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Test P.W

la

PLATE 5.22: General microstruc-
ture showing duc-
tite fracture sur-
face 5 mm after
crack initiation.
(Mag. x 200)

Crack growth direction t

PLATE 5.23: General fracture
surface. Ouctile
siriated growth
(enlarged region of
above plate).

(M2g. x 3000)

Crack greuth d\rection*




PLATE 5.22: Genera!l microstruc-
ture showing duc-
tile fracture sur-
face 5 mm after
crack initiation.
(Mag. x 200)

Crack growth direction t

PLATE 5.23: General fracture
surface. Ductile
striated growth
{enlarged region of
above plate).

(Mag. x 3000)

Crack growth directionf




PLATE 5.24: MnS stringer inclu-
sion site initiat-
ing a local region
of fan-shaped fast
crack growth, al-
though the enclosed
region is still
ductite (6 mm from
crack initiation).
(Mag. x 300)

Crack growth direction t

PLATE 5.25: Broken-up MnS with
a region of fast
crack growth before
the crack has
reached the inclu-
sion. Large crack
where the inclusion
had been seated
(4 mn after crack
initiation).

(Mag. x 100)

Crack growth direction {

PLATE 5.26: Complete MnS present
with relatively rapid
crack growth after
the inclusion. Note
the terraced region
where the crack has
actually undergoné
ductile tearing down
to the inclusion (1 mm
after crack initiation).

(Mag. x 450)
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TEST P.W.R. 1(b)

PLATE 5.27: 'Sroken-up' MnS with no adjacent ‘fast' fracture ve-
gions. Occurrence found 5 mm from crack finitiation.

(Mag. x 120)

PLATE 5.28: General fracture surface showing a ductile stri:tian
mechanism of crack growth (8 mn from crack initiation).
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PLATE 5.29: MnS inclusion site with a ‘comet' tail of smiller WS

inclusions (8 mm from crack initiation). Fast failure

regions, about the inclusions, are linked via ductile
tearing. (Mag. x 620)

PLATE 5.30: MaS incluston regfon with fast crack growth before and
after the tinclusion (9 mm after crack initiation).
(Mag. x 300)
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5.2.3 P.W.R.{22), (2b) and AIR (AOR) orientation tests

These specimens were machined so that the fatigue crack growth took
place in the norma} {to through-thickness crack growth) direction.
Tnis corresponds to the ‘worst’ crack growth direction, since Wn§
stringers lie in the direction of crack growth.

Figure 5.11 shows test AIR(40R) and 1t can be seen that for X
¢ 234 MPa 7 m the crack growth rate is greater than that predicted
by th ASME XI {1980) crack growth rate curve for subsurface flaw
propagation in an air environment! Figure 5.12 combines the data
for through-thickness crack growth and the orientation direction
can be seen to increase the air crack growth rate by a factor of 2
for Yow A% crack growth.

Although the general crack growth mechanise fis still ductile stri-
ated growth (Plate 5.31), plates 5.32 - 5.35 clearly show that
elongated MnS inclusions have affected large regions of crack
growth. Plate 5.32 shows the general fracture surface which has a
marked ‘terraced’ appearance. this impiles that the crack has
actually been able to follow MnS inclusions even when they are not
directly on the crack front fracture path, i.e. normal to the ap-
plied stress. This terraced appearance has led to regions of fast
crack growth, thus explainirg the increase in crack grovth rate
above the specimen AIR(3) or {1) crack growth rates.

Figures 5.13 and 5.14 show the da/dn versus & curves for the
P.M.R. environment tests, 10 Hz and 1 Hz respectively. Both tests
YMe above the ASME air line data. The foilowing two figures com-
pere the P.W.R. environmer® tests with tne orientation ir test.
Clearly both curves lje above the ‘air' line curve for tue same
orientation tests. The following two figures (5.17 and §.18) com-
pare the orientation tests of the same frequency to the test for
through-thickness crack growth. Both tests show nigher growth rates
tompared to the through-thickness tests and the 10 Hz test in par-
ticw ar lies well above the P.W.R. (1a) test. The crack growth
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rate is 2.3 times greater for the 10 Hz orientation test {X «
+ 43 MPa / m). The final figure (5.19) compares the 10 Hz and 1 Hz
tests. It is obvious that both curves lie close to one enother and
¢or & between 38 and 46 MPa v m, the 10 Hz test gave greater crack
growth rates than the 1 Hz test. The reason for this can be seen
from the S.E.M. fractographs of the two fracture surfaces.

plates 5.37 - 5.45 clearly show tnat the fracture surface is 'rid-
dled’' with MaS inclusions which have assisted rapid craci growh.
Large regions are linked together to provide a rapid crack _growth
path. Both the broken-up MnS and the ‘whole’ MiS's were seen to
have the same effect on crack growth i.e. both creating fan shaped,
fast crack growth regions.

Specimen P.W.R. (2b) does, however, 40t show these large MnS inclu-
sion areas, but MnS alignment in the direction of crack growth is
still evident (plates 5.4 - 5.52) which enhances crack growth
above that observed for specimen P.W.R. (1b) where manganese sul-
phides are orientated normal to the crack grow*h direction.
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FIGURE 5.11: da/dN versus &K curve for test AIR (40R)
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PLATE 5.31: General fracture surface showing a ductile striation
mechanism of crack growth (12 mm from crack initia-

tion)
(itag. x 1000)

PLATE 6.32: Terraced fracture surface with fanned regions originat-
ing from inclusions (10 mm from crack initiation).

(Mag. x 60)




PLATE 5.33: MnS stringers re-
sulting in fanned
regions of fast
ductile crack
growth (10 mm
from crack ini-
tiation}.

{Mag. x 250)

PLATE 5.34: MnS stringers raus-
ing fast crack
growth regions
(12 mn from crack
initiation).

(Mag. x 300)

PLATE 5.35: Broken-up MnS
stringer resulting
in the same fen
shaped, but ductile
crack growth region
(12 mm from crack
initiation).

(Mag. x 380)
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FIGURE 6.14: da/dN versus &K curve for test P.W.R. {2b)
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SURFACE FLAW i
(WATER R3.65) |
i
SURFACE FLAW SUBSURFACE I
(WAT! AT (ATR)
-6
10
.
C
-.7 o
10
9 = PR, (20) (10 He) . i
TESTS ;
% o PW.R. (20) € *H2) | T
N
8
w i
:
x
g
=
Q 8 |
& o° I
x H
u H
< ! 2
5 1 i R RS s
2o 30 40 50 80
aK (MPavm)

W.R. (22
FIGURE 5.19: Combined da/dN versus & curves for tests p.W.R. (23)

and P.W.R. (2b)




PLATE 5.36:

PLATE 5.37:
and
PLATE 5.38:

PLATE 5.38:

General microstruc-
ture that is more
brittie than through-
thickness crack
growth direction
specimens (still
ductile striated
crack growth).

{Mag. x 100)

Fracture surface
showing large regioas
of MaS st ngers.

Fan shaped region;
corresponding to
rapid environmentally
assisted crack growth.
(Mag. x 20)

(Mag. x 20)




PLATE 5.39: MnS stringers with
inter!inking regions
of fast brittle crack
growth (typical chevron
markings) .

(Mag. x 200)

PLATE 5.40: Broken-up MnS leading
to rapid crack growth.
Environmentally as-
sisted fan shaped
growth originating
from inclusions.
[Mag. x 50)

i

PLATE 5.41 - 5.45: Whole Mns in-
clusions seen at the
pase of fast fan shaped
regions of crack growth.

PLATE 5.41: (Mag. x 100}




PLATE 5.42: (Mag. x 200)

PLATE 5.44: (Mag. x 500)

PLATE 5.45: (Mag. X 200)




PLATE 5.42: (Mag. x 200) PLATE 5.43: (Mag. x 200)

PLATE 5.44: (Mag. x 500)

5.45: (Mag. x 200)
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Test P.i 2b

PLATE 5.46: Mnly a few regions of
sulphide stringers
and these are not
« werlinked,
©7 4. 2 20)

PLATE 5.47: General microstruc-
and 5.48: tures that clearly
show a more brittle

:
|
i

fracture surface

than for the through-
thickness specimens.
(Mag. » 20C)

PLATE §.48: General microstruc-
ture showing ductile
striated crack growth.
(Mag. x 600)
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MnS inclusions resulting in fan_shaped r
egions of fast crack growth

PLATE 5.49: (Mag. x 5000) PLATE 5.50: (Mag. x 1000)

PLATE 5.51: (Mag x 1000) PLATE 5.52: (Mag. x 500)
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5.2.4 PR, (38) and {3b) tests

Th-e tests were performed at 50 °C (as opposed to 20 °C) and Figs
[ and 5.21 shor. the da/dN versus &K curves for the 10 Hz anu
4 Az tests. Figure 5,22 combines the *wo curves with the air line
data and it can clearly be seen that as the frequency of testing is
adyced /10 Hz to 1 H2), the crack growth rate is increased. An

environmental effect is also observed at both frequencies.

