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A. AUSTENTIC STAINLESS STEELS 

Austentic stainless steels are subject to stress corrosion, SCC, and cor

rosion fatige, CF, failure processes in aqueous solutions. Factors which are 

important in accelerating sec in these materials ~nclude 1) surface condition 

from weld preparation; 2) stress (residual and applied); 3) temperature; 

4) degree of sensitization; 5) grain boundary segregation of P, Si and possibly 

other impurities and 6) water chemical composition. Weld preparation grinding 

followed by \·Jelding can produce deformed and recrystallized material on the 

surface of the heat affected zone. It has been shown by Povich1 that defor

med surfaces produced by shot peening accelerated the stress corrosion crack

ing of 304SS in water at 300°C. Residual and applied stresses are dependent 

on joint geometry, coolant pressures and several other factors mentioned in 

Section 1 and will therefore be design specific. Stresses which raise the 

stress intesity of a crack or flaw in contact with the environment to values 

between Kiscc and Kic can cause sub-critical crack growth. Kiscc is 
defined as the stress intensity below which environmentally assisted crack 

gro~th cannot be experimentally detected. The importance of the surface con

dition is readily apparent since deformed material may accelerate the formation 

of a flaw in contact with the environmemt. This initiation step is frequently 

rate limiting. Both factors 1 and 2 are important in transgranular, TGSCC, and 

intergranular stress corrosion crack in IGSCC although I~SCC is also dependent 

on grain boundary composition. 

Sensitization of austenitic stainless steels by the precipitation of chro

mium carbides in the grain boundaries and the subsequent depletion of chromium 

in the material adjacent to the grain boundaries is the single most important 

consideration in causing IGSCC. The degree of sensitization is a function of 

the bulk carbon content and the thermal history. Welding operations which heat 

the material in the 500° to 700oC range for the appropriate length of time is 

the most common cause of sensitization. In· 304SS, bulk carbon concentrations 

are restricted to an upper limit of 0.03 wt% for components in which IGSCC is 

a concern •. However, restricting the carbon content of 316SS is not sufficient 

to eliminate IGSCC in laboratory tests for· intergrimular corrosion. 2- 5 This 

difference between 304 and 316SS has recently been .explained by Briant6 by a 
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combined molybdenum and phosphorus effect on intergranular corrosion. Briant 

showed that for an equal amount of grain boundary phosphorus segregation the 

presence of 2 wt% molyboenum in the alloy enhanced the intergranular corrosion 

by a factor of 3. This enhancement is above that for phosphorus alone in which 

an ·alloy with a bulk concentration of 0.006 wt% phosphorus had about 4 times 

more corrosion than one with only 0.003 wt% phosphorus. Therefore, an austen

itic stainless steel with 2 wt% Mo and high phosphorus could have an intergran

ular corrosion and IG5CC rate 12 times larger than an alloy with a low 

phosphorus concentration. Bruemmer et a1. 7 observed that the intergranular 

corrosion rate of nickel increased with the presence of sulfur or phosphorus 

at the grain boundaries. A grain boundary sulfur concentration of 0.2 mono

layers resulted in an intergranular corrosion rate 7 times faster than. 

0.04 monolayers. A grain boundary phosphorus concentration of 0.15 monolayers 

had a similar effect as 0.2 monolayers of sulfur when evaluated at highly 

oxidizing potentials. 

Grain boundary phosphorus segregation can occur by thermally activated 

equilibrium segregation or by radiation enhanced segregation. Brimhall 

et a1. 8 observed radiation enhanced phosphorus segregation in 31655 contain

ing 300 wt. ppm and in PE16 containing 400 wt. ppm phosphorus. A surface con

centration of approximately 0.3 monolayers was observed after irradiation to 

2 dpa at 600DC. At this time, there would seem to be sufficient evidence to 

conclude that grain boundary phosphorus ~egregatio~ will occur in 31655 and 

could lead to IG5CC under certain environmental conditions. Possible problems 
. . 

from phosphorus segregation can be minimized by bulk chemical composition and 

thermal history control; however, there is insufficient data on irradiation 

enhanced phosphor~s segregation in 31655 to specify a bulk composition limit 

that will maintain the grain boundary phosphorus concentration below 0.1 to 

0.2 monolayers for the desired first wall lifetime. 

Both TGSCC and IGSCC are strongly dependent on the water chemistry wth 
- oxygen and chloride ion concentration being two of the more important elements. 

