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Test P.W.R. (la)

PLATE 5.22: General microstruc­

ture showing duc­

tile fracture sur­

face 5 m  after 

crack initiation. 

(Mag. x 200)

Crack growth direction t

PLATE 5.23: General fracture 

surface. Ouctile 

striated growth 

(enlarged region of 

above plate).

(M?g. x 3000)

Crack grcJth direction f
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Test P.W.R. (la)

PLATE 5.22: General microstruc­

ture showing duc­

tile fracture sur­

face 5 m  after 

crack initiation. 

(Mag. x 200)

Crack growth direction t

PLATE 5.23: General fracture 

surface. Ductile 

striated growth 

(enlarged region of 

above plate).

(Hag. x 3000)

Crack growth direction }
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PLATE 5.24: *nS stringer inclu- 

sioo site initiat­

ing a local region 

of fan-shaped fast 

crack growth, al­

though the enclosed 

region is still 

ductile (6 mm fro* 

crack initiation).

(Mag. x 300)

Crack growth direction t

PLATE 5.25: Broken-up MnS with 

a reqion of fast 

crack growth before 

the crack has 

reached the inclu­

sion. large crack 

where the inclusion 

had been seated 

(d inn after crack 

initiation).

(Mag. x 100)

Crack growth direction f

PLATE 5.26: Complete MnS present 

with relatively rapid 

crack growth after 

the inclusion. Note 

the terraced region 

where the crack has 

actually undergone 

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: 'Broken-up' MnS «1th no adjacent 'fast' fracture re­
gions. Occurrence fovnd 5 m from crack Initiation. 
(Mag. x 120)

piaif k »*• General fracture surface stoning a ductile strlatlon 
5.28. ^ n; j 7 fC crlck 9rwth (8 .  fra. crack Initiation).

Hag. * *500)



PLATE 5.29: MnS Inclusion site with a 'cowet' tail of smeller foS 

inclusions (8 mm from crack initiation). Fast failure 

regions, about the inclusions, are linked via ductile 

tearing. (Mag. x 620)

:

H -

RATE 5.30: MnS inclusion region *Uh fast cr«k growth before and 

after the inclusion (9 m after crack initiation). 

(Mag. * 300)



5.2.3 P.B.».(2a), (2b) and AIR HOB) orientation tests

These sf*ct*ens were machined so that the fatigue crack growth took 

place In the normal (to through-thlckness crack growth) direction. 

This corresponds to the 'worst' crack growth direction, since KnS 

stringers He In the direction of crack growth.

Figure 5.U shows test AIR(40R) and It can be seen that for *K 

< i34 MPa / * the crack growth rate Is greater than that predicted 

by «.>■■ ASKE XI (1980) crack growth rate curve for subsurface flaw 

propagation 1n an air environment! Figure 5.12 cosines the data 

for through-thlckness crack growth and the orientation direction 

can be seen to Increase the air crack growth rate by a factor of 2 

for low *  crack growth.

Although the general crack growth mechanism Is still ductile stri­

ated growth (Matt 5.31). plates 5.32 - 5.35 dearly show that 

elongated MnS Inclusions have affected large regions of crack 

growth. Plate 5.32 shows the general fracture surface which has a 

narked 'terraced' appearance. This Implies that the crack has 

actually been able to follow HnS 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 explalnlrg the Increase In crack groxth rate 

above the specimen AIR(3) or (1) crack growth rates.

Figures 5.13 and 5.1* show the d,/d» versus *  curve,_ f orthe 

>.*.*. environment tests. 10 Hz and 1 *  respective!,. Wfc tes« 

,1, above the ASHE air Hne data. The feUowl*, »  £
pare the P.«.«. environ-', tests with the orientation r t ^  

Clearly both curves 11. above the 'air' Hne curve Jr t* 

orientation tests. The following two ft9«r« (5- ^  ^

pare the orientation tests jrf the M - ' gr0,th rates
through-thlckness crack growth. Both tes , >,r.

— -  -  - r r r ;tici*«r lies «e11 above the P."**-
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rate is ?-3 time* greater for the 10 Hi orientation test {m. - 
t 43 MPa J »). The final figure (5.19) compares the 10 Hz and 1 Hi 

tests. It Is obvious that both curves 11e close to one another and 

for tk between 38 and 46 MPa V «, the 10 Hi test gave greater crack 
growth rates than the 1 Hz test. The reason for this can be seen 

from the S.E.M. f'actographs of the two fracture surfaces.

Plates 5.37 - 5.45 clearly show tnat the fracture surface ts 'rid­

dled' with MnS Inclusions which have assHted rapid rrac', jrow.‘H. 

Large regions are linked together to provide a rapid crack growth 

path. Both the broken-up *iS and the 'whole' NiS's were seen to 

have the same effect on crack growth I.e. both creating fan shaped, 

fast crack growth regions.

Specimen P.M.R. (2b) does, however, .at show these large HiS Inclu­

sion areas, but MnS alignment 1n the direction of crack growth Is 

stIU evident (plates 5.49 - 5.52) rfilch enhances crack growth 

above that observed for specimen P.M.R. (lb) where manganese sul­

phides are orientated normal to the crack grow*h direction.
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10-a

to

10

TEST : AIR (40R)
ENVIRONMENT : AIR
FREQUENCY : 10 He
R - RATIO r 0.2

WAVE FORM : SINUSOIDAL

MAXIMUM LQi\i) : 25 W
TEMVE'-ATURE : 20 C

20
A K  ( M P o V m )

30 40 50 6 0

FIGURE 5.11: da/dN versus t* . cur#e fo r test AIR (« » )



I

FIGURE 5.12: Combined da/dN versus curves

and AIR (3)

for tests M R  I4* '



PLATE 5.31: General fracture surface showing a ductile strlatlon 

mechanism of crack growth (12 m from crack Initia­

tion)

(Mag. x 1000)

PLATE 5 32- Terraced fracture surface with fanned regions originat­

ing from inclusions (10 -  fro. crack Initiation).

(Mag. « 60)



•■•'v ?

PLATE 5.33: MnS stringers re­

sulting in fanned 

regions of fast 

ductile crack 

growth (10 m  
from crack ini­

tiation) .

I Hag. x 250)

PLATE 5.34: MnS stringers raus- 

ing fast crack 

growth regions 

(12 ran 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 mn from crack 

initiation).

(Mag. x 380)



, ,  fo r test P.M ."- »» )
FIGURE 5.13-. da/dN ver>«.
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10
-6

10

SURFACE FLAW 
(WATER R i . « >

TEST P.W .R . (2 b )
environm ent P.W .R .
FREQUENCY 1 Hz
R -  RATIO 0 .2
WAVE FORM SINUSOIDAL
MAXIMUM 10AP M W
TEMPERATURE 20 C

10
-a

z n

4 K  CMPaVm)

pI SURE 5.14: da/dN versus zK curve for test P.W.R. \ )



. f.e-.ts AIR !«<*)
FIGURE 6.16: Combined d«/dN versus *  curv

and P.W.R. (3a)



FIGURE 5.16: Combined da/d* '■ers"'i *  curveS ’ °r tSStS ' 

and P.W.R. W

!
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. . &  curves for te s ts  P.W.R. (2a)
FIGURE 5.19: Combined d«/dN versu? /K

and P.W.R. (2b)
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Test P.M.R. 2^a)

PLATE

PLATE

and

PLATE

5.36: General microstruc­

ture that is more 

brittle than through­

thickness crack 

growth direction 

specimens (still 

ductile striated 

crack growth).

(Mag. x 100)

5.37: Fracture surface

showing large regions 

5.38: of MnS st ngers.

Fan shaped region; 

corresponding to 

rapid environmentally 

assisted crack growth. 

(Mag. x 20)

PLATE 5.38: (Mag. x 20)



m  -
PLATE 5.39: MnS stringers with

inter!inking regions 

of fast brittle crack 

growth (typical chevron 

markings).

(Wag. * 20®)

PLATE 5.40:
Broken-up MnS leading 

to rapid crack growth. 

Environmentally as­

sisted fan shaped 

growth originating 

from inclusions.

(Mag. x 50)

PLATE 5.41 - 5.45: Whole Mns in­

clusions seen at the 

base of fast fan shaped 

regions of crack growth

PLATE 5.41: (Mag. 100)
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Test P.H.R. (2b)



PLATE 5.51: (H»9 * 1000!
PLATE 5.52: (Hag. x 500)
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5,2.» f.M.R. (3a) M U  13b) tests

t|. -« tests were performed it 50 °C (as opposed to 20 °C) and Figs 

t and 5.21 sho*. the da/d* versus *  curves for the 10 Hi am.