Figures 5.23 and 5.24 compare the data to the 20 °C tests. The
10 Hz test shows a more marked effect of temperature, hut still the
temperature tests snow that crack growth rates are accelerated by
an increase in temperature from 20 to 50 °C. Clearly, for this
steel the fractography cannot be fignored.

§.E.M. shows that the cracks grow 'n 2 ductile manner and Mn§ in-
clusions are present, lying normal to the crack growth direction.
Thes: inclusions do not always affect crack growth mechanisms but
clearly their presence will cause a local increase in the crack
- growth rate.
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FIGURE §.20: da/dN versus X curve for
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FIGURE 5.24: Combined da/dN versus X curves for tests P.W.R. (1b)
and P.W.R. (3b)




PLATE 5.53:

PLATE 5.54:
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Test P.W.R. (3a)

General fracture
surface. More
rapid crack growth
mechanism

(c.f. ptate 5.22)
but still pre-
dominantly
ducti’e.

{Mag. x 300}

A region (%25 m)
of fast crack
growth before the
crack reaches the
MnS (‘'broken-up’)
inclusion. There-
after crack growth
is typically via a
ductile striation
mechanism.

(Mag. x 100)




OLATE 5.55:

PLATE 5.56:

PLATE 6.57:

Showing MnS inclusions
and inclusion sites.
The presence of in-
clusions is not really
affecting crack growth
before or after the
inclusion.

(Mag. x 2000)

Regions of ductile
crack growth visible
about the Mns inclu-
sion.

(Mag. x 160)

Fast fan-shaped
crack growth region
originating from an
inclusion cluster.
(Mag. x 450)
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1. TE 5.58:

PLATE 5.59:

Crack growth via a
brittle cleavage

mechanism after the
inclusion. Stil,
however, regions of
ductile cleavage

failure are evident
between the ‘steps’
of brittle failure.

(Mag. x 600)

‘Broken-up’ MnS
inclusion affecting
crack growth local-
1y. Note the small
brittle facetted
region and related
fan-shaped growth.
(Mag. x 200)
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Test P.W.R (3b)

PLATE 5.60: General fracture
surface identical
to that of the
P W.R. {3a) test piece.
(Mag. x 420)

PLATES 5.61 and 5.62: MnS in-
clusion sites forming
a terraced crack
growth region. The
crack front has had
to drop to the Tevel
of the MnS the pres-
ence of which has
been ‘'sensed' by the
crack front. The crack
then extends into 3
local region of envi-
ronmentally assisted
fan-shaped growth.

PLATE 5.61: (Mag. x 300)

PLATE §.62: (Mag. x 300)
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PLATE 5.63 - 5.65: MnS inclusions
showing that the Mn$
inclusions need to lie
close to one another
to really cause a faster
crack growth morphology.
This morphology need
not only occur between
the sulphides.

(Mag. x 300)

PLATE 5.64: Fan-shaped regions of
crack growth origin-
ating from the

! inclusion clusters.

! {Mag. x 300)

SLATE 5.65: Faster crack growth
region extending
slightly past the
final MaS inclusion.

(Mag. x 300)
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§.2.8 p.M.R. (4a), (4b) and AIR(2) tests

These experiments were a1l carried out at an R-ratio of 0.7 (as
oprosed to R = 0.2 for all other tests). Figure 5.25 shows the air
test and it is fmmediately obvious that the dats lies shove the
A9 KI (1980) ‘dry' curve. For low XK values {15 WPa /m) the air
data was even above the PR, (R < 0.25) curve (ASME cade) .
rigure 5.26 combines the da/dd versus X curves for the 0.2 R-ratio
tasts and the 0.7 R-ratio test. Clesrly the ASHE curves could re-
quire revision for fatigue testing in air.

5.E.M. analysis shows that this rapid crack growth rate at low &

can be explained by the prasence of bands of inclusions found near .

the crack front (& ma from the crack initiation point) i.e. 0.5 m
from the prefatigue crack front.

Figures 5.27 and 5.28 show the curves for the 1 Hz and 10 Hz P.W.R.
enviromeent tests. As expected, bath curves 1ie below the ASME
R > 0.65 ‘water' curve. Figure 5.20 shows both the curves and
- 1t can be seen that the 10 Mz test, which initially shows 2
plateau behaviour, gives faster crack growlh rates for loe &
s ¢ 212 Wa /m) and high X (X > 20 W2 / w) than for the 1 ¥z
test. The 1Hz test shows an initia) fast crack growth rate but
" then, forms a plateau. Soth curves show 8 change in crack grawth
rate versus & behaviour at X = 15 MPe J m.The two curves have
" been compared to the 0.7 Reratto air test {n Figs: 5.30 and 5.31.
Figures 5.30 and 5.31 siov that the air test exhibits 8 faster
crack growth rate than either P.W.R. tests, for high AC velues.
Figures 5.32 and 5.33 compare the 0.7 Reratio tests to the 0.2 R-

ratio tests of similar frequencies.

» 315 WPa / m) could

¢ inverse behaviour (ot &
{See plates 57 -

These occurrences O
evidence.

be explained using the fractographic
$.83.)

1
:
1
|
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PLATE 5.66: Beneral fracture
surface showing
fractographic
features similar
to those found in
P.W.R. tests.
{Mag. x 400}

Test AR (2)
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PLATE 5.67: Large regions of MaS stringers

growth rates are
levels.
{Mag. » 60)

so high for ¢

why the crack
ne AIR (2) test at low X

which explain




PLATES 5.68 - 5.70: MnS stringer
regions which would
give rise to rapid
crack growth.

PLATE 5.68: (Mag. x 300)

PLATE 5.09: (Mag. x 400)

PLATE 5.70: (Mag. x 600)
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FIGURE 5.33: Combined da/dN versus A curves for tests AIR (3),
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PLATES 5.71: Showing general .rac-

and 5.72: ture su, face about
initiation of crack
growth. Clearly,
crack advancement is
by a ductile stria-
tion mechanism.
(Mag. x 1000)

plate 5.72: Cluse-up of the above
fracture surface.
(Mag. x 3000)
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PLATES 5.73 - 5.75: Crack growth
morphology at
(&K = 15 WP ' m)
corresponds to tecets
of fast failurs
(cleavage) amongst
ductile regtons. The
final plate shows a
Lypicatly intergranular
type of attack.

plate §.73: (Mag. x 500)

plate 5.74: (Mag. x 600)

i plate 5.75: (Mag. X 600)




PLATES 5.76 - 5.78: MnS inclusions
found towards the erd
of crack growth expiain
why crack growth rates
increased dramaticiliv
for the 10 Hz cest.

Plate 5.76: (Mag. x 500)

PLATE 5.77: Note fanned region
originating from an
inclusion site.
(Mag. x 1000)

~late 5.78: (Mag. x 300}
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TEST P.W.2

PLATE 5.79: General microstructi o

2 mn from the pre-
fatigued crack growth
region. More rapid
ductile growth could
explein the initial
fast crack growth

rate variation with XK.
{Mag. x 1000)

PLATES ©. - va reqiun
and 330 - Moo
Thes ;e Croe
Sy woihe
Tound ¢ RO 4
Lo, i YR ISR

Loogeoatas TG NS
¢ fyi e Tlankead by
dosiie oWk growth.

plate &.8C. (T X 307)

plate 5.81: (Mag. X 600)
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PLATES 5.82 and 5.83: MnS inclustons appear to have no ir fluence

Plate

on the crack growth mechanism in the
adjacent matrix. Photographs were taken
1 mm from the final fracture surface.

5.83: Smail regions of fan-shaped growth after the MnS
inclusions.

Mag. x 400
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5.3 Potentiodynamic Curves and C.T. 3pecimen Potential * - ‘toring

SAS08 material shows no passive regt n on potentiodynamically
scanning from -200 ¥ (relative to €. .) to 1100 w/ (5.C.E.) in
a P.M.R. environment. A current density of 127 sz corresponds
to a voltage of 0.000 Vv (S.C.E.). (See Fig. 5.34.)

The freely corroding potential (Ecorr) for SASOS at 20 °C is
678 a¥ (S.C.E.). Ecorr * -649 m¥ (S.C.E.) for SAS08 at 50 °C.
The clevis (for C.T. specimens) is manufactured from AISI type 316
stainless steel, and Egypy for 316 stainless steel in a PR
environment was found to be -376 mv (S.C.E.).

Linear polarization (at 20 °C) showed that the general corrosion
rate corresponding to an Ecopr OF -674 W (S.C.E.), was 6.37 mpy
(0.16 mn per year).