Flourides, bromides iodides, sulfates and many other elements have been shown 

to enhance sec but there is insufficient space to present a thorough summary 

of all their.eff~cts. Gordon9 has recently reviewed the effect of chloride 

and oxygen on sec of austenitic stainless steels and he showed that a large 
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data set supported a-inverse relationship betwee~t~e q~antity of oxygen and - . 
chloride ion needed to cause IGSCC and TGSCC. For instance the boundary 

. between TGSCC and no SCC in 304SS in water at 2Ba·c occurs at concentrations 

exceeding 1 ppm Cl- anc 1 ppm o2 while at 0.1 ppm Cl- the boundary is at 

about 100 ppm 02• A similar relationship exists for IGSCC except that at 

1 ppm·Cl- the boundary between the IGSC~ and.no sec is at 0.05 ppm 02• 

The relationship between temperature and oxygen concentration is also 

important to the susceptibility of austenitic stainless steel to SCC. Since 

the concentration of oxygen dissolved in water is temperature dependent, the 

dissolved oxygen concentration of a water·cooled fusion reactor will change 

during start-up and shut-down and refueling cycles. Ford and Povich10 eval

uated BWR start-up and shut-down cycles and concluded that 304SS is subjected 

to a highly susceptible oxygen/temperature combination during these cycles. 

They also observed that IGSCC occurred at temperatures as low as 50°C and that 

at 50"C the maxim~m crack growth rate occurred at 2 ppm o2• Results by Jones 

et a1. 11 confirmed that IGSCC can occur in sensitized 304SS at a temperature 

of 40~C with a crack gro~th rate of 5 x 10-6 mm/s in air saturated water 

(Bppm o2) with 15 ppm Cl-. In the absence of Cl-, Jones et a1 11 have 

not observed IGSCC at 40gC ~·hile Ford and Povich9 reported a crack growth 

rate of 10-6mm/s at 50"C in the absence of Cl-. TGSCC of austentic stain-

less steels has not been reported at temperatures below lOOoC and therefore the 

stnt·t-up/shut-down problem in BWR•s can be minimized in fusion reactors by the 

use of low carbon 316SS. Temperature and oxygen cycles during refueling cannot 

be as easily eliminated and should be evaluated before a water cooled fusion 

rector is built with 31655. 

In summary, the following precautions are apparent regarding the use of 

31655 in a water cooled fusion reactor: 

• Use non-sensitized material, 316L grade 

• Phosphorus concentration should be minimized 

• oxygen/temperature cycle during refueling, start-up_ and shut-down 
( 

cycle should be evaluated. 

3 



Environmental degradation of the properties of 3~6SS-by hydrogen ·from the 

plasma, (n, p) reactions and corrosion reactions or by lithium or lithium-lead 

coolants should be recognized as possibilities; however, these effects appear 

to be secondary to the ones listed above. For instance, 316SS was found12 

to be stable in lithium for a period of 3 days at 482GC and austenitic stain

less steels are not subject to hyqrogen embrittlement except when the a• phase 

is present or at very high hydrogen fugacities. Other effects which have not 

been discussed include the possible effect of radiation damage on the sec or 

CF of 316SS and the difference in the sub-critical cracking behavior with 

static arid cyclic loads. This latter point will be discussed in Section 3. 

B. FERRITIC STAINLESS STEEL 

, The mechanical properties of ferritic stainless steels may be affected by 

water, liquid lithium or lithium-lead coolants. Stress corrosion cracking of 

ferritic steels in water can cause transgranular or intergranular fracture and 

is generally thought to involve hydrogen embrittlement. Most of the data on 

environmental effects on ferritic stainless steels is for steam turbine blade 

material and was obtained by high frequency fatigue tests in high temperature 

steam. Liquid metal embrittlement by lead and lead alloys has been clearly 

demonstrated for mild steels while the effects of Li or Li-Pb alloys on fer

ritic stainless steels has not been demonstrated. 

