova tha offecia of tha 8H tresimant.

4. Two seotions from thie hoat were subjected to different thermomechanica processing hietories, One wans hot rolled st 3E2*$ and the other 8t 1093°C,

r
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Table 3
Tensile Properties at Room Temperature

1227 =+ 32
1325 + 50
1196 £ 15




Figure 1.

Figura 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure B.

Figure 9.

Figure 10.

Figure 11.

Figure Captions

Typical micrastructures: {a) Condition AH Haat D6, (b) Condition BH Heat D6 and {c)
Condition HTH Heat AG.

Rising load test rezulta for BH Haat B4 in 93°C air and argon-zparged water. Tests
ware performed on thrae-point-bend specimens at a digplacemeant rate of 0.05 mm/min,
SEM fractographs show dimple rupture mechanism operative in air and imtergranular
cracking mechanism opserative in water.

Effact of temparature on K, .. values for {a) AH, (b} BH and {c} HTH heats. Solid
gymbols denote specific heats testad in both the BH and HTH conditions. The brokan
and solid lines represent lower bound curves for 18 cc H,/kg H,0 and 35-60
cc Hy/kg H,O watar. Amrows indicate the range of K, values in air.

Effect of hydrogen centent of water on tha minimum K, (or arrest Kuaer for

Heat AG) obsarved below 150°C. The solid symbels denote those heats tested in both
the BH and HTH conditions. K. values cbtained in argon-sparged 93°C water {i.e.,
0 cc Ha/kg H;0) are also shown for comparison,

Resistance to LTCP during continugus cooling under constant-load conditions.
Precracked CT specimens were heatad to 288°C, loaded and than cocled under
constant load. Opean circles indicate no cracking during continuous cooling, ‘X’
corrasponds to riging load K., after cooldown tests and solid lines represant
isotharmal rising load K, |oci,

LTCP induced by mildly Increasing loads during continuous cooling from 288°C.
Closed circlas denote LTCFP, open circles denote survivors, broken fines represent K,
versus tamperature path during continuous cooling and solid lines represent isothermal

rising load K, loci.

Agresmentin rising load K, and critical LTCP stress intensities {Kg; ) based on con-
stant-displacement and congtantdoad tests. Spaecimens in constarnt-load tests saw no
high temperatura water axposure. LTCP occurred in timas as short as 2 days and as
long as 60 days; all constantdoad survivors were exposed for one year.

Temperature dependence of Stage Il crack growth rates for BH Heat Bb in argon-
sparged deionized water. (R = 1,987 cal K' mol'}

Typical fracture surface morphologies observed in the low temperature regimea.

{a} Non-precharged speciman tested in air showing ductile microvoid coalescence.

(b} Non-pracharged spacimen tested in watar showing intergranular craeking.

{c} Hydrogan-precharged specimen tested in air showing intergranular appearance that
is indistinguishable from LTCP fracture surface morphology shown in (b).

Comparison of hydrogen diffusion coefficients In Alloy X-750 and Alloy 718.
{R=1.987 cal K" mol")

individual and combinad effects of pracharged hydrogen and hydrogen picked up in low
temparature watar with 16 cc Ho/kg H,0. (a) AH specimens were tested In both the
precracked and as-notched configurations. (b} BH end (¢) HTH specimens were
precracked prior to testing.



Figure 12.

Figure 13.

Figure 14.

Figure 15,

Figure 16.

Figure 17.

Figure 18.

Figurs 19.

Figura 20.

Figura 21.

Figure 22.

Figure 23.

Effect of temperature and yield strength (7,4 on calculaied maximum hydrogen
enrichment in the peak axial stress region ahead of a crack in Alloy X-750,

Hydrogen depandence of I, for precracked specimens from BH Heats B7 and D6
that were hydrogen precharged and tested in 24° and 83°C air. The solid line shows
the correlation of K, with the measured bulk hydrogen content for fast tests (sclid
symbols) andg calculated local hydrogen enrlchment for slow tests (partially closed
symbols}. The low toughness exhibited in the fast test of the B7 specimen containing
556 ppm hydrogen is attributed to deta scatier.

Temperature dependencs of K., for precracked specimens that were hydrogen
precharged and tested in alr. Elevated temperature tegt times ware minimized to
praclude significant hydrogen loss.

Fracture surface marphology for hydrogen-pracharged specimean tested in 288°C ait,

{a) Mixed mode fracture with approxmately egual amounts of intergranular and
transgranular cracking.