Sample potential recording using & calome! electrode and a Luggin
probe was carried out for five corrosion fatigue tests. These in-
cluded the orientation and temperature tests as weil as the 1 Wz,
R = 0.2, sinewave, room temperature test. The results are plotted
for two of the tests, one at 20 o and the other at §0 °C (Fig.
§.35). It was found for all the potential monitoring tests that
the sample potential only varied with temperature. The results
plotted on Fig. §.35 have not boen compensated for 2 temperature
correction i.e. the results corvespond to the direct S.C.E. reading
at the particular temperature of interest (20 °C or S0 oc.
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FICURE 5.35 ¢ SPRCIMEN POTENTIAL VARIATION WITH CRACK LENGTH
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5.4 Sumary

Charpy impact testing showed that s definite orientation effect ex-
ists for the forged nozzle region (through-thickness crack growth:
Charpy impact euergy = 268 J versus 154 J for orientation smples).
Tensile tests showed no effect of orientation (uy * 492 Wa,
%.7.5, - 626 MBa, Ex = 22.87%; R.A. « §5.15%) and hardness
testing also showed little effect of orientation (Hypy * 227).

The chemical composition of the steel was typical of a wrought
0.16% C (1.38 M, C.77 M, 0.52 Mo) low alloy pressure vassel
steel. The microsiructure corresponding to segregated (dark)
regions and light regions of upper bainite. These dark regfons
contained the MnS stringers and lay in the working directfon.
Macroscopy and sulphur printing showed that large 'plates' of WaS
stringers are present (the MnS lying in orientation 8 and the
‘stacking' direction being in orientation C).

The corrosion fatigue tests were carried out in an environment that
simulated P.W.R. conditions within a nuclear reactor (K<26 wS.ean;
fH = 6.5 ¢ 0.2; 0y < 10 ppb; F~ < 40 ppb; C2° < 120 ppb; B =
900 ppm; Li = t1.6 ppm; Wy = 5.5 - 21.7 std.cc/kg H0; 504
< 30 ppb}.

The air tests (AIR(1) and (3)) both produced da/dN versus XK curves
lying below the ASMB dry line and the crack propagation mode was
found to be ductile striated growth, The ‘Lasis' tests P.W.R. (1a)
and (1b) showed anvironmentally enhanced crack growth, This was
more pronounced for the lower frequency test, but enhancement was
noted for the 10 Hz test. MnS fnclusions have resulted in local
;ugions of fast fan-shaped crack growth.

Th~ orfentation tests showed a faster crack growth raie than the
basis tests. Test LIR(40R) gave crack growth rates above the ASME
dry line, The reason for this behaviour was because of the MnS in-

clusions and their orfentation to the main crack front resulted in




e
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fanned, terraced regions of fast crack growth. The 10 Hz and 1 Wz
P.W.R. tests showed fast crack growth (fan-shaped) fractographic
features and both tests gave higher crack growth rates than the air
test. WnS inclustons aided fast crack growth, this being partice
ularly noticeable in the 10 Mz test.

Both temperature tests (50 ©C) gave crack growth rates marginally
above those observed for the 20 °C tests. Thus, an envirommental
enhancement effect .s observed and tiis effect was greater for the
1 Hz test. Regions of fast crack growth, about WS inclusions,
were visible for both the tests.

The 0.7 R-ratio ai: test oroduced crack growth rates greater then
the ASME Air line data. This was as a result of bands of WS {a-

clusions {found on the t rface) alding crack growth. The
inclusions have resuit cuctile striated cract growth
morphology. The 0.7 <. environment tests (10 Hz and
1 Hz) showed an inverse beh.. Jt X = 415 Wpa 7/ m. Both frac-

ture surfaces showed regions of intergranuiar failure fin this X
régime. Fractographic features can explain why the 10 Hz test infe
tially sho.ed 3 plateau behsviour and then an increase in crack
growth rate «ith X, The 1 Hz test unly showed a plateau behav four
at a later stage (X > 15 Wa /m.

Potential monitoring studies indicated that the potential recorded
during the corrosion fatigue tests corrasponded to the freely cor-
roding potentials for SAS08 C13 steel, at the temperature of tust-

ing.
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6.0 DISCYUSSION

6.1 Metallurgical vata for Low Alloy Wa-Ni-Mo Pressure Yessa)

Steels

SAS08 C3 is a Mn-Ni-Mo low alloy steel listed in Section II of the
ASME Code as a nuclear pressure vassel steel. The nuclear reac- !
tors, installed at Koeberg (Cape Town), were manufactured in France
by Framatome and details of the specified chemical composition and
mechanical properties of the SAS08 Ca3 forged steel are given In
Jable 6.1. Included in Table 6.1 are the average chemical compo-~
sttion and tensile properties for this series cof tests am for v
SA533 GrB Cal z*wel. The latter stee! tis the 'rolled’ equivalent
of the forged SAS08 Ci13 steel. (Each material is used in the manu-
facture of different sections of the nuclear reactor.)

Ciearly, the SAS508 C13 nozzle sectien, uced for these experiments,
conforms to specification.

A nutber of 1imitations has been made with regard to the ASTM stan-
dards. Trese limitations are based on the fcllowing considerations:

a) Limitation of the maximum carbon content to 0.22%. Improvement
n waldability {and toughness).

b) Restrictions on the sulphur and phuSphorous contents, lmprove-
meat 1n toughness (tramsitton and upper shelf).

¢) Limits on the ccatents of copper, cobait and other residual )
elements. The copper and phosphorous content is limited to .
ninimize the effect of frradiation embrittiement on the delt .\
The cobalt content is Virited to minimize :
frer a period of operation,
1 levels owing to the

{ine materials.
rajicactivity of the vessel walls @
As, Sb and Sn are £, ind at low residua

precautions rake: to reduce other residual elements.
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TABLE 6.1: Chemical and Tenstle Requirements for Nuclear Reactor
Pressure Vesse! Steels

A. CHEMICAL REQUIREMENTS (product analys!s)

Elewent | SAS33 6r 8 Cal $AS08 C3 This Tast Series
(a) {SAS08 C13)
4 0.22 max 0.22 max 0.16
Mn 1.10/1.55 1.12/1.88 1.38
P 0.025 max 0.025 max (b) 0.013
H 0.025 max (c) 0.025 max (c) 0.008
St 0.13/0.32 0.11/0.39 0.25
N 0.37/0.13 0.37/0.83 0.7
Cr 0.25 max 0.30 max 0.26
Mo 0.41/0.64 0.40/0.65 0.52
Cu 0.25 max (c) 0.25 max (b,z) 0.06
| 0.04 max {d) 0.04 max (d) 0.013

(a) min/max

(b) For core shells
P < 0.015% Cu < 0.10%
For Nozzle shells and Nozzies
p <0.017 Cu¢ 0.12

(c) For resctor vessel:
: § < 0.208 Cu < 0.20%

{d) For $AS33 8 C11 and SAS08 C83 cladded components V «©.01%

8. TENSILE REGUIREMENTS FOR SAS08 C13 and SAS33 gr 8 ca

20 °C W3oc | 360 °C
Rm [ X R 0.002) R 0.002
R(a‘.’e?z {wa) (54) (WPa) (wea)
345 552/666 18 38 286 282
. $A508 C13 for this
492.6 625.8 22.8 69.2 sas0g C 0
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d) A Limit on the van
adium content in ord: to
im|
tance to vnderclad reheat cracking prove the rests-

e) Austenitic grain growth is avoided by aluminium killing of the

melt.

Atter forging and quenching, the nozzie section undergoes typical
preliminary hest treatment {55] which consists of:

furnace canling to 350 oC immediately after forging
austenitizing at 900 - 950 °C

air cooling to 350 °C

tempering at approx imately 650 oc followed by furnace or air
cooling.

A typical quality heat treatment procedure for heavy forgings is
shown in Fig. 6.1. This is carried out on a part that has been

rough machined.

Cha in fes with thickness and ani

therma) and mechanical trestaents

perations induce a preferred or'entation of the
inclusions, such as sulphides, in the working direction. The ef-
foct is related to the relative inclusion matrix plasticity and
d.ffers according to whether the inclusinns are harder than the
and do not deform {oxides), or whether they are softer than
are easily elongated (e.9. WS}, Hot
ferred orientation of the zones of minor
ing solidification of the ingot.

6.1.1

Furging or rolling 0

matrix
the matrix and therefore
working also produces 3 pre

segregation which occurs aur

¢ of the structure are
the result is for
scopic scale.

y: ical and mechanical propertie
all the compounds involved,
at propertus on the macro!

Since the ph

not isotropic for
anisotropism of the mechanic
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In the forging considered, the anisotropism resulting from'the prres

sence of inclusions is a major cause of varfati § P
ons in ‘impact proj

The presence of a pronounced directional effect can be recognized
by the fact that the Charpy impact strength values obtained from
specimens resulting in crack growth in the transverse dirsction are
higher (268 J), than those obtained fram specimens resulting in
crack growth in the longitudinal direction (154 J).