Hydrogen is involved in the SCC or CF of ferritic steels because of their 

susceptibility to hydrogen embrittlement and because hydrogen is generated by 

. proton reduction during the corrosion process. In a fusion reactor, hydrogen 

isotopes are also present in the plasma and the breeding blanket and protons 

are generated within the first wall by nuclear reactions. Stoltz13 evaluated 

the tensile of HT-9 in hydrogen gas at pressure up to 5000psi and temperatur~s 

up to 400GC and concluded that the effect of O.lMPa of H2 on the ductility 

at 25GC is eliminated at temperatures exceeding 200°C. He also showed that the 

ductility decreased with increasing hydrogen pressure at 25GC. The threshold 

stress intensity, KTh' of high strength, low alloy ferritic steels has been 

related to the hydrogen pressure by Gerberich et a1. 14 and Oriani and 

Josephic15 in the following way: 
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In the study by Gerberich et a1. 14 , KTh decreased from 34 MPa 1m at a hyd
rogen pressure of 10-3 MPa to 22 MPa lim at 0.1 MPa while in the study by 

Oriani and Josephic15 KTh decreased from 22 MPa 1m at 3 x 10-4 to 10 MPa 

lffi at 0.1 MPa. Stoltz•s reduction of area results versus hydrogen pressure for 

HT-9 obeys this relationship only for hydrogen pressures exceeding 6.8 MPa. 

For pressures less than 6.8 MPa, there is a slight decrease in ductility r~la

tive to air tests but this decrease is within the scatter in the data. There 

are several differPnces hetween the tests and results reported by Stoltz13 

and those by Gerberich et .a1. 14 and Oriani and Josephic15 including: 1)KTh is 
a static test with a precracked sample while the tensile test is dynamic using 

a smooth sample; 2) the low alloy steels had a yield strength twice that of the 

HT-9 and 3)hydrogen embrittlement occurred at pressures less than 0.1 MPa in 

the high strength steel with pre-cracked samples while a significant ductility 

loss was apparent in the HT-9 only at pressures exceeding 6.8 MPa. 

The implications of these results to the susceptibility of ferritic steels 

to hydrogen embrittlement in fusion reactors are: 1) radiation induced harden

ing will increase the susceptibility at lower hydrogen pressures; 2) flaws 

which escape NOT examination or initiate and grow during service will increase 

the. susceptibility and 3) the susceptibility is a maximum at 25°C and decreases 

with increasing temperature. Klueh and Vitek 16 have shown that the yield 

strength of a 12Cr-1NOVW steel is doubled after irradiation to a fluence of 

9 dpa. Therefore, the high strength, low alloy, steel results are probably 

protypic of HT-9 after irradiation. 

Segregation of impurities to the grain boundaries of ferritic steels can 
embrittle them by the classic temper embrittlement process or they can enhance 

embrittlement in hydrogen gas or aqueous solutions. Kameda and McMahon17 

have shown that the critical local tensile stress of a Ni-Cr ferritic steel 

decreased with increasing Sb, Sn and P concentration at the grain boundary with 

a re 1 at i ve potency beb1een these e lments of Sb>Sn>P. · In the presence of hydro

gen, the fracture stress of a steel with embrittling impurities at the grain 

boundary is decreased still further; however, the ratio KTh/Kic was 0.8, 
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0.-7-.and--.O.S.for-0.2-rnonolaye,rs of Sb,- Sn and Pat the grain boundaries, respec

tively. Therefore, the impurity which had the least effect on embrittlement 

in the abscence of hydrogen had the largest effect in the presence of hydrogen. 

Therefore, the effects of impurity segregation on a ferritic first wall mate

rial must be evaluated in the presence of hydrogen and not simply by charpy 

impact or fracture toughness tests in air. 

Impurity segregation can occur by a thermally activated, equilibrium pro

cess or by a radiation induced, non-equilibrium process. Equilibrium segrega

tion may occur during manufacturing or fabrication processes such as hot 

rolling or welding or during service where the kinetics of segregation depend 

on bulk diffusion and the driving force for segregation. Non-equilibrium seg

regation may occur by a solute drag mechanism as proposed by Johnson and 

Lam18 and depends o~ the interaction energy between a solute and a point 

defect, the generation rate of point defects, the bulk concentration of solute 
and many other parameters. The effect of irradiation on impurity segregation 

in HT-9 hcs been examined by Brimhall et a1. 8 and based on these preliminary 

results radiation does not enhance the segregation of phosphorus. Smidt et 

a1. 19 evaluated the fracture resistance of HT-9 after irradiation to 1022 

cm-2 at 419-C and they found that the DBTT was shifted 108°C. A DBTT shift 

of 45°C which resulted after a th~mal treatment of 5000 hr at 538"C was sug

gested as a temper embrittlement effect although no grain boundary chemistry 

measurements were made and intergranular fracture was only apparent as secon

dary cracks. Therefore, the. present results show that HT-9 can be embrittled . 

