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ABSTRACT

Fatigue crack growth rates were determined for A 508-2 steel in pressurized
high~temperature, reactor—grade water, over a temperature range of 93°C
to 288°C (200°F to 550°F). In addition, studies of the oxide layer on
the fatigue fracture surface and of the fractography of these specimens
were completed in order to provide information on corrosion-assisted,
fatigue crack growth mechanisms. The crack growth data show a distinct
minimum in growth rate at ~200°C (~400°F). Magnetite (Fe30,) was found on
the fatigue fracture surfaces at all temperatures. The fractography shows
brittle~like features for all test temperatures. These observations sug-
gest that hydrogen evolution may have occurred and that hydrogen—~assisted
crack growth may  be responsible for the environmental effects observed.

iii/s v






CONTENTS

ABSTRACTQ..0.'..O..........'..l.-..'..0....‘.".00..'....'.....00....

LIST OF FIGURESOO..0.0....0..'.....0.'.'.'.......IO.......D.O...I..Q

ACKNOWLEDGEMENT‘....Q.........00l'...O..l....,.l...'..'............‘

1.

2.

3.

4,

5.

7.

EXECUTIVE SUMMARY..cceecccscscscsvacososcssosvososssscssosasssssssss
INTRODUCTION: o cocesocscacossocsosocssossosoossosssosossossonossse
MATERIALS........................;..............................
TEST PRACTICE.c:ccsoscscsssscccsscacecssosscscsossonscsosonsssansse
RESULTS AND DISCUSSION..ssesscoccoosscosasosvoscoosssscocssconsse
5.1 Fatigue Crack Growth RateS.:cceccscescssocsosssscscscccscsssce
5.2 Oxide Identificationececccscsssoscsoscscssossssossscssccsccs
5.3 Fractographic StudieScesccscsecscssscosssoscsoscssssessscssns
SUMMARY AND CONCLUSIONS.ccsssecosossoccccccoccssscossssssosssncons

REFERENCES.ot..-t.oo".ooooc..oo't.o"o.0..0..000.0000...ooooloo

Pag

i1l

vii

ix

14

17

27

29






LIST OF FIGURES

Figure

1

10

11

12

13

Macrophotographs of four of the specimens which were
tested for this study, and which were examined for
oxide on the fatigue fracture surface, then stripped
and examined fractographicallyiiecoscsssesssossocsosssssascnssos

Crack extension vs. cyclic count of the specimens
testedfor this study......'e.O'..Q.0.'.000....0"'....0.0...0..

Fatigue crack growth rates vs. applied cyclic stress
intensity factor for two specimens of A 508-2 tested
at 93°C (ZOOOF)O....>.‘..‘....Q.I......‘...‘......C...I.....Q..l’

Fatigue crack growth rates vs. applied cyclic stress
intensity factor for A 508-2 tested at 149°C (300°F)ccoscocoscscs

Fatigue crack growth rates vs. applied cyclic stress
intensity factor for two specimens of A 508-2 tested
at 204°C (400°F)...Q....Q......"l..."..O...I..........0..."..

Fatigue crack growth rates vs., applied cyclic stress
intensity factor for A 508-2 tested at 288°C (550°F)ceeccscccsse

Fatigue crack growth rates vs. applied cyclic stress
intensity factor for a 288°C air environment tesStesesccccossssce

Fatigue crack growth rates of A 508-2 and A 533-B at

specific values of AK vs. reciprocal temperature,

for PWR environments, showing that growth rates are

minimized for temperatures near 200°C...cceovscsssssossossssssse

Fatigue crack growth rates of A 302-B and A 333-6 at
specific values of AK vs. reciprocal temperature,
for BUWR environmentS.occcossosoosscossoocsoccooosssotsscscnsscssoes

Fatigue fracture surface of A 508-2 tested at 288°C
in air environment.cssscococossssccoscossososoocsssocescnnsssssoe

Fatigue fracture surface of A 508-2 tested at 93°C
in reactor-grade waterﬁ.'.....'..‘...'.'..l...'.......'.....'...