; Hi tests. Figure 5.22 combines the *wo curves with the air line 

data old It can clearly be seen that as the frequency of testing Is 

•educed <\0 Hz to 1 Hz), the crack growth rate 1$ Increased, ta 

environmental effect Is also observed at both frequencies.

Figures 5.23 and 5.24 compart the data to the 20 °C tests. The 

10 Hz test shows a more marked effect of temperature, hut still the 

taperature tests show that crack growth rates are accelerated by 

M  Increase In temperature from 20 to 50 °C. Clearly, for this 

steel the fractography cannot be ignored.

S.E.H. shows that the cracks grow n a ductile manner and HiS In­

clusions are present, lying normal to the crauk growth direction. 

T*«s inclusions do not always affect crack growth mechanisms but 

clMrly their presence will cause a local Increase 1n the crack 

growth rate.



cmxaAo/rn 
mm 

mmm 
xtwo
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A K  (MPa'/m)

. at curve for t«st M . * -  t5*> 
FIGURE 5.20: da/dN *«r«us *  C“r«



SURFACE FLAW 
(WATER R 4.251 SUBSURFACE FUtW 

(AIR) / I

TEST P.W .R. (3 b )
ENVIROMMFJiT P.W .R.
FREQUENCY 1 P*
R -  RATIO 0 .2
WAVE FORM SINUSOIDAL
MAXIMUM LOAD 25 W
TEMPERATURE 5 0  C

20
A K  CM Pav'flO

, .  r *t nirw# f ;r test P.W .R . (3b) 
FIGURE 5.21: da/d* versus *  curve r



t

10
,-6

10

S

„  P.W.R. (3a) (10 *1,50 CM 
TESTS I 0  p.w.R. Ob) ( 1 Ht.50 C)[

10
,-e

20
& K CMPaVm)

30

FIGURE 5.22: Combined da/dN versus

P.W.R. (3a) and p-',-R - 1361

40

AC curves for

50 SC

tests AIR (3).



B

8 ______ j_
20 30 
A K  (MPoVnO

40 50 60

FIGURE 5.23: Combined da/dN versus 
and P.M.K. <3*)

#  curves for tests P.*-*- W





PLATE P.53: General fracture 

surface. More 

rapid crack growth 

mechanism 

(c.f. plate 5.22) 

but still pr<>* 

dominantly 

ducti’e.

(Mag. x 300)

PLATE 5.54: A reg'on (±25 i») 

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)



and inclusion sites. 

The presence of in­

clusions is not really 

affecting crack growth 

before or after the 

inclusion.

(Mag. x 2000)

PLATE 5.56: Regions of ductile 

crack growth visible 

about the Mns inclu­

sion.

(Mag. x 160)

PLATE 5.57: Fast fan-shaped

crack growth region 

originating from an 

inclusion cluster. 

(Hag. x 450)
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’i„TE 5.58: Crack growth via a 

brittle cleavage 

mechanism after the 

Inclusion. Still, 

however, regions of 

ductile cleavage 

failure are evident 

between the 'steps' 

of brittle failure. 

(Mag. x 600)

M T E  5.59: 'Broken-up' (%»S 

inclusion affecting 

crack growth local­

ly. Note the small 

brittle facetted 

region and related 

fan-shaped growth. 

(Mag. x 200)
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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 level 

of the MnS the pres­

ence of which has 

been 'sensed' by the 

crack front. The crack 

then extends into a 

local region of envi­

ronmentally assisted 

fan-shaped growth.

PLATE 5.61: (Mag. x 300) 

PLATE 5.62: (Mag. x 300)



PLATE 5-63 " 5 -65: Mn^ delusions 

showing that the MnS 

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)
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PLATE 5.64: fan-shaped regions of 

crack growth origin­

ating from the 

inclusion clusters. 

(Wag. x 300)

PLATE 5.65: Faster crack growth 

region extending 

slightly past the

Hnal MnS inclusion.

(Mag. x 300)



These experiments were all carried out at an 11-ratio of 0.7 (as 

opposed to * * 0.2 for all other tests). Figure 5.25 shows the air 

test and It Is Immediately obvious that the data lies above the 

USE HI (1980) 'dry' curve. For low IK values (19 W a  4 ■) the air 
data was even above the P.W.R. (R < 0.25) curve (ASNE code), 

figure 5.26 combines the da/d* versus *  curves for the 0.2 It-ratto 

tests and the 0.7 ft-ratlo test. Clearly the ASK curves could re­

quire revision for fatigue testing In air.

S.E.H. analysis shows that this rapid crack growth rate at low IK 

can be explained by the presence of bands of inctus'ons found near . 

the crack front (» m from the crack Initiation point) I.e. 0.5 in 

from the prefatigue crack front.

Figures 5.27 and 5.28 show the curves for the 1 Hi and 10 ■* *.«•*• 

environment tests. As expected, both curves He below the ASK

• » 0 85 'water' curve. Figure 5.29 shows both the curves.M 

H  e *  b. s~n that the 10 Hi test, -ich initially •

then, forms a plateau. «oth curves ^  tMI curvn have 
rtte versus *  behaviour at *  • 15 * •  • ^  s )g md 5-3l. 

been compared to the 0.7 K-ratio a ^  ^  ^  „ Mbrts , faster

Figures 5.30 and 5.31 s,,o« that t^ ^  ^  ^  .  „ 1uts.

crick growth rate than elt e . • U(ts tt m  0.2 *- 

Figures 5.32 and 5.33 compare the 0. 

ratio tests of similar frequencies.

, (at *  * 115 m  / •* C°“'d
These occurrences of Inverse behav (See plates 5.71 -
be explained using the fractograpMc evld."

5.83.)
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. X i-unf* for test M R  (2) 
FIGURE 5.25: versus *  curv
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. <r curve! for ***** A W  (l) 
FIGURE 5 26: Combined da/dN versus #  c“

and AIR (2)



PLATE 5.67: Large regions of *>S “f  Z  U T
growth rates are so M g h  f a  the M  \ t
levels.

(Hag. x 60)
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PlATES 5.68-5.70: MnS stringer 

regions which would 

give rise to rapid 

crack growth.
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FIGURE 5.27: da/dN versus /K curve
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F U M E  5.29: a * . - *  da/dN 

,nd P-“-R - (4b)

«  ci -5
for tests P.U.K. (*J)
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A K  CMPaVm)

F1GU„E 5.30: Combined d . / «  

and P-«-R - (4a!

& curves for AIR (2)
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A K  (MPa'/m)

FIGURE 5.31: Combined

and P.M-R- !'10'

dt im  *  curv« for tests AIR (2!
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- i_i j M curves for tests AIR (3)
FIGURE S.32: Combined da/dN versus

P.W.R. (la) *nd P.W.R. (4*)
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3
o

$
ui
i­

s

£

FIGURE 5.33: Combined da/dN versus *  curves 

P.W.R. (lb) and P.U-R- (4b!

for tests AIR (3).
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Test I .W.R. Ua)

PLATES 5.71: 

and 5.72:

Showing general , rat- 

ture su, Face about 

initiation of crack 

growth. Clearly, 

crack advancement Is 

by a ductile strta- 

tlon mechanism.

(Mag. x 1000)

Plate 5.72: Close-up of the above 

fracture surface* 

(Msg. x 3000)

i





PLATES 5.76 - 5.78: MnS Inclusions 
found towards the end 
of crack growth explain 
why crack growth rates 
increased dramatic-' 1 i / 
for the 10 Hz test.

Plate 5.76: (Mag. x 500)

PLATE 5.77: Note fanned region 
originating from an 
delusion site.



PLATE 5.79: General microstrucU .
2 m  from the pre­
fatigued track growth 
region. More rapid 
ductile growth could 
explcln the in itia l 
fast crack growth 
rate variation with AK. 
(Mag. x 1000)

PLATE* -0 req'ir
i . - ■ 

rhes

re«p»’ ;h'v.

•r.iun<i : ‘
v i.o i>«
; ..... q> -w'ur r*i ins
,> i ’ e flanked by
d / i i i e  '<*' growth.

Plate ‘*.80 x 003)

Plate 5.81: (Wag. * 600)
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PLATES 5.82 and 5.83: MnS delusions appear to have no 1rf 1uence 
on the crack growth mechanism in the 
adjacent matrix. Photographs were taken 
1 pji from the final fracture surface.

put* 5.83: * 1 1  of f— * -  • « *  * *  «
Inclusions.
Mag. x WO
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5.3 Poteatiodynaaic Curves and C.T. Specimen Potential ' 'tortna

SASOS material shows no passive reqt n on potentlodynamtcally 
scanning from -200 MV (relative to E. .-) to 1100 «tl (S.C.E.) in 
a P.W.R. environment. A current density of 127 lA/cm2 corresponds 
to a voltage of 0.000 V (S .C .E .). (See Fig. 5.34.)

