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ABSTRACT 

The stress corrosion cracking (SCC) susceptibilities of Alloy 22 and Type 316L stainless steel 
were evaluated in concentrated chloride solutions. Test results suggest that Alloy 22 is very resistant to 
chloride SCC. No SCC was observed after 12 months in 14.0 molal C1- as MgC12 at 110 'C using 
fatigue precracked wedge opening loaded double cantilever beam specimens with an initial stress 
intensity of 32.7 MPa-m , however, minor grain boundary attack and limited secondary cracking were 
observed. Similar results were obtained in tests conducted using a stress intensity of 47 MPa-m1/2 with 
and without cyclic loading in 9.1 molal LiC1 at 95 'C. The SCC susceptibility of Type 316L SS was 
sharply reduced when the potential of the material was reduced below the repassivation potential for 
crevice corrosion.  

Keywords: Stress corrosion cracking, localized corrosion, stainless steel, nickel base alloys, nuclear 
waste disposal 

INTRODUCTION 

Stress corrosion cracking (SCC) of stainless steels and nickel base alloys has received much 
attention as a result of the wide spread use of these engineering alloys. The susceptibility of stainless 
steels and Ni base alloys to SCC has been examined by numerous investigators and extensively 
reviewed [1-5]. These investigations and reviews have demonstrated that SCC susceptibility is 
influenced by the alloy composition, impurities in the alloy, type and composition of aggressive species 
in the exposure environment, temperature, electrochemical conditions, stress, and distribution of flaws.  

Many mechanisms have been proposed to predict SCC of engineering alloys [6]. While no one 
mechanism can satisfactorily explain the occurrence of SCC of multiple alloy systems [7], the slip 
dissolution mechanism seems to be the most appropriate for Ni-base alloys. In the slip dissolution 
model [8] stable anodic oxide film is fractured as a result of plastic deformation and anodic dissolution



of the metal occurs during repassivation. In addition, the lack of a SCC model that can be used to 
predict SCC susceptibility for a variety of alloys and systems, many SCC models have parameters that 
cannot be readily obtained [9]. Prediction of SCC susceptibility is necessary to assess the long term 
performance of engineered components such as containers for the geologic disposal of high level 
nuclear waste (HLW). In the absence of mechanistic models for SCC prediction, assessment of long 
term performance of engineered structures may be possible by bounding the SCC susceptibility of the 
alloy with respect to the range of expected exposure conditions.  

Nickel base alloys are used in many applications in the chemical process industries as well as 
oil and gas production. The choice of Ni-base alloys in these applications is a result of the exceptional 
corrosion resistance of these materials in a wide variety of aggressive environments. The resistance of 
these alloys to SCC has been demonstrated to be strongly dependent on the chemical composition of 
the alloy [1,3,4]. SCC resistance in chloride solutions has been linked to the Ni content of the alloys.  
Copson [10] tested alloys with a range of Ni concentrations using wire specimens in boiling MgC12 and 
showed that the minimum resistence to SCC occurred when the Ni content of the alloy was 
approximately 12 percent. With either lower or higher Ni contents SCC failure times increased 
significantly and with very high Ni contents (>40 percent), SCC was not initiated. Subsequent work by 
Staehle et al. [1] with commercial Fe-Cr-Ni alloy wires using a constant strain technique, revealed that 
alloys with 50 percent Ni were not susceptible to SCC even in 45 percent MgC12 (15.7 molal Cl-) at 
154 'C. A large reduction in the SCC susceptibility was observed with alloys containing 30 percent Ni.  
Speidel [11] examined commercial alloys with 16 to 30 percent Cr, 1 to 73 percent Ni and 0 to 4.5 
percent Mo in order to determine the response of these alloys using fracture mechanics type specimens 
in boiling 22 percent NaCl (105 'C). No SCC was observed for alloys with more than 40 percent Ni.  