Fatigue fracture surface of A 508-2 tested at 93°C
in reactor-grade Water..'.‘....................................C

Fatigue fracture surface of A 508-2 tested at 149°C
in reactor-grade WALEY oo000000660006000606060680006006600600600060006@060600

vii

Page

10

11

12

13

15

16

18

19

20

21



14

15

16

17

18

Fatigue fracture surface of A 508-2 tested at 149°C
in reactor—grade WAL s sosooeooososssoeesoeneeesosstosssssssbseds

Fatigue fracture surface of A 508-2 tested at 204°C

in reactor—grade Water....................a...-......--..-...pe¢

Fatigue fracture surface of A 508-2 tested at 204°C
in reactor-grade WALEY o ssosososessoseososnsosstnonosesssssssssss

Fatigﬁe fracture surface of A 508-2 tested at 288°C
in reactor—grade WALeT e o606 0000600060866 0660606 6000680666 0566006060se

Fatigue fracture surfaée of A 508-2 tested at 288°C
in reactor“grade Watert...".........i.'....li.k'UCOODCOC.ki.‘IOOOO

viii

22

23

24

25

26



ACKNOWLEDGEMENT

The author would like to acknowledge the efforts of Robert E. Taylor, MEA,
and Craig L. Miller, ENSA, Inc., for assistance in conducting this research
effort. The oxide examination was carried out by Dr. J. Atkinson of the
Central Electricity Research Laboratory, Leatherhead, Surry.

Appreciation is also extended to Frank J. Loss, MEA, who provided program
management covering most of this research.

ix



1. ~EXECUTIVE SUMMARY

Fatigue crack growth rates have been measured for A 508-2 steel in pressur-
ized water reactor (PWR) environments over a temperature range of 93°C to
288°C (220°F to 550°F). All other critical variables were held constant.
The results indicate that a minimum in growth rate occurs at about 200°C,
This agrees with other published work for A 533-B in a similar environment,
The opposite effect, (i.e., a maximum in growth rates “at about 20°C) has
been noted for boiling water reactor (BWR) environments. For either case,
the highest growth rates measured were at about the same level as the cur-
rent ASME Boiler and Pressure Vessel Code guidelines found in Appendix A
to Section XI,

For the present work on A 508~2, the oxide formed on the fatigue fracture
surface was. analyzed and a fractographic examination has been completed
on specimens for four different temperatures. Magnetite alone was found
on the fracture : surfaces, indicating that the oxide formation mechanism
is independent - of temperature. ' Some characteristics of the fractography
appear at all temperatures (brittle-like features and fan-shaped patterns),
but ductile striations appear only at higher temperatures, while quasi-
cleavage like features appear only at lower temperatures. - All these facts
taken together infer that two mechanisms may be responsible for these
effects. One mechanism is active only at lower temperatures and becomes
ineffective just below ~200°C., The second mechanism 1is -active at all
temperatures, but ‘at higher AK values leads to increased crack growth
rates with increasing temperature.







2. INTRODUCTION

The current positioning of the fatigue crack growth rate reference lines
found in Appendix A of Section XI of the ASME Boiler and Pressure: Vessel
Code (Ref. 1) 18 based on a volume of crack growth rate data developed on
several pressure vessel steels at 288°C (550°F). Continuing analysis of.
that volume of data, coupled with analysis of data from tests subsequent
to the 1980 revision, has indicated that several critical ‘variables have
a predictive influence on crack growth rate., The effect of one of these
important variables, load ratio, has been built into the ¢ode analysis
(Ref. 2).  The effects of other known critical variables have not yet been
included. For example, the differences in boiling water reactor (BWR) and
pressurized water reactor (PWR) environmental effects have not been sepa=-
rately accounted for, i.e.,, the reference line derivation was based on an
amalgam of both kinds of data, This was justifiable in 1979, because
relatively little BWR data were available, and they did show behavior
similar to PWR data. The influence -of sulfur content (Ref, 3) was based
on examination of data sets for different heats of steel developed over
several years of testing. This effect has since been confirmed by other
laboratories (Ref, &) and additional research is underway. The influence
of waveform was described in 1979 (Ref. 5) and has also been confirmed by
other laboratories (Ref, 4). The effects of irradiation have been found
to be small, although the number of completed tests is also small and the
data base needs to be expanded for additional safety assurance (Ref. 86).

