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FATIGUE CRACK GROWTH RATE STUDIES OF MEDIUM SULFUR
LOW ALLOY STEELS TESTED IN HIGH TEAIPERATURE WATER

TA Auten, SZ Hayden

• The Knolls Atomic Power Laboratory
, Schenectady, New York 12301-1072

and
" RH Emanuelson

The Babcock & Wilcox Company
Alliance, Ohio 44601

Abstr'4.c.t In an effort to detect possible effects of macrosegregation (or
"ingot pattern" segregation) of sulfiir, specimens were machined

Fatigue crack propagation tests of medium sulfur (0.007 to 0.011 from several different locations within Forging A. First,
wt%) ASTM A508-Class 2 forgings were performed m deaerated specimens were taken from cores (material removed to facilitate
high puriW, high temperature water. In general, these forgings did subsequent fabrication) from two different positions about 10 ft
not exhibit environmentally assisted cracking (F.AC) in tests at apart along the length of the forging. These cores correspond
149"C (300*F) or at 260"C (500*F). Lowering the pH did not roughly to the mid-height position of the original cast ingot and are
raise the crack growth rates significantly. However, adding a labelled Cores 6 and 9 in Table II. Second, specimens were taken
small amount of oxygenated water to the feedwater increased the from the upper prolongation of the forging, which corresponds to
fatigue crack growth rates (FCGR) by a factor of about 4. the top-height position of the original ingot, exclusive of any
Automated analyses of the sulfide inclusions in polished sections shrinkage zone mate.'ial removed prior to forging. Roughly
of the forgings supported a previously proposed relationship for speaking, higher ingot positions are more likely to have higher
susceptibility to EAC. sulfur contents due to segregation. Finally, the specimens were

tracked for position with respect to thickness through the forging
Intr_ucti0n wall. One of the forging surfaces, called the "inner" surface,

came from material that was close to the centerline of the original
A series of FCGR tests in high purity, high temperature water ingot, while the "outer" surface of the forging came from the
were performed on two forgings of ASTM A508 Class 2 steel, outside region of the original ingot. Segregataon increases the
The objective of these tests was to determine if the forgings would concentration of sulfur from the outside toward the ingot
exhibit EAC. Conventional true corrosion fatigue crack growth centerline.
produces FCGR only about three times the rates expected in air.
EAC rates are usually 10 to 20 times the crack growth rates in air Specimens were also machined from several different locations
(1.-4'j. Most of these tests were conducted in a single water within Forging B as part of the effort to detect effects of
condition under a variety of load ranges with sawtooth load cycling macrosegregation. Only one core (corresponding to the mid-height
waveforms. The forgings were tested in several locations to test of the original ingot) was available from this forging. Also,
for possible effects of sulfur macrosegregation. After the baseline specimens were taken from the upper and lower prolongations of
behavior was established, one of the forgings was tested with the forging. While the upper prolongation again corresponds to
reduced pH and also with increased dissolved oxygen content in the top-height position of the ingot, the lower prolongation
the water, corresponds to the bottom, where the sulfur contents should be

relatively low due to negative segregation.

Experimental Procedures
Almost ali of the tests were performed at the Alliance Re.rearch

Ti_,e test materials were taken from Forging No. 125H506VA1 Center of the Babcock & Wilcox Company in Alliance, Ohio. The
( Forging A')and from Forging No. 124H510VA1 ('Forging B'), autoclave was made of AISI Type 316 stainless steel and had a
which had the ladle analyses shown in the table below. Local 0.076 m3 (20 gallon) capacity. The water supply was operated as
check analyses gave sulfur between 0.007 and 0.011%, which is a once-through refreshed system with a flow rate of 2.1 to 2.6 E-7
in the medium sulfur range (0.005 to 0.0125%) (1). m3sec"t (0.20 to 0.25 gal/bour). High purity deaerated water was

