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Stress carrosion strcdies in caustic environinents
nave been carried otit on the ferritic 341 (r -Mo steel,
with particular reference to its wse il the evapordiors
of the UK. prototype tust reactor. The quench-hard-
ened stecl has been found 1o be susceptible to stress
corrosion cracking (SCCJ throughout the temperature
range of S0 to 300°C In 30% caustic soda at 116°C,
this susceptibility extends over the potentiul range
-900 1o +100 mV {Hgl/llgQ) On temnpering, SCC
accurs at ~900 to =700 mV, but ondy at more posi-
tive potentials when preceded by an overheating
treatmentt. Mechanisis by which cracking occurs

under the different conditions studied are discussed.
Cracking can occur in hard tube-to-tube-plate welds
exposed 10 caustic enviroRHIeRES as & conseqrence uf
fabrication stresses. but it has been shown that this
can be aroided by shut-peening,

INTRODUCTION

The evaporators of the U.K. prototype fast reac-
tor (PFR) were [abricated from the Ferritic 24 Cr Mo
steel, and the present paper is an aceount ot sonme of
the stress corrosion studics performed on this mate-
rial by Risley Nuclear Luboratories (RNL). Particular
attention has been given in this work to testing the
steet in the hard comdition, since a post-weld heat
treatment (PWHT) was not possibie lor the evapora-
tor tube-to-tube-phate. joints, The use of shot-peening
as an alternative to heat treatment to reduce the
Stress corrosion  cracking (SCC) huzard associated
with the wolds hus also been investigated, and is de-
seribed in this paper. Two cnvironments have been
covered: good guality water, characteristic of normal
operation of the cvaporators, and caustic soda solu-
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tions. which could arise under fault conditions or dur-
ing 2 sodium removal operation. The first of .these
enviromments is not dealt with here, beyond stating
that the hard material in some circumstances has been
found to be capable of undergoing intergranular
cracking in water, and that this is relevant to the inter-
pretation of observations made on welds removed
from the plant, as reported in Ref. 1. The caustic
studics have been carried out at temperatures in the
50 to 300°C range and concentrations up to 30%, and
are Jeseribed below,

EXPERIMENTAL

Materials and Specimens

Three types of 24 Cr—Mo specimen were used for
the stress corrosion tests: U-bends made from strip
material, tensiles (flat or round), or tube-to-tube-plate
welds. exposed either individually or as a multitube
block ussembly (Fig. 1). All the materials originated
from air-melted stock and the compositions are
shown in Table 1. No differences were noted in this
work between the behavior of stabilized and unstabi-
lized material, the former having been used for the
tubing of the PFR evaporators. A particular form of
U-bend specimen was used in some of the tests aimed
to simulate the tube-to-tube-plate weld. This was pro-
duced by welding jongitudinally sectioned and flat-
tened tube to the grooved edge of a relatively massive
picce of plate (Fig. D) to produce a high hardness
weld: excess plate was removed to leave a composite
sheet. which was then divided into strips each with
the weld at the center. and subsequently formed into
a U-boued.

Stress Corrosion Tests

The stress corrosion work was initially performed
at the corrosion potential, mostly using 30% caustic
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soda solution under refluxing conditions (116°C),
Tests at the corrosion potential were also conducted
at lower concentrations and higher temperatures, the
associated pressurized conditions being achieved by
the use of welded nickel capsules. Figure 3 shows the
apparatus used for measuring or controlling the corro.
sion potential, or determining polarization curves in
the refluxing 30% caustic soda solution. The poly-
tetrafluorethyiene (PTFE) cell was heated by means
of an externally wound heating tape, and fitted with
a condenser. 1t contained a cylindrical platinum sheet
as counter-electrode, and a thermocouple, The cou-
pon, U-bend, or tensile specimen acted as the working
_electrode, and a cold, external mercury-mercuric ox-
ide reference electrode was located in a side-arm. The
~multitube block. assemblies were tested wholly im-
mersed in refluxing 30% caustic soda at 116°C, the
solution being contained in a nickel-lined mild stee]
test vessel. The complex shape and targe surface aren
precluded the control by a potentiostat in the case of
these assemblies, and recourse was made to sodium
chromate as a passivating agent: addition of 0.5%
maximum was made to maintain potentials up to
approximately —300 mV. (Note: All potentials quoted
refer to the Hg/HgO electrode. unless otherwise
stated.) In other tests, SCC was induced in single
tube-to-tube-plate welds exposed to a 10% caustic
soda solution at 200°C without the necessity tor chro-
Fig. 1. Multitube block test assembly. mate additions.