In all these cases, the influence of these variables has been identified
‘separately, since the delineation of combined effects requires a much larger
test matrix, and consequently, longer testing schedules than are currently
attainable., Ideally, a micromechanistic explanation of the crack tip and
plastic zone processes is needed which accounts for these variations in
erack growth rates, While various models are being developed (Ref. 7, 8),
all are far from the applications stage. Meanwhile, work on identification
of separate variables must continue both for reassurance that the code de-
fault lines are reasonable and for 'input to the models which are under
development. :

During start-up, the reactor wall temperature rises from 90-100°C to the
‘operating level of 288°¢, As a consequence, it is necessary to determine
the fatigue crack growth rates in pressure vessel materials as a function
of temperature, and some data addressing this point have been previously pub-
lished. 1In 1973, Kondo, et, al. published A 302B data from tests using ful-
ly-reversed, strain-controlled cycling of precracked tension bars (Ref. 9).
The environment was delonized water with about 200 ppb dissolved oxygen.
Prater and Coffin have more recently published results for SA 333 Gr.6 pip-
ing steel in highly oxygenated water (Ref, 10). For PWR environments,
Atkinson et al, have published results for A 533B (Ref. 11). Some of the
initial results for this present study were presented at the ASME~PVP
meeting in 1982 (Ref. 12). In parallel with the present fatigue crack
growth rate studies, research has been conducted on oxide formation and
corrosion potential measurement as functions of temperature. This current



study describes an attempt (a) to characterize fatigue crack growth rates
as a function of temperature, and (b) to suggest the micromechanistic
cracking processes which are responsible for the environmentally-assisted
behavior of the fatigue crack growth rates, based on oxide identification
and fractography. ~ ~

3, MATERIALS

Compact fracture specimens (1T-CT) in the TL orientation Were machined
from a reactor vessle nozzle drop-out. The material chemistry and mechanical
properties are given in Table 1., All specimens_yere precracked in air
with a final Kmax of 16 2 MPa Vm (14.7 ksi Vin) at a load ratio (R)
of 0.1. o ‘ ‘

Table 1. Material Chemistry, Héatf Treatment, and
: Tensile Strength For A508-=2 (Q71~-code)

Mn ; 0.69 - Austentized at 840°C (1550°F) for 9%h,
P 0.007 water quenched, tempered at 650°C
S 0.009 © (1210°F) for 12h, air cooled; stress
Si 0.31 ' . relief annealed at 660°C (1225°F) for
o Ni ‘ 0.82 20h, furnace cooled 30 C/h max) 55°F/h
Cr - 0.38 ~  max).

Mo : 0.62

Cu 0.01

\Y 0.13

0.27%7 offset yield strength: Ultimate tensile Strength:

MPa (ksi) MPa (ksi)
538 (78.0) 680 (98.6)
555 (80.5) 692 (rﬁb 4)




4, TEST PRACTICE

On a laboratory scale, these tests are carried out in autoclaves which
simulate reactor conditions in terms of temperature, pressure, and water
chemistry. Each specimen is instrumented with a displacement gage for
measuring crack mouth opening, 8. The load (P) is monitored by a load
cell external to the autoclave chamber. The current crack length (a) is
computed from an experimental relation between crack length and compliance
(EB. §/P). At the beginning of 'a test, the crack length ‘as inferred from
the compliance, is corrected by ‘adjusting' the ~compliance  used 1in this
calculation to be consistent with the optically measured surface trace of
the fatigue precrack. At the conclusion of a test, the initial and final
crack lengths, measured optically, are compared with those computed £from
compliance. Small discrepancies, which in this series of tests ranged
from -0.2 to +0.75 mm, are reconciled ' by rescaling the compliance data
with the error correction ‘applied in proportion to the cyclic count for
each compliance measurement, Correct crack —lengths ‘are computed from
these rescaled compliance values,

