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ABSTRACT
This progress report summarizes work performed by Argonne National

Laboratory on envirinmentally assisted cracking in light water reactors during
the six months from October 1986 to March 1987,
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ENVIRONMENTALLY ASSISTED CRACKFTNG IN LIGHT WATER REACT _RS:
SEMIANNUAL REPORT

October 1986--March 1987

Brincipal Investigators:.
W. J. Shack, T. F. Kassner, P, S. Maiya,
J. Y. Park, ax4 W. E. Ruther

The objective of this program is to develop an independent capability for
the assessment of environmentally assisted cracking in light water reactor
(LWR) systems. Duving this reporting per!nd, the program has been primarily
directed at problems of intergranular stress corrosion crucking (IGSCC). The
scope of the work includes (1, evaluation of the influence of metallurgical
variables, st.ess, and the environment on susceptibility to stress corrosion
cracking (SCC), including the influen~e of plant operations on these
variables; and (2) examination of practical limit* >r these variables to
effectively control SCC in LWR systems.

The effort during this reporting period has focused on (A) an evaluation
of the SCC of alternate materials and weld overlays, (B) an investigation of
the effects of water chemistry on the SCC o: sensitized Type 304 S8, and (C)
an investigation of environmentelly assisted cracking of ferritic steels. The
program sevks to evaluate potential solutions to SCC in LWRs by direct

experimentation, through the develoyment of a better understanding of the
various phenomena.

A. Alternate Materials and Weld Overlays
1. lntroduction

An avaluation of alternate materials as a generic remedy to
environmertally assisted cracking problems in RWRe is the focus of tnis
task, Crack growth tests have been performed on Typs 31€NG and modified 347
stainless steels, which have been used as a replacement for Type 304 $S piping

in BWRs in the U.S. and Japan and as piping material in German BWRs,
respectively.






Table 1. Crack Growth Results for Sensitized Type 304 and Type 347 55 Specimens® during an Experivent? ax 289°C 1n Which
the Sulfate Concentration of the Feeawater, Containing 0.2-0.3 ppm Disscived Oxygen, Was Increased from O to 0.1 pom

Water Chemistry Electrode Potentials Type 304 S5 Type 347 sS

Test Test
Cond. Time, Oxygen, Hydrogen, Suifate, Cond., 204 SS, e, K Growth Rate, Ra® Growthn Rate,

B pom ppm ppm Bs/cm ™V (SHE) =V (SHE) MPa mif2 m st MPa mi/2 ® s-!

1 s 9. :4 - 0 0.21 95 110 29.7 1.7 » 10°%¢ 28.0 ~0
2400

2 2402 0.2-0.34 - 0.03 0.35 85 90 32.1 2.2 x 1010 28.0 ~0
220

3 4247 0.2-0.3¢ - 0.1 0.93 €5 €5 34.3 4.4 x.1073¢ 28.0 ~0
5231

4 g:; 0.2-0.3¢ - 0.1 0.93 115 130 42.6 8.0 x 10-10 32.0 ~0

S S74% 0.2-0.34 - 0.1 0.93 115 130 e - 36.0 -0
S917®

ACom:act tension specimens (..75 ICT) of Type 304 S5 (Heat No. 309%6) and Type 347 SS (Heat No. K2Bl. with the fol y
treatments: solution anneal at 1050°C for 0.5 h, followed by 7G0°C for 0.25 h plus S00°C for 24 h for the Type n}‘:;m”:::“
(EPR = 2 C/cm?), or 650°C for 24 h for the Type 347 SS specimen (EPR ~ 0 C/cm?).

Prhe frequency of the positive sawtooth waveform was 8 x 1072 Hz, and the load ratio was 0.95.

CStress intensity, X,,,. at the end of the test condition.

dgffivent . ssclved-oxygen concetration: fcedwater oxygen concentration at the 0.2-0.3 ppm level was higher approximate’
facteor « owo to compensa - for oxygen depletion by corrosion of the autoclave system. by - s

® es: terminated because the .rack opening of the Type 304 SS specimen exceeded the range of the clip gage.
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in a dibasic ammonium citrute solution] to reveal the morphology of the !
underlying material. The intact portion of the specimens that encompassed the |
crack was polished and etched to corroborate the mode of crack propagstion and

also to detercine if macrobranching of the crack had occurred duzring the

test. In addition, the total crack lengths at the end of the test were

measured and found to ba 'n agreement with the values obtained from the clip

The micrographs in Fig. 1 indicate that the crack path and
fracture surface morphology of the sensitized Type 304 SS specimen were
intergranular, as in previous spocilena."9 The corresponding micrographs for
the Type 316NG SS specimen in Fig. 2 indicate that the mode of crack
propagation was predominate.y transgranular; however, thera {s sor » evidence
rf {atergranilar microbranching off the main crack and in the crack tip
region. TGSCC is invariably the mode of crack propagation in this material
during CERT cxporincncs.lo'll Figure 3 shows the crack fronts from the outer
edge to the half-thickness (B/2) in the two specimens. As in previous
specimens of sensitized Type 304 S5, the crack front exhibits considerable
curvature, {.e., greater stress corrosion propagation near the edge of the
specimen (a reverse thumb-nail cnck)."9 whereas the crack front of the Type
316NG SS specimen progress~d uniformily into the material with minimal edge
effects.

Figure 4 shows similar micrograpns of specimens in which
the crack growth behavior of Types 304 and modified 347 $S was compa 'ed. The
mode of crack propagation in the lightly sensitized Type 304 $S was
intergranular, as in all previous instances. No SCC at the base of the
fatigue precrack is evident in the polished and etched transverse section of
the modified Type 347 SS specimen. This observation is consistent with
compliance measurements from the clip gage during the experiment, which
indicated that no crack growth had occuried.