TABLE 1

Composition of Materials

Plate®
Element Tube Tube -

(wt%) (stabilized) (unstabilized) (A) {B) (<)
Carbon 0.08 0.097 0.10 0.08 0.12
Chromium 2.6 2.3 2.64 23 2.4
Molybdenum 0.96 1.09 092 1.0 1.0
Niobium 1.1 <0.02 <0.02 NDP <0.05
Silicon 0.31 0.29 0.1%9 0.19 0.31
Manganesc 0.32 0.47 0.58 0.56 .50
Sulfur 0.007 0.014/0.024 ND 0.007 0.013
Plhosphorus 0.006 0.00% ND 0.010 0.014
Tin 0.003 0.075 ND 0.0135 0.0i6
Arsenic 0.004 0.0165 ND 0.0288 0.042
Antimuny 0.0009 0.002 ND 0.0027 0.005
Nickel 0.60 Q.14 0.23 0.25 0.15
Copper 0.02 0.07 ND 0.2¢ 0.21
[ron Balance Balance Balunce Balance Balance

A A) is used in stabilized tube-to-tube-plate welds, (B) is used in unstabilized tube-1o-tube-plate welds, and (€) is used to make :
U-bend specimens.

bND = not determined.

450 NUCLEAR TECUNOLOGY ~ VOL.$5  NOVv. 1981 -




Fig. 2.

Weld assembly and U-bend specimen.

Shot-Peening

Shot-pesning of the tube-to-tube-plate welds (both
bore and esterior surfaces) was performed by Metal
Improvement Company, Derby. The shot was 10
their specifivation QCO 01-11A/MI 230 H, namely,
cast high carbon steel, 907 of which is >0.58 mm in
diameter and 2% >>0.84 mm. with high hardness
(600 to 800 VPN). The Almen intensity was 0.016 to
0.020 A_ Experiments were carried out to determine
the effect of metal removal from the bore of a peened
weld on susceptibility to SCC. Chemical dissolution
was chosen tor this purpose, in preference to a me-
chanical process. Specifically, an vlectrelyte con-
YOL. 55
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COUNTER ELECTRODE
Fig- 3. Cell used for electrochemical experiments in caustic

solutions at 116°C.

sisting of 10 wt% sulfuric acid at 20°C was used. The
weld itself acted as the containment vessel and the
working electrode in a conventional three-electrode
cell arrangement, and was maintained at an active
potential of -200 mV (SCE)}. A platinum gauze coun-
ter-electrode with a profile that accurately matched
the contour of the weld was located centrally in the
vore; the potential was controlled by a high current
potentiostat. X-ray photoelectron spectroscopic ex-
amination of the surface of a weld subjected to metal
removal revealed no obvious change in composition
(although results were not entirely conclusive}, but a
separate experiment demonstrated that the glectro-
lytic dissolution process did not itself (for any reason)
lessen the susceptibility of welds to SCC in a caustic
environment. The amount of metal removed was de-
termined by diameter measurements made on gither
side of the weld, and confirmation that the weld
itself had sustained the same metal loss was obtained
by careful measurements on methacrylate resin rep-
licas made before and after metal removal.