The tests were conducted under constant cyclic load control, and in two
parts.  For both parts of all tests, the load ratio was 0.2, which precluded
effects of crack closure due to oxide wedging or other effects. The first
part consisted of cycling at 1 Hz and extending the crack from 15.2 mm
(0.6 in) to. 20,3 mm (0.8 1in.) covering 'a  AK range- from' about 15.5 to
18.5 MPa vm (14 to 17: ksi /in.). This part of the test represents an
attempt to stabilize the environment-material interaction within the crack
tip enclave, while at the same time extending the ecrack to a length at
which the specimen compliance-to-crack length relationship is more sensi-
tive, thus improving the accuracy of the data acqulsition. The second
part of the test consisted of cycling at 17 mHz (20 mHz in the case of
specimen Q71-15) and extending the crack at the same loads as for the
first part, to a final length of about 33 mm (1.3 in.). The final AK was
about 55 MPa vm (50 ksi vin.). Test temperatures were 93°C, 149°C, 204°C
and 288°C, (200°F, 300°F, 400°F, and 550°F),

In order to accurately simulate the pressurized water reactor coolant
environment, the water in the test system is carefully monitored and reg-
ulated to yield the specfications shown in Table 2. Water is deoxygenated
by continuously bubbling hydrogen gas through the contents of the feedwater
tanks.



Table 2. Water Chemistry Specification®

Boron (as boric acid) ‘ r' 1000 . ppn

Lithium (as lithium hydroxide) 1l ppm
‘Chloride ions <0.15 ppm
Fluoride ions ~ . <0.10  ppm
Dissolved oxygen ‘ ~1 _ ppdb
‘Dissolved hydrogenP Lo :30-50 m3/kg water
‘ (saturation) . ~ - =

@A11 other metallic or ionic Species should be at trace levels‘~ Some iron,
“both in solid and soiuble form is the inevitable result of a corroding
specimen,

bFor the test of Q71—24 the water was saturated with nitrogen instead of
hydrogen ~ o ;

5, RESULTS AND Drscus‘sroa

5 1 Fatigue Crack Growth Rates

The fatigue fracture faces from representative specimens tested at the four
temperatures are shown in Fig, 1. Crack extension was even and curvature
was uniform for all the tests. The oxide was a lighter grey at 93°C, tending
toward black at the higher temperatures, and appeared to be tightly ad-
_herent at all temperatures. L : S L ~ ‘

A graph of crack length vs. eyclic count for these tests is shown in Fig. 2.
It is obvious that total test duration increased monotonically with temper-
ature. However, the slopes of the traces for the tests conducted at 204°C
are significantly different than the other slopes. This leads to 81gnifi—
cantly lower crack growth rates at 204°C as described below.

The fatigue crack growth rate results for this series of tests are shown
in Figs. 3 to 6, beginning with the lowest temperature results. For com-—
parison, fatigue crack growth rate results in an air environment, at 288°C
are shown in Fig. 7. At 93°C, specimen Q71-24 was tested in a slightly~
pressurized (35 kPa, 5 psi) test chamber using nitrogen gas saturated water,
specimen Q71-25 was tested in a fully-pressurized autoclave (13.7 MPa,
2000 psi) for which the‘feedwater (275 kPa, 40 psi) was saturated with

hydrogen (Fig. 3). The goal of this comparison was to eliminate test
~ device and purging gas as potential variables in this study. The replicate
test at a temperature of 204°C was run to confirm the substantial decrease\
in crack growth rates at that temperature (Fig. 5). ~

The notable characteristics of this test series are described below.

1. The growth rate results at 204°C differ substantially from the others
~ in the nature of their dependence on AK. At the higher AK values,
a "plateau” region exists where growth rates are essentially constant

or independent of AK, ~
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Fig. 1. Macrophotographs of four of the specimens which were tested for this study,
and which were examined for oxide on the fatigue fracture surface, then stripped and
examined fractographically
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Fig. 2. Crack extension vs. cyclic count of the specimens tested for this study. HNote the essentially
monotonic increase in test time with increasing temperature. However, the slope of the tests at 204°C

differs markedly from the balance of the tests at other temperatures, and this is reflecte in the crack
growth rate plots of Figs. 3 to 6.