(i11) Type 304/308L Weld Overlay

To characterize the inherent crack growth resistance of
the Type 308L weld metal vied for weld overlay repairs, crack growth

experiments were performed on a fracture-mechanics-type specimen fabricated
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Table 2. Comparison of CERT Test Rusults for Typs 316NG SS
28-in.-diam Pipe Weldment with® and without® Weld.
Induced Plastic Strains. T = 289°C. Environment:
0.25 ppm Oxygen with 0.1 ppm Sulfate. Water
Conductivity: 0.9 uS/cm

Speci an ‘:1 tf’ o & AA/"o’ “max’ ‘cvil Potc::ial.
No. s h ) ) MPa mes mV (SHE)
NDE-28-1% 1 x 10°% 68 24.7 67 474 . 42
NDE-28-2% 4 x 10°7 166 24.0 61 478  2.06 x 10°°? 52
NDE-28-81® 5 x 1077 247 446 - 465  3.61 x 10°? 37
NDE-28-3% 2 x 1077 349 25.1 66 487  1.52 x 1077 137
NDE-28-B2® 2 x 10°7 653 47.0 52 470 1.28 x 10°? 40
316NG° 2x 1077 47 .0 a4 461  7.35 x 10710
NDE-28.4% 1 x 10°7 684 24.8 53 4ts  6.06 x 10710 32

8Type 316NG 85 frow 28-in.-diam pipe with weld-induced plastic strains.
PIype 316NG $S from 28-in.~diam pipe without weld-induced plastic strains.
CANL reference Heat No. POL1576 of Type 3)6NG $S (base).

together with some selec.ed vesults ohtained from specimens with weld-induced
plastic strains (specimen Nos. NDE-28-1 to -4). The results reported

=1 together with those shown in Table 2 suggest that at least from
CERT test dica, the weld-induced cold work in large-diameter welded pipe has
no significant effect on either crack initiation or crack growth,

previously

(ii) Comparison of TGSCC in Types 316NG and Solution-Annealed
304 S§S

In CEKT tests, Type 316NG SS becomes susceptible to TGSCC at
strain rates betweer ? x '0°8 and 1 x 10°¢ s'l. Tests have been carried out
to verify that scluticn-annealed Type 304 $S is also susceptible to TGSCC
under similar conditions. The results of the tests are summarized in Table 3
and are shown in Fig. 7. The crack growth rates for low-carbon Type 316NG SS
fANL reference Heat No. P91576) and the solution-annealed Type 304 SS (Heat



Table 3. Comparison of TGSCC between Type 316NG SS (Heat PG1756) and Solution Annealed
Type 304 S§_(lhat 53319). CERT results in impurity envirunments (0.25 ppm 0, +
0.1 ppm so' ). T = 289°C

|
o I I It S S0 bt~ g
159 36Mc  2x100% 535 453 385 323 67 Duetile . |
180 304 2x10% s7.4 500 1.3 35.2 76 Ductile . |
160 316NG 1 x 10°%  100.6 50 35.9 29.6 65 TGSCC 1.51 x 1079 - r
177 304 12100 183 500 4.6 37.0 73 TGSCC  1.70 x 1070 = *l
169 316NG 4 x 1007 217.4 46z 3.3 29.6 59 TGSCC 9.74 x 13710 H
174 304 4 x 1077 2885 507 41.5  36.4 43 TGSCC 1.1l x 10°% 5
172 316NG 2x10°7T  wine 461 34.1 29.8 44 T6SCC  7.35 x 0710 |
175 304 2x 107 w27 488 W0  31.2 4 TGSCC  9.10 x 10710
148 316MG 1x1000 5685 472 20.3 18.8 6l T6SCC  6.73 x 10710
181 308 1 x 1077 680.0 481 4.5 210 22 TGSCC  7.45 x 10710

[_w__m, R R i —— g g — - e e e e e T L e T e e A T L s e S ,ﬁ____l
?
|.
i
i
|
|
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l
|
|
|
|
|
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|
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1078
1 § 7 T1’T] B 1 ¥ 1 11 III -
_ TYPES 3I6NG 8 SOLUTION ANNEALED 304 SS (289°C)
~ 0.25 ppm Oz + O.1 ppm SO2~ "
. @ 3I6NG -l
0 304 (SA)
3 4
E >~ -4
E
Oé '0.9 :_ \ ——
. ® oc-0% .
F o\ B
2“0"0 L1 il 1 L L 11111l
2x10-8 10~7 10=6

STRAIN RATE (s~!)

Fig. 7. Comparison of Average Transgranul ar Crack Crowth Rates
for Types 316NGC and Solution-Annealed 304 SS.

No. 53319) are approximately the same. The variation in the transgranular

1

crack growth rate, iav in mes™ ", with strain rate for both materials in water

containing sulfate can be described by

0.36

b =215 x 107 (&) (1)

Both materials have approximately the same value for the critical strain

rate (~10"% s'l). the strain rate above which cracking does not occur, These
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crack growth rates for Types 316NG and solution-annealed 304 S§ are consistent

with those obtained in fracture-mechanics tutl.l3

(111) Heat-to-Heat Variatlon Effects on TGSCC of Types 316NG
and 347 S8

SCC tests have been performed on four heats of Type 316NG and
four heats of modified Type 347 8§ as purt of a study on weat-to-heat
variations in TGSCC susceptibility. Such variations can arise from
differences in grain size, the presence of second phases that can affect the
plastic deformation process (for example, the difficulty with which planar
slip occurs), or the chemical composition in terms of either the major
alloying or residual elements.

The chemical crmpositions of Type 316NKGC 37 (produced by
Sumitomo) and modified Type 347 §§ are shown in Table 4, The welded specimens
of modified Type 347 were heat-treated at 500°C for 24 h, and the base metal
specimens of Types 316NC and modified Type 347 S§S were heat-treated at 1050°C
for 0.5 h plus 650°C for 24 h. Measurements of grain sire were made on
several photomicrographs of metallographically prepared, heat-treated
specimens by using the intercept method described by Hilliard.'® The results
are given in Table 5. The varlations in chemical cowposition and grain size
of the Sumitomo heats of Type 316NG S§ are very small. Those for the modified
Type 347 SS are more significant,.