Studies conducted with susceptible alloys in aggressive environments have shown that the crack 
propagation rate and the initiation of stress corrosion cracking are dependent on electrochemical 
conditions [9]. Lee and Uhlig [12] observed an effect of potential on failure time by SCC using Ni and 
Ni 20 Cr alloys in MgC12 at 130 'C. When the applied potential was increased form -340 mVscE to 
-290 mVSCE, the failure time decreased from 100 hours to 1 hour. Investigations by Silcock [13] using 
Type 316L stainless steel specimens in boiling 42 percent MgCl2 (14.7 molal CI-) solutions at 154 °C 
showed a strong effect of potential on the SCC propagation rate. Higher stresses were needed to initiate 
SCC when the potential was sufficiently reduced. Russell and Tromans [14] tested cold worked type 
316L SS T-double notch double cantilever beam specimens in MgC12 solutions at temperatures ranging 
from 116 to 154 'C and initial stress intensities, K1, ranging from 12 to 100 MPamm" 2. No SCC was 
observed on specimens with K, in the range of 30 to 35 MPam12 in 44.7 percent MgC12 
(15.6 molal CI-) at 154 'C when the potential was reduced below -0.350 VscE.  

The SCC susceptibility of type 316 L stainless steel and Alloy 22 in concentrated chloride 
solutions are reported in this paper. Tests were conducted using fracture mechanics type specimens, 
such as wedge opening loaded double cantilever beam or compact tension specimens, in order to 
provide a preexisting flaw to facilitate the initiation of SCC [15]. Crack propagation rates were 
measured as a function of stress intensity and electrochemical conditions. The objectives of these 
investigations were to determine the SCC susceptibility of the alloys and measure the crack propagation 
rate as a function of exposure conditions; parameters that may be used to assess the performance waste 
packages for HLW disposal.



EXPERIMENTAL METHODS

The chemical compositions of the Alloy 22 and Type 316L heats used in this investigation are 
shown in Table 1. SCC tests were conducted using wedge opening loaded double cantilever beam 
specimens [16] (Figure 1) and compact tension fracture mechanics specimens (Figure 2) machined 
from hot-rolled and annealed plates. Specimens from 12.7-mm plate were machined with a long 
transverse-longitudinal direction (T-L) orientation where the crack plane is perpendicular to the width 
direction (T direction) and the crack propagation is in the longitudinal rolling direction (L direction).  
The 25.4-mm plate was used for the S-L orientation specimens where the fracture plane is 
perpendicular to the short transverse direction (S direction) and the crack propagation is in the L 
direction [17]. Test specimens were fatigue precracked using a servo hydraulic test machine. Specific 
conditions of precracking of each specimen was dependent on the test conditions. General guidelines 
for fatigue precracking specified in ASTM E399-90 Annex A2 [17] were adopted.  

All SCC tests were conducted in 2-L test cells equipped with a fritted gas bubbler, platinum 
counter electrode, temperature probe, and a water cooled Luggin probe with a saturated calomel 
electrode (SCE) used as a reference maintained at room temperature. The SCC susceptibility was 
evaluated in concentrated MgC12 solutions (9.1 and 14.0 molal chloride) at 110 'C and concentrated 
LiCl (9.1 molal) solutions at 95 'C.  

The double cantilever beam and compact tension specimens were periodically removed from 
the test cells and inspected with an optical microscope at low magnification. Scanning electron 
microscope (SEM) photographs were used to document the starting condition of the specimens and 
changes in surface features and/or signs of cracking. For the wedge opening loaded double cantilever 
beam specimens, the wedge was removed by loading the specimen in a servo-hydraulic load frame at 
the end of each test. A clip gage, installed to measure crack opening displacement, was used for the 
final compliance measurement. The final wedge load was also determined. The stress at which the 
crack is arrested, expressed in terms of the threshold stress intensity, Kiscc, can then be calculated. At 
the completion of each test, the specimens were rinsed in deionized (DI) water and dried. Most 
specimens were cleaned ultrasonically in an inhibited hydrochloric acid (HC1) solution that contained 4 
mL of 2-butyne-1,4-diol (35 percent aqueous solution), 3 mL of concentrated HC1 and 50 mL of 
deionized water. Post-test examination was performed with an optical microscope and a SEM.  