prepar_ to the desired chemistry and stored in a stainless steel
Compact tension specimens were machined to standard 2T reservoir with a cover gas of high purity (99.99%) hydrogen. The
dimensions with the thickness, B, of 51 mm (5). Most of the nominal effluent water composition is given in Table 1I.
specimens were oriented for crack growth parallel to the major
tensile strain during forging, which is the "T-L" orientation in the Once the specimen, displacement gage, corrosion potential coupon,
fracture toughness test standard (6). The exceptions were No. and other parts of the test system had been assembled, the
CA5-20 with an L-T orientation and No. CA5-21 with an L-S, autoclave vessel was brought into position and sealed. The vessel
both of which came from Forging B. was then purged with pure nitrogen gas and held for several hours.

Table I. Ladle Analyses for the Two Forgings

FORGING C Mn P S Si Ni Cr V Mo

A 0.22 0.60 0.008 0.013 0.26 0.70 0.38 0.01 0.62

B 0.21 0.65 0.008 0.012 0.27 0.71 0.36 <0.01 0.62

i KAPL-4 761



................... ,"........... z........ ....... ",..... ;- .... ,.... ,---r--.,

Table II. Tes_Water Analysis ¢v ===============================================================
..................... :........... :....... _ ..... _--:__ ek+-;'--.0 6 ................... _........... _....... + ..... '- "-;--;

8 ppb _ ................... i........... i....... - .... -'t'_''Oxyt*.n _bl..¢--i-zi

Hydrogen 28 std cc/kg H,O . ro 4 ................... [........... !....... _--- ___"'//f-,_.-._'_!Cfiloride 13 ppb " _ 3 ............................................. !- _....._--.e_. !
Fluoride I0 ppb i ,,.."!...'"//
"rotal OrganicC_bo_ 3_0 ppb = 2 ............................................ ,<-----i--_'._)_"i .-!--_Trace Metals < 100 ppb each "' i i

pH (at room temperature) 10.2 _ I E-03 ........................................... g::---:;---*---;---;--<Conductivity 45 _S/cm. -- ..............................................................
"-:-:-:

6 .................._..........i-e.-:..;:,'---.":-i---_----+--+--i--!At that point, the vessel was filled with the prepared deaerated ,-., ,,,_ k-- .................. ;-........... I.- -_---+¢. '.... -_.... 1---=+--4---;--_

water from the feedwater tank, pressurized andheated. Testing _ ,-,l .:,_ _._..._ : _ : : : : )
began approximately 24 hours after the system reached the target _' F { .?Tk.... i .......° A Forging Atemperature. _ 2[-.................... _ .... --':i"-:t'--

Some tests were performed on Specimen CA5-Lr9with oxygenated . R = 0.3

water injected into the inlet side of the autoclave. The main "-_ 1E-04_ _._i _:_fc_water tank used a pure nitrogen cover gas for these tests, _ !!!!-_-'_!!!!!!!-'._.._!i!__.!!!!!--!__ x7 Forging A

_--:.... :=:_---_: . _..... .......
rather than the hydrugen indicted in Table II. This system was t.., 6 _ R = 0.7

decoup!_from the autoclave for ali other tests, r..) _. -.7,_4_---_---_ [ "" ...-. [-[---[-[i-----:_ + Forging B

The corrosion pot,'ntial was measured for each test for a 25x 25 = 3b_ ..... _/-__.ZL__,.......... _...... _ R - 0.3

x3 mm section machined from ForgingtipA. This coupon was _o 2_--_.. :;:-_...... i......... !...... I _located about '/z inch from the notch of the specimen and was 2._ "--""

monitored by an external AgCI/KCI reference electrode. [._ ,.]""" ."": i ]]
Loads were applied to the specimens through a computer- lE-0_5 i , , R = 0.7lE+01 2 3 4 5 6 lE+02
controlled servohydraulic system. The load cell was mounted
outside the autoclave, and a displacement transducer was attached Applied Delta K, MPa,Sqrt(m)
diiectly to the specimen. Specimen compliance was used to
estimate the crack lengths and to control the tests to maintain Figure 1 FCGR as a Function of Applied AK at 260"C.
constant v,dues of AK throughout the test. Several constant AK