CERT experiments were conducted in water (289°C) containing
~0.25 ppm dissolved oxygen and 0.1 ppm sulfate adled as acid at strain rates
between 1 x 10°7 and 1 x 10°® s°).  The results are presented in Tables 6 and
7. In general, the Sumitomo heats were cinsistently superior to our refarence
heat of Type 116NG S8S. For example, the transgranular crack growth rates
observed for Heat No. D440104 are lower by a facier of 2 than those for our
reference heat and lower by a facter of ~4 than those for base material from
another Sumitomo heat supplied to us by the EPRI NDE Center in the form of 28-
in.-diam pipe. Another Sumitomo heat (No. D442604) was even more resistaant,
and no TGSCC was observed even at the slowest strain rate. Because these
heats of material exhibited very little veriation in chemical compesition and
grain size, the reasons for the var.ations in resistance to TGLUC are rot
clear at this time.

T e - B RS, S e B L e B ) s e al BBl Ll B e o B B ol e e e









Table 6.

CERT Test Resuilts for Four Sumitomo

of Type 316NGC SS.

Environment: 0.25 ppm 0, + 0.1 ppm ;. T = 289°C

Test . ” tf‘ .-I » .f' ‘Il' w.ﬁ’ Fallure ‘ﬂ' s

Heot so 1 -1 Potential,
No. s h MPa 3 3 : Mode m-s oV ( SHE )
386 D4IOLON x10°% 2 8.2 0.3 80 Ductile i 12
7 DALO1 04 x 1077 266.% 4s8 8.0 425 70 WwSCC 451 x 10°0° 54
35 DA4O1 04 21007 7110 [ 51.0 4.9 71 76SCC 3.49 x 10710 136
353 DAN2604 1077 2665 458 8.0 4 ) 9 Ductile . s
351 D44 2604 x 1077 6880 %63 8.2 430 73 Ductile - 12
35K DES0905 x10°7T 2695 w8 w85 w6 7 TCSCC 475 x 10700 Eo
352 DUSO90S 1007 6640 W68 878 0.6 70 TSCC 7.41 x 207M 62
359  D472701 «1007 6410 w5 w66 w03 65 wSCC 2.97 x 10710 25

{1



Table 7. CERT Test Results for Four Heats of ted 347 SS.
Environment: 0.25 ppm O, + 0.1 ppm SO, T - 289°C
Test Wo.  Heat No. . e e v YW WA, Bilwe fav:, Potantial,
s h LY b4 3 ] ®-s wJ{ SHE)
23 178100 1e10® 55 w2 236 82 6 Ductile . 21
274 178100 sxi0T wAs w1 206 166 47 TGSCC 163 x 1079 94
22 174100 221007 3ms w8 27 178 W T™SCC 1.40 2 3079 -8
215 178100 1x207 Ss w1 207 WBs W TeScC 7.58 x 10700 55
301 170162 1x0®  ss7 @ 20 12 1 Ductile . 54
305 170162 5x3077 W&l W 25 55 67 Duct ‘le - 9
30 110162 2207 =5 w1 we unr @ TGSCC 5.50 x 10730 22
349 869962 1210 gas w0 Mo 210 & Ductile - 2
0 867962 sx1077 1828 66 29 292 55 Tescc 3.8 x 10710 £
8 86996 2ew? w20 w2 ns M2 w0 Tescc 2.97 x 10700 0
344 316642 1xw0® 000 @ B0 w8 % Duct:le - -1
3 316642 sx10°7 1980 W&  ¥6 3 6 Ductile - 3
%7 316642 223077 w810 w3 B2 BE 5 Duetile - -87

81
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were examined by means of scanning electron microscopy. Fine niobium-rich
precipitates were observed (presumably NbC), especially in tiie heats
exhibiting enhanced resistance to TGSCC, but more work must be done before any
conclusions can be drawn. Mechanistically, the precipitation of second
phases, particularly at stacking faults, is known to inhibit planar slip,
which could increase resistance to TGSCC.

(iv) Strain Rate Effects on SCC

We have presented a -04.110.15.16 for the interpretacion of
strain rate and environmental and microstructural effects on SCC
susceptibility observed in CERT tests. The model was based on the assumption
that the strain rate near the crack tip strain rate can be estimated by use of
a J-integral approach. The crack tip strain rate was then related to crack
growth rate by a slip-dissolution model proposed by Ford.}? Failure of the
specimen was described by a J-integral fracture criterion. The model predicts
that the average crack growth rate is proportional to the 1/3 power of the
1/3. This prediction las been substantiated by CERT
results on austenitic stainless steels for both TGSCC and IGSCC in oxygenated

necminal strain rate, (¢)

water with and without lmpurities. Experiments are in progress to determine
whether the TGSCC observed for Type 304 SS in simulated hydrogen-water
chemistry {s environmentally assisted and whether a similar relation between
strain rate and crack growth rate is valid. The slip-dissolution model in our
previous work predicts that the instantaneous creck growth rate is
proportional to the 1/2 power of the instantaneous crack tip strain rate.
However, recent work has shown that the explicit power law relationships among
the nominal and crack tip strain rates and SCC parameters from CERT tests are
consistent with several other diffusion-controlled mechanisms that may

contribute to crack advance.