Double Cantilever Beam Specimens 

For the double cantilever beam specimens the fatigue precracking was used to provide an initiation 
crack that extended past the specimen chevron notch. The SCC tests were conducted according to 
NACE Standard TMO177-96 [16]. Stress calculations were performed assuming that the double 
cantilever beam specimen was a straight beam subjected to pure bending. The bending stress of the 
double cantilever beam specimen arm at the crack tip can be calculated [18] according to Eq. (1) 

6Pa _"-- _- x10.6 (1 
bh2  (1) 

where P is the wedge load, a is crack length, h is the height of the specimen arm, and b is specimen 
thickness. For a in MPa, P is in Newtons, and a, b, and h are in meters.



The initial stress intensity, KI, for the side grooved double cantilever beam specimen can be 
calculated [ 16,19] according to Eq. (2) 

Pa(2Jf3 + 2.38h / a)(b / bn )1143 (2) 
KI - bh 3/2 

where bn is the net thickness of the specimen at the side grooves in meters and K, is in Pawm 12 

As reported previously by Pan et al.[20] the double cantilever beam specimens were fatigue
precracked under load control at 20 Hz, with a load ratio of 0.10 and a maximum stress intensity of 
19.6 MPa-m1/2. Compliance curves were measured prior to wedge opening loading. The initial crack 
length for all specimens was approximately 32.8 mm. Alloy 22 double-tapered wedges were used to 
load the specimens to an initial stress intensity of 32.7 MPa-m 2 . The selection of the initial conditions 
was based on calculations of K, and the double cantilever beam arm bending stress using Eq. (1). The 
yield strength of this heat of hot-rolled and mill-annealed Alloy 22 is 344 MPa. For a crack length of 
32.8 mm, an initial loading of 2,482 N is required to achieve a K, value of 34.8 MPa-m" 2. Under these 
loading conditions, the bending stress at the crack tip is 317 MPa, which is close to the yield strength of 
Alloy 22.  

Compact Tension Specimens 

SCC tests with compact tension specimens were conducted using both wedge opening loading 
and sustained loading conditions. The tests with wedge opening loading specimens are constant crack 
opening displacement tests in which the stress intensity decreases with crack growth, whereas in the 
constant load tests the stress intensity at increases as the crack propagates. Tests were also conducted 
using a cyclic loading with a frequency of 0.001 Hz and an R ratio of 0.7.  

For all compact tension specimens a crack length/specimen width ratio, or a/W ratio, of 0.45 to 
0.55 consistent with the ASTM E399 specifications [17] was used to determine the length of the initial 
fatigue precrack. In some cases, following the completion of fatigue precracking, specimens were 
wedge opening loaded using stress intensities below that used in the tests in order to allow the visual 
examination of the fatigue precrack with a microscope. After the fatigue precrack has been examined, 
the loading wedge was removed and the specimen was prepared for testing. For the wedge opening 
loading test specimens, tapered wedges were used to apply stress intensities at the specimen crack tip 
ranging from 21.8 to 54.5 MPam . The stress intensity for the compact tension specimens in was 
calculated [21] according to Eq. (3) 

K - f(a / W)P 
(BBnW)11  (3) 

where B is the specimen thickness, Bn is the thickness of the specimens at the side-grooves in meters 
and the function f(a/W) was calculated according to Eq. (4)



a aa3 6 (2±a ( 0. 886 + 4. 64a _13.32 ±2 +14.72 a-5.64 
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f(a / W)= ( a3/2 (4) 
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The limit load, PL, for the compact tension specimens were determined [21] using Eq. (5) 