* APPLIED CYCLIC STRESS INTENSITY, ksi Vin,

1 19 108
4 R ¥ LIREE | lllll 1 L} | I lﬁl!/ i =3
| AS@8-2 Steel / e
93 C (288 ) /! i
18—2__Reactor*grade Water ‘ // ]
- / N
- ¢ Spec. Q71-24 ¢ ;] -
ol ©
[ v Spec. Q71-25 o /I
- 17 mHz sinusoidal /
2 R =10.2 ! -+
o / — 18 "o
- =
2 e / - e
L <
E = -
€ / - £
LW -3 ] T
g;l@ . - Eg
= 1 =
i {1 B
g2 [ 5
x
2 - o
&= 18
& —10°g
y [ 1 o
] pu =il
s -4 =
e L Surface FI o @
ek el TRE i
T | / -
- ! /Subsurface Flauw -
o ] / (Atr)
& /
/
I — 187
I a
b by .
19 IR U U R A N V| SN SR S SN IR NN L1
] 18 100

APPLIED CYCLIC STRESS INTENSITY, MPaVm

Fig. 3, Fatigue crack growth rates vs. applied cyclic stress: intensity
factor for two specimens of A 508-2 tested at 93°C (200°F). These spec~
imens were tested in two different test facilities, to evaluate any
systematic differences due to the materials of construction of an auto-
clave, and due to the purging gas (hydrogen Q71-25) and nitrogen (Q71-24)
used in these facilities. Note the basically linear behavior.

9



APPLIED CYCLIC SgRESS INTENSITY, ksi Vin.
{ ! 100

T S SR R R B R T T T TTTTIIT7
| As@e-2 steel | /
149 C (308 F) ~ . /
| ; /1
© Spec. Q71-17 : / )
A
]
~ ; ; : &/
+tR=82 | o,
: ] o /
i
s

Reactor—grade Water

1?7 mHz sihgsoidal

oy
&S

FATIGUE CRACK GROWTH RATE, in./cycle

)
—
o
e
0‘
™
&
=
Ll
=
a
x
o
e
=
| =
o'
&
o
R
.
o
L)
Lad
=
w
{ o |
o
& 5
s

,‘
(=~
&

Surface Flawl ,
(Hater R¢=,25)

| /
kI /
Subsurface Flaw
/ (Atr)

; ]
oot b vl

‘ 10 ; - 1ga
APPLIED CYCLIC STRESS INTENSITY, MPaVm

Fig. 4. Fatigue crack growth rates vs. applied cyclic stress intensity ;
factor for A 508-2 tested at 149°C (300°F). As in the lower temperature
test, the behavior is basically linear. . : ‘




APPLIED CYCLIC ?gRESS INTENSITY, ksi Vin,
; 108

T | EESTIOEN Ut et 1T T LS B O R MR T
| P528-2 Steel : //

224 C (422 F) : /!

g7

el

lama Reactor-grade Water /1

/1
< Spec, Q71-14

v Spec. Q71-18 : /o]

~
~
i

Jl!]ia

17 mHz sinuscidal
R = 0.2 ; /

T

T

# 3

FATIGUE CRACK GROWTH RATE, in./cycle

18

~
el

st
£
)
~
oy

3333!3
i

]

g~

il

FATIGUE CRACK GROWTH RATE, mm/cycle
T

-4 . |
e TR T -
- | =
o / /
™ [Subsurface Flaw 7
. | (Rir)
/
B / / -5
Loy - 18
= ) / .
| / ]
g~* [N LI TR BN N T Y / Loty i
| 18 102

APPLIED CYCLIC STRESS INTENSITY, MPaVm

Fig. 5. Fatigue crack growth rates vs, applied cyclic stress intensity
factor for two specimens of A 508-2 tested at 204°C (400°F). Note the dis-
tinet "plateau" region and overall lower growth rates at this temperature.

1t



APPLIED CYCLIC STRESS INTENSITY, ksi Vin,

{ 10 166 -
| B | ) | EOFSE IR0t BRIl o | ‘ b 0S| l[/ : 1 * =3
| AS@8-2 Steel Ly : g
288 C (558 F) /) 8
la—zz‘Reactor-grade Naﬁer /3l - ‘:
- o Spec. Q71-22 / .
: 17 mHz sinusoidal // ] |
- R =g.2 o
s B e .
© [ =18 o
< B / o g
g / - =
il / =
T - / =
T B [ . =
= ! =
S - | b 3
- ! :
=l & ' e
£ ! H'E
L B | 7 O
o | B =
e Surface Flawl o =
o -4 {Water R¢=,.253 o E
18 = | j? | = vl
B I ° ,Subsurfncq Flaw ]
| ® (Atr)
s o e
© I 2
L | P8 ;
| | / = 1p8
I | / ]
: ;]! 5
10?5 BT S T BT M | Lol LL
I 10 180
APPLIED CYCLIC STRESS INTENSITY MPavm
Fig. 6. Fatigue crack growth rates vs. applied cyclic stress intensity

factor for A 508-2 tested at 288°C (550°F).