This reduction in CVN impact st engtn is more important at the up-
per shelf of the Charpy transition curve. It s, of course, &
function of the forging ratio related to the longitudinal and
transverse working directions, and of the sulphur content. (Thi
ductile-to-brittie transition temperature for SASOB €13 material is
about 0 °C.)

Through-thickness properties result from the change in metallurgic~
al microstructure between the surface and the core of the part,
which is induced by the variation in the quenching rates. AN the
mechanical properties vary sligntly, but the greatest variation i3
i the impact strength values.

The mechanical properties measured at the quarcer thickness loca-
tion (T/4) of thick parts (300 mm) are representative >f the mache
anical properties of the zone
quarter thickness of the product, and in particular of the mid part
section. The mechanical properties change rapidly between the sur-
face ard the quarter thickness location. Thus the temperatures
which are characteristic of the positton of the ductile-tosbrittle
zone are near the surface location Jowar than at the T/4 location.
This is generally not considered when evaluating ambrittiement lu-
duced by neutron jrradiation, but is in fact an additional tafety

margin.

nowed that the forged SASO8 C1) mate-

Microstructural observations §
ture throughout, {.e. the percentage

rial had a uniform microstric

located between quarter and three-
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of bainite remains constant. However, sulphide stringers appear
throuyhout the forging and appear to have formed in large clusters.
These clusters are, however, 'broken-up' at the surface of the
SAS08 C13 steel nozzle 3as 3 result of the forging process (Plates
5.15 - 5.17).

6.1.2 tallurgical structures in thick 1s in
[ low alloy steels

Typical thicknesses range from 250 me to 460 wm for reactor vessel
forgings and reach 600 mm for the tube plate of the steam generator
in the as quenched geometry.

The cooling rates at 700 °C encountered through-thickness of the
different finished parts are located from 8000 °C/hr at :he final
machincd surface to 600 °C/hr at the mid-thickness of the tube

plate (Tig. 6.2).

The CCT Jiagram (Fig. 6.3) shows that under these conditions, a
duplex microstructure {s encountered which basically consists of
bainite with a small amount of ferrite. The proportion of ferrite
is generally under 20% at 7.7 \ocation and may reach 40 - 50% at
mid-thickness for the thickest products (Fig. 6.4).

The tempering temperature is selected to optimize the balance be-
tween tensile mechanical properties and toughness. In particular,
igh temperature results in degradation

tempering at an excessively h
to the irreversible temper embrittle-

of the impact resistance due
ment of the material.

thick nozzle section, no through-thickness effects
structurally and mechanically (using the
Clearly the mechanical properties
presence of MnS stringer

for the 270 mm
were . noticed, both micro
hardness test as the criterion).
will be more adversely affected by the

(as observed for the fatigue tests).

inclusions
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FIGURE 6.4: Microstructure developed as 2 function of cooling rate
(SAS08 C13, austenitizing 900 o¢/nr, Grain size: 9-10)

6.2 Sample potential Monitoring

Until the present time much controversy has been attached to the
necessity for compact tension specimen isolation from the clevis
and pin arrangement. It has been argued that specimens contact.ing
clevises (usually manufactured from more corrosion resistic; mate-
rials, in the P.M.R. environment} could result in 3 galvanic wffect
which could interfere wish the corrosion-fatigue process. Also,
the pins are often not manufactured from the same mater ial as the
clevis and might need to be isolated from the specimen. In certain
overseas laboratories ‘1.9, Harwell}, zirconia washers 2nd sleeves
isolate electrically the specimen from the pins and

are usr. to
glation relies on the extremely low

clevices. This electrical is
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conductivity of the oxide layer, formed on zirconium, after a sﬁe-
cial furnace heat treatment. It has, however, been observed that
this brittie oxide layer ‘peals' off and, after only a few tests,
electrical isolation is broken [53].

Tt was therefore thought that a simple potenttal monitoring test
{during corrosion fatigue) followed by a potentiodynamic test for
both SA508 C13 and stainless steer (316), the clersis material,
would prove whether specimen isolation was necessary. Figur- 5.3¢
shows gquite clearly that the sample potential {monitoring) corres-
ponds to Ecorr (the freely corroding potential) determined in a
potentiodynamic test. It ws found that for a probe mounted 1 cm
from the crack fnftiation point (i.e. 1 om fron the specimen side
face) the sampie potential only varied with test temperature. An
Ecorr Of -376 mV (5.C.E.) for the cleis material in a P.W.R. en-
vironment shows that the presence of 316 stainless steel, being
electrically connected to the sample, has had no effect on the cor-
roston potential of the compact tension specimen. It can therefore
be concluded that specimen isolation s not essential.

Clearly, the above conclusion is only vatid for the system used
during this series of tests. One could assume that if Ecoprlclevis)
» Ecorr (C.T. specimen) (at the temperature of testing) and if

the sample potential corresponds closely to Ecorr for the speci-
men {in the P.W.R. environment), then electrical isolation woutd
not be required. Certainly, for SAS08 C8 and SAS33 6r B steels,

the above conditions would usually be met.

It should also be pointed out that the reactor pressure vessel Wi~
terfal is in contact with the cladding material, typically 304 type
stainless steel or Inconel 600, in the R.5.¥. Therefore, it is
considered unnecessary to . Jlate the compact tension specimen for

the clevis and pin arrangement.
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6.2.1 Pourd. ix diagram - Fe - H0 system

One of the most useful developments of recent years has been the
construction of diagrams, with pH and po.ential as co-ordinates,
representing the various chemical and electrochemical equilibria
which affect metallic corrosion. The curves divide the diagram into
regions within which immunity, corrosion or passivation may be
expected to prevail [62].

Figure 6.5 shews the Pourbaix ulagram foo irun ot 6 . This dia-
gram can also be used for the low alloy 52508 €23 steel without
incurring too much error.

11t

161

i ) 4 ‘pn'

-]
FIGURE 6.5: Pourbaix Diagram for Iron at 2% °C
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6.2.1 Pourbaix diagram - Fe - H0 system

One of the most useful developmenis of recont years has been the
construction of diagrams, with pH and potential as co-ordinates,
representing the various chemical and electrochemical equilibria
which affect metallic corrosion. Th- curves divide the diagram into
regions within which ¥amunity, corrosion or passivation may be
expected to prevail [52].

Figure 6.5 thows the Pourba‘x diagram for iron at 25 °C. This dia-
gram can also be used for the low alloy SAS08 C13 steel without
incurring too much error.
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FIGURE 6.5: Pourbaix Diagram for Ir. at 28 °C
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FIGURE 6.6: Simplified Pourbaix Diagram for iron (25 °C)

Note that the regions of corrosion, passivation and immunity change
with temperature and Fig. 6.7 shows the above diagras at 300 °C.
However, assuming that the Pourbaix diagram does not change much
for temperatures in the range 20 to 50 °C and scaling the smmple
potential values to correspond to the standard hydrogen electrode,
the C.T. specimen potentials can be superimposed on Fig. 6.6. The
two potential values -428 mv (20 °C) [57) and -426 m¥ (50 °C) (57)
correspond to poir. A in Fig. 6.6. Clearly, the conditions 1ie
within the corrosion region, i.e. from a thermodynamic point of
view the SA508 C1) materia) corrodes at the test conditions.

Clearly, this corrosion region shrinks &s the tecperature increases

and for 300 °C testing (for similar H and potentials) the Pourbaix
5 that the FesD, oxide régime (passivation) could de-
Potentials of typica.ly .700 W (S.H.E.)
o¢ testing tn P.k R. environments [541.

dfagram sho-
tine the test system,
have been reported for 288
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The 42/
":e :‘::: h:;:‘::s :P.:a::es‘ ”::::mnt#trly shown that crack growth
T Roratios of 0.2 0"; ;omd ts (as opposed to afr testing)
Lo argue that the snhanced crack growth
rates are as a result of the presence of iInclusions (ex. for R =
0.7), but this cannot expliin why crack growth rates in P.M.R.
environments are faster than crack growth rates in air environments
when fractographic evidence shows that both air and P.W.R, test
steels have similar inclusion contents (size, shape end wmorphology
of finclusions are also similar), Certain regions of fast crack
growth {Plate 5.54) were (only of served during S.E.M. analysts on
the P.W.R. test fraccure surfaces) found before the {nclusion.
Tnis s clearly evidence for a hydrogen esbrittiement crack growth
sssisted mechanism. "It should be rememiered that the P.W.R. simyl-
ated water has extremely low oxygen contents {ess than 10 ppd)
but, s saturated with & hydrogen over pressure of uo to 40 kPa.
Th.. corresponds to a dissolved hydrogen content of up to 21.7 std.
ce/kg B0, Clearly, the conditions for having a hydrogen wmbrit-

tiement process are met ar vould appear that frclusions also
play a rile in the by i . procuss. An enodic dissolution
mechanism for environme” aseisted crack yrowth ceam, however,

act be ruled out (see pay: <36).