RESULTS

U)-Bends and Tensile Specimens

In tests performed at the corrosion potential,
U-bend specimens failed in times ranging from a
few hours to 2 to 3 weeks in the 30% refluxing caus-
tic soda solution at 116°C. The shortest times were
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Hurst and Cowen  STRESS CORROSION CRACKING
shown by specimens made from hard matertal (heat-
treated 1050°C for 0.5 h, and wuter quenched), and.
the U-bends containing just a hard weld failed almost
as readily; in the latter case the weld itselt was not
subjected to the yield point stress correspouding to
hard material, since the deformation involved in
forming the U-bend has mostly occurred in the ad-
jacent soft material. Attempts to induce temper em-
brittlement by step cooling trom 590°C resulted in
intermediate times to failure. The U-bend specimens
containing a hard weld were fested also in 0.01, 0.1,
1, 5, 10, and 927% caustic soda solutions at 300°C.
No SCC was observed in the highest and three lowest
concentrations but through-cracks were formed
within 21 days in the 5 and 10% solutions. However,
in the 10% solution it was found that extremely rapid
cracking could occur at 200°C, so that these results
could not be taken as indicative of the higher temper-
ature. Results for 300°C could thus only be obtained
by controlling the electrochemical potential to pre-
vent cracking during the heating and cooling cycles.
At the time, suitable equipment for this purpose was
not available at RNL, but tests performed on our he-
half by the Central Electricity Generating Board
(CEGB) Central Electricity Research Laboratories
{Leatherhead) gave the results shown in Tuable [,
indicating that U-bend specimens containing a- hard
weld will still crack at 300°C within 10 days in the
10% solution. Returning to 200°C, the very short
failure times shown by U-bends in this solution are
shown in Table III. Cracking in all these tests was
predominantly intergranular.

Prior to carrying out controlled potential tests

with U-beud specimens in the refluxing 30% solution
{116°C). polarization curves were obtained for inateri-
als in a range of conditions, using fast and slow sweep
rates (1000 and 20 mV/min). The anodic currents
showed an appreciable dependence on sweep rate for
all materials between =700 and ~900.mV. an example
is shown in Fig. 4. Exposure of U-bends for sevep
days (longer in some instances) was then made at
selected potentials in the —1200- to +400-mV range,
and metallography used.to determine the morphology
ol any cracks, and the proportion of the section og-
cupied by them. Results are shown in Figs, 5 and 6,
The metallurgical conditions covered were

TABLE 111
U-Bend Specimens Exposed to 10% NaQH at 200°C
Failure
Times
Material Heat Treatment {days)
Weld (stabilized
tube/plate C) - 0 to0S§
700°C for 1 h, water quenched | 0 to4
Plate C As received 4 to§
700°C for 1 k, water quenched | § to 12
Plate B As received 4 108
700°C for 1 h, water quenched | 0.5 to 4
Stabilized tube As received >10
700°C for 1 h, water quenched >10

TABLE II
Stress Corrosion of U-Bend Weld Specimens in 10% NaOH
Specimen | Temperature Time
Number {0y Experimental Conditions ) Result
300 Control experiment under galvanostatic control (-5 mA) 16.5 § No cracking
4 300 Corrosion potential 16.0 | No cracking
5 150 Corrosion potential (7.4 | Failed just adjacent to weld
in tube plate steel
i3 300 Potentiostatically controlled (+300 mV) 18.0 | Nocracking
11 200 Corrosion potential 27.0 | Failed in weld fusion region
6 230 Corrosion potential 20.0 t Failed in weld fusion region
2 300 Potentiostatically controlled (+#20 mV) 20.5 | Failed in weld fusion region
3 300 Carrosion potential 21.0 | No cracking
1 300 Corrosion potential 240.0 | Failed in weld fusion region
e

Note: Specimens in all experiments heated and cooled while being polarized at -5 mA (0.15 mA-cm’?), All potentials with

reference to polarized platinum electrode (-200 pA-cm™).
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100 - s 1000 MV -min”’ !
= - 20mV-min’ ;

CURRENT, mA
o

0.1t

“1.0 65 0 .05
POTENTIAL, V {with respect to Ha/HgO}

Fig. 4. Anodic polarization curves—refluxing 30 wt% NaOH
(116°C) (2% Cr—Mo--Nb tube water quenched from
1050°C).