The freely corroding potential (Ecorr) for SASOS at 20 °C is 
-674 *V (S .C .E .). Ecorr • -*»» «* (S.C.E.) for SA508 at 50 °C. 
The clevis (for C.T. specimens) is manufactured from AISI type 316 
stainless steel, and W r  for 316 stainless steel in a P.W.K 
environment was found to be -376 mv (S.C .E.).

linear polarization (at 20 °C) showed that the general corrosion 
rate corresponding to an Ec0rr of -674 *  (S .C .E .), was 6.37 mpy 
(0.16 mi per year).

Sample potential recording using a calomel electrode and a Luggin 
probe was carried out for five corrosion fatigue tests. These in­
cluded the orientation and temperature tests as well as the 1 Hz, 
r .  0.2. sinewave, room temperature test. The results are plotted 
for two of the tests, one at 20 "C and the other at 50 °C (Fig. 
5 35). It was found for all the potential monitoring tests that 
the sample potential only varied with temperature. The results 
plotted on Fig. 5.35 have not compensated for a temperature
correction i.e . the results correspond to the direct S.C.E. reading 
at the particular temperature of Irterest (20 °C or 50 .
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FIrtORE 5,35 : SPECIMEN POTENTIAL VARIATION WITH CRACK LENGTH

■6C0

PUR ENVIRONMENT TEST 
FREQUENCY * 1 H*

It RATIO » 0 .2  ft
TEMPEP.ATURE OF TEST! 50°C 
SINE WAVE LOADING
THROUGH THICKNESS SPECIMEN OR1EJITATI0N

c r a c k  le n g t h  (mm)
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Charpy impact testing showed th«t * definite orientation effect •>- 
Ists for the forged nozzle region (through-thlckness crack growth: 
Charpy Impact energy ■ 268 J versus 154 J for orientation snples). 
Tensile test* showed no effect of orientation (oy • 492 MPa, 
°U.T.S. " *** * * •  ^  63.15*) and hardness
testing also showed lit t le  effect of orientation (Hypo • 227).

The chMlcal composition of the steel was typical of a wrought
0.161 C (1.38 Hi, C. ’ Hi, 0.52 No) low alloy pressure vessel 
steel. The nMcrouructure corresponding to segregated (dark) 
regions and light regions of upper batntte. These dark regions 
contained the NnS stringers and lay 1n the working direction. 
Necroscopy and sulphur printing showed that large 'plates' of NnS 
stringers are present (the NnS lying in orientation B and the 
■stacking' direction being in orientation C).

The corrosion fatigue tests were carried out 1n an environment that 
simulated P.N.H. conditions within a nuclear reactor (K<25 |iS .a r l i 
1*1 • 6.5 t 0.2; 02 < 10 ppb; F- < 40 ppb; C l' < 120 ppb; B • 
±900 ppm; Li ■ *1.6 ppm; H2 ■ 5.5 - 21.7 std.cc/kg HjO; SO**- 
< 30 ppb).

The air tests (AIR(l) and (3)) both produced da/dN versus *  curves 
lying below the AS* dry line and the crack propagation mode was 
found to be ductile striated growth. The 'basis' tests P.N.H. (la) 
and (lb) showed environmentally enhanced crack growth. This was 
more pronounced for the lower frequency test, but enhancement «.« 
noted for the 10 Hz test. NnS Inclusions have resulted in local 
. tgions of fast fan-shaped crack growth.

Th- orientation tests showed a 'aster crack growth ra.e than the 
basis tests. Test MR(«0R) gave crack growth rrtes above the ASK 
dry line. The reason for this behaviour was because of the MnS in­
clusions and their orientation to the main crack front resulted in

5-4 S— ry



fanned, terraced regions of fast crack front*. Hie 10 Hi and 1 Hi 
P.H.R. tests showed fast crack growth (fan-shaped) fractojrapltlc 
features and both tests gave higher crack growth rates than the d r  
test. NnS inclusions aided fast crack growth, this being partic­
ularly noticeable In the 10 Hi test.

Both temperature tests (5n °C) gave crack growth rates Mrgtntlly 
above those observed for the 20 °C tests. Thus, an environmental 
enhancement effect observed and tl.l* effect was greater for the 
I  Hi test. Regions of fast cr«ck growth, about NnS Inclusions, 
were visible for both the tests.

The 0.7 R-ratio alt test oroduced crack growth rates greater than 
the ASME Air line data. This *a$ as a result of bands of ItoS In­
c isions (found on the t rface) aiding crack growth, the 
inclusions ha.s result ductile striated cracl- growth 
morphology. The 0.7 '• environment tests (10 Hi and 

Hi) showed an Inverse ben.. j t  *  • US » a  / »• fr« -  
ture surfaces showed regions of Intergranular failure In this *  
regime. Fractographlc feature? can e»pl*1n why the 10 Hi test Ini­
t ia lly  *ho..«4 i  plateau behaviour and then an Increase 1n crack 
growth rate .tth * .  The I  Hi test only showed a plateau behaviour 
at a later stage (#  > 15 HPa /«)•

Potential monHoring studies Indicated that the potential recorded 
during the corrosion fatigue tests corresponded to the freely cor- 
L Z  potentials f *  SA508 « 3  steel. . t  the te.per.tur, of U ,t-

1ng.

- 214 -
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6.0 DISCUSSION

6.1 H«mlurglcai uata for ion MUy »,i-m-Ho Pressure h m i  
Steels —— — —

SA508 CO 1s a Hn-Nt-Mo lo» alloy steel listed 1n Section I I  of the 
ASHE Code as a nuclear pressure vessel steel. Die nuclear reac­
tors. Installed at Koeberg (Cape Tom), were manufactured In France 
by Fraaatome and details of the specified chemical composition and 
mechanical properties of the SA508 C» forced steel are given In 
/able 6.1. Included In Table 6.1 are the average chemical compo­
sition and tensile properties for this series of tests ant for 
SA533 art C*1 : ‘ «e1. The latter steel Is the 'rolled* equivalent 
of the forged SA508 C*3 steel. (Each Material Is used 1n the manu­
facture of different sections of the nuclear reactor.)

Clearly, the SA5U8 C « nozzle section, wed for these experiments, 
conforms to specification.

A number of limitations has been made «1th regard to the AS1K stan­
dards. T’ese limitations are based on the fcllowing considerations:

a) limitation of the maximum carbon content to O .ttt. Improvement 
<n wildablllty (and toughness).

b) Restriction! on the sulphur and phosphorous contents. Improve­
ment in toughness (transition and upper shelf).

Limits on the extents of copper, cobalt and other residual 
elements. The copper and phosphoious content Is limited to 

i «ff»ct of Irradiation embrlttlfflient on the Selt
T T Z X u  i .  « T t  content Is IhMted to .1n1»1« 

m .rtw lty  of the vessel walls after a period of 
,  Sb 4nd <*, are f •, md at lew residual levels o.lng to t

to reduce ot............... - I — .-



TABLE 6.1: Chemical and Tensile Requirements for Nuclear Reactor 
Pressure Vessel Steels

A. CHEMICAL REQUIREMENTS (product analysis)

*
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Element
U)

SA533 Gr B Cll SA508 CO This Test Series 
(SA508 CJ3)

C 0.22 max 0.22 max 0.16
Mn 1.10/1.55 1.12/1.53 1.38
P 0.025 max 0.025 max (b) 0.013
S 0.025 max (c) 0,025 max (c) 0.008
S1 0.13/0.32 0.11/0.39 0.25

N1 0.37/0.73 0.37/0.83 0.77

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.c) 0.06

V 0.04 max (d) 0,04 max (d) o .o v

(a) m1n/max

(b) For core shells
p < 0.015* Cu < 0.10*
For Nozzle shells and Nozzles 
p < 0.017 Cu < 0.12

(c) For reactor vessel:
S < 0.20* Cu < 0.20*

« )  For SA533 8 C l  and SA508 Cfl cl added components V <0.01*

___ ____ rm cAcfta r rt  and SAS33 &  8 CAi

R 0.002 
(MPa)

Rm
(MPa)

20 °C
U
(5d)

at

343 °C
R 0.002 

(MPa)

360 °C
R 0.002 

(MPa)

345 552/666 18 38 286

•-SA508 Cl 
test ser

a for this 
tes492.6 625.8 22.8

4
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d) A Limit on the vanadium content 1n ord* to Improve the resis­
tance to I'nderclad reheat cracking.

e) Austenitic grain growth 1s avoided bj a1um1n1un killing of the 
melt.