For example, we can consider crack advance by a slightly
different mechanism, which is described as slip-oxidatiun. In this case it is
assumed that no barrier to oxide nucleation exists at the crack tip exposed to
the environment and that crack advance occurs solely by oxide rupture without
bare metal dissolution. A schematic representation of the crack tip region is

shown in Fig. 8. Crack growth occurs as a result of the interface movement,
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Fig. 8. Schematic View of a Crack Tip Region Exposed to an
Aqueous Environment,

which {s assumed to be diffusion-controlled in the austenite matrix. Cy is
the concentration of the diffusing metal, C; {s the concentration at the
interface with the environment, and C: i3 the concentration in the base
metal. The flux J: at the interface divided by the ccncentration at the
interface J;/C: gives the rate of advan-e of the interface, i.e., the crack

growth rate a.
: - .
a4 = J"/C!4 (2)

The concentration function describing the metal distribution is given by the

diffusion equation

CH .

I
‘% -1 - erf[ ] (3)
Cy 2/bt

wvhere D is the diffusivity of the rate-controlling species and t is the

m
CH .

time. The concentration gradient at the interface is obtained by

differentiating the above equation.
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Relating (8Cy/dX)y to J: by Fick’'s law, an explicit expression for the crack
growth rate is obtained in terms of D, t, and a concentration term

QC"
1 Dizs™ 1
i i! v & |1 - 1B gy E;___E! (5)
CI CI nt CI '
M ™M M

Identifying the time t with periodicity of oxide rupture, we can derive an
expression for an average crack growth rate

m 1
G « € 0.5
av 1 me T
CH f

where ¢y = fracture strain of the oxide. The dependence of the average crack
growth rate on the crack tip strain rate is identical to that obtained from
the slip-dissolution model., Thus our model is also consistent with this
mechanism. Furthermore, if oxide film formation were rate limiting for other
mechanisms such as hydrogen embrittlement, the power law relationships we have

derived would also be consistent with these mechanisms.

Although the form of the equatisn {s similar for bSoth
mechanisms, comparisons between experimental results and quantitative
estimates of the actual terms may be useful in assessing relative
contributions of different mechanisms.

The model parameter Ay is related to the crack length ag and
time at failure tg by

0.5
Ay = af[6(tf . to)] (7)
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where t, is the crack initiation time, which is usually small compared to tg
in CERT tests. The crack growth rate and crack tip strain ra‘e are related by

da _ 0.5
dt (Aad'Aao)‘T (8)

where the magnitudes of A y and A describe the contributious to crack growth
by slip-dissolution and slip-oxidation mechanisms, respectively. Agq has been
determined by rordl7 as

0.5
A - e "o’ (9)
sd npF 0.5
‘f

where M is the atomic weight of iron; p is the density of iron at the
temperature of interest; n is the valency change during the oxidation process;
i, is the current density following oxide rupture at t = t,, which corresponds
to the bare metal dissolution rate; F is Faraday's constant; and ¢g is the
fracture strain of the oxide. By using the available data for these

17 5

variables, sd ©an be computed for Type 304 S§ in oxygenated water

containing 0.2 ppm dissolved oxygen and 0.01 M sodium sulfate: this value
s ~2.5 x 10°% aes™™,

For the slip-oxidation model, the concentration term
(C: - ci)/cg is between 0.4 and 0.5. D is interpreted as the pipe diffusivity
of either Fe or Cr. Values of Ag, based on ootlnatcsl‘ of the diffusivity are
shown in Fig. 9 along with an estimate of Agq and values of Ay obtained from
CERT tests on Type 304 SS for different dissolved-oxygen levels witu and
without inputltlol.19 The smaller value for pipe diffusivity is based on
published data for iren.u and the value for the diffusivity of Cr should not
be vastly different. The larger value of D was obtained somewhat arbitrarily
by increasing the literature value by an order of magnitude to account for
uncertainties and to obtain an upper bound for the expected contribution of
the slip-oxidation process. Despite the uncertainty associated with some of
the values used in determining values of A for specific mechanisms, our model
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and analysis suggest that for conditions where IGSCC {s the expected mode of
cracking, slip-dissolution is the primary mechanism of cracking in normal BWR-
type water chemistries. Further interpretation of CERT results ', obtain a
better understanding of SCC in both c.nventional and alternativ e materials is
in progress.

e. Mesallurgical and Residua) Sress Studies on Stainless Steel
Weldments

Metallographic and residual stress studies are in progress on
pipe weldments prepared by several procedures used in the repair and
replacement of nuclear reactor piping systems. The metallographic evaluations
are being conducted both before and after the weldments have been subjected to
residual stress improvement treatments such as MSIFP

(1) Metallurgical Examination of Mudified Type 347 S§
Weldments (J. Y. Park and W. J. Shack)

Metallographic and scanning electron microscopy (SEM)
examinations were performed on defects observed at the weld fusion line of «
10-in.-dlam weldment (weld W2) oblained from the New York Power Authority.
The weldment was fabricated by the insert ring procedure developed at the EFPRI
NDE Center. Four defects, cracks -1 to 9 mm in length, were found at the
fusion line in the portion (~3/4) of the weldment that was available for
examination. The other portion was used for residual stress measurements.
Cross sections and SEM photos of the longest defect are shown in Figs.

10 - 12. In the cross section in Fig. 10, the defect is about 76 um deep.
Results of the examination of a weld produced by the German narrow-gap weld
process were presented in a previous ropott.zo Fewer crack indications were
found in this weld than in the narrew-gap weld fabricated without an insert
(weld K2), but the available data are not sufficient to conclude that one
procedure produces fewer flaws of this type than the other.

EDAX examination indicated that a second rhase {s present
on the faces of this crack. The phase is rich in manganese, silicon, calcium,
and sulfur, although some of these elements may be artifacts introduced by the
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(i1) Finite Elerment Analysis of Weldments after MSIP
(E. F. Rybicki, ProSig, Inc.; R. B. Stonesifer,
Computational Mechanics; and W. J. Shack)

Finite element analyses on weldments treated by MSIP were
performed under a subcontract te ProSig, Inc., to study the sensitivity of the
stresses and strains in the pipe wall to variations in the material properties
and the applied compressive strains imposed during MSIP. Since it is
difficult to model precisely the interactions between the MSIP tool and the
weldmeut (these interactions are also strongly dependent on the details of
the tool design, which are proprietary), two simplified models that represent
bounding solutions were used to perform the analyses in order to determine the
sensitivity of the results to the assumptions in the znalysis.