1. 700°C, water quenched to produce soft mate-
rial, free of any temper embrittlement

=]

_step cooled from 590°C, in an attempt to in-
duce temper embrittlement

3 air cooled from 1400°C followed by water
quenching from 700°C, to produce an over-
heated structure with soft material

4, water quenched from 1050°C to produce hard
material, again free of any temper embrittle-
ment.

The overheated structure arising from heat treatment
(step 3) gave intergranular facets when fractured in
air at 200°C, revealed by scanning electron micros-
copy (SEM) to consist of fine ductile dimples nucle-
ated by 0.5- to 1.0-um particles (Fig. 7), shown by
energy and wavelength dispersive x-ray analysis to be
manganese sulfide (Fig. 8). It is uncertain whether
heat treatment (step 2) did in fact induce temper
embrittlement: the ductile-to-brittle transition tem-
perature was increased by some 50°C, but there was
considerable scatter in the observations, and SEM ex-
amination revealed only small intergranular areas on
the fracture surfaces.

NUCLEAR TECHNOLOGY VOL.55  NOV. 1981
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All the above results refer to U-bend specimens.
The results cbtained from tensile specimens (flat or
rod-type) in the range of 50 to 116°C are listed in
Table IV. These tests were all performed in 30%
caustic soda at potentials of -800. ~400, or 100 mV
at a number of stress levels, using material in the
metallurgical conditions described previously.

Tube-to-Tube-Plate Welds

The multitube block assemblies (Fig, 1) tested in
refluxing caustic soda at 116°C {with chromate addi-
tions made in an attempt te avoid excessive general
corrosive. attack) cracked readily in the region of the
welds when no PWHT had been performed. Circum-
ferential cracks visible on the ‘“‘sodium” side are
illustrated in Fig. 9;some circumferential cracks were
also apparent on the ““water” side (but may have
initiated from the *sodium™ side), and some longi-
tudinal cracks were alsc visible on the bore without
any preferred location with respect to the. runoff
zone. Cracking in such tests was intergranular, and
eliminated by heat treating the welds at 630°C for
24 h. Similar results could be obtained from single
tube-to-tube-plate welds providing a sufficient pro-
portion of the ligament to the neighboring welds was
included (to avoid any stress relief). These single
welds were also tested in 10% caustic soda at 200°C,

when (in the absence of PWHT) cracking occurred.

even more readily (a matter of hours), as in the case
of U-bends.

Shot-Peening

By contrast, single as-fabricated welds that had
been shot-peened on both “‘sodium’™ and “water”
sides remained uncracked in the 200°C/10% caustic
test for 21 days (the maximum exposure), and crack
resistance was maintained as metal was progressively
removed (by the technique described above) to a
depth of 0.5 mm; a specimen from which 0.7 mm of
metal had been removed, however, was found to have
cracked (see Table V). A heat treatment (750°C for
0.5 h) designed to cause recrystallization of the
worked layer (resulting from the peening operation)
revealed this to be ~0.1 mm deep, so that crack pro-
tection to five times this depth is at first sight surpris-
ing. The observation is believed to be consistent,
however, with available information on the likely
stress profile in a peened tube-to-tube-plate weld
from x-ray diffraction or the hole drilling technique.
This indicates that the compressive stress induced by
the peening process is present to a greater depth than
the worked layer, and, in fact, reversion to a tensile
stress does not apparently occur within a distance of
~0.5 nun from the surfuce. Tests have also been per-
formed on peened tube-to-tube-plate welds with
simulated pits, introduced by spark erosion. These
also were found to be resistant to cracking in the
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Fig. 5. Extent of SCC (expressed as a fraction of specimen thickness) as a function of potential refluxing 30% NaOH at | 16°C.
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21Cr—Mo TUBE