Alter forging and quenching, the nozzle section undergoes typical 
preliminary heat treatment [55] which consists of:

.  furnace cooling to 350 °C immediately after forging

• austenltlzlng at MO - 950 °C

• a ir cooling to 350 °C

. tempering . t  approximately 650 °C followed by furnace or «1r 

cooling.

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

rough machined.

6 . 1 . 1  <" "-ooertir- -»>■ thickness and anisotropis. A g ja

theme1 ■elam cal t fM fa r t j

F roifw or rolling operations induce a preferred or entation of the

S J ;  acc o r d in g  ° t o  * e t h e r  the lnc=  «

matrl* an- do not defor. (oxides . or „ s ) . Hot

the matrix and ori,ntatlon of the .ones of minor

S I S T I S  occurs during solidification of the Ingot.

.  . . . 1  ~„n,rties of the structure are 
Since the ph> and «*c lnvolved, the result Is for
not Isotropic for all the th,  ».croscoplc scale,
anlsotroplsm of the mechanical prop^ies



FIGURE 6 .

'•  q u a l i t y  h e a t  t r e a t m e n t  (35,
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In the forging considered, the anlsotroplsm resulting fro* the pre­
tence of Inclusions 1s t major cause of variations in Impact prop­
erties.

The presence of a pronounced directional effect can be recognized 
by the fact that the Charpy Impact strength values obtained from 
specimens resulting 1n crack gronth In tin transverse 4tr*tl#n ere 
higher (268 .1), than those obtained from specimens resulting In 
crack growth 'n the longitudinal direction (154 5).

This reduction In CVN Impact st engtn ts more Important at the up­
per shelf of the Charpy transition curve. It Is , ol course, a 
function of the forging ratio related to the longitudinal and 
transve.se working directions, and of the sulphur content. (The 
ductile-to-brlttle transition temperature for SA508 CO material U 

about 0 °C.)

It, the Impact strength values.

irradiation, but Is

margin.

Klcrostructural observations 
ria l had a uniform erfcrostru..-
rial Had a
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of bainite remains constant. However, sulphide stringers appear 
throughout 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 as a result of the forging process (Plates 
5.15 - 5.17).

6.1.2 Itetallaralcal structures encountered In thick products m  
ki-m-Ho low alloy steels

Typical thicknesses range from 250 m  to 460 m  for reactor vessel 
forgings and reach 600 m 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 JC/hr it he final 
machined surface to 600 °C/hr at the mid-thickness of the tube 

plate (Dg. 6.2).

The CCT diagram (Fig. 6.3) shows that wider these conditions, a 
duplex microstructure is encountered which basically consists of 
bainite with a small amount of ferrite . The proportion of ferrite 
It  generally under 20* at ‘/»T location end «a> reach 40 - MK a- 
mid-thickness for the thickest products (Fig. 6.4).

The tempering te^erature 1s seated to optimize the ^ .  be­
tween tensile m«h.n1c.l properties and toughness In * r t * u  « ,  
tempering at an excessively high temperature results in degrade! on 
on T l . p . c t  resistance due to the irreversible temper -b rltt le -

ment of the material.

- - "  - r i — ™were, noticed, both Clearly the mechanical properties

r r  -  affected by *  of M  stringer
rthserved for the fatigue tests)*Inclusions ( «  observeo tof

«
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Vr700  ̂ C h '

FIGURE 6.2: Cooling rate
at 700 C/h as a function of thickness
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PI SURE 6.4: Microstructure developed as a function of cooling rate 
(SA508 CA3, austenif izing WO °C/hr, Grain sUe: 9*10)

6.2 <Ufl« P f l f t U I  Haiti te rM

Until the present time much controversy has been attached to the 
necessity for c«,p.ct tension specie  isolation tr~ , the c evU
and pin arrangement. It has been argued that specimens contacting 
clevises (usually manufactured from more corrosion re s is t ! ,, mate 

,1 n the P . L .  environment! could result in a
*••••» ApnrA$(. ftr«hich' could interfere 1  ;h the corrosion-f.tigue process Also
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conductivity of the oxide layer, formed on 2lrcon1w , after a spe­
cial furnace heat treatment. It has, however, been observed that 
this brittle oxide layer 'peals' off and, after only a few tests, 
electrical Isolation 1s broken [S3].

It  was therefore thought that a simple potential monitoring test 
(during corrosion fatigue) followed by a potentlodynamlc test for 
both SA508 CJ3 and stainless steel (316), the cle<1s material, 
would prove whether specimen Isolation was necessary. F1gur' 5.3C 
shows quite clearly that the sample potential (monitoring) corres­
ponds to Ecorr (the freely corroding potential) determined In a 
potentIodynamic test. It  was found that for a probe mounted 1 cm 
from the crack Initiation point ( I .e . 1 cm from the specimen side 
face) the sample potential only varied with test temperature. An 
Ecorr of -376 my (S.C.E.) for the d e ls  material In a P.M.*. en- 
viroment shows that the presence of 316 stainless steel, being 
electrically connected to the sample, has had no effect on the cor­
rosion potential of the compact tension specimen. It can therefore 
be concluded that specimen Isolation Is not essential.

dearly , the above conclusion 1s only valid for the system us* 
during this series of tests. One could assume that I f  W *
»  (C.T. specimen) (at the temperature of testing) and 1f
the sample potential corresponds closely to Ecorr s**c *
Z  ^n the P.W.*. environment), then electrical Isalat on »u,d

:  »
the above conditions woJld usually be met.

lt  ^ I d  also be pointed out « £ £ £
tertal Is 1. contact with the c U «  n, ^  > u  „

— s 5teei ,:s,:rr £  i — — ,orconsidered unnecessary to . 
the clevis and pin arrangement.
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6.2.1 Pourb. I« diagram - Fe - H,0 system

One of the most useful developments of recent years has been the 
construction of diagrams, w ith  pH and potentia l as co-ordinates, 
representing the various chemical and electrochem ical equilibria 
which affect metallic corrosion. The curves divide the diagram into 
regions within which Immunity, corrosion or pass ivatio n  may be 
expected to prevail [52].

Figure 6.5 shews the i>ourbaix diagram f<v ifjn .’5 CC This dia­
gram can also be used for the low alloy S«508 ta3 steel without 
incurring too much error.

FIGURE 6.5: Pourbaix Diagram for Iron at 25 °C

above P o u rU I*  diagram in 
o f c o r ro s io n , p ass iva t io n  andof co rro s

iron.
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6.2.1 Pwirtntn diagram - Fe - H]0 intern

One of the most useful developments of reccnt 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 laaunity, corrosion or passivation ray be 
expected to prevail [52].

Figure 6.5 'hows the Pourba<x diagram fo> iron at 25 °C. This dia­
gram can also be used for the low alloy SA508 C« steel without 
Incurring too much error.

FIGURE 6.5: Pourbal* Oiagram fo r !r* > at 25 C

The
-674

. *  caeinfl CJ3  stee l were found to be  

mV ( S . C . E . )  « t  2 0  ^  ^  ^  v i l i f y i n g  the

ECOrr potentials were measUred ,  and showi„ , the re^ons
Jbove F „ .  , 6 .  for
o f c o rro s io n , p a s * '* * ’’



FIGURE 6.6: Simplified Pourbalx Olagram for iron (25 °C)

Note that the regions of corrosion, passivation and Immunity change 
with teRt'erature and Fig. 6.7 shows the above diagrw at 300 °C. 
However, assmlng that the Pourbalx diagram does not change much 
for temperatures in the range 20 to 50 °C and scaling the sample 
potential values to correspond to the standard hydrogen electrode, 
the C.T. specimen potentials can be superimposed on Fig. 6.6. The 
two potentU1 values -428 m  (20 °C) [57] and -426 M  (50 °C) [57] 
correspond to pol*. A In F 1g. 6.6. Clearly, the conditions He 
»1th1n the corrosion region, I .e . fron a thermodynamic point of 
view the SA508 C43 material corrodes at the test conditions.

Clearly, this corrosion region shrin.s as th. ter.perature increases 
and for 300 °C testinj (for similar 0  and potentials) the Pou-baK 
diagran shoss that the FejO, o*ide reS1me (^sst.rtton) could de­
fine the test system. Potentials of t » l « . l y  -700 M (S.H^E.) 
have been reported for 288 °C testing 1n P.W ». environments [54].