The "bend-over" at the higher

AK appears to be the onset of a plateau although growth rates at this

temperature are higher than at 204°C.

12



FATIGUE CRACK GROWTH RATE, mm/cycle

APPLIED CYCLIC STRESS INTENSITY, ksi Vin.

FATIGUE CRACK GROWTH RATE, in./cycle

1 18 100
T T T TTTT] T TTTTTTTI T _1,18-3
r_HSBS—Z Steel -/ 7
28R C (550 F) | /I i
/ .
104 :_Hir Environment /// |
— o Spec. Q71-3 / / .
~ Q.1 sec ramp / / ¢
o / °
-~ 5.8 sec hold / k
/o
L o / , o
R: g.e86 ) /o o 19 4
2 ® 7
/ R .
/ b ]
ﬁ»
- / ¢ 3y
ES
B / £
L [ f 5
— 18
B I Z 7
R -
4 : / ]
8 = hator R syl / 7
- / / |
i /; /
= Subsurface Flaw 1
L / / (Rir)
/
- { s
poo — 10
- I / _
joo ]
T R T T S O Y R Lo rpaal i
{ 18 108

APPLIED CYCLIC STRESS INTENSITY, MPaVm

Fig. 7. Fatigue crack growth rates vs. applied cyclic stress intensity
factor for a 288°C air environment test.

13



2. The growth rate results at 288°C show a "bend-over" at the higher AK
values, in agreement with a large volume of previously published data
(Refs. 2,6,13), The "plateau” is less well-defined but does seem to
exist. ~ - ‘ ~ ~ o ;

3. The resulté‘of;the test at the lower temperatures are basically 1inear
in nature and reside near the upper bound of measured crack growth
rates at R = 0.2 for this material-environment combination (Ref. 2),

Atkinson has recently published data (Ref. 11) for A 533B steel in a PWR
environment which is nearly the same as that used in this study. Those
tests were conducted in a constant AK mode for AK = 35 and 45 MPa vm, 1In
order to compare the Atkinson and MEA results, growth rates at those two
values of AK were interpolated from the MEA results and are co-plotted in
Fig. 8 with the Atkinson data. The general shapes of the trends are vir~
tually identical., The lower crack growth rates might be due to the material
chemistry differences in the Atkinson test of A 533B (sulfur content =
0.005%) and the A 508-2 material of this study (sulfur content =0, QQ%)Q

In t:cmtrast;2 to the above, Flg. 9 shows data for h1gh~temperature tests in
oxygenated water, similar to boiling-water reactor environments. Data
generated by Kondo (Ref. 9) and Prater and Coffin (Ref. 10) show substantial
difference, most notably, a maximum in crack growth rates was observed
by Kondo, at about the same temperature (~ 200°C) of the minimum noted in
the PWR-environment studies. It should be noted that the Kondo tests were
conducted on precracked tension bars under fully-reversed, displacement-
controlled loading, at a 200 ppb dissolved oxygen level, while Prater's
results were generated on more conventional compact specimens, in air-satu~=
rated deionized water, resulting in about 8000 ppb dlssolved oxyggn.

5.2 Oxide Identifigation

. The elevated-temperature oxide layer formed on the fatigue fracture sur-
faces was identified on specimens exposed in water at each of the four
 test temperatures. The specific specimens were shown in Fig, 1, Scientigts
at Central Electricity Research Laboratories-Leatherhead used X-ray dif~
fraction techniques and concluded that magnetite (Fe304) was present on
all fracture surfaces. This is in agreement with a study by MecDonald
(Ref, 14) of the temperature dependence of oxide product on low~-carbon

steel, The Atkinson work c¢ited earlier (Ref. 11) showed that corresion
potentials measured for temperatures of 150°C to 290°C range from -650 te
~850 mV wvs, the standard hydrogen electrode (SHE). Although corrosien
‘potentials were not measured during the course of the present fatigue
crack growth tests, the presence of magnetite suggests that for these
‘tests also the potentials were rather low (<~ 600 mV), With reference to a
Pourbaix diagram for the ironwater system, it is likely that hydrogen
evolution from the fatigue fracture surface was ocgurring during each of
these tests,