by irradiation but there is no evidence to suggest that impurity segregation 

was the cause. Lechtenberg20 also found that HT-9 embrittled by 100 hrs at 

sso~c failed along martensite lath boundaries with no evidence of intergranular 

fracture. The present knowledge about the effects of impurities in fusion 

reactor first wall materials can be summarized as follows: 1) impurities at 

the grain boundaries of a ferritic steel can affect embrittlement with and 

·without the presence of hydrogen; 2) there is no direc~ evidence of impurity 

segregation- causing temper emprittlment- or irradiation embrittlement in HT-9 
. . 

in the absence of hydrogen; and 3) there is an abscence of data relating grain 

boundary chemistry to the threshold fracture intensity of irradiated HT-9 in a 

hydrogen or corrosive environment. 
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The behav.ior of ferritic steels in a liquid metal environment such as u·
or Li-Pb can be separated by 1) a time dependent embrittlment which is cont

rolled by corrosion in liquid Li or 2) a time independent embrittlement which 

occurs in a liquid Pb. Chopra and Smith21 have reported that the fatigue 

life of HT-9 is 5 times lower in liquid lithium than in liquid sodium when 

tested at a strain range of 0.5% at 482·c. However, Tortorelli and OeVan22 

showed that the strength of HT-9 samples exposed to liquid lithium at 5oo·c for 

500 hr was similar to those exposed to argon. Therefore, the time dependent 

embrittlement of ferritic stainless steels in liquid lithium h~s not been 

clearly shown but f~rther evaluation is needed. 

A time independent embrittlement of ferritic steels in Li-Pb coolants has 

not been demonstrated experimentally: however, based on the susceptibi)ity of 
ferritic steels to liquid lead embrittlment there is a possibility that Li-Pb 

alloy"s may embrittle ferritic steels. The time independent embrittlement of 

solid metals by liquid metals, corrunonly called liquid metal embrittlement (LME) 

occurs over narrow temperature and strain rate ranges. For instance, the 
embrittlment of a 4145 steel by lead occurs over the temperature range of 1o·c 

to 4oo·c and the embrittlement of 2024- T4 aluminum by mercury occurs over the 

temperature range of -5o·c to 2oo·c. At temperatures outside these limits the 
23 . 

properties are identical to those in air. -Johnson et al. have analyzed the 

temperature dependence of LME and concluded that the onset of LME is related 

to the rate of liquid metal transport along a crack. 

Liquid metal embrittlemer.t has a high degree of specificity in that 

embrittlement has been clearly demonstrated only for specific liquid-solid 
couples. This specificity also occurs for compositional changes in the liquid 

metals such as was shown by Breyer and Johnson24 for Pb-Sn and Pb-Sb alloys 

with a 4145 steel. Increasing the tin or antimony concentration in contact 

with 4145 steel decreased the ductility and strength and increased the tempera

ture range over which embrittlement occurred. Therefore, it is very difficult 

to extrapolate embrittlement results of ferritic. steels in .liquid lead to their 

behavior in Li-Pb alloys; however, there. is c~rtainly sufficient evidenc~ to 

suggest that LME may occur and should be evaluated carefully before ferritic 

stainless steel is used in a structural application in contact with Li-Pb 

coolants. 
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C. MODELLING FOR· CHEMICAL ENVIRONMENJ:EFFEETS-~N FRACTURE· 

Stress. corrosion and corrosion fatigue models have emphasized dissolution 

contro~led crack growth processes for both intergranular and transgr~nular 

fracture where the major contribution of crack tip stresses and strains is to 

fracture the corrosion limiting passive film. In these models, crack growth 

rates depend on film rupture, repassivation and anodic dissolution rates. 

There is little disagreement that intergranular stress corrosion cracking of 

sensitized stainless steel is a dissolution rate controlled process; however, 

the picture is not as clear for transgranular stress corrosion and corrosion 

fatigue. Evidence of cleavage like fracture surfaces has been shown for aus

tenitic stainless steels24 , ferritic steels25 and brasses26 tested in 

corrosive environments. In ferrHic steels, hydrogen embrittlement is clearly 

implicated but in austenitic stainless steels and brasses hydrogen embrittle

ment has not been identified as the cause of the cleavage like fracture sur

faces. Therefore, a physical process other than hydrogen or dissolution must 

be considered to explain these fracture surfaces. Some possible processes 
J 

inclt1de corrosio~ generated di-vacancy hardening or enhanced creep, corrosion 

modified crack tip flow properties or surface adsorption/energy affects on 

fracture. 