6.3 sulphide Inclusions

MaS as & inclusion {s easily recognized in the opt ical microscope.
<1 ightly transperent and in-

1t is a dove-grey §a colour, piastic,
active polarized Tight {plate 5.5). Defurmation of the steel
usuall ~sults in the #ns-phase being elongated in the working
directiv , forming stringers or plates. The morphology of WS in
steel ingots depends on the steelmaking oractice. Using the class-
Jfication given by sims and Dahle [51]. the sulphide phase may be

described as & Type 1, Type 11 or Type *'1.

{zes, often dupiex with

1ar with a wide range
. + adon distribution. This

Type 1 1 glob '
oxygen compounds nd with an apparent’

type Is found in both carbon and AL

. 24 steelS.
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MnS of Type il has a dendritic structure and is often called grain-
boundary sulphide because it is distridbuted as chainlike formations
or thin precipitates in primary ingot grain boundaries. Sometimes
it seems to have solidified in an ev actic pattern. This type is

found in steels, deoxidized with AL without an excess of the deoxi-
dizing metal.

Type 111 s irregular, often angular in shape and randomly distri-
buted in the matrix. This type s often similar to Type 1 and
there is no marked difference between the two types. However, Type
111 always forms monophase inclusions, whereas Type I usually is
present in multiphase inclusions. Type 111 fs most frequently
found in steels deoxidized with an excess of AX.

The sulphides observed in this work can therefore be assumed to be
Type 1l inciusfons which are found fn killed steels, thoroughly de-
oxidized with Az, but without excess and where the oxygen content
is Yow. As a consequence these steels have a high sulphur solubil-
ity and the sulphide phase precipitates late in the last parts of
tue steel ingot to solidify. Therefore, the Type 1l sulphide is
found in the primary grain poundaries in 2 dendritic, eutectic
pattern. The precipitation pattern for Type 11 sulphide depends
more on temperature and oxygen content of the steel than for Type 1
sulphides, which are precipitated at higher temperatures and oxygen

contents.

Optical microscopy, MACroscopy, sulphur printing and scanning clec-
tron microscopy of the fracture surfaces show clearly that the s::-
phide orientation is that shown in Figs 5.2 and 5.3, The sulphi t
1ie in the dark bands (Plate 5.2) which would appe.” w‘be‘u:r:s
gated regions. The formation of these stringer type inclusion

as a result of the hot forging and steel making process.

Sulphur printing and macroscopy shows that h:ge e:h;;r: c:;
stringer sulphides are present throughout the "‘“m, g

probably one of the most important observa o
Mt‘ﬂ:‘p;\\des do not e normal to the through-thickness direction,
the su
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MnS of Type II has a dendritic siructure and is often calied grain.
boundary sulphide brsause it is distributed as chalnlike formations
or thin precipitates in primary irgot grain boundaries. Sometimes
it seems to have solidified in an eutectic pattern. This type is
found in steels, deoxioized with At without an excess of the deoxi-
dizing metal.

Type 111 is irregular, often angular fn shape and randomly distr s
buted in the matrix. This type is often similar to Type 1 am
there is nn marked difference between the two types. However, Type
i1l a'ways jorms monorase inclusfons, whereas Type I usually i3
present in multiphase inclusions. Type 111 {s most frequently
found in steels deoxidized with an excess of AL,

The sulphides observed in this work can therefore be assumed to be
Type 11 inclusions which are found in killed steels, thoroughly de-
oxidized with AL, but without excess and where the oxygen content
s low. As a consequence these steels have a high sulphwr solubil-
ity and the sulphide phase precipitates late in the last parts of
the steel ingot to solidify. Therefore, the Type 11 sulphide is
found in the primary grain boundaries in a dendritic, eutectic
pattern. The precipitation pattern fcr Type 11 sulphide depends
more on temperature and oxygen content of the steel than for Tope 1
sulphides, which are precipitated at higher temperatures and oxygen

contents.

Optical microscopy, macroscopy, sulphur pr ating and scanning elec-
tron microscopy of the fracture surfaces show clearly that the sul-
phide orientation is that shown in Figs 5.2 and 5.3. The su'phides
1ie in the dark bands (Plate §.2) which would appear to be segre-
gated regions. The formation of these stringer type inclusions s
as a result of the hot forging and steel making process.

Sulphur printing and macroscory chows that large ,:‘m c:;
stringer sulphides are prasent throughout the forguws g
mater ial. probably one of the most yaportant observd " en
the sulphides do not 1ie norma) to the through-thickness rec .
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but rather at 10° to normal. This means that bands of sulphides do
intersect the inside surface of the pressure vessel nozzle. Clear-
1y these regions (Plate 5.9) could act as crack ‘Mnan‘ng sites
for corrosion fatigue or stress corrosion cracking (notch effect)
Plates 5.15 and 5.17 do show that the sulphides are less clusura:s
at the surface, 7nd that the density of sulphides {s greater
clearly as a resylt of the forging proce-s. Both these plates d:;
show the 10° angle that the sulphides make with the inner wall of
the nozzle. EDAX analysis showed all sulphides on the fatigue
fracture surface to be MnS (Plate 5.21).

An fimportant observation to make s that the sulphides clea-ly
affect crack growth in a dramatic way (see possible mechanisms) and
neither of the heat treatments (rough or quality heat treatments)
will affect the sulphide size, shape or morphology.

6.4 CRACK GROWTH RATE DATA (A mechanistic approach)

Clearly, two possible effects need to be considered when discussing
the fatigue crack growth retes for the SAS08 C#3 steel forging.
Firstly, inclusions can be seen to aid crack growth without the
effect of & P.M.R. environment. Secondly, hydrogen abr itt1ement
and anodic dissolutfon processes atd in the crack advancement, but
this can only be deduced once carefyul atteation has bean given to
the inclusion clusters found on the fracture surfaces.

6.4.1 Ay tests

Figure 5.7 shows that decreasing the frequency of fatigue cycling,

tn an air environment, has had littie effect on the fatigue crack

growth cate of SA508 C13 steel. Fractographic evidence shows that
ave few NS jnclusions on the fracture surfaces and

poth air tesis b
that these inclusions do not cause subsequent regions of fast crack

growth. Rather, ductile striation crack growth s the mechanism
whereby the crack has prouga:ed through the steel specimen. Thus,
for similar crack growth mechanisms and approxmately similar sul-
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phide incluston volume fractions, it would be expected that crack
growth rates would be similar for the 1 Hz and 10 Hz tests {crack
growth along orientation A).

Figure 6.12, on the other hand, shows that test AIR(40R} produces
crack growth rates wel) abuve these experienced in the above tests.
The air line data for test AIR(40R) even lies above the ASME XI
(1930) subsurface flaw (air) curve. This is however not surprising
when the fractographs are stuiied. Long manganese sulphide inclu-
sions can be seen to initiate rapid crack growth. The MaS inclu~
sions affect the local stress field ahead of the crack tip since
the Mn“ o matrix bonding is weak and the interfaces probably sepa~
rate at low tensile stresses (probably before the elastic limit is
reached). Therefore, the strain is concentraiad in the adjacent
matrix, the ¥n$ really acting as a :tress concentrator. Plate § 32
clearly shows a pronounced terrace effect. These reqions {(hase of
terrace) would be located away from the main crack path and are
3)ined to the main fracture surface by ductile tearing.

The air test corresponding to a 0.7 R-ratio (Fig. 5.26) can be seen
to produce crack growth rates above those predicted by the ASME air
1ine. Once again the fast crack growth rates can be seen to result
from the presence of large MnS stringer inclusions.

It is also importa:.* to note that the general fracture surface con-
sists of large reglons of fast fan-shaped crack growth. Plate 5.68
shows this fan-shaped crack growth occurring after the crack front
has passed a MnS. This could be explained by crack velocities,
j.e. before the crack reaches the MnS the growth mechanism is duc-
tile striated growth. when the crack front reaches the inclusion,
the local crack growth rate is accelerated and only slows down once
the effect of the inclusion has been dissipated; this period cor-

responding to fast ductile striated crack growth.

ations chosen for crack growth studles are

1y, the two orient
e In other words, the best results, i.e. low

the ‘besi' and tworst’ .

s
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crack growth rates, would be obtained with crack growth normal

the direction of the sulphides. Samples in orientation l‘mt:
found to give rise to crack growth in a direction paraliel to the
manganese sulphides. Microscopy snd sulphur printing revealed that
the clusters of MnS inclusions (Plates 5.12 and 5.13) lie in the

:o:;.h direction of specimens machined from orientation 8 (Fig.

6.4.2 P.M.R, environment corrosion fatigue tests

The ‘basis' tests P.W.R. (la) and P.W.R. (1b) both showed crack
growth rates above that found for the air line test AIR(3), al-
though the inclusion concentration present on the fracture surface
for all three tests was ¢r-roximately the same. Plates 5.25 and
5.30 show regions of fast crack growth pefore the crack reaches the
fnclusion. A region of ductile tesring appesrs Just before “the
fnclusfons, this area corresponding to erack movement towards the
fnclusion, 1.e. not normal to the stresses.