14




TEMPERATURE, ©°C

300 250 =30 150 100

| ] ] .
! l 310 3
7
v}
102 1
- “1
i \ AK = 45 MPa  fm 0
4 2 O
\E @) o %
£ § i T
& 1 ¢
PP \ ] SHY - -
sk [ S £
g{%‘x 5 O N ; . g
é \&.\\i " \ / 5
£ I N g &
[&) 2'»,% \ : 10 Ixg
w = k . w
) 1 3
= : o ’:
L.oal ] =
107 [
B \\" w3
§ O O " asos2 4
0 O s ~J10°
17 mHz sinusoidal, R = 0.2 ke
of
10 E:3 i 1 } I} 1 i
1.6 18 2L 2.2 24 28 28 30

{TEMPERATURE)?, x 103, ok -!
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5,3 Fractographic Studies

An extensive investigation of the fractographic features of the fatigue
fracture surfaces was carried out in order to support discussion of the
possible mechanisms which could account for the fatigue crack growth rates
observed in this study. After the oxide identification was complete;
attempts were made to remove the oxide using an ENDOX-based electrolytic
method (Ref. 15). - The ENDOX treatment successfully removed all the oxide
from the surfaces of the two specimens tested at the higher temperature,
and most of the oxide from the 93°C fatigue fracture surface, but had
“1ittle effect on the oxide on the 149°C fatigue fracture surface. - The
implications of this .difficulty are mnot understood in wview of the fact
that the oxide was identified as magnetite in all four cases. The fracto-
graphic observations are summarized in Table 3. Fractographs which are
representative of these fatigue fracture surfaces are included as Figs.
10-18, ~

Table 3. Summary of Fractographic Observations on Fatigue
Fracture Surfaces at Four Temperatures

Spec Q71-3 - air at 288°C (550°F)

® Ductile striations
e Transgranular propagation
¢ Some microcracks at high AK

Spec. Q71-24 ~ 93°C (200°F)

Quasi-cleavage-like

Some fan-shaped features

No ductile or brittle striations
No terraces

Few microcracks

® & & @& ©

Spec. Q71-17 - 149°C (300°F)

Similar tb Q71-24 (above)
More fan-shaped features

Spec. Q71~15 = 204°C (400°F)

No quasi-cleavage-like features

Ductile striations at low AK

Poorly-defined brittle-like features at high AK
Larger quantity of fan-shaped features

Some terracing

Spec. Q71-22 - 288°C (550°F)

@ Brittle~like features at all AK
® Few microcracks
®  Some ductile striations at high AK, near bend-over
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Fig. 10. Fatigue fracture surface of A 508-2 tested at 288°C in air environ-
ment. Growth direction indicated by the arrow. The values of AK were
(a) 29.7 MPa ¥ m and (b) 44 MPa ¥ m. Micrographs show that the failure
mode for both specimens was transgranular with fatigue striations and
extensive secondary cracking clearly visible in the high AK region.




Fig. 11.  Fatigue f V' cture surface of A 508-2 tested at 93°C in reactor-grade
water. Growth direcition indicated by the arrow., The value of applied AK

at this crack length was 30 MPa vm. Note the quasicleavage typical fea-
tures and the absence microcracks. ‘
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Fig. 12. Fatigue fracture surface of A 508-2 tested at
water. Growth direction indicated by the arrow. The
at this crack length was 40.5 MPaVm. Note the qua
tures, and the fan-shaped facets. At this A K level
microcracks can be found. ‘