. tests were run on each specimen. Each test was continued for
about 0.5 mm crack extension. The loadings for each of the tests
are listed in Table []. A few of the tests (Specimens CA5-31 ................ _.......... :........ ...... ,._-_-......--.---,--,
CA5-32, CA5-33, and TR-1 in Table III) were performed at the ¢_ [ _:=:=:_::::__:.-_.._:.'-'.---_-_-£-'e(:

•-_ ) ,_- ..... _----.--_, =.--_._. ,_--.+--_, _. ,
Knolls Atomic Power Laboratory fKAPL). These specimens had _ 6[ _ .... _...... +---_ .... _--+--' 4
2T planar dimensions, but were only 25 mm thick. The water _ / i ..... "-----+-----_-// :.."q
chemistry was the same as in Table II. However, the water flow _ 4 | ,-:..... ,,____.,--_.:..._.,_,%,, ..¢__.t'
was higi_enough to exchange the same water volume in about one _ ........ "3[ : : : : ;¢,,,.. :
day, rather than three. _ ! : : : _ ;."//; :

el i i
pH = I0.2 i --_'_'}":":i !: :"i ::Results

1E-03 -Oxygenated= ..... :---._--__--".__JL_
Table III lists the FCGR data for each of the tests. These results _ - ,:._::___:=-:_::_..}..z_: :., ,...

are displayed in Figures I and 2 as FCGR vs. the range of applied I:_ 6 .... ..'S._.__.__._.._._____,-4--4-:-_- _. .=: -_.z-'j.:AK for the tests at 260"C and 149"C, respectively. In Figure 1 _[_-_--_---. ":_, : -_---;_-4-i
- the results at 2_°C are shown for both forgings at load ratios, R, _ _'-----nH" =: 8 !__-_'- 'j_i--_

,_ (= minimum load/maximum load) of 0.3 and 0.7. Also shown in g: _ ..r: ...... " ; i i i i i
this figure are the best-fit curves for crack extension in mm/cycle ° ...... °--=_.: "TiJ

" =, 0.for a large database for low alloy steels in air (2): r._ ,,[_/. . i

(2.-_8-t0 _ 1E-04_ _--.'-!'-:.-_i---._ A Forging A
cia = 7.87.10 a __ (1) o • - -. ..

= 0.7
where AK is the applied stress intensity factor range in MPaqrm. _v 4 "'- :1[-"-- -5 V Forging B3}- ..... ::'-=/-:Closure ..... - R = 0.3

None of the data points in Figure 1 fall below the corresponding _ _10_+!...i.............. !Effect

best-fit lines, indicating that the water environment did have some .- 2 ----,""-_-..-_-_.... ! ......•. ..' , [] Forging B
effect. However, in no case did the FCGR fall more than a factor _ R = 0.7
of 3 above the lines. _ 1E 1

The tests at 149"C were to check temperature sensitivity; the 3 4 5 6 1E+0E

results are plotted in Figure 2. One of these points fell below the Applied Delta K MPa,Sqrt(m)Equation 1 line, while all the other points were clearly above it.
Also, one result was a factor of about 7 times greater than the
Equation 1 value. The low data poinl appears to be the result of Figure 2. FCGR as a Function of Applied AK at 149"C.
loading sequence effects in the series of tests on Specimen
CAS-01; Table [] lists the tests in the order performed, i.e., the
order of the AK tests for CA5-01 was 58.3, 23.1, 33.0, and 42.9
Mpa,fm. This sequence avoided applying the highest AK when
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Table III. FCGR Data Results for the Individual Tests

Specimen Number / Forging AK Load Rise FCGR Crack Tip Speeds
/ Location in Forging Range Ratio Time mm/cycle Measured Baseline

Mpa.,/'m sec mm/sec mm/sec

A. Tests at 260°C (Nos. CA5-31, TR-I, CA5-32, and CA5-33 at 243°C):

CA5-02 / Forging B 44.0 0.3 51 6.58 E-4 1.29 E-5 9.30 E-6
Upper Prolongation 33.0 0.3 51 3.40 E-4 6.67 E-6 3.84 E-6