FI6UKE 6.7: Pourb,1, « 1 « r«  for ^  ' *«■ «t 300 »C (dissolved 
iron 10-5 H)

Anodic dissolution «.d hydrogen .O rH t, ,ent processes could both 
producing environmentally enhwcd c, »ck growth.
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The 'J«/d* versus 4K curves hue clearly show) that crack growth 
ratei are higher in P.Vi.R. environments (as opposed to air testing) 
at R-ratios of 0.2. One cou’ d argue that the «nhanced crack growth 
rates are as a result of tt« presence of inclusions (e». for It ■
0 .7 ) , but this cannot expliln why crack growth rates to P.W.R. 
environments are faster than crack growth rates In atr environments 
when fractographic evidence shows that both atr and P.M.*. test 
steels have similar inclusion contents (s ite , shape and morphology 
of inclusions are also sim ilar). Certain regions of fast crack 
growth (Plate 5.54) were (only ofierved during S.E.H. analysis on 
the P.W.R. test fracture surfaces) found before the inclusion. 
This is  clearly evidence for a hydrogen ertrlttlement crack growth 
nsisted mechanism. It  should be rema*ered that the P.M.*. simul­
ated water has extremely low oxygen cmtents (less than 10 PI*) 
but. is saturated with a hydrogen over pressure of «o to M kPa. 
Th „ corresponds to a dissolved hydrogen content of up t o J U  *«• 
cc/kg H,0. Clearly, the conditions for having a hydrogen wbrU-
tlement process are met ar «uld appear that 1̂ lus|°“  *t”  
Blav a rSle in the «*bri‘ • process. to »odi< dissolution 
mechanism for environ.,- m U U t  crack growth can. howler,

. net be ruled out (see pn= <36).

6.3 Sulphide InciwsiQM
. <1 in the optical «1croscope.

* *  »  * u  '*  ®H Ightly transparent and 1-
I t  is a dove-grey In colour f ' * De J r» .t 10n of the steel 
active polariied llg M p ^  tne *rk1n,

usuall "suits in ^  The nwphology of '*
dlrectii- . forming « ' » * * " » •  Using the class-
steel ingots depends on t^ asteeM  • *  ^  ^  ^  b,
ificatlon given by S1m» «"d Dahle
described as a Type I ,  Type I I  or Type .

„  ties often duplex with
Typ,  i is <.iobUi . r
oxygen compounds u>d steels.
tyfe 1s found in both carbon and 1*.
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HnS of Type I I  has a dendritic structure and is often called grain- 
boundary sulphide because it Is distributed as chainlike formations 
or thin precipitates in primary Ingot grain boundaries. Sometimes 
it  seems to have solidified In an ei *ct1c pattern. This type <s 
found 1n steels, deoxidized with Al without an excess of the deoxi­
dizing metal.

Type I I I  Is Irregular, often angular 1n shape and randomly distri­
buted in the oatrH. This type is. often similar to Type I and 
there 1s no marked difference between the two types. However, Type 
I I I  always forms monophase Inclusions, «*iereas Type I usually Is 
present 1n multiphase Inclusions. Type I I I  Is most frequently 
found 1n suels deoxidized with an excess of A*.

The sulphides observed In this work can therefore be ass«ed to be 
Type U Inclusions which »r* found in killed steels, thoroughly de­
oxidized with At. but without excess and where the oxygen content 
1$ low. As a consequence these steels have a high sulphur solubll- 
Ity  and the sulphide phase precipitates late In the last parts of 
t.«  sue! ingot to solidify. Therefore, the Type I su1̂ £

t  s s j s x s  »  r s a - ~  
; 7. — * - - -  - :  ^
sulphides, which are precipitated at higher t e m p le s  and oxygen 

contents.

culnhtir orlntlM W>d ICW«^9 tltC-
Optical surt, c, s show clearly that the sul-
tron microscopy of the fracture 5 J m  aphides

pH.de " R a t io n  H t h U : J  which would .PP. to be segre- 
, 1.  1n the dar» be ( rtrlnger type Inclusions 1s

" •  r , » . « ' » » • » <  "  *“  

.........
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MnS of Type II has a dendritic structure and Is often called gratn- 
bound»ry sulphide b'taise It Is distributed as chalnltfce formations 
or thin precipitates In primary Irgot grain boundaries- Sometimes 
It  ".eems to have solidified In an eutectlc pattern. This type is 
found In steels, deoxloized with HI without an excess of the deoxi­
dizing metal.

type I I I  Is Irregular, often angular In shape and randomly d ls tr-  
buted In the matrix. This type Is often similar to Type t am 
there Is no marked difference between the two types. However, Type 
l i t  t ’ wsys forms monor’ âse Inclusions, Pereas Type I usually Is 
present in multiphase Inclusions. Type !U  Is most frequently 
found In steels deoxidized with an excess of Ai.

The sulphides observed In this work can therefore be assimed to be 
Type 11 Inclusions which are found in killed steels, thoroughly de­
oxidized With H .  but without excess and where the oxygen content 

, w  As a consequence these steels have a high sulplnr solubU- 
i t ,  and the sulphide phase precipitates late in the last parts of 
the steel ingot to solidify. T h erefo re  the Type *
found in the primary grain boundaries in a d « d « .D. ■

Tta n-eclpltatlon pattern fcr Type t l sulphide depends
more on' ta.per.tur, and oxygen content of the steel than for T*peJ 
sulphides. Which are precipitated at higher f e a t u r e s  and oxygen

contents.

„ „ „  -uinhur pr nting and scanning elec- 
Optical microcopy. « c r K o  . ^  ^  ^  th, t tht
tron microscopy of the fractur  ̂ ^  S J ^  w<pM4et
phlde orientation Is that o w 1 j 4ppMr to be segre-

" «  th* d‘ rk r Sf o ^ , n  of these stringer t * »  inclusions Is

r r r r ; « r ^ -

Sulphur printing *  « « S  C*3
stringer
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but rather at 10° to normal. This mans that bands of sulph14«s do 
Intersect the Inside surface of the pressure vessel nozzle. Clear­
ly  these regions (Plate 5.9) could act as crack Initiating sites 
for corrosion fatigue or stress corrosion cracking (notch effect). 
Plates 5.15 and 5.17 do show that the sulphides ere less clustered 
at the surface, n i  that the density of sulphides Is greater, 
clearly as a result of the forging proc*-s. Both these plates do 
show the 10° angle that the sulphides make with the inner wall of 
the nozzle. EOAX analysis showed all sulphides on the fatigue 
fracture surface to be NnS (Plat*. 5.21).

An Important observation to make Is that the sulphides cle*~ly 
affect crack growth in a dramatic way (see possible mechanisms) wd 
neither of the heat treatments (rough or quality heat treatments) 
w ill 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 SA508 CI3 steel forging. 
F irs t ly , inclusions can be seen to «1d crack growth 
effect of a P.M.R. environment. Secondly, hydrogen Mbrlttlament 
and anodic dissolution processes aid in the crack advancement but 
Z  c *  only be deduced once careful attention has be* given to 
the inclusion clusters found on the fracture surfaces.

6.4.1 Mr tests

T r  r r . “ . . ' x r - -  ^
<B *  *,r t en:  7^  eel. Fractographic evidence .how  * *

r ‘ U  *  ' 1  f L  4  inclusions on the fracture surfaces an 
both air tests have few . ^  $ubse, uent regions of fast crack
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phlde Inclusion volme fractions, it  -ould be expected that crack 
growth rates would be similar for the 1 Hz and 10 Hi tests (crack 
growth along orientation A).

Figure S .12, on the other hand, shows that test AIR(40R/ produces 
crack growth rates well abuve these experienced in the above tests. 
The air line data for test AIR(40R) even lies above the ASHE *1 
(1980) subsurface flaw (air) curve. This is however not surprising 
when the fractographs are studied. Long manganese sulphide Inclu­
sions can be seen to Initiate rapid crack growth. The MBS inclu­
sions affect the local stress field ahead of the crack tip since 
the Mnr 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 concentrate* in the adjacent 
matrix, the rt)S really acting as a stress concentrator. Plate S 32 
clearly shows a pronounced terrace effect. These regions (hase of 
terrace) would be located away from the main crack path and are 
jlined 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 ASHE air 
line. Once again the fast crack growth rates can be seen to result 
from the presence of large *iS stringer inclusions.