'reéctofégrade
of applied AK

ew randomly located




Fig. 13. Fatigue fracture surface of A 508-2 tested at 149°C in reactor-
grade water. Growth direction indicated by the arrow. The value of ap-
plied AK at this crack length was 30.4 MPa Vm. Although the oxide re-
moval is quite incomplete, the presence of fan-shaped features and quasi-
cleavage-like features can be seen easily.
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Fig. 146, Fa!:igue fracture sutface of A 508-2 tested at 149°C ig reactor—
grade water. Growth direatim indi{:ateé by the arrow. The value of ap~
plied AK at this crack length was 47 MPa Vm. Figure 10b is a higher mag-
nification of the iowarmmght section of Fig., 10a. The test concluded
soon after this this AK level was achieved and the relatively small
amount of oxide was more easily removed from the surface at this location
than for the location of Fig. 9. Note some micm-craﬁzkimg and fan-shaped
faaturas (a) and lack of striai:xons (b} at this rather high AR value,.
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Fig. 15, Fatigue fracture surface of A 508-2 tested at 204°C in reactor-
grade water. Growth direction indicated by the arrow. The value of ap~-
plied AK at this crack length was 25 MPa\/_.' Note the ductile striations
formed at this AK level.
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Fig,. 16. Fatigue fracture Surface of A 508-—2 tested at 204°C in reactor-
grade water. Growth direction indicate& by the arrow. The value of ap-
plied AK at this crack length was 40 MPaVm. Note the character of the
brittle-like fatigue fracture differs markedly from the quasi—cleavage—like
failures in Figs. 10 to 13. o




Fig. 17. Fatigue fracture surface of A 508-2 tested at 288°C in reactor-
grade water. - Growth direction indicated by the arrow. The value of ap-—
plied AK at this crack length was 30.3 MPa Vm. Note the brittle-like
character on the alluvial or fan-shaped facets.
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Fig. 18, Fatigue fracture surface of A 508-2 tested at 288°C in reactor-
grade water. Growth direction indicated by the arrow. The value of ap—
plied AK at this crack length was 51 MPa Vm, Ductile striations are
visible on some of the £fan-shaped facets at center and on left side.




6., SUMMARY AND CONCLUSIONS
The results of this study can be summarized as follows:

@ Fatigue crack growth rates in this heat of A 508-2, at temperatures of
93°C, 149°C and 288°C reside near the ASME default line for surfaces
flaws for which R <€0.25; _ ‘

® Fatigue crack growth rates in this heat of A 508-2 at 204°C reside near
the default line for R <0.25 for low AK values (<25 MPa vm), but
then exhibit a nearly A K~independent, "plateau” behavior.

o The oxide on the fatigue fracture surfaces has been identified as
magnetite for all temperatures.

® The fracture surface consists of quasi-cleavage-~like ‘and  some fan-
shaped features at the two lower test temperatures. Some brittle-like
features were observed at the two higher test temperatures. Ductile
striations were found: at high AK values for the 288°C test, and at
low AK values for the 204°C test. ,

Based on this information - growth rates, oxide identification, and fracto-
graphy - it is-difficult to determine whether more than one micromechanism
is responsible for the environmental assistance observed in these results,
The facts that growth rates at the two lowest temperatures are virtually
identical and are linear on the conventional log-log plot, and that the
oxide on both specimens was difficult to remove, indicate that these ‘tests
should stand by themselves. The presence of ductile and brittle striations
on the two high temperature specimens, and- the fact that growth rates on
both are non-linear; suggest that those two tests should stand by themselves,

On the other hand, the fact that the oxides are magnetite at all tempera-
tures, and that the electrochemical potentials are in the —-650mV to -850mV
(vs, SHE) range at all temperatures greater than 150°C implies that the
electrochemical conditions resulting in ~'corrosion are nominally the same
for all the tests. The gradual increase in fan-—shaped features: with in-
creasing temperature suggests a common mechanism, with a monotonic temper-
ature dependence. - In view of these 'observations, it is impossible to
assert that there is just one active mechanism responsible for the environ-
mental assistance over the whole temperature range. It appears: that a
second mechanism is also active at the lower temperatures, phasing out at
about 180°C., At this temperature, the growth rates decrease drastically,
“then increase as the kinetics of the first mechanism respond to the increase
in temperature.  The presence of fan-shaped and brittle-like, quasi-cleavage
features at all temperatures, and the fact that hydrogen evolution occurs
at the pH level (~6.5) and corrosion potential of ' the test environment
suggests that the overall mechanism will be some form of hydrogen-assisted
fatigue crack growth,
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