CA5-04 / Forging B 22.0 0.3 51 1.33 E-4 2.61 E-6 1.10 E-6
' Core 58.3 0.3 51 1.85 E-3 3.63 E-5 2.21 E-5

33.0 0.3 51 4.42 E-4 8.66 E-6 3,84 E-6

CA5-06 / Forging B 14.3 0.7 102 7.59 E-5 7.44 E-7 2.47 E-7
Lower Prolongation 22.0 0.7 51 1.81 E-4 3.56 E-6 1.86 E-6

CA5-08 / Forging A 22.0 0.3 51 1.16 E-4 2.21 E-6 1.10 E-6
Upper Prolongation 58.3 0.3 51 1.23 E-3 2.41 E-5 2.21 E-5

33.0 0.3 51 2.56 E-4 5.03 E-6 3.84 E-6
42.9 0.3 51 7.43 E-4 1.46 E-5 8. ,_ E-6

CA5-19 / Forging A 14.3 0.7 102 4. I 1 E-5 4.03 E-7 2.47 E-7
Core 9 22.0 0.7 102 1.58 E--4 1.55 E-6 9.29 E-7

CA5-20 / Forging B 14.3 0.7 102 6.20 E-5 6.08 E-7 2.47 E-7
Core, LT Orientation 22.0 0.7 102 1.82 E-4 1.78 E-6 9.29 E-7 •

CA5-21 / Forging B 14.3 0.7 102 6.48 E-5 6.35 E-7 2.47 E-7
Core, LS Orientation 22.0 0.7 102 1.91 E--4 1.88 E-6 9.29 E-7

CA5-31 / Forging A 22.0 0.3 51 8.1 E-5 1.6 E-6 1.1 E-6
Core 6

TR-1 / Forging B 22.0 0.3 51 9.6 E-5 1.9 E-6 1.1 E-6
Upper Prolongation

CA5-32 / Forging B 22.0 0.3 51 1.2 E..4 2.4 E-6 1.1 E-6
Upper Prolongatien

CA5-33 / Forging B 44.0 0.3 51 6.9 E-4 1.3 E-5 9.3 E-6
Upper Prolongation

B. Tests at 149"C:

CAS-01 / Forging B 58.3 0.3 30 3.78 E-3 1.26 E--4 3.75 E-5
Upper Prolongation 23.1 0.3 30 6.10 E-5 2.03 E-6 2.19 E-6

33.0 0.3 30 8.18 E-4 2.73 E-5 6.54 E-6
42.9 0.3 30 1.78 E-3 5.93 E-5 1.46 E-5

CA5-03 / Forging B 25.3 0.7 51 4.65 E--4 9.11 E-6 2.85 E-6
Core 22.0 0.7 51 4.04 E-4 7.92 E-6 1.86 E-6

22.0 0.7 300 1.54 E--4 5.15 E-7 3.16 E-7
22.0 0.7 160 1.30 E-4 1.30 E-6 9.47 E-7

CA5-05 / Forging B 14.3 0.7 102 3.91 E-5 3.83 E-7 2.47 E-7
Lower Prolongation 22.0 0.7 51 1.44 E-4 2.81 E-6 1.86 E-6

CA5-07 / Forging A 14.3 0.7 102 4.55 E-5 4.45 E-7 2.47 E-7
Upper Prolongation 22.0 0.7 51 2.10 E-4 4.30 E-6 1.86 E-6