I t  is also import** to note that the general fracture .urface con­
sists of large regions of fast fan-shaped crack growth. Mate 5.68 
shows this fan-shaped crack growth occurring after the crack front 
has passed a MnS. This could be explained by crack velocities. 
1 e. before the crack reaches the MnS the growth mechanism is duc­
t ile  striated growth. Wien the crack front reaches the 
the local crack growth rate Is acceleratedand, onl, . Urn> do* «  
the effect of the inclusion has been dissipated; this period cor 
responding to fast ductile striated crack growth.

the 'best1 and 'worst'. In other words, the best resul ,
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crack growth rates, would be obtained with crack growth normal to 
the direction of the sulphides. Snples In orientation t  were 
found to give rise to crack growth In a direction parallel to the 
Manganese sulphides. Microscopy Hid sulphur printing revealed that 
the clusters of NnS Inclusions (Plates 5.12 and 5.13) lie  In the 
notch dtrectlon of specimens machined fro* orientation 6 (Fig. 
4 .2 ).

6.4.2 P.M.R. environment corrosion fat lane tests

The 'basis' tests P.N.R. (la) and P.N.R. (lb) 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 a ll three tests was oroxlmately the s * .  Plates 1.28 «d 
5.30 show regions of fast crack growth before the crack reaches Me 
Inclusion. » region of ductile tearing appears Just before the 
Inclusions, this area corresponding to crack movement towards tte 
Inclusion, I .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). »s both tests, P.H.R. (1*) * *

P M (lb ) , show similar fractographlc features. It  can be asswed 
that hydrogen ertriulement Is Influencing crack growth. The lower 
the te .t frequency, the greater th . e*-.1ro**nta effect (h19wr 
crack jrowth rates). This 1s Indeed what one would expect If  hy-

growth, since lower frequencies allow « r .  time for bett. 
diffusion ahead of th . crack tip w* ^solution at the
crack tip . Fast failure regions .re apparent about the « « * « «

s u z z z l z  r .,r r «

r r
hydrogen could accumulate.

vU  *  environmentally assisted f.»-*M0* « • * « *  
As crack growth, via an env H  con>
. . .  . ,« v s  in the direction towards th. *.S ,

abijut th® Mnv

ism, H ’ s are particularly pro«1n«mt
Cuded that hydrogen «b rUt,ed „ p referentia l to
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the NiS Inclusion. This Mould dispel the gas pressure bursting 
theory for these tests. According to this theory hydrogen accinul- 
ation at sites ahead of the crack front could be high enough to 
cause fatlure about the accumulation site. This would shox-up 
fractographically as a crack initiating fro* the Inclusion and 
travelling back towards the advancing crack front. However, for 
1 Hz and 10 Hz tests, the hydrogen Accumulation at a manganese 
sulphide would not be all that great, before the advancing crack 
had reached the tncluslon.

Note that the inclusion sites are often associated with branched 
cracks. These are cracks that have formed at the 'base' of the 
inclusion. Tliese regions would probably be more heavily embrittled 
and the main crack front would therefore follow the nbrtttled 
path. Only once the tensile stress, component had 'out-wsighed1 

this Mbrlttlment effect, would the crack continue normal to the 
tensile stress. I .e . restart from the Inclusion site.

6.A.2.1 Influence of sulphide orientation

The MnS inclusions lie  parallel with the crack growth rate direc­
tions and It would be expected that crack growth rates should be 

- .. ____ ___________ __ tfcmt thrnuoh-thickness or ten­

sions have produced Ivge f*«-
vlromentaUy existed fa il le -
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pattern between the lonn HiS stringers. The HnS Inclusions occur 
In discontinuous stringers and for large sections, the crack pastes 
from the 't a l i '  of one Inclusion to the 'head' of another, thus 
facilitating  rapid crack growth.

Specimen P.M.P. (2b) show a similar 'f la t ' fracture surface ( s t i l l  
ductile strWted crack growth), but the nunber of Inclusions found 
on the surface Is considerably reduced. The inclusion* are also 
more globu and In tome cases are fla t dltk-llke Inclusions 
(possibly Type I HnS Inclusions: see Plate 5.52). Therefore, al­
though the hydrogen snbrittlement/anodlc dissolution assisted crack 
gr wth model 1s s t i l l  valid, the presence of Inclusions has result­
ed In even greater crack growth rates. Note, comparing tests P.W.R. 
( la ) , ( lb ! , (2a) and (2b) with the respective air line data one 
could make the following deduction: For test P.K.R. (2a) the pre­
sence of a larger concentration of manganese sulphides has resulted 
1n a crack growth rate incrr ".e of approximately twice that expect­
ed I f  only hydrogen « * r 1tt>ement/anod1c dissolution has assisted 
crack growth (with only a few HnS Inclusions present).

6 .4 . 2 .2  Effect of tenerature variation

Since hydrogen eaOHttlwent and anodic dissolution have been 1den- 
tlfled  as the environmental factors enhancing crack growth. It 
wtuld be expected that Increasing the testing te.per.ture (50 C) 
should increase the crack growth rates above those found for the 
20 °C tests. Increases in temperature should result In more rap 
hydrogen diffusion *'d metal dissolution, but the M  inclus on 
network would also need to be considered since. If  very ,ew * S  in 
elisions were found to assist crack growth, the inc.ease in temper­
ature could actually decreas. the crack growth ra.es.

. .  the 10 Hz and 1 Hz tests exhibit ad-

i r  »• •» -  *,rrrr  ̂

tested.
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On comparing the 50 °C tests with the 'corresponding' 20 «c tests, 
1t was found that the 10 test showed a greater Increase 1n crack 
growth rate. This could be expected from the fraetographic evi­
dence, since regions of 'fast'-ductfle-strlatlon crack growth are 
evident (Plate 5.53). Plate 5.54 shows a rtgloi, of brittle cleav­
age before the crack has encountered the MnS stringer. This region 
is  itoout 25 1*  long, the inclusions appear to be sites that have 
initiated fan-shaped regions of environmentally assisted crack 
growth (Plates 5.56, S.57 and 5.59). Plate 5.58 shews a region of 
b rittle  cleavage found after the crack front has reached the MS. 
The regions of cleavage are linked together by ductile tearing. A 
similar region of cleavage can be seen in Plate 5.59. P.M.R. (3b) 
(1 hi test) shows that the inclusions have initiated regions of 
fa',t 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 'down1 to the MnS. The base of the inclusion site 
is  usually an initiator for a crack (this has been explained be­
fore). A fanned region of environmentally assisted crack growth 
then enanates from the Inclusion site (Plates 5.61 and 5.62).

6,*.2.3 tt-mtlo tests

The 0./ 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 striatlon 
ir«chan1sm of crack advance.

The P.ti.R. environment tests show an inverted behaviour, in that 
the plateau formation changes to a linear (log scale) increase 
crack growth rate -ith increasing « .  for the 10 Hi test. T e 
opposite effect was found for the 1 Hi test. It is to
Z  that the results of both tests lie  ^  -

, r,„d1c dissolution would be *** eonJtant for both the 0 .2

that the < Jnd therefore. the loads vary

an̂  17 S k;  rlspectively). The 0 ,  R-ratio is therefor.
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permanently In a 'higher' tensile stres.ed state, which would pro­
mote hydrogen dtffuslon and Increase the effectiveness of hydrogen 

dsorptton, Likewise, the stress concentrating effect brought 
about by dissolution at si Ip step Mergence Mould be enhanced.

Test P.U.K. (4a) resulted In an In itia l ductile strlatlon crack ad* 
vancement process but, at *K * S5 Wa / ■ cleavage facets Mr* «►> 
served (Plates S .73 to 5.75) and a n a il region of tntergranulw 
failure occurred. At both specimens, P.N.R. (<»’. *d  (4b) stoned 
these features at appro*loately the sane a*, and were cut frm the 
sane section of material. It can be assuned that these region* are 
heavily segregated. This, 1n Itse lf , could cause the fractograpMe 
features, but hydrogen embrittlement could certainly have contri­
buted ta the Intergranular cracking. For *  > IS » a  /  •  inclusion* 
were found to Influence crack growth (a) fan-shaped regions of en­
vironmentally a ss ist*  crack growth after the InclusK ,. (Plat.
5 76)' (b) tm originating froai an Inclusion siW (Plate 5.77);
( j j  if..ti.ductile-stria ted growth re ,a t*  to an Inclusion (Plate

5.78).