All the calculations were carried out by using an
axisymmetric finite-element model of a 28-in.-diam Schedule 80 pipe. The
finite element grid and pipe geometry are shown in Fig. 13, The model
contains 498 isoparametric four-node elements and 568 nodes. The tool was
assumed to compress a 6-in. axial segment of the pipe. The remote end of the
pipe in the model was not allowed to rotate, but it could move freely in the
axial direction. Since the plastic strains associated with the MSIP
procedure, in general, overwhelm any prior stress state, the pipe was taken to

be stress free at the start of the procedure. The solution was then symmetric
about the mid-plane of the tool.

The calculations were performed with the WELDS finite-
A bilinear elastic-plastic behavior with a kinematic

hardening material model, shown in Fig. 14, was used for the analyses. Since

element progrla.22

the plastic strains considered in this study were less than 5%, the bilinear
vepresentation was considered to be adequate. Tho pipe was also assumed to be
womogeneous; i.e., no allowance was made for the dif‘ferences in mechanical
properties to be expected in the region of the weld anc heat-affected zones
(HAZs). The weld region was simply taken to be the regior an appropriate

distance from the tool (~4-6 in. from the pressure band centerline for these
calculations).
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Fig. 14. Stress-Strain Curve for Type 304 SS at Room Temperature.
The initial yield stress i{s 36 ksi.

Six levels of radial hoop strain (compression) of the
pipe were considered: 1.0, 1.2, 1.4, 1.6, 1.8, and 2.0 percent. Additional
analyses were performed to assess the sensitivity of the results to the
assumed yield stress of the pipe material. The contact pressure distribution
between the tool and the pipe was modeled in terms of two bounding
approximations. In the fivst model, the pressure between the tool and pipe
surface was assumed to be uniform over the entire contact region. The applied
strain in this case varied with axial position; the average strain was matched
to the applied strain in the MSIP procedure. In the second model, the

displacements produced by the tool were assumed to be uniform.



The inner-surface axial and hoop stresses for an applied
hoop strain of 1.6% sre shown in Fig. 15. Although the two contact pressure
distribution models produced large differences in the stress distributions in
the vicinity of the tool, both models gave similar stress distributions in
regions more than 1-2 in. from the edze of the tool, which would correspond to
the area of interest in an actual weld. The corresponding straln
distributions are shown in Fig. 16 and are similar in character. Since the
actuel loading conditions should be intermediate to these two limiting cases.
this finding suggests that the stresses and strains near the weld are not
sensitive to the detailed modeling of the tool-pipe interactions. Near the
tool the differences are much larger, of course.

Figure 15 also shows experimental measurements of
residual stresses on a pipe-to-pipe, 28-in, -diam weldment treated by Ms1p. 23
The measurements were made at three azimuths. The data in the figure
represent the average values and the ranges of values for the three azimuths
at a given axial position. The agreement between the calculated and measured
values is reasonably good for the axial stresses, but less satisfactory for
the hoop stresses, especially in the region close to the weld, where the
magnitudes of ine calculated stresses are about half the measured values. The
finite-ziement calculations were not intended to precisely model this
ratrticular experiment, and no attempt was made to mocel the detailed geometry
of the weld region. However, the largest source of error may be the high
local yield stresses in the weld and HAZs produced by the thermo-mechanical
deformations associated with v;ldln;.za The residual stresses produced by
MSIP are strongly dependent on the yield stress of the material. Instead of
the nominal 36 ksi yield stress assumed in the analysis, the actual yield

stress in the weld material may be closer to 50 kei 2%

A comparison of the predicted stresses with a second se:
of experimental measurements> is shown in Fig. 17. These measurements were
made on a 28-in.-diam pipe-to-elbow weldment. Although this geometry differs
significantly from the geometry assumed in the analysis ¢nd from the geometry
of toe test weldment in Reference 23, there is fairly good agrecsent betweon
the two sets of measured axial stresses The agreement between the two suts

of measured hoop stresses is less satisfactory, thev arve fairly close near !
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the weld, but the measurements in Reference 23 show a steeper axial gradient
than those in Reference 25. With such substantial differences in geometry,
significant differences are not unexpected. Because a wider tool was used for
this experiment than for the analysis, the experimental data points have been
shifted /xially to maintain the same relative position with respect to the
edge of the tool. Again, the agreement between the calculated results and the
measurements is reasonably good for the axial stresses, but the calculation
under predicts the magnitude of the hoop stresses. In Reference 25, residual
stress measurements were made prior to MSIP. The measured axial residual
stresses were 40-60 ksi, which again indicates that the actual yield stress in
the weld and HAZ region is much higher than the 36 ksi appropriate for the
base metal. The model also over-predicts the final displacement under the
tool (~250 mils couwpared to the measured -175 mils): thie discrepancy is
probably due to differences in elastic springback during unloading associated

with the substantial differences in ceometiy between the model and the
experiment.

Axial and hoop residual s*ress distributions on the inner
surface are shown in Fig. 18 for nominal applied strains of 1.0, 1.8 3%,
1.6, 1.8, and 2.08. The residual stresses are insensitive to the level of the
appiied strain. The equivalent plastic strains on the inner surface of the
pipe as a function of the applied strain are shown in Fig. 19. The plastic
strains show substantially more variation with applied strain than do the
stresses. For applied hoop strains below a certain threshold strain value.
the final MSIP residual stresses will depend on the applied strain level and
the initial residual stress state. Above this threshold level, the MSIP
stresses near the weld are insensitive to the appiied strain {(Fig. 18).
However, the results in Fig. 19 suggest that, in the region under the tool,
the strain levels on the inner surface would increase rapidly with the applied
strains, although the details of the strain distributions would be sensitive
to the design of the tool and the nature of the tool-pipe interactions. The
threshold value of the applied strain cannot be determined from the present
results, but the computed plastic strain levels suggest that at or above 1. 5%

the strains are large enough to overwhelm any preexisitng stresses,
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Fig. 19. Equivalent Plastic Strains on the Irner Surface for Nominal
Applied Strains of 1.0, 1.2, 1.4, 1.6, 1.8, and 2.08. The
strains were calculated by using the uniform pressure model.