Some inclusions have originated rapid crack growth regions {Plates
5.24, 5.26, 5.27, 5.29 and 5.30). As both tests, P.W.R. {1a) and
p.W.7. (1b), show similar fractographic festures, it can be assumed
that hvdrogen embritilement is influencing crack growth. The lower
the te.,t frequency, the greater the environmenta) effect {higher
crack jrowth rates). This is indeed what one would expect if hy-
drogen awbrittiement and anodic diserlution were assisting crack
growth, since tower freguencies alldw sore time for both hydrogen
diftusion ahead of the crack tip and snodic dissolution at the
crack tip. Fast failure regions are apparent sbout the manganese
sulphides becausé sulphic clusions could act 3s preferent fal
‘hydrogen trap sites'. T a-coherent interface between the MnS

and the ‘iron’ matrix would create large vacancy regions where

hydrogen could accumulate.

via an environmentally assisted fan-shane mechan-
tion towsrds the s, v could be con-
are purucuhrly prominent
diffused preferem‘.u‘oly to

As crack growth,
ism, is always in the direc
cluded that hydrogen embrittied areas
abuut the Mas. Goviousiy hydrogen has
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the M5 inclusion. This would dispel the gas pressure bursting

theory for these tests. According to this theory hydrogen accumul-
ation at sites ahead of the crack front could be high encugh to
cause failure about the accumulation site. This would show-up
fractographically as a ~rack initiating from the inclusion and
travelling back towards the advancing crack front. However, for
1 Hz and 10 Hz tests, the hydrogen accummulation at a manganese
sulphide would not be all that great, beiore the advancing crack
had reached the inclusion.

Note that the inclusion sites are often associated with branched
cracks. These are cracks that have formed at the 'basc' of the
inclusion. These regions would probably be more heavily enbrittied
and the main crack front would therefore follow the embrittied
path. Only once the tensile stress component had 'out-w:ighed’
this embrittlement effect, would the crack continue normal to the
tensile stress, i.e. restart from the inctusion site.

6.4.2.1 Influence of sulphide orientation
.,._.____E_._———-

The MaS inclusions 1ie parzllel with the crack growth rate direc-
tions and it would be expected that crack growth rates should be
higher for the orientation specimens than through-thickness orien-
tated specimens (for the same mechanical testing conditions). This
was found for both test P.N.R. (22) and P.M.R. (2b) but, 1t was
observed that the crack growth rates for the two frequency tasts
(10 Hz and 1 Hz) gave similar crack growth rates (Flg. 5.19).

The reason for the above behaviour is immediately obvious On Com-
parison of the fractographs (Piates 5.36 - 5.52). The fractography
for specimen p.M.R. (2a) shows large MnS stringers cxtendh\:. across
Jarge regions of the fracture surface, These strmgers' : !ve '::;
sulted in rapid crack growth rates and correspondingly fla ,’ h
prittie fracture surfaces than those observed for specimen '. 1 .

th 'whole' and proken-up' MnS (Plates 5.39 - 5.45) inclu-
ta)- » regions corresponding to en-

oduced large fan-shaped

stons have P plate 5.39 shows 3 typical chevron

vironmentally assisted failure.
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pattern between the lonc MnS stringers. The WnS inclusions occur

in discontinuous stringers and for large sections, the crack passes
from the ‘tail' of one inclusion to the 'head' of another, thus
faciiitating rapid crack growth.

Specimen P.W.P. (2b) shows a similar 'flat’ fracture surface (still
ductile striated crack growth), but the number of inclusions found
on the surface is considersbly reduced. The inclusions are also
more globu ir, ad in some cases are flat disk-like inclusions
(possibiy Type I MaS inclusions; see Plate 5.52). Therefore, al-
though the hydrogen embrittlement/anodic dissolution assisted crack
gr-wth model 1s sti1) valid, the presence of inclusions has result-
ed in even greater crack growth rates. Note, comparing tests P.W.R.
(1a), (1b}, (2a) and (2b) with the respective air line data one
could make the following deduction: For test P.W.R. (2a) the pre-
sence of a larger concentration of manganese sulphides has resulted
in a crack growth rate incre e of approximately twice that expect-
ed if only hydrogen ambritt iement/ anodic dissolution has assisted
crack growth {with only a few mnS inclusions present).

6.4.2.2 Effect of temperature variation

Since hydrogen embrittlement and anodic dissolution have been iden-
tified as the environmental factors enhancing crack growth, it
would be expected that fncreasing the testing temperature {50 °C)
shoyld increase the crack growth rates above those found for the
20 °C tests. Increases in temperature should result in more rapid
hydrogen atffusion and metal dissolution, but the WS inclusion
network would also need to be considered since, if very Tew ¥a5 in
clusions were found to assist crack growth, the jncrease in temper-
ature could actuzlly decreas. the crack growth rates.

that both the 10 Hz and 1 Hz tests exwivit ad-
he air line data. A frequency effect is
frequency test (1 Hz) shows greater
the entire &K range

Figure 5.22 shows
vanced crack growth above t!
also noted, in that the lower
crack growth rates than the 10 Hz test over

tested.
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c:: :::p::z:: :::c an: c10“;t s; ¥ith the ‘corresponding’ 20 °C tests,
growth rate. This could ;c ‘:: o o Jpester Increuse fn crack
dence, since regions of ‘fast' :““d o ewogratc ev-

-ductile-striation crack growth are
evident (Plate 5.53). Plate .54 shows a regios of brittle cleav-
agn before the crack has encountered the MnS stringer. This region
is about 25 um long. The inclusions appear to be sites that have
initiated fan-shaped rzgions of environmentally assisted crack
growth (Plates 5.56, 5.57 and 5.59). Plate 5.58 shows a region of
brittle cleavage found after the crack front hss reached the MnS.
The regions of cleavage are linked together by ductile tearing. A
similar region of cleavage can be seen in Plate 5.59. P.N.R. (3b)
(1 Kz test) shows that the inclusions have initiated regions of
fast crack growth. The majority of inclusions lie below the crack
pith. This has resulted in a terraced appearance where the crack
his had to grow 'down’ to the MaS. The base of the fnclusion site
is usually an initiator for a crack (this has been explained be-
fore). A fanned region of environmentally assisted crack growth
then emanates from the inclusion site (Plates 5.61 and §.62).

6.4.2.3 R-ratio tests

The 0.7 R-ratio air test has already been discussed and the rapid
growth rates observed were ascribed to the inclusion clusters found
on the fracture surfaces, resulting in a rapid ductile striation
machanism of crack advance.

The P.W.R. environment tests show an inverted behaviour, in that
the platea formation changes to a linear (log scale) increase "
crack growth rate with increasing aK, for the 10 Hz test. The
opposite effect was found for the 1 Hz test. It is important to
note that the results of both tests lie above the air line data and
indeed, this could be expected, since hydrogen embrittiement and
anodic dissolution would be easier at high R-ratios. The reasun i
that the maximum stress (25 kN) remains constant for both the 0.2
ratio tests and therefore, the minimum loads vary

.7 R-
R-ratio and 0.7 The 0.7 R-ratio is therefore

(5 kN and 17.5 kN respectively).
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permanently in a ‘higher' tensile stresied state, which would
mote hydrogen diffusion and incresse the effectiveness of hydr:;:
cdsorption.  Likewise, the stress concentrating effect brought
about by dissolutfon at slip step emergence would be enhanced.

Test P.W.R, (4a) resulted in an initial ductile striation crack ade
vancement process but, at AK = 115 Wa / m cleavage facets vere b
s.erved (Plates 5.73 to 5.75) and a small region of {ntergranular
foilure occarred. As both specimens, P.W.R. {421 and (45) showed
these features at approximately the same &K, and were cut from the
same section of material, ft can be assumed that these regions m
heavily segregated. This, in itself, could cause the fractographic
features, but hydroger embrittlement could certainly have contrie
buted ta the intergranular cracking. For & > 15 Wa 7 a inclusions
were found to influence crack growth (3) fan-shaped regions of en-
vironmentally assisted crack growth after the inclusicns (Plate
5.76); (b) fan originating from a inclusion site (Plate 5.77)3
{c) ‘fast'-ductile-striated growth related to an inclusion (Plate

5.78).

growth as regions of ductile striation
Inclusions were cbserved
ductile striation crach
small regions of

Test P.W.R. {4b) shows crack
crack edvancement for & <15 MPa 7 @
for &K > 15 Wa / m but their effect on the
growth advancement process was only local (i.e.
£ast crack growth anead of the {nclusion).