Test P.N.R. (4b) shows crack growth as regions of ductile R a t io n
* 4 » tit < IS MPa / •* Inclusions were obs®f¥id 

/ t h e o n  the ductile strlatlon ^  

£ £  J L Z *  Process was only local , 1. . .  - «  —  •» 
fast crack growth ahead of the Inclusion).

s>5 cunMTH MECHANISMS

Th« experimental work
tiate between hydrogen Mb ^  mechanism 1s, how-
for advanced crack gro' • w  sa 508 C«3 material, at
ever, ruled out since the oxide ^   ̂ ^  piss, „ t(fig oxide 
the temperatures of intern , t i^ r . tur.  testing -here a
, , ver. This ''oes not apply » 
passive oxide layer 1s formed (see P®9* 227).

, „  the fractu-e surface must. ho«ever, 
The MnS inclusion significant enhaceaent occurs, t
aHo be accounted for.



ductile strtatlon mechanism changes to regions of relatively fast 
ductile crack growth, or the presence of sulphide Inclusions has 
played » role 1n crack advancement. Fan shaped features would In­
dicate that MnS inclusions have a definite role in th* entvroment 
assisted crack growth process (Plates 5.57 and S.M ). This Is en­
hanced by the discovery of regions of fast failure In front of the 
ttiS Inclusions (Plate 6.54). It 1s also shown that the Inclusions 
are associated with localized microcracking at the 'base' of the 
Inclusion site . The manganese sulphides have been seen to be asso­
ciated with » 'terraced' fracture surface, whtreby th* crack has 
grown by ductile cleavage (Plates 5.61 and 5.82) towards the Inclu­
sion, 1n preference to normal to the tensile fatigue load Fast 
fan-shaped crack growth links the terraces with the main cr*k  
front. Less Inclusions have been found In the ductile strietton 

fracture morphologies.

Th. ms inclusions may conceptually play two rtles «  
advancement process. F irst the, can trap hydr*,* £
metal lattice wh« hydro** diffuses <to«rds ««
hydrostatic .tress ^  « r « ^  *  ^  ^  ^

slons, acting like •  f by the plastic
distribution around t h r i v e s  as *  ^ l o u r  of the
zone, trapped hydrogen «4 the, 1 « e f ' ^
elongated Inclusions toget er w ^  hydr09*n-Induced cracking
of the fatigue crack tip , c m i W  re9lons before the

found around “ V  t t0 the NnS. These embrittled
MnS can cause rapid crack( d, ffus1on paths. The result-
reglons correspond to p r io r y *   ̂ tonlrt)on. -ere  1«clu-
1ng crr'x front path Is seen ^  ^  w t(lt f r , c.
slons displaced from the ma1 n  mainly observed

tur.  ' " s i *  indicates that they provide

vtronmentallynrooosed to control th. environment... 
the two principal process”  p■*> ^  ^  ^  ,  simulat 
assisted cracking of »  508 MS ,  ^  ^  ^  d1, Mm1on it
ed P.N.R* environment are-, I I
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the crack tip giving rise to crack advance i t  * rat* control lea by 
the kinetics o? * various electrochemical reactions and loading 
conditions and ( ,  : •'-oration phenomena (hydrogen embrittlenent) 
i t  the crack tip  ar. . associate: diffusion into the strained lat­
tice ahead j f  the resulting in a decrease 1n local atchailctl 
Integrit . Adsorption pheno..’ ’ na include concepts of reduction in 
surface energy brought about by chea!sorption of specific environ­
mental species which, In the case of hydrogen atoms. can absorb 
Into the strained crack tip . Both adsorption and dissolution pro­
cesses have been used 1n mechanist 1c descriptions of crack In itia­
tion and growth with each contributing to various wtents at dif­
ferent states of crack development. The dominant mechanisa Is that 
which results In the fastest crack development with overall kinet­
ics conforming to that specific underlying process. Removal or re­
duction of one essential component nay stop cracking by this pro­
cess but does not preclude the possibility of cracking continuing 
by another. It Is Important to real lie  that corrosion fatigue 
phenomena are a part of general materials behaviour occurring over 
ranges of conditions, not a consequence of a «<«» *  *  
clrcunstance!.. As such, the assumption of a unique 
process for even a single .Hoy/environment system Is considered

unreal‘ stic.

Ml proposed mechanisms for the environmental enhancement of crack 
;:iwTh T n c lu . a direct interact!*, of t h e w i t h j h e

strained
,  «. the development of mechanistic

The use of fractoaraphy * ^ e$* 05 has Introduce much controversy, 
understanding of ^  that In ductile materials
This is • consequence ot t h e * ire proposed, thereThis *s a , olgtion models are propose.
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of 8 nonometer, as t  consequence of the restrictions Imposed by 
fa c ..rs  such as chemical segregation or lattice strain distortion 
at dislocations and grain boundaries. Such considerations, however, 
have s t i l l  to be reconciled with other experimental data which sug­
gests more electrochemical activity than wuld result from such 
highly localized dissolution, particularly the evolution of large 
quantities of cathodlcally produced hydrogen ana significant compo- 
sltlon changes In crack solution chemistry.

Corrosion fatigue crack growth will oc.*ur at persistent slip bands 
wlitch are preferentially attacked leading the stress Intenslflce- 
tlon. Corrosion as well as local mechanical deformation results 1n

* the format lor if numerous slip bands <*>tch act as microcrack In ltl-
' atlon/growth sites. The corrosion presuaAly occurs because metal

atoms associated with mobile dislocations 1n the persistent slip 
“ bands are more active than surrounding slip bands, leading to

re H ,f In the surface and significant increases In surface 
A! deformation. electrochemical attack occurs at plastically de­

formed areas of metal, with non-deformed met.1  acting as the cath­
ode. The cathodtc half cell reaction could Involve the production

of hydrogen.

w  * . . .  - r r  
. ■ ■ i t 1* ™  r r : “ .  x z ,9en ibsorptlon at the crack Up co ^  ^

m  tlon of the steel matrix. It Is Importantw>
► embrittlement .d /o r anodic «  to r

'■ c h .,e  <« fracture ^  ‘  ^ ^ u e  c L k
f ; « r  seen In the da/dH versus *  curves, i.e

fei® • growth rates,

,  The P.W.R. environment test, therefore show three compl-Hary me­

. 1 chanlsms for crack advance.
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2) Corrosion fatigue crack growth by a hydrogen afcrlttlament 
mechanism (adsorption at the crack tip or diffusion (head of 
the crack tip ),

3) Corrot on fatigue crack growth by the anodic dissolution mech­
anism (coiro.lon at active metal sites of d ip  emergence).

Clearly, he presence of manganese sulphide Inclusions cm aid 
either or both of  ̂ ocess (1 ) or (2 ) .  f irs t ly , by acting as stress 
concentrators ahead of the crack front, the Inclusions can assist 
In the mechanical fatigue crack growth, and secondly, by 'acting as 
hydrogen trap sites resulting In preferential Mbrlttlad path Mys 
to the MS Inclusions (In the 'vic in ity ' of the crack front). HiS 
orientated parallel with the crack growth direction will aid fat­
igue crack growth mor« than NnS Inclusions arlentated normal to the 
crack growth direction, th is c »  be mpUlned by the greater 
stress concentrating effect of the former Inclusion and !>y the fact 
that the crack has effectively been advanced by the length of the 
inclusion (non-coherent). Clearly, If  the Inclusion lies parallel 
to the crack front (Type U *>S stringer), the crack will advance 
by the length dimension which 1s always much greater than the width 
of the Inclusion (typically 50 : U-

0.5 6EHERA;

Clearly the corrosion fatigue of SA508 CM steel I- 
P.W.R. environments or air must be discussed with 
inclusion distributions ana rigorous testing » r« t f * r

oar meters should Include: mechanical testing par-eters 
Testing antaM constant stress or 
(frequency, waveform R ra  . ,e v .H .
constant « ) .  water chemls y P« # ^  ^  conditions 
dissolved hydrogen, c* • ' ;  potential monitoring

r r . r : r r ~  — —
results.
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I t  Is obvious fro* the feove discussion that one cannot discuss 
corrosion fatigue data without discussing the effect thit Inclu­
sions (HnS) are like ly to have on crack assisted growth. An Impor­
tant practical conclusion 1s that 'modem' steel, which generally 
contain, low contents of small spheroidal aanganese sulphides, 
should be less susceptible to environment-assisted cyclic cracking 
than other steels, which contain mounts of manganese sulphide In 
stringer form. In addition, quoting bulk sulphur contents In these 
steels 1s 'useless' Information, unless a detailed ualysis 1s 
given of the sulphide size, shspe, distribution and morphology in 
th» steel forging, since low sulphur steels (containing HnS string­
ers) could give higher crack growth rates than high sulphur steels 
having small spheroidal l%iS inclusions.