The dependence of the residual stresses on the yield
stress of the material is illustrated in Fig. 20. The magnitude of the
stresses appears to vary proportionately with the yield stress, as is

expected.

(W. E. Ruther, W. K. Soppet, and T. F. Kassner)

1. Introduction

The objective of this work is to evaluate the potential
effectiveness of proposed actions to solve or mitigate the problem of 1GSCC in
BWR systems through modifications of water chemistry. In this regard, the
synergistic effects of dissolved oxygen (produced by radiolytic decomposition
of the water) and impurities (e.g., oxyacids from decomposition of ion
exchange resins during intrusions into the primary system) on the 1GSCC
susceptibility and crack growth properties of austenitic stainless steels have

been evaluated. The potential benefits associated with small additions of
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hydrogen to the coolant were also evaluated under conditions in which f{enic
impurities (viz., oxyanions) were also present at low concentrations in the
high-temperature water. The results of this work suggest that SCC of the
sensitized steel is controlled by the rate of cathodic reduction of dissolved
oxygen and/or the oxyanion impurity species in the high-temperature

26,27 the crack growth tehavior of the steels was correlated with the
type and concentration of {mpurities in the water as well as the open-circuit
corrosion p-tential of the steel. The influence of metallic and organic

impurities un SCC of sensitized stainless steel is presently being
investigated.

water,

&  Effect of Cuprd: lon in Low-Oxygen Water on $CC

Along with various ifonic species that can enter BWR coolant
water from leaks in condenser tubes and from the condensate polishing system
itself, including resin fines, metallic impurities (corrosion products) from
the feedwater train are also transported in the reactor water. In addi“ion to
soluble and insoluble iron, copper is also present in the water in plants with
admirality brass, aluminum brass, or copper-nickel condenser tubes and/or
copper alloy feedwater heaters. The copper concentration in BWR water is of
primary concern from the standpoint of deposition on the Zircaloy fuel
¢ladding, which can lead to crud-induced localized corrosion (CILC) and fuel
element failures at relatively low burnup.23'29 The CILC failures occurred
primarily in (U.Gd)0, fuel rods in BWRs with adeiralty brass condensers and
filter-demineralizer condensate water cleanup systems, which are not as
effective as deep resin beds for removal of copper from the vater, 2’ Copper
corrosion products are also present in secondary-system water of pressurized
water reactors (PWRs) and can lead to pitting of steam generator tubes 0. 31
and contribute to accelerated corrosion of carbon steel tube support

32,33

plates, The effect of copper species at low concentrations on the SCC of

reactor materials has not been studied as extersively as that of other
impurity species. However, cupric ien at relatively high concentrations (-20

to 90 ppm) in oxygenated (0.2 ppm 0,) water at 250°C enhances IGSCC of
sensitized Type 304 S§ %
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During this reporting period, the effect of cupric chloride on
the SCC susceptibility of sensitized Type 304 SS was investigated in water at
& low dissolved-oxygen concentration at 150, 200, and 289°C, cu?* is capable
of undergoing cathodic reduction in high-temperature water, and thus could
contribute to SCC by providing a cathodic-reduction partial process that
couples with the anodic dissolution at the crack tip in a slip-dissolution
mechanism3®:36 for (,ack growth. The CERT experiments were performed in low-
oxygen (<5 ppb), near-neutral water tn minia{ze the contribution of other
species that can also undergo cathodic reduction (viz., 0y, n,o*. and 302').
The role of pH in SCC susceptibility at several copper concentrations in he
feedwater was also investigated at 289°C.

(1) Influence of Temperature

26,27 {ndicated that the crack growth

Previous CERT results
rate of sensitized Type 304 S§S in high-temperature water at very low
dissolved-oxygen concentrations (<5 ppb) was largely controlled by the rate of
cathodic reduction of oxyanions (e.g., soﬁ‘, NO3, 902'. c102‘. As0;") having
a central atom (S. N, P, Cl, or As) that can assume different oxidation
states. Subsequently, CERT experiments were performed in 289'C water
containing salts with a cation that can undergo reduction in wvater (e.g.,
Cuz’) as well as with cations that have 2 single oxidation stave (viz., 2n’t,
H.z*. and Na*). The latter results indicated that cniy cu’* facilitated 8CC
analogously to dissolved oxygen and the various oxyanions.37

Since the cupric fon concentration that caused severe
IGSCC in the steel (l.e., >2 ppm) was considerably higher than typical values
enzountered in the feeawater of BWRs (<0.3 ppb)38 and in recirculating and
once-through steam generators in PWRs (<2 ppb).39 a series of CERT experiments
was performed to determine the minimum concentrations of this species required
for cracking at 150 and 200°C as well as at 289°C. As in the previous tests,
it is essential to minimize the concentration of other species that can also
participate in cathodic reduction partial processes that couple with anodic
dissolution at the crack tip and govern crack growrh by a slip-dissnlutinn35