8.5 CRACK_GROWTH MECHANISMS

The experimental work carried out shove does not clearly differen-

tiate between hydrogen embrittiement and anodic dissolution methods
for advanced crack growth. The oxide rupture mechanism s, how-
ruled out since the oxide furmed on SA 508 C13 material, at
the temperatures of interest, {s not a true passivating ontde
layer. This does not apply to high temperasturs testing where 8

passive oxide layer is formed (see page 227).

ever,

must, however,

on the fractu-e surface
the

jon morphoiogy
s trelus enhacement oCCurs,

The Mn
whenever significant

also be accounted for.
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::::::: ::ri:tim mechanism changes to regions of relatively fast

ack growth, or the presence of sulphide {nclusions has
played # role in crack advancement. Fan shaped features would in-
dicate that ¥WnS inclusions have a definite role in the enivronment
assisted crack growth process (Plates 5.57 and 5.68). This is en-
hanced by the discovery of reglons of fast failure in froat of the
s inclusions (Plate 5.54), ft fs also shown that the inclusions
are associated with lJocalized microcracking at the 'base’ of the
jnclusion site. The manganese sulphides have been seen to be 85350~
clated with a ‘terraced’ fracture surface, whereby the crack has
grown by ductile cleavage (*lates 5.61 and 5.62) towards the inclu-
sion, in preference to normal to the tensile fatigue load. Fast
fan-shaped crack growth links the terraces with the main crack
front. Less inclusions have been found in the ductile stristion
fracture morphoiogies.

The WS inclusions may conceptually play two rBles in the crack
advancement process. First they cen trap hydrogen entering the
metal lattice when hydrogen diffuses towards the sres of max i
hydrostatic stress ahead of the crack tip. The slongated iaclu-
stons, acting like microcrracks, produce an intensa stress-strain
distribution around themsalves as thiy are ¢ cataped by the plastic
zone. Trapped hydrogen and the microcrack-type behaviour of the
elongated {nciusions together with the high tenrile stresses ahead
of the fatigue crack tip, can trigger the hydrogcn-inducod cracking
found around {nclusions. Hydrogen embrittied regions before the
WS can cause rapid crack advancament to the MnS. These anbrittied
reglons correspond Lo prior hydrogea diffusion paths. The result-
ing craci front path is seen as & terrace tormation, where inciu-
stons displaced from the main crack path are connected to the frac-

ture surface by ductile tearing. The terraces e mainly cbserved

at high & levels and their presence indicates that they provide

prefeum:hl crack growth paths for crack propagation.

The two pfr&ndpal processes proposed to control the envsromntuny
jsted cracking of SA 508 (13 pressure vessel steel in 2 sinu’ut;
.:sl' W.R eny ironment are: (1} metal l0ss bY anodic dissolution i
ed P.M.R.
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::: :'1:::12903"‘":9 rise to crack advance at & rate controllied by
. varfous electrochemical reactions and loading
P Aol

. e diffusion into the strained lat-
tice shead of the ¢.-acs rasulting in a decrease in local mechanical
fntegrit . Adsorption phenciwma include ccncepts of reduction in
surface energy brought sbout by chemisorption of specific envivon-
mental species which, in the case of hydrogen atoms, can sbsord
into the strained crack tip. Both adsorption and dissolution pro-
cesses have been used in mechanistic descriptions of crack inftfa-
tion and growth with each contributing to varfous extents at dif-
ferent states of crack development. The dominant mechanism is that
which results in the fastest crack development with overall kinet-
jes conforming to that specific underlying process. Removal or re-
duction of one essential component may stop cracking by this pro-
cess but does not preclude the possibility of cracking cont inuing
by another. 1t is important to realize that corrosion fatigue
phenomena are a part of general materials behaviour occurring over
ranges of conditions, not a consequence of a unfque set of chance
circumstances. As such, the assumption of a unique mechanise or
process for even a single alloy/en fronment system 1s considered
unreslstic,

Al proposed mechanisms for the environmental enhancement of crack
growth inciuse & direct interaction of the environment with the
straining metal at the tip of the advancing crack. Thus, sny FUYARS
crack advance process should incliude a description of

ysis of the
this crack tip region, bot” within the aqueocus solution and in the

struined metal.

{n the development of mechanistic

The use of fractoaraphy studies
has introduced much controversy.

understanding of growth processes
This is a cansequence of the observation that in ductile materials
where siip enhanced anodic dissolution models are proposed, there
is rarely any fractographic evidence for either significant siip or
anodic dissolution. 1t might be argued, however, that dissolution

\ f-ont, perhaps only 8 fraction

accurs only over a very narrow Crac

R S SR
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of 2 nonometer, as a consequence of the restrictions imposed by
fac..rs such as chemical segregation or lattice strain distortion
at Jislocations and grain boundaries. Such considerations, however,
have still to be reconciled with other experimental data which sug-
gests more electrochemical activity than would result from such
highly localized dissolutici, particulerly the evolution of large
quantitics of cathodically produced hydrogen anu significant compo-
sition changes in crack solution chemistry.

Corrosion fatigue crack growth will occur at persistent siip bends
wiich are preferentially attacked leading the stress intensifica~
tion. Corrosion as well as local mechanical deformation results in
the formatior Of numerous s!ip bands which act as microcrack initie
ation/growth sites. The corrosion presunably occurs because metal
atoms associated with mobile dislocations in the persistent slip
bands are more active than surrounding siip bands, leading to
strain relief in the surface and significant fincreases in surface
deformation. “he electrochemical attsck occurs at plastically de-
formed areas of metal, with non-deformed metal acting as the cath~
ode. The cathodic half cell reaction could involve the product fon

of hydrogen.

Aydrogen enbrittiement can also be atding crack growth where only a
few inclusions are present. Rydrogen adsorption and 1imited hydro-
gen asorption at the crack tip could facilitate mechanical separa-
tion of the steel matrix. It §s important to realize that hydrogen
embrittiement and/or anodic dissolution do not need to result in 2
change in fracture surface features, but its effect cwm clearly be
seen in the dajdN versus MK curves, f.e. increased fatigue crack

growth rates.

The P.X.R. environment tests therefore show three conplementary me-

chanisms for crack atvance:
o alr tests).

1) Mechanica’ fatigue crack growth (applicable t
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2) Corrosfon fatigue crack growth by a hydrogen embrittiement

mechanism (adsorption at the crack ti
p or diffusion
the crack tip). st of

3) Corros~on facigue crack growth by the anodic dissolution mach~
anism (corro.ion at active metal sites of g)lip emergence).

Clearly, .he preseace of manganese sulphide inclustons can “atd
either or both of , ocess (1) or (2). Firstly, by acting as stress
concentrators shead of the crack front, the inclusions can assist
in the mechanical fatigue crack growth, and secondly, by ‘scting as
hydrogen trap sites resulting in preferential embrittled path ways
to the MS inclusions (in the ‘vicinity’ of the crack front), S
orientated parallel with the crack growth direction will aid fat-
igue crack growth more than NS inclusions orientated normal ta the
crack growth direction. This can be explirined by the greater
stress concentrating effect of the former inclusion and Dy the fact
that the crack has effectively been advanced by the length of ‘the
fnclusfon (non-coherent). Clearly, if the inclusion 1ies parallel
to the crack front (Type 1i MnS stringer), the crack will advance
by the Vength dimension which is always much greater than the width
of the inclusfon (typically 50 : 1).

6.6 SENERAL

Clearly the corrosion fatigue of SASO8 c13 steel in simulated
P.W.R. environments or air must be discussed with reference to MnS
{nclusion distributions and rigorous testing parmmeter description.
Testing parameters should fnclude: mechanical testing parameters
(frequency, waveform, R-ratio, maximum load, constant stress or
constant AK), water chemistry (pH, conduct ivity, oxygen levels,
dissolved hydrogen, €73 F7 50,27, B, L1}, test canditions
(sample description, specimen isolation, potent fal monitoring
etc.). A detailed metallurgical nvestigation is also necessary to
e the base $A508 €23 steel forging. Clearly, if oy of

characteriz
fidence can be placed in the

the above factors is omitted, no con
results.
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It is obvious from the aov
corrosion fatigue data -itho:td;::::::" o e e
ng the effect that inclu-
sions (MnS) are likely to have on crack assisted growth, An impor-
tant practical conclusion is that ‘modern' steel, which generally
contains low rontents of small spheroidal manganese sulphides
should be less susceptible to environment-assisted cyclic cncun;
than other steels, which contain amounts of manganese sulphide in
stringer form. In addition, quoting bulk suiphur contents in these
steels s 'useless' informstion, unless & detailed walysis s
given of the sulphide size, shzpe, distribution and morphology in
the steel forging, since low suiphur steels (containing WS string-
ers) could give higher crack growth rates than high suiphur steels
having small spheroidal MnS inclusions.