x x 700°C, WATER
;o QUENCHED
I |
I }
[ \
I \
/ \
1200 -800  -400 0

1400°C AIR COOLED + 700°C,
WATER QUENCHED

1 - X x x %X v 3
' ! \ f
| \ / i i ‘ | l
/ \ / ‘ \
0 % . ¥ b - ¥ e e o
-1200 -800 -400 0 -1200  -800 -400 0
. 1050°C, WATER QUENCHED
1050°C, WATER QUENCHED (NIOBIUM STABILIZED)
1 x X x x x X X x
v 1 'y )
; : |
|
x \ \ | l
| \
\ | | / \
\ x \ |
Ve 7/ \
Q 1 ] ] i) X [ ") 7/ ' Ao
-1200 - 800 -400 0 -1200 -800 - 400 Q

POTENTIAL, mV
{(WITH RESPECT TO Hg/Hg0)

Fig. 6. Extent of SCC (expressed as a fraction of specimen thickness) as a function of potential refluxing 30% NaOH at 116°C.

200°C/10% caustic test, providing the base of the pit
was within ~0.5 mm from the surface. Likewise,
aging of peened welds for seven days at 400°C, or
three days at 450°C to simulate the relaxation that
could occur after 10 000 or 250 000 h, respectively,
at the service temperature of ~350°C did not cause a
return to a crack-susceptible condition. The effect of
the peening process on the response of tube-to-tube-
plate welds to chemical cleaning with citric acid was
also investigated: no cracking occurred, and resistance

NUCLEAR TECHNOLOGY
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POTENTIAL, mV j
(WITH RESPECT TO Hg/HgO) ‘.

to pitting was found to be slightly greater than for
unpeened welds.

DISCUSSION

The SCC of the 24 Cr—Mo steel in caustic en-
vironments has been reported by Dahl et al..? [saacs
(as cited by Indig?), Mcllree and Michels,* Indig.’ and
Spalaris and Ring.® The work in the last two refer-
ences (in common with our own) was undertaken in
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the context of the use of thix steel for fast reactor
steam generators, and inciwded weld saniples tested at
the free corrosion potential as either tensile speci-
mens or U-bends. At 316°C, Indig found no evidence
for SCC in 107 caustic soda in constant load or con-
stant extension rate tests. whereas this did eventually
oceur at 300°C with U-bend specimens containing a
hard weld in the work reported here: however. Indig's
specimens had received a PWHT. At 23 2°C. Spalaris
and Ring® reported rhat as-welded U-bends and ten-
sile specimens cracked tn 209 solution provided these
were made from air-melted stock. and tensile speci-

Fig. 7. Detail of overheating facet showing intergranular
array of small inclusions.

SULFUR K=

mens made from such stock also failed with a PWHT,
The electroslag remelt and in particular vacuum ap
remelt material was, however, reported to be superior
The present work, of course, has covered only ajr.
melted stock. and U-bend specimens containing 3
weld failed readily with or without PWHT at the cor.
rosion potential at 200°C in 10% caustic soda solu-
tion. Providing such cracking could also have been
expected at the slightly higher temperature and cog.
centration used in the work reported by Spalaris and
Ring,® the U.K. and U.S. information on air-melted
material is consistent in this regime; it would, how-
ever, appear desirable to check the proviso concerning
the difference in experimental conditions.

The RNL tests in refluxing 30% NaOH at 116°C
in which potentiostatic control was exercised showed
that the metallurgical condition had a marked effect
on the range of potential over which susceptibility
to SCC was observed. As-fabricated welds and mate-
vial hardened by quenching from 1050°C, although
in some instances showing a reduced susceptibility
at intermediate potentials, cracked at all values
from ~900 to at least +100 mV, whereas the 700°C
quenched condition only cracked at potentials in the
region 900 to =700 mV within the duration of the
tests (U-bends 28 days, tensile specimens 47 days).
Stress corrosion at potentials around —800 mV ap-
pears to be generally exhibited by carbon and low
atloy steels in caustic solutions, and is probably asso-
ciated with dissolution and repassivation of iron at
the crack tip. The observation that the polarization
curves (Fig. 4) show a maximum sweep-rate depen-
dence in this region would also support the view that