The effect of a corrosive environment on·fracture or fatigue can also be 

expressed with fracture models by Hahn and Rosenfield27 , equation 1, or 

fatigue models by McClintock28 , equation 2, or 8roek and Rice29 equation 4. 

These models relate Klc and da/dn to material parameters as follows: 

da/dn · = 
(~K - ~K 0 ) 2 C ~Km 
(1 - R) K - ~K c 
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Where: 

-* ,Ef = 

* 
R.o = 

ay = 

K = 

AK = 

AK
0 

:::; 

Kc = 

crit ic;a 1 fracture strain, 

characteristic microstructural 

yield strength 

applied stress intensity 

K - K min max 

.threshold stress intensity 

fracture toughnP.ss 

K . m1n 
R = -K-

max 

in 

distance, 

fatigue 

Use of equation 1 to evcluate tht effect of a corrosion environment on subcrit

ical flaws is not a direct measure of Klscc since Klc is the stress intens-

ity for critical flaw growth. However, if if and oy are defined as local 

properties of the material within a few ~m of the crack tip, then K1 in . c 
equation 1 can b~ defined as the local fracture toughness, Klc" A corrosive 

environment could reduce K~c by changes in £;, R.~, or oy. Hydrogen 

uptake could decrease E; by a variety of embrittlement processes and increase 

or decrease oy and R.~ by hardening or softening pnocesses. Corrosion has 

been observed to reduce £; during slow strain rate tests of materials and 
I 

this data can be used to assess the effect of corrosion on Kic" For 
instance, Mom et a1. 30 observed a strain to failure of 1.5% for 304SS tested 

at 123DC in 35% MgC1 2 as compared to a strain to failure of 50% in air. 

Assuming that the corrosive environment altered only £[ in equation 1, the 

ratio between Kic in MgC1 2 to that in air is: 

-* . Ef (air) 
-- = 
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If Klc in air is-100 MPa lffi -then Klc is-17-MPa lffi. This value-is-an· upper 

bound on Klscc since Klscc·must be less than or equal to Kic· This cal

culation is only an example and unfortunately experimental values for Klscc 
in MgC1 2 are not readily available. An effort to evaluate equations 1-3 

would require performing constant extension rate tests, pre-cracked fracture 

tests and fatigue tests with the materials and evir0nments of inter~st. 

The yield stress of materials tested in corrosive environments can also 

be altered in comparison with those measured in inert environments. This 

effect has been most clearly demonstrated by Kramer and Demer31 on aluminum 

monocrystals which showed a decreased yield strength after a s~rain

electropolish cycle. A time dependent elongation was observed during anodic 

dissolution of copper32 and stainless stee1 33 which were loaded to 150 to 

200% of their yield strengths. Therefore, the flow stress in the region of the 

crack tip can be expected to decrease as a result of crack tip dissolution. 

Anotlic dissolution may occur as a result of film rupture or in cases when a 
passive film may not be stable. A decrease in the crack tip flow stress would 

decrease Kjc (eq. 1) while increasing da/dn (eo. 2 and 3). Therefore, stress 

corrosion cracking and corrosion fatigue can be related to changes in £f and 

0 • Both of these parameters can be measured with simple slow strain rate 
y 

tests, but the tests must be conducted at relevant electrochemical potentials, 
pH•s, chemical compositions (02, Cl, etc.) and with a notched tensile sample. 

10 



-. 
.... .. . . .. 

REFERENCES 

1. Pavich, M. J. 1978. Corrosion, Vol. 34, No~ 5, p. 162. 

2. Devine, T. M., C. L. Briant, and B. J. Drummond. 1980. Scripta Met., 
Vol. 14, p. 1175. 

3: Warren, D. 1959. Corrosion, Vol. 15, p. 213t. 

4. Streicher, M. A. 1964. Corrosion, Vol. 20, p. ·57t. 

5. Steigerwald, R. F. 1977. Corrosion, Vol. 33, p. 338. 

6. Briant, C. L. in press. 

7. Bruemmer, S. M., R. H. Jones, M. T. Thomas, and D. R. Baer. 1981. In the 
Proceedings of the Second International Conference on the Environmental 
Degradation of Engineering Materials, September 21~23, 1981. 

B. Brimhall, J. L., D. R. Baer, and R. H. Jones. 1981. In the Proceedings 
of the Second International Conference on the Environmental Degradation 
of Engineering Materials, September 21-23, 1981, Paper 6C-17. 