An important fez’ we of the corrosion fatigue tests is the scatter
that would be likely to arise for exactly the same test condi-
tions. Tnis scatter would depend largely on the position at which
the C.T. specimen had been extracted, with respect to the main
forging. One could envisage & C.T. specimen ortentated with the
notch and later fracture surface lying along the S bands shown in
Plate 5.12. It would be expectcd that crack growth rates, for this
hypothetical case, {for an air test) would Ve dbove the ASHE XI
(1980) wet Tine data. These MnS stringers could act as initiating
sites for corrosion fatigue and ft would be expected that & crack
would finitiate at the mnS-matrix interface. The interfece is mech-
anically 'weak’' and can act as a rapid hydrogen diffusion path.
This {s important when one considers that the sulphide stringers
(Plates 5.9 - 5.11) could emerge at the nuclear pressure vessel

inside wall.

It would therefore appear that the corrosion fatigue crack growth
will depend, to 2 certain extent, on where the specimen 1 notched
with respect to the inclusions. Thus, scatter that would appear in
results (for nominally the same testing conditions) 1s 3 real
phenomenon. rractographic results could jodicate that the scatter

in the observed cyclic crack growth rates is consistent with the

fractographic appearance and therefore is real.
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As tosts AIR(40R) anc AIR{Z) both Yie sbove the ASME XI (1980) AIR
crack growth rate curve, it can be assumed that the ASME AIR Tine
curve does not represent an upper bound on crack growth rates for
this steel. Clearly, codes such as the ASME codes wil) need to
inciude information on: material characterization (i.e. not just
chemical compositions and properties of the steels, but also infor-
matfon on segregation effects, sulphide stringers etc.) and test
enviromment characterization (including w-ter chemistry partic-
ulars, specimen potentials etc.).




7.1

1.

CONCLUSTONS
Material Testi

Charpy tests, optical microscopy, sulphur printing, macroscopy
corrosion fatigue tests and S.E.M. studies have shown tha;.
large clusters of MaS inclusions ave present in the wrought
SAS08 C13 steel. These inclusions give rise to snisotrepic be-
haviour, f.e. low impast values and high crack growth rates for
specimens in which crack growtt. takes place parallel to the MnS
{Type 1) stringers. No orientation effect was cbserved in the
tensile and hardness tests.

Chemical analysis showed the reactor pressure vessel steel to
be a low alloy carbon steel and no through-thickness composi-
tional variations were observed. The microstructure was upper
bainite with less than 5% ferrite. No microstructural through-
thickness variations wer. observed. Sulphide inclusion clusters
appear at various through-thickness regions and only & the
surface of the forging are the fnclusion clusters 'smail’, but
the density of inclusions is considerable. The inclusions do
not 1ie normal to the surface, but rather at appror imate
angle of 10°. Therefore, the inclusion clusters intersect ihe
surface of the forging. These regions could act as inttiation
sites for corrosion fatigue or stress corrosion cracking.

¢.T. specimen potential monitoring has shown conclusively that,
for the testing system described, no sample 1solation from the
clevis and pin arrangement is required. The sample potentials
recorded correspond directly to the free corrosion potential
for the SAS08 €13 steel determined during potmt&odyv\nic

tests. The sample potentials only vary with testing tempera-

ture.

a) monitoring have shown, using 3 pourbaix dia-
1 steel does cor code

stvation). This {ndicates that corvo-

pH and potenti
gram, that the SA508 £45 pressure vesse

(f.e. no {mmunity or pas
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sfon assisted fatigue could result from a hydrogen embrittie-
ment mechanism as well as an anodic dissolution mechanism, It
is quite feasible that both processes complement one another to

provide the environmentally enhanced fatigue crack growth ob-
served,

Corroston fatigue tests in air showed that the oriestation spe-
cwmen and the 0.7 R-ratio air test gave crack growth rates
greater than those predicted by the ASME XI (1980) dry (atr)
line for subsurface flaws! Clearly, revicion af the codes is
required.

Corrosion fatigue testing in a P.M.R. environment (0.2 R-ratio)
showed that eniironmental enhancement of the crack growth rate
was observed for both 10 Hz and 1 Wz tests. The 1 Hz tests
produced the largest increase in crack growth rates when refer-
enced to the air line data. Increasing the test temperaturs
¢rom 20 °C to 50 °C increased the crack growth rates (for simi-
lar tests) marginally. Orientatfon tests (crack growth paral-
lel to the MnS stringer inclusions) showed much Yarger crack
growth i-ates tnan the through-thickness crack growth specimens.
This was seen to be the result of the presence of the WS
stringers aiding fast fan shaped crack growth., The effect of
f-ratio can be seen to shift the da/ckt versus & curves to
lower values of a&X and da/dn. Testing at two fraquencies {1 W
and 10 Hz) gave & {nverse crack growth relationship which can
be related to fractographic features. in general, all da/dN
versus AK curves showed fincreases in & for increases in crack
growth rates. Only the R-ratio P.N.R. environmen’ tests showed
a platea behaviour (plateau at Yow &K for the 10 Hz test and
plateau at high & for the 1 Hz test).

The mechanism of crack growth is related to the MiS inclusions

(size, shape, distribution and mrpm\ogy) found on the frac-
ture surfaces and to anodic dissolutionlhydrogeﬂ embrittiement.
turated with hydrogen which could em-

The P.W.R. water peing sd
prittle the pressure vesse! sLeel through adsorption at the
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crack tip or diffusion ahead of the crack tip, which would re-
sult in embrittled hydrogen diffusion paths. The MnS inclu-
stons act a trep sites for hydrogen causing preferentially
embrittled paths. MWydrogen produced in the cathodic half cell
reaction will also add to the supply of hydrogen used during
hydrogen embrittlement. Dissolution (anodic half cell) of
active metal, at slip step emergence, at the crack tip will
also result in corrosion assisted fatigue crack growth, - Sul
phioe stringers create a large stress concentration ahead of
the crack tip thus advancing crack growth. It is true to say
that modern steel making practices should be able to reduce the
concentration of MnS stringers, thus reducing their rdle in
aiding rapid crack advancement.

General

in order to study corrosion fatigue properties of a reactor
pressure vessel steel it is important to characterize the steel
fully, i.e. mechanical properties, chemical -omposition, sul-
phide size, shape and morphology determinations. The corrosion
fatigue testing facility would also need to be fully described,
{.e. flowates, water chemistry, mechanical testing unit, spe-
cimen potential monitoring, crack length monitoring device etc.

Clearly, from the above it is obvious that ASME codes need to
pe revised to: 1) Give a true ‘worst case' crack growth rate
curve for reactor pressure vessel steels {air test), or 2)
give a list of codes applicable to steels and testing condi-
tions which are well characterized and documented.,

No ‘Paris-Law' type equations have been quoted for the present
carried out for each
1d be cbvious that the da/dN
depending on the sulphide distribu-
pecimen and expected fracture sur-
an equation {Law} governing all

set of data since only single tests were
testing variable. Also, it shou
versus bK curve will vary,
tion about the notched C.T. s
face. To attempt to produce

similar tests would therefore be \udicrous.
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sult in embrittied hydrogen diffusion paths. The WaS inclu-
sfons act as trap sites for hydrogen causing preferent fally
esbrittled paths. Hydrogen produced in the cathodic half cell
reaction will also add to the supply of hydrogen used during
hydrogen embrittiement. Dissolution (anodic half cell) of
active metal, at slip step emergence, at the crack tip will
also result in corrosion assisted fatigue crack growth. Sul-
phide stringers create a large stress concentration shead of
the crack tip thus advancing crack growth. It is true to say
tha'. modern steel making practices should be able to reduce the
concentration of MnS stringers, thus reducing their rile in
aiding rapid crack advancement.

Generel

In order to study corrosion fatigue properties of a reactor
pressure vessel steel it is important to characterize the steel
ful y, i.e. mechanical properties, chemical composition, sul-
phide size, shape and morphology determinations. The corrosion
fatigue testing facility would also need to be fully described,
i.e. flowrates, water chemistry, mechanical testing unit, spe-
cimen potential monitoring, crack length monitoring device etc.

Clearly, from the above it {s obvious that ASME codes need to
be revised to: 1) Give a true 'worst case’ crack growth rate
curve for reactor pressure vessel steels (air test), or 2)
give a list of codes applicable to steels and testing condi-
tions which are well char acter ized and documented,

No 'Paris-Law’ type equations have been quoted for the present

set of data since only single tests were carried out for each
4t should be obvious that the da/dN

depending on the sulphide distribu-
tion about the notched C.T. specimen and expected fracture sur-
face. To attempt to produce ¥ equation {Law) governing an
sts would therefore be 1udicrous.

testing variable. Also,
versus MK curve will vary,

similar .@
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4. Uncertainty prevails as to when the nozzla region for this pro-
Jject was cut-off the actual nozzie for the nuclear reactor,
1.6, at what stage in the heat treatment cycle. However, 1t is
important to realize that neither of the two heat tresiments
(rough or quality heat treatments) discussed in the text {Sec-
tion 6.1) would resuit in changes in the sulphide size, shape
or morphology so the results obtained from this work are rele-
vant to the nozzle regions presently found on Kocberg nuclear

reactor No. 1.
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