MANGANESE Ko

Fig. §. X-ray element images for grain boundary inclusion in overheated structure.
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TABLE [V
23 Cr—Mo Tensile Specimens Exposed to 30% NaOH
( Time to Failure Potential (h)
Heat Temperature -
Material Treatment Stress 0 ~800mV | -400mVv | -100 mV?
| Plate N+T 100% of 0.2% PS 116 NF® 507
Plate 700°C, water quenched 100% of 0.2% PS8 116 175 NF 1006
Plate 700°C, water quenched 60% of 0.2% PS 116 847 NF 681
Plate 1050°C, water quenched 100% of 0.2% PS 116 1.0
Plate 1050°C, water quenched 60% of 0.2% PS 116 39 7.4
Plate 1050°C, water quenched 30% of 0.2% PS 116 90
Plate 1050°C, water quenched 20% of 0.2% PS 116 13.7
Plate 1050°C, water quenched 100% of 0.2% PS 100 2.5 2.2 3.0
Plate 1050°C, water quenched 100% of 0.2% PS 75 13.0 7.5 9.5
Plate 1050°C, water quenched 100% of 0.2% PS 50 530 69.3 70.9
Unstabilized 1400°C + 75% of 0.2% PS 116 34 6.4
Tube 1050°C, water quenched 60% of 0.2% P8 116 4.8 244
Tube 1050°C, water quenched 20% of 0.2% PS 116 18.6
Unstabilized 1400°C + 75% of 0.2% PS 116 1171 NF 335
L’l;ube 700°C, water quenched

Ipotentials refer to the Hg/HgO electrode.

UNF = not failed.

the associated SCC is primarily associated with the
bulk properties of the alloy.

The nature of the cracking at the more noble
potentials is. however, more uncertain. A secondary
active peak has been observed in the anodic polariza-
tion curve, and Agrawal et al.” has related a similar
feature (in the case of more highly alloyed materials)
to loss of integrity of the passive film due to the for-
mation of CrO;. Poulson® has also shown that mo-
lybdenum extends the potential range over which the
cracking of carbon steels occurs. At Harwell, Marsh®
has reported that both 24 Cr—Mo and 9 Cr—Mo steels
in a quenched and tempered condition are susceptible
in two potential ranges: —900 to -700 mV and -300
to +100 mV. However, cracking in the latter range
was not found in the present work for soft 24 Cr—Mo,
produced either by tempering or water quenching
from 700°C (the latter also ensuring freedom from
temper embrittlement). It occurred, however, at po-
tentials extending to -100 mV with material heat
treated at 1400°C to form an overheated structure
containing grain-boundary sulfide, and then softened:
tensile specimens made from such material, however,
require appreciably longer times to fail than quench-
l_lardened material. Although the latter cracked read-
ily over a wide range of potential, this is unlikely to
be associated with hydrogen uptake at potentials up
to which soft, overheated material cracked. Thus, the
NUCLEAR TECHNOLOGY

VOL. 35 NOV. 1981

susceptibility of 234 Cr—Mo to cracking at more pos-
itive potentials may well be related to the high
temperature solution-annealed structure, perhaps in-
volving segregation of sulfur or some other element,
and the degree to which it is retained.

A hydrogen mechanism may well be responsible
for the cracking of hard material, however, at the
more negative potentials (-1000 to -1200 mV),
Transgranular cracking was observed in this regime
for U-bend specimens made from uniformly hard
strip; the fact that U-bend specimens hard only in the
vicinity of a weld did not crack at potentials more
negative than —1000 mV can probably be ascribed to
the fact that the stress was limited by the deforma-
tion in forming the U-bend occurring primarily in
adjacent soft material.