An Important fea' ire of the corrosion fatigue tests Is the scatter 
that would be likely to arise for exactly the same test condi­
tions. This 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 a C.T. speci** orientated with the 
notch and later fracture s u r f* , lying along theJnS bands sho« n 
Plate 5.12. I t  would be exp ect th .t crack growth rates,fo r this 
hypothetical case, (for -  .»r test) would ^

»•" r v r r r :  r z r j r s s -  sanlcally weak suiphide stringers

.......-

Inside wall.
,  th. t the corrosion fatigue crack growth

It  would therefore app ^  re the specimen is notched
w ill depend, to a certain ex en , wuu  appear 1n
with respect to the
results (for nominally e 1(-lcft,  that the scatter
phenomenon. ^  „  consl5tent with the

the observed cyclic cr ^  r , „ .
fractographic appearanc
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As tests AIR{40R) anti A1R(2) both It* above the ASK XI (1980) AIR 
crack growth rate curve, it  c «  be assumed that the ASK AIR line 
curve does not represent an upper bound on crack growth rates for 
this steel. Clearly, codes such as the ASK codes will need to 
Include Information on: material characterization ( i .e . not just 
chemlca' compositions and properties of the steels, but also infor­
mation on segregation effects, sulphide stringers etc.) aid test 
environment characterization (including w.ter chemistry partic­
ulars, specimen potentials e tc .).
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7.0 COHClUSIOHS

7.1 Watertal Ttstino

1. Chirpy tests, opt leal alcroscopy, sulphur printing, macroscopy, 
corrosion fatigue tests and S.E.M. studies have show that 
large clusters of ItaS Inclusions are present in the wrought 
SAS08 C13 steel. These Inclusions give rise to anlsoirqilc be­
haviour, I .e . low Impact values and high crack growth rates for 
specimens In which crack growth takes place parallel to the ttoS 
(Type I I )  stringers. No orientation effect was observed In the 
tensile and hardness tests.

. Chanlcal walysls showed the reactor pressure vessel steel to 
be a low alloy carbon steel and no through-thickness composi­
tional variations were observed. The *1crostructure was upper 
baimte with less than »  ferrite . *o .Icrostructural through- 
thlckness variations wer- observed. Sulphide Inclusion clusters 
appear at various through-thickness regions and only at the 
surface of the forging are the Inclusion clusters 'small', but 
the density of inclusions 1s considerable The Inclusions do 
not lie  normal to the surface, but rather at *
M l .  of 10°. Therefore, the Inclusion clusters intersect J *
s u rf ace of the forging. ................... could act as inflation
sites for corrosion fatigue or stress corrosion cracking.

,  ,  T specimen potential monitoring has shown conclusively that,
i T r j s y s t -  d escribed , no s » p le  Iso la t io n  f r o .  m 

for t 6 , . j  th . seeple potcnti
C„ , 1 S  and pin a r r a ^ ^  f'rM  ^ o s l o n  p o tentia l

steel determined during potent1odyn«ic

r;str  r u s — ttsuns
ture.

r .: r w .  »“ “ •••” * *
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ston assisted fatigue could result from a hydrogen embrittle­
ment mechanism is veil as an anodic dissolution mechanism. It  
1s quite feasible that both jrocessts complement one another to 
provide the environmentally enhanced fatigue crack growth ob­
served.

5. Corrosion fatigue tests in air shotted that the orientation spe­
cimen and the 0.7 R-ratio atr test gave crack growth rates 
greater than those predicted by the ASHE XI (1980) dry («ir) 
line for subsurface flews! Clearly, revision the codes 1* 
required.

6 Corrosion fatigue testing In a f.M.R. environment (0.2 R-ratio) 
showed that environmental enhancement of the crack growth rate 
was observed for both 10 to *d  1 Hi tests. The 1 tta tests 
produced the largest Increase in crack growth rates when refer­
enced to the air line data. Increasing the test te*per»Wr« 
from 20 °C to SO °C increased the crack growth rates (for simi­
lar tests) marginally. Orientation test, (crack growth p«r*- 
, . l  to the MS stringer inclusions) show* much 1* 1*  « • *  
growth rates tn» the through-thlckness crack g ro*h« « » • £  
TM....................... to be the result of the p m * « , f

stringers aiding fast fan ^  ^  to
R. r r t io c?  j o  Jh if t  £  ^

lower values of *  relatKmhip which can
»d  »  «x) « *«  «  " T l " .  In general, all <a/«
be related to fractoyap ^ ^  ^  1lK-reases in crack

versus *  cuf,C’  Sh° „  «,viro»en' tests sho*d
growth rite s . Only the R test mi
,  plateau behaviour (plateau at low *  for the
plateau at high *  for the I  Hi test).

«  related to the MnS inclusions
7. The mechanism of crack gro „ rphoi09y) found on the frac- 

(s ize , shape, dtstrlbut on * olut1on/hydrogen a*>rittl«mtnt. 
ture surfaces and to■ ^  Mr09en which could « -
The P.W.K- "» "»  * £ ,  sleel through adsorption at the
b rittle  the pressure vessel
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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
sions act •> trap sites for hydrogen causing preferentially 
embrittled paths. Hydrogen produced in the catlwdic half celt 
reaction w ill also add to tlw supply of hydrogen used during 
hydrogen eifcrittlement. Dissolution (anodic half ce ll) ef 
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 A le to reduce the 
concentration of MnS stringers, thus reducing their rSle in 
aiding rapid crack advancement.

’ .2 Several

1. in order to study corrosion fatigue properties of a reactor 
pressure vessel steel it  is important to charaeterlie the steel 
fu lly , i.e . mechanical properties, chemical rompositlon, sul­
phide stie , shape and morphology determinations. The corrosion 
fatigue testing fa c ility  would also need to be fu lly described,
1 e flowrates, water chemistry, mechanical testing unit, spe- 
c'lmen potential monitoring, crack length monitoring device etc.

2 . Clearly, from the above It is obvious that ASME codes need to
' be revised to: 1) Slve a true "wrst case' crack growth rate

curve for reactor pressure vessel steels (air test), or ) 
„tye a l is t  of codes ^Hcable to steels and testing condl- 
tions which are well characterized and documented.

3. Mo 'Paris-law' type equations have

set r ““.H r  r t v r m  -  -
r,: rrriwiu - «*■- r i i r rversus an eur*« . . oected fracture sur-Z ~  equation (Uw) governing all

s‘ m,iar tests would therefore be ludicrous.
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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
sions act as trap sites for hydrogen causing preferentially 
wbrfttled paths. Hydrogen produced In the cathodlc helf cell 
reaction w ill also add to the supply of hydrogen used during 
hydrogen e rtrtttlae n t. Dissolution (anodic half cell) of 
active metal, at slip  step mergence, at the crack ttp will 
also result 1n corrosion assisted fatigue crack growth. Sul­
phide stringers create a large stress concentration ahead of 
the crack tip thus advancing crack growth. It 1s true to say 
that modern steel making practices should he able to reduce the 
concentration of MnS stringers, thus reducing their rSle In 
aiding rapid crack advancement.

7.2 Seaarel

1. In order to study corrosion fatigue properties of a reactor 
pressure vessel steel it  Is Important to characterize the steel 
fui y, I .e . mechanical properties, chemical composition, sul­
phide size, shape and morphology determinations. The corrosion 
fatigue testing fa c ility  would also need to be fully described.
I.e . flowrates. water chemistry, mechanical testing unit, spe­
cimen potential monitoring, crack length monitoring device etc.

2 Clearly, fro* the above it is obvious that AS* codes need to 
' be revised to: 1) Give a true -worst case’ crack growth rate 

curve for reactor pressure vessel steels (air test), or ) 
,  l is t  of codes applicable to steels and testing condi­

tions which are wel’. character iied and documented.

testing variable. «is , .ulohide distrlbu-
versus AK curve will ^  0|MCt«| fracture sur-

: « : ; r r ^ u c e .  <-> •«
similar *ests would therefor, be ludicrous.
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4. Uncertainty prevails as to tfan the noula region for this pro­
ject was cut-off the actual nozzle for the nuclear reactor,
i .e . at what stage in the heat treatment cycle. However, It  Is 
important to realize that neither of the two heat treatments 
(rough or qua' *ty heat treatments) discussed in the text (Sec­
tion 6.1) would result in changes in the sulphide size, shape 
or morphology so the results obtained fro* this work are rele­
vant to the nozzle regions presently found on Kocberg nuclear 
reactor No. 1.
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