22.0 0.7 102 1.45 E--4 1.43 E-6 9.29 E-7
CA5-09 / Forging A / Core 6

pH = 10.2: 22.0 0.7 102 1.28 E-4 1.25 E-6 9.29 E-7

pH = 9.5: 22.0 0.7 102 2.00 E-4 1.96 E-6 9.29 E-7

pH = 8.9: 22.0 0.7 i02 2.30 E-4 2.25 E-6 9.29 E-7

• pH = 10.2: 22.0 0.7 102 5.46 E-4 5.35 E-6 9.29 E-7
(with oxygenated water)
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theloadremainingsheddingligamenttoget from°fthea specimen_Kof 58.3wasdownatits smallest.to_3.1" Thewas F_................................ -"',."........... INuM_mc__a"unt:s USescvl.tJz.rrP,a_ht),7.0performed with a normalized K gradient of: ; i l{_etrie. Crack Lent, Lh on ,'." 6.0
[ ,:

020:-....................................._ ...... :............................................. -_.0

EYFLUF.NTFl.Ol_P.ATEI / '.
C = (l/K)o(dK/da) = -0.2 mm J (2) I Imltmiz/100) I :' _ .._, ",=_,_.0' . __ ,_,, --x, ,,.'. ..._ ....._.-_k:._'*'_x''-'"

_'. "-_ ....._-_':",.." '_.......,_-_.,..,'/.... "*3.0[_lh" "_ "1":---_ ; 3<" /._ _'_............. --.....--- .................. , ................ . . --all"-.. _--

: " / ,.,.._S_.*'_'_'-,'r ""---...JC_ _I'L"_S'IO_-'LO

which violates the recommended lower limit of -0.8 mm _ (5). ; ._,._.%e--'-, _ ,, ] ,inches [
Care was taken in all subsequent tests to sm 3' above the limit for _,,_,',"""¢" _ / ct"...... "% ",,,_ - 1.0 '
all load-shedding steps, nX ............_ °_ .---" ",.----%------"...... "----_--=_-_0.0

.... _ .:' ",., I_FI_UI_TO_G_ _
The data point at the greatest distance above the baseline in Figure ! ,..' ,.,. [ {ppb/1000) ]
2 resulted from the test of Specimen CA5-09 with oxygenated f

_.water. Several different tests were performed on this specimen, .,"

as outlined in Table III. The first test established its baseline ! ........................ /_ ,..
FCGR for AK = ,.,.'_'_MpavCm with the standard water conditions. , : "....

Then the pH was lowered; first to pH = 9.5 and then to 8.9. The _ /_Ur0CL_YECORROSmr_I..............._i'>............

FCGRweretooWeresmallPr°gressivelYtobe consideredhigher'significant.TableIII" but the increments -020"--_..o._........................ ./ [PorEr_TUU,_'olts(_DI ""'r"c' c

For the final mst on Specimen CA5-09, the pH was brought back -0.30_ 1,000 Z000 3,_ 4,_00 s._ S,_
to 10.2, and trials of the system for oxygen addition were Load Cyclesat Delta X = 32 ldPa,Sqrt(m),R = 0.7
performed. As a first attempt, oxygen was int.,'oduced with all
other conditions maintained, i.e., hydrogen was used as the cover
gas in the feedwater tank. The system was operated for about 12 Figure 3. FCGR Test of No. CA5-09 in Oxygenated Water.
days before oxygenated water was pumped into the autoclave. The
oxygen content of the water rose to more than 300 ppb about 2
days later. Adjustments in the oxygen level were attempte, d by
changing the inlet pump setting, and the oxygen level started to These crack tip speeds are compared with baseline _peeds, _, for
fall. Eventually, the oxygen analyses fell below 10 ppb, in spite tests in air (2). The baseline crack tip speeds arc calculated from
of repeated increases in the inlet flow rate of oxygenated water, a best-fit carve through a large database of fatigue crack growth
Apparently, the hydrogen cover gas pressure was sufficient to rates for low alloy steels in air at 288°C divided by the rise time:
scavenge ali of the oxygen being introduced. The fact that this did
not occur for several days after the introduction of the oxygen can
be attributed to catalysis effects. /_, = 7.87 * I0_(_ __._.__ __ (_)