It was found in this work that the corrosion po-
tential (measured at 116°C in 30% caustic soda) var-
ied from about -950 up to (ultimately) -300 mV,
and this is within the range over which hard material
is susceptible to cracking. The results shown in Ta-
ble 1V indicate that the susceptibility of material
quenched from 1050°C does not vary markedly (at
Jeast at the 0.2% PS) over this range, and that although
a reduction of stress andjor temperature is heipful,
failure of hard material still occurred in these tests in
a matter of days under the least severe conditions
investigated. Although the results in terms of times to
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WATER
SIDE

SCDIUM
SIDE

Circumferential crack propagating along the fusion
line on the plate side of a weld.

Fig. 9.

failure are not necessarily representative of hard tube-
to-tube-plate welds. some caution is evidently re-
quired if sodium removal from such regions involved
the creation of caustic conditions.

The effectivencss of shot-peening in preventing
SCC of the 24 Cr- Mo steel due to fabrication stresses
has emerged clearly in this work, and (though not re-
ported here) it has been shown also to prevent the
cracking of hard material that could otherwise occur
in good quality wuter. Although caustic conditions
were created on one occasion in the vicinity of a
number of welds in one of the PFR evaporators (and
were shown by the present work to have been respon-
sible for circumferentiab cracking), the probability of
a further occurrence of this type has been effectively
discounted. ' Shot-peening is planned, however, for
the bores of these welds to prevent crack initiation
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TABLE V

Response of Peened Tube-to-Tube-Plate Welds to Exposure
to 10 wt<z NaQH at 200°C After Uniform Metal Removy]

Depth of Metal Stres.sm«7
Removed from Corrosion
Specimen Number Bore (mm) Cracks
1 0.05 No
2 0.10 No
3 0.15 No
3 025 No
6 0.35 No
4 043 No
8 0.50 No
11 0.70 Yes
Unpeened control 0.13 Yes

from the water side.!® The RNL work indicates that -
even after some degree of general or localized metat
loss, it should remain effective for this purpose. It

_might also be noted that some of the reservations

that sometimes need to be borne in mind before ad-
vocating this treatment are not relevant here, Thus,
the peening is to be applied to a surface that has yield

‘point tensile stresses in the initial condition, as a re-

sult of the fabrication process; the peening replaces
them by compressive stress to a depth of ~0.5 mm..
This is in contrast to a situation in which an initially
stress-free surface is peened as a protection against:
SCC. The surface compressive stress that is then:

-created is accompanied by the formation at a greater

depth of a tensile stress that did not previously exist,
and could represent a new hazard. Balancing tensile
stresses can in principle also be created at the surface
in untreated regions adjacent to those that have been
peened. No evidence for this has been found in the
development work for the present application, but in
any case the intention is to locate the boundary in
soft material in the plate and tube, where water side
cracking is known not to be a hazard.

CONCLUSIONS

The main conclusions arising from these studies
which were performed exclusively on air-melted ma
terial, are as follows:

1. Quench-hardened 23 Cr—Mo is susceptible &
SCC in caustic environments throughout the tempera
ture range studied (50 to 300°C).

7. In 30% refluxing caustic at 116°C, this suscep
tibility of hardened material extends over a Wil
range of electrochemical potentiais, encompassing th!
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cariation in free corrosion potential which increases
jrom about -950 to ~300 mV.

3. Tempered material undergoes SCC at —900 to
_~00 mV. but in the present work has only cracked
Lt more positive potentials when preceded by a high
emperatuse overheating treatment,

1. At the most negative potentials studied (-1000
1o -1200 mV). hydrogen cracking is possible for
pardened material, while at about —800 mV (where
caustic cracking is exhibited also by mild stee! and
other low alloy steels) the cracking mechanism is
probably related to the dissolution/repassivation ki-
netics of iron at the crack tip. At the more positive
potentials, the possibility of cracking appears to be
sssociated with the high temperature solution-an-
nealed structure (perhaps invoiving some form of
segregation), and the degree to which it is retained.

5 The vulnerability of hard tube-to-tube-plate
welds to cracking as a consequence of fabrication
stresses can be eliminated by shot-peening, which
remains effective after general or localized removal of
metal to a depth of 0.5 mm.
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