17

or slip-oxidation”’ mechanism. Consequently, the tests were performed with

chloride salts in lov-oxygen, near-neural water (pHygep > 5.7) to
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specifically minimize the c.ntributions from the reduction of 0,, H.0*, and
oxyanions of various salts (viz., 802'). As in previous work, the open-
circuit corrosion potential (ECP) of Type 304 SS and the redox potential of
platinum were determined versus an external 0.1M KC1/AgCl/Ag reference
electrode, and the values were converted to tne standard hydrogen electrode.
A copper electrode was also included in the tests performed at 150 and
200°C. In the most recent tests, the effluent water was collected, and the
copper concentrations were determined by inductively-coupled-plasma (ICP)

spectroscopy analyses,

The feedwater chemistries, CERT parameters, and the ECP
results are given in Table 8., The CERT data indicate a marked increase in SCC
susceptibility for feedwater cu?* concentrations above ~1 and 2 ppm at 200 and
289°C, respectively. This is illustrated in Fig. 21 by the dependence of the

time to failure on Cuz*

concentration and conductivity of the feedwater. The
corresponding measured effluent copper concentrations for the transition from
either 100% ductile fracture or ~20% TGSCC to ~90-100% I1GSCC are ~0.5 and 1
ppm at the respective temperatures. At 150°C, IGSCC occurred for feedwater
cult concentrations of > 0.1 to 10.0 ppm, and the crack growth rates

increased with Cult

concentration over this range, as is shown in Fig. 22. oOn
the basis of limited data, the crack growth rate increases with the 1/2 power
of the Cult concentration, which {s consistent with the cathodic-reduction

partial process of Cul*

+ 2e¢” = Cu'. At 289°C the crack growth rate is
virtually independent of cu?* concentration over the range of ~3 to 20 ppm.
This suggests that the film supture rate at the crack tip, which depends on
the applied stra‘n rate, is dominant over the rate of reduction of Cu?' in
determining the magnitude of the crack growth rate at these relatively high
concentrations. Visible Cu® deposition was evident on the surfaces of the
autoclave, pull rods, and specimens, particularly at higher copper
concentrations in the feedwater. Metallic copper particles were identified by

«lectron microprobe analyses of the surfaces of several specimens.

The electrochemical potential values for Type 304 S§S
indicate that IGSCC does not occur for values below approximately -290 mV(SHE)
at 289°C, which is consistent with results obtained with either dissolved

19,41

oxygen or other impurity species. The ECP values for Type 304 SS at

200°C indicate that IGSCC does not occur at values below approximately
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(pHagep = 3.65), the effluent copper concentration was actually higher than
the feedwater concentration because of dissolution of copper from surfaces of
the autoclave and piping under the more acidic condition., A quantitative
description of the effects of copper ion concentration, pH, and temperature on
SCC susceptibility of Type 304 SS is being developed from analogous experi-
ments with CuCl additions to the low-oxygen feedwater.

b.  Effect of Crganic Acids on SCC in 289°C Water with 0.2 ppa
Rissolved Oxygen

Potential chemical contaminants** and possible pnthvcyu“s for entry
of various substances inte BWR reactor coolant systems have been evaluated.
Typical chemicals at power plants include paint products, glycol, hydraulic
fluids, lubricants, detergents, chemical cleaners, laundry chemicals, freons,
boiler treatment chemicals, diesel fuel, ion exchange resins, and tegeneration
chemicals. Of the nmaay pathways by which contaminants can enter the primary
coolant, the radwaste *loor drain sump system was identified as the
predominant source of contamination.** This system collects uncontrolled
water from open leakaze and washdown; consequently, the sumps are open to all
spills and dumps. The authors®? pointed out the common -1lconcoptton.éhst the
radwaste system will treat water to remove any impurity and produce
condensate-quality effluent. The process equiprent is typically designed to
remove ionic species by ion exchange, crud by filtration, and nonvolatiles by
evaporation residue, but organic substances can pacs through the system and
not be detected by turbidity er conductivity instrumentation. The treated
radwaste vater, with undetected irpurities, is transferred to the condensats
storage tank and then to the reactor via the feedwater system, where
filtration and {on exchange do not hinder the progress of dissolved or finely
dispersed organic material . “* Some of the long-lived products that may exist
in the reactor water due to organic intrusions are carboxylic acids, alcohols,
phenolics, aromatic hydrocarbons, hydrogen halides, sulfuric and sulfonic

acids, amines, and other subauncu.“A

Organic impurities are also a concern in pressurized-water reactor
(PWM) secondary systems in relation to materials performance and because

organic acids increase cation conductivity, which complicstes secondary water
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Fig. 25. Effect of Several Carboxylic and Aliphatic Acids at an Anion
Concentration of 1.0 ppm in Water Containing 0.2 ppm Dissolved
Oxygen on the Crack Growth Rates of Lightly Sensicized Type 304 $§
:8391.,?1 in CERT Experiments at 289°'C and a Strain Rate of 5.2 x
s "

concentration, with the exception of the test in water containing 1.0 ppa
lactic acid. However, the redox (platinum) potentials in water containing
oxygen and the various acids (except for acetic) were considerably more
negative than those of stainless steel Several factors must be considered in
order to rationalize the effect of organic acids on SCC susceptibility and the
ECP values of Type 304 85 and platinum. For example, organic substances react
with dissolved oxygen in high-temperature water, This occurs infrequently in
our laboratory testin; facilities when a minute crack or pinhole develops in
the diaphragn of the positive-displacement feedwater pump, and a small amount
of oil is injected into the feedwater during each stroke. This situation
manifests itself in considerable oxygen depletion in the effluent waser and a
concomitantly large decrease in the ECP values to <. 450 aV(SHE), During the

present tests, the effluent dissolved-oxygen concentrations were measurad, and
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taining 0.2 ppm Dissolved (. _en and 1.0 ppm of Several Carboxylic
and Aliphatic Acids.

the values were only slightly lower than in the feedwater, viz., ~0.1 ppm

by CHEMetrics analyses. This result is consistent with the ECP data for

Type 304 SS, where the values range between -0 and )00 aV(SHE), with the one
exception noted above. Consequently, the decrease in 1GSCC susceptibility in
these experiments cannot be attributed solely to oxygen depletion in the water
by reaction with the organic acids.