t, 12.g'Tgg -
At this point, the cover gas for the main feedwater tank was
switched to nitrogen, and all other conditions were kept the same.
At first, the same behavior of the effluent oxygen content seemed where li_ is in mm/see and AK is in Mpa-g'm.
to occur. However, small changes of the inflow rate of
oxygenated water produced substantial changes in effluent oxygen.
The effluent oxygen tracked closely with the corrosion potential.
When tht, initial surge of effluent oxygen subsided, a steady level " -"

days.of about 15 ppb appeared to have been established for about two ,_/ _.'-_

Then, load cycling for the FCGR test began; Figure 3 shows the )/" V i

variation of the effluent oxygen content, the effluent fiow rate, the _ ,'""/_"/7 _oor
autoclave corrosion potential, and the specimen crack length as a gi_g ]]::

function of load cycles during the test. The oxygen content of the "_IE-_ ,./_ V ! -

effluent water varied from approximately 15 to 290 ppb with the /..._,_.. / _ _corrosion potential tracking closely. Yet, the fatigue crack grew _. i " _

at a remarkably steady rate. _ ' i /'" _/ i [V Ca.%IX

Time-based plots are used here as a convenient way to assess the _ ,,,/"'l_. ,/ i
<1

effects of variations in the frequency and waveform of the load ;/ I_ . . }

cycles in water environments (1). The crack tip speed measured N IE-_-- -- Iror _.,t-.21
during the test in the water environment, /_, is calculated by e
dividing the measured crack growth rate in mm/cycle by the rise _' ,,,1_ / ! [ I i 4" TRI
time per cycle in seconds: _..'"D/ i i

dN " ta ll'-n'__ _ _ I _ ,.=---
I_-07. IE-O_ IE-15 lE- ,

- BaselineGro_Rates(_ at 2BBC),mm/see

Figure 4. Time-based FCGR Data for 260°C.
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If there is no effect of the environment, then a plot of the/_ data [ O O O O
against _ should result in a clustering of the poxnts about the line 0F.........................................................OO ....................................
/q =/%. Note that the time-based plot also normalizes the data for
the effect of load ratio, R,.that is, ali the data should fit the same E :O
lines regardless of the load ratio. In fact, even low alloy steels ._.-100- ....... O ...._ .........
with sulfur contents < 0.005% tend to produce, crack tip speeds O
that he somewhat above this line (1). _'_----200-........................... O..............................

Figure 4 is a time-based plot of the fatigue crack growth rates = :
from the present tests at 243 and 260°C. None of the data fell ---300- ................ d ...........

• below the air baseline; rather, all the points except one lie be_'e.en "_ :
the baseline and the parallel line _ = 3 * L_, which is identified _= !
in Figure 4. This line is shown to provide a gage for comparison _ -,100-.....................................Q.)......................................................
of the present results with earlier studies• lt is cle2.rthat these data _

J do not show the large increases in FCGR observed by Van De_ "d -5001 Ore ............................. O "'-7 ....................................................................

Sluys, et al. (9). Their data for 0.021% sulfur steel exhibited/t= _
levels that were greater than Loby an order of magnitude or more. = _ " O SpecimenCA5-09,149C

"< -600-........................_-....
Note also that the four tests performed at KAPL (Specimens TR-l, : O '_ O AliOtherSpecimens,149C

amongCA5"32'theCA5"33'resultsobtainedandCA5-31)atthe producedB&Wfacility,.gr°wthrates that fall -700--: .................... _j................... x AliSpecimensat 2f_C
IE+O0 IE+OI IE¢02 IE+03

;-.............................................................:......._............. Oxygen,ppb

, _:_ -_'(': Figure 6. Summary of the Corrosion Potentiali . M. 'K,

_ Solid Dat_ Points Correspond to
i ,'" : / Tests at 260C.