9. Gordon, B. M., Matls. Performance, 1980, p. 29. 

10. Ford, F. P. and M. J. Pavich. 1979. Corrosion, Vol. 35, No. 12, p. 569. 

11. Jones, R. H., A. B. Johnson, _Jr., and S.M. Bruemmer. Proceedings of the 
Second Intl. Conference on Environmental Degredation of Engineering Mat
erials 1981. 

12. DeVries, G. 1970. 11 The Corrosion of Metals by Molten Lithium ... In the 
Proceedings on Corrosion by liquid Metals, .J. E. Draley and J. R. Weeks, 
eds., p. 251. 

13. Stoltz, R. E. 1980. 11Alloy Development for Irradiation Performance Quar
terly Progress Report for Period Ending March 31, 1980. 11 DOE/ER-0045/2, 
p. as.· 

14. Gerberich, W. W., J. Garry, and J. F. Lessar. 1976. 11 Effect of Hydrogen 
on Behavior of Materials, .. A. W. ·Thompson and I. M. Bernstein, eds., 
p. 70. 

-15. Oriani, R. A. and P. H. Josephic. 1974. Acta Met., Vol. 22, p. 1065. 

16. Klueh, R. L. and J. M. Vitek. 1980. 11Al_loy Development for Irradiation 
Performance Quarterly Progress Report for Period Ending December 31, 
1980. 11 DOE/ER-0045/5, p. 218. 

17. · Kameda, J. and C. J. McMahon, Jr. to be published. 

11 



t 
I 

...J. - .. ' .... 

. ' . ~ 
'. -

. 
18 •. Johnson, R. A. and N. Q. Lam. 1976. Phip., Rev. B, 13, p. 4364. 

19. Smidt~ F. A., Jr. J. R. Hawthorne, and V. Provenzano. 1981. "Alloy Dev
elopment for Irradiation Performance Quarterly Progress Report for Period 
Ending March 31, 1981." OOE/ER-0045/2, p. 163. 

20. Lechtenberg, T. A. 1980. "Alloy Development for Irradiation Performance 
Quarterly Progress Report for Period Ending December 31, 1980." . 
DOE/ER-0045/5, p. 143. 

21. Chopra and D. L. Smith. 11 Alloy Development for Irradiation Performance·. 
Quarterly Progress Report for Period Ending Sept. 30, 1980, OOE/ER-0045/4, 
p. 140. 

22. Tortorel.li, P. F., J. H. DeVan and C. T. Lin. "Alloy Development for 
Irradiation Performance Quarterly Progress Report for Period Ending 
Sept. 30, 1980. DOE/ER-0045/4 p.182 

23. Johnson; K. L., N. N. Breyer, and J. W. Dally. 1977. In Proceedings of 
Conference on Environmental Degradation of Engineering Materials, p. 91. 

24. Liu, R., N. Nanita, C. Alstetter, H. Birnbaum, and E. N. Pugh. 1980. 
·Met. Trans., 11A, p. 1563. 

25. Scully, J. C. 1973. 11 Stress Corrosion Cracking and Hydrogen Embrittle
ment of Iron Base Alloys," R. W. Staehle, J. Hochmann, R. D. McCright, and 
J. E. Slater, eds.; NACE-5, p. 946. 

26. Beavers, J. A. and E. N. Pugh. 1980. Met. Trans., 11A, p. 809. 

27. Hahn, G. T. and A. R. Rosenfield. 1968. ASM STP-432, p. 5. 

28. McClintock, F. A. 1967. "Fatigue Crack Propagation," STP-415, 
Phil adelphia, PA, p. 170. 

29. Broek, D. and R. C. Rice. 1977. "Materials and Processes in Service 
Performance, .. p. 392. 

30. Mom, A. J. A., R. T. Dencher, C. J. V. D. Wekken, and W. A. Schultze. 
1979. 11 Stress Corrosion Cracking--The Slow Strain Rate Technique, .. 
G. M. Vgianski and J. H. Payer, eds., ASTM STP-665, p. 305. 

I 

31. Kramer, I. R. and l. J. Derner. 1961. Trans. AIME, 221, p. 780. 

- 32. Rcvie, R. W. and H. H. Uhli·g. 1974. Acta Met., 22, p. 619. 

33. Smialowski, M. and J. Kostanski. 1979. Corrosion Sci"., 19, p. 1019. 

12 