In a similar stxxciy.“8

the SCC behavior of sensitized Type 304 85 was
determined in 275°C water containing formic, acetic, or oxalic acid at
concentrations of 20, 26, or 39 ppm, respectively, and several dissolved
oxygen concentrations (<0.005, 0.2, 0.6, and 8.0 ppm). Intergranular and
ductile fractures occurred at the highest and lowest dissolved-oxygen
concentratinns, respectively, in the acid solutions; the times to failure of
the CERT specimens in the impurity solutions were virtually the same as those

In pure vater at the respective oxygen levels. At the intermediate oxygen
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Type 316NG SS specimens to confirm the relatively innocuous or pot.ntially
benefi..al effects of several of the organic acids on SCC in water at 289°C

containing 0.2 ppm dissolved oxygen.

C. Environmentally Assisted C.,acking of Ferritic Steels (J. Y. Park)
1. Introduction

Plain carbon steels are used extensively in PWR and BWR nuclear
steam supply systems as piping and pressure vessel materials. The steels of
interest for these applications include grades Al06-Gr B and A333-Gr 6 for
seamless pipe and A302-Gr B, A508-2, and A533-Gr B plate for pressure
vessels. Although operating experience with ferritic steel components in
reactor pressure boundaries is considerably better than with weld-sensitized
austenitic stainless steels, instances of cracking of these steels have

occurred in the U.S. and abroad.5°'58

Ferritic steels become susceptible to TGSCC in high-temperature
water containing diss. .:d oxygen in CErT>?-67 &nd fracture-mechanics
tests.®7"73 There 1s ( ve evidence of synergistic effects between dissolved
oxygen and soluble coppes compounds (viz., CuCl,) as well as other impurities
to produce susceptibility to scc. 33,61 However, the ranges of dissolved
oxygen and impurity concentrations that can lead to SCC in these materials
remain relatively ili-defined. The objective of this work is to characterize
the environmental and material conditions that can produce SCC susceptibility

in these steels.

2. TIechnical Progress

Several ‘erritic sceels (A333, Al106, A155, A516, and AS533B) used for
piping and press: re vessels were obtained. These materials have been used in
other U.S. NRC .esearch programs at Battelle Columbus Laboratories and
Materials Eng.neering Associates, Inc. (MEA) and have been well characterized
in terms of mechanical properties. The chemical compositions of the materials
are given in Table 11. Cylindrical gage length CERT and 1TCT fracture-

mechanics-type specimens were fabricaled from these materials.



Table 11.

Chemical Composition of Ferritic Steels

Material Heat No. c o P s st Sn Nt cr Mo v Cu Al

A5338 25401 0.23 1.42 0.008 0.005 0.27 NA 0.70 0.12 0.56 NA 0.10 NA

4516 DP2-F 34 - . - - - . ¢ r - - - -

Grade 70

45338 XES-M 0.22 1.42 0.018 0008 0.18 N 0.61 NA 0.56 NA 0.18 NA £
A155-CKT0  DP2-F26 0.13 ©0.80 0.009 0.027 0.25 0.007 0.13 0.13 0.4 NA 0.12 0.003

AL068 DP2-F29 .28 0.82 0.010 0.023 0.18 0.011 0.1l 0.14% 0.20 0.002 0.088 0.019

ALO6E DP2-F30 0.15 ©0.65 0.012 0.014 0.20 0.018 0.14 0.18 0.055 0.000 0.28  0.010

NA: not analyzed.
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Existing CERT systems were modified to permit better control of
dissolved-oxygen concentrations over the range 0.02 to 0.1 ppm. Stainless
steel commences active general corrosion at dissolved-oxygen levels below
0.1 ppm, which in low-flow systems can lead to rapid depletion of the
dissolved oxygen in the feedwater to levels below 0,02 ppm. To p.event this,
stainless steel was replaced by titanium in all areas of the autoclave and

water supply system in contact with high-temperature water.

A method was developed to electrically isolate the test specimens
from the load train . .d autoclave, and electrodes for measurement of corrosion
potentials of ferritic steel were fabricated., Baseline CERT tests were
performed in high-purity water with 0.2 ppm dissolved oxygen at 289°C and
strain rates of 2.5 x 10"/ and 1 x 1076 -1 for unnotched cylindrical
specimens fabricated from Al06B ferritic steel (Heat No. DP2-F30C). The

results are given in Table 12.

At a strain rate of 1 x 10°° s'l. the specimen failed at a maximum
load of 626 MPa with 17.6% total elongation and 16.5% reduction of area. As
is shown in Fig. 27, a large (4-mm deep) nonductile transgranular crack
developed on the fracture surface. The average crack propagation rate was
3 x 1078 mesl, Significant pitting and an iron-rich, orange-colored
corrosion product were observed on the fracture surface and on the specimen
surface (Fig. 28) in the region of large plastic deformation. The pitting
appeared to be associated with nonmetallic inclusions in the material. SEM-

EDAX analysis will be performed on the corrosion products and the inclusions

At a strain rate of 2.5 x 10"/ s'l, the specimen showed slightly
higher ductility: 29.2% total elongation, 39.3% reduction of area, and 632
MPa maximum load. The average crack propagation rate was 3 x 109 m-s'l.
which is lower by an order of magnitude than that at the 1 x 10°% s°! strain
rate. The pitting at the specimen surface was also less severe. Baseline
CERT tests in high-purity oxygenated environments are continuing on the othrr

ferritic materials.



Table 12.

Results of CERT Tests on Ferritic Steels in 289°C Water
Containing 0.2 ppm Dissolved Oxygen

Material Specimen Ell °max’ tf’ BA/A,, e aav:1 ECP,
Heat No. No. s MPa h 4 % m-s mV(SHE)
A106B 30C-1 1 x 1075 626 u7.7 16.5  17.6 3 x 10°8 +50
DP2-F30

" 30C-2 2.5 x 10™7 632 291.7 39.3  29.2 3 x 1079 -20
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