._,1E-04--- ........... : ............. :....... _ .................... _ E-6 turn/see, an increase by a factor of 4.3 over the _ at pH 10.2.
--_ ! : : £x." ,/: : This growth rate was a factor of 5.8 greater than the baseline air
E ! ! .." i .. ' growth ram. This was still lower than the factor of 10 to 20

11-300ppb ," F0rt,in_t suggested as the definition of EAC in the introduction to thispaper. Other workers have shown that corrosion potential has a

_ IE-0_-I.....0l_gen.N.-i -XTYd''''"/!/Y'---I................ 7- _ controlling influence on the fatigue crack growth rates in high
--_---:'-- .................... temperature water testing (4,7). Indeed, the results in Reference

"_ _ 4 seem tc suggest that once the potential exceeds about-250 mv,
1_ ._ _// i i _ _5-09 EAC occurs, which would be consistent with the results for

..= pl]9.0 i,,'"/Closure i I SpecimenC_L5--09.
_ >/'--- Effect ! F0r_0B

I o-.._, [ .- , : __ _ The corrosion potential data recorded throughout these tests is

plotted against the associated oxygen analyses in Figure 6. The11;-06 --"7" pi] 9..5............. & CAS-01 average corrosion potentials for the B&W tests at 149"C ranged

_/y ! ]_]]_0 t 7 _=___ -0.672 v. Th. shape of th. curv. follows that published forType304stainless steel_(8).
IE-p_-07 IE-_ lE-05 i£-04 1-_---0 OPEN_fgBOLS:NoEAC

i i

BaselineGr0_ Rates(Airat 28BC),mm/aec SOLIDs'nlms:rac []
0.080

Figure 5. Time-based FCGR Data for 149°C. _ c_ i •
! l •

The plot of time-based ratesinFigure 5 shows that the msreat !i
149=C tended to yield higher growth rates thaa at 260"C. Six of ,,-, 0.060--
the 149_C tests yielded growth rams above the/% = 3"_ line. As ._ c_ i
shown in Figure 6, the corrosion potential for the testsat 1490C _ l
(approximately -635 mv) averaged somewhat higher than at 2600C _ f_ _ !

(approximately -690 mv). This prompted the decision to test for :_ 0.040 _i. 69 ForgingAthe effects of lowered pH and of elevated oxygen at 149"C under i

the assumption that the higher corrosion potential would increase '_ _ i _ ForgingB

the chances of encountering EAC. The high oxygen test of '. _ I
specimen CA5-09 did produce a growth ram above the _ = 3._ i _ i [] Bkl/_C
line, but the tests at lower pH did not. At pH = 10.2, _ = 9 E-7 0.0201_ ' STP1049

mm/cycle. The tests at pH = 9.5 and 8.9 at the same baseline tip _8 _! i _ i i

• speed produced FCGR higher by factors of 1.6 and 1.8, i _IINCLUSIONCOUI¢I_Pl_
respectively, than the growth rate at pH 10.2, well below the tPARAIiELFfrlGUECR.4CKS [] ]]kl[/_CSTP1049
• l-l; .... i .... i ..,i ....
increases normally associated with EAC (> > 3X). 0 0 - 0.0050 0.0100 0.0150 0.0200 0.0250 0.0300

a The addition of a small amount of oxygenated water to the
feedwater in the last test of Specimen CA5-09 at 149"C produced llX]G}]TPERCENTSULFUR
erratic corrosion potentials, ranging from -0.247 to +0.039 volts.
Throughout this period, the FCGR remained steady at _ = 5.35 Figure 7. Area Fraction (%) of MnS Inclusions vs. SulfurContent. The present data' are based on local sulfur

analyses, while the earlier data utilize ladle sulfur.
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The fracture surfaces of all of the tested specimens had smooth 5. Area fraction measurements of inclusions near the crack planes
thumbnail shapes. Although the fatigue cracks encountered supported a previously proposed relationship between the area

occasionalfrontswereSUlfideS'observed.n°s_P_s fact,instabilitieStogetherinwiththethumbnailthelack ofCraCkany tofracti°nEAC.°fsulfide inclusion present in a steel and its susceptibility
fatigue crack growth rates that were close to an order of magnitude
greater than the baseline air FCGR, suggests that no EAC has Acknowledgements
occurred in these tests.
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