(b) High magnification of center region of {a) showing transgranular facets associated
with a channel fracfure mechanism.

INustration of difference In peak principal stress (7} and diffuslon distance to assumed
crack nucleation site for hydrogen releaged by corrosion reaction in pragracked and
as-notched specimens. Y direction is normal to the crack or notch plane.

As-noiched specimen from BH Heat B4 tested in 88°C water showing a transgranwlar
dimpie rupture region between base of notch and Intergranular reglon.

Corralation of rising ioad K, values in argon-sparged dalonized water at 83°C with
bulk and grain boundary phogphorus cancentrations. LTCP resistance comrelates with
grain boundary phosphorus content, but not with bulk conternt. Heat identification is
provided insida parenthesis.

Phosphorus segregation kinetics at 794°C in coarse and fine grain samples from Heat
B4. Prior 1o 704°C aging, the fine grain materal was annealed &t 854°C whereas &
1121°C anneal was used to produce a coarse grain atructure.

Corraiation of rising load K., values in argon-sparged 83°C water with graln hound-
ary sulfur and phosphorus concentrations. Grain boundary sulfur comelates with
variabilty In K, values for BH and HTH heats. While lower grain boundary phospho-
rus accounts for the overak improvernent in LTCP resistance for Condition HTH, it
does not comelate with heat-to-heat varfations. Heat idantification and bubc sulfur and
phospharus contents are provided parenthetically.

SCC inftiation time in 360°C water as a function of PSES for as-notched CT
specimans from AH Heat D8 and HTH Heat A5, Powerdaw corralations are basad on
maximurm-likefhood analysis. Up amows indicate absence of HTSCC,

K, dependence of SCC incubation times for precracked CT specimens for five HTH
heats.

Temperature dependence of SCC incubation times for pracracked CT specimens from
AH Heat D9 and HTH Heat A13. Open symbols with armows denote abaanse of
HTSCC.



Figure 24, Aﬂmmrhfs plot of Stage )| SCC rates for Condition AH Heats DG and D7. (R=1.987 cal
K' mol™)

Figure 25. Temparature and K, dependence of SCC rates for Condition HTH, (R=1.987 cal K*
mol™)

Figure 26. Intergranular fracture surface morphologies associated with HTSCC and hydrogen-
precharged specimens tested in alr are indistinguishable.
{(a) SCC fracture surface for BH Heat B6 tested in 380°C water.
{b) Fracture surface for hydrogen-precharged BH Heat BS tested In room
tempeorature air.
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Figure 1. Typical microstructures: (a) Condition AH Heat DB, (b) Condition BH Heat D6 and (c) Condition HTH Heat AB.



BH Heat B4

83°C Air
. 2, /W = 0.46
6 -
= =
e
o
% 4 93°C Water

a,/W = 0.40

TIME, minutes

Figure 2. Rising load test results for BH Heat B4 in 93°C air and argon-sparged water. Tests were performed on three-point-
bend specimens at a displacement rate of 0.05 mm/min. SEM fractographs show dimple ruptura mechanism
operative in air and intargranular cracking mechanism operative in water.
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Figurg 3. Effact of temperature on Kg,. velues for {a} AH, {b) BH and {c) HTH heats. Solid

symbols denote specific heaets testad In both the BH and HTH conditions. The broken
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Figure 9.

Typical fracture surface morphologies observed in the low temperature regime.

(a) Non-precharged specimen tested in air showing ductile microvoid
coalescence.

(b) Non-precharged specimen tested in water showing intergranular cracking.

(c) Hydrogen-precharged specimen tested in air showing intergranular
appearance that is indistinguisable from LTCP fracture surface morphology
shown in (b).
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Figure 15. Fracture surface morphology for hydrogen-charged specimen iesied in 288°C zir.
{a} Mixed mode fracture with approximately equal amounts of intergranular and

transgranular cracking.
(b) High magnification of center region of (a) showing transgranular facets associated

with & channel fracture mechanism,
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crack nucleation site for hydrogen released by cerroslon reaction in precracked and
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Figure 17. As-noiched specimen from BH Heat B4 tested in 88°C water showing a transaranular
dimple rupture regicn between base of notch and intergranular region,
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Figure 26. Intergranular fracture surface morphologies associated with HTSCC and
hydrogen-precharged specimen tested in air are indistinguishable.
() SCC fracture surface for BH Heat B6 tested in 360°C water.

(b) Fracture surface for hydrogen-charged BH Heat B6 tested in room
temperature air.