PL = cr7B.(W.-a)oys (5) 

where uys is the yield strength of the material in MPa, c is a constant. Be is the effective specimen 
thickness in meters and ri is defined in Eq. (6) 

?= (2a) 2 +(4-b@ +]112 _[2a]_(6 
7-=+ +2 - - 1 (6) 

where b is the dimension of the uncracked ligament in meters determined by Eq. (7) 

b=W-a (7) 

Be is defined in Eq. (8) 

Be (B- B.) 2  (8) 
B 

For an a/W ratio of 0.45 the maximum stress intensity calculated using 80 percent of the PL in Eq. (4) is 
48 MPam1/2 for Type 316L stainless steel ((Yys = 276 MPa) and 61 MPam1/2 for Alloy 22 
((Yys = 345 MPa).  

Testing of the statically loaded compact tension specimens was conducted in mechanical load 
frames using stress intensities from 20 to 47 MPa'm1/2. Applied loads and specimen crack opening 
displacements were measured throughout the test. Specimen compliance was periodically measured by 
recording the crack opening displacement (COD) while slowly reducing the load and re-applying the 
load. The change in crack opening displacement (ACOD) was determined by subtracting the initial 
COD form the final COD at each time interval using Eq. (9) 

ACOD = CODt=t - CODt=O (9) 

where CODt-t is the crack opening displacement at any time and CODt=0 is the crack opening 
displacement immediately after the load was applied (time = 0). Tamaki et al. [22] showed that 
propagation of a crack through a Type 316 stainless steel tapered double cantilever beam specimen



resulted in measurable changes in compliance. Because the value of the compliance measurement 
obtained in this study were dependent on both the crack length and slight changes in the geometry of 
the load frame, a compliance ratio was used to compare time dependent changes in compliance 
measured in different tests. The compliance ratio was determined using Eq. (10) 

Compliance ratio = Compliance, (10) 
Compliance =0 

where Compliancet-t is the compliance at any time during the test and Compliancet-o is the 
initial compliance measurement after the load was applied (time = 0). If stress corrosion cracking is 
initiated from the fatigue precrack and propagates through the specimen, the ACOD should increase 
from the initial value of 0 and the Compliancet-t should be greater than the Compliancet=0 and the 
compliance ratio will be greater than 1. In the case where no stress corrosion cracking is initiated, the 
ACOD should remain at on near 0 and the compliance ratio should remain at or near 1 for the duration 
of the test. Finally, for the case where SCC is initiated and then stops, both the ACOD and the 
compliance ratio should increase while the crack is propagating and then remain constant after the 
crack is arrested.  

RESULTS 

Type 316 L stainless steel 

The effect of potential on the SCC propagation rate for Type 316L stainless steel double cantilever 
beam and wedge opening loaded compact tension specimens tested with initial applied stress intensities 
of 22 to 33 MPamm" 2 is shown in figure 3. All tests were conducted using an initial stress intensity 
above the KIsCC for type 316 L stainless steel that was determined to be 13.1 MPam'1 2 from wedge load 
measurements on double cantilever beam specimens exposed to 9.1 molal CF- as MgC12 [20]. The crack 
propagation rates were determined by measuring the length of the crack divided by the total test time 
[9, 20]. At potentials below the crevice corrosion repassivation potential (Ercrev) measured to be in the 
range of -395 mVSCE SCC was not observed even after 116 days of continuous exposure to 
concentrated chloride solutions. In contrast, SCC was quickly initiated when the potential of the 
specimen was maintained above the Ercrev. The crack propagation rate was observed to be a dependent 
on potential. At -380 mVscE the crack propagation rate was in the range of 7.3x10-10 to 2.5x10-9 m/s.  
The crack propagation rate increased up to 1.8x1 0- m/s when specimens were tested at open circuit 
conditions where the corrosion potential (Ecorr) was -330 to -320 mVscE.  

Figure 4 shows results obtained with compact tension specimens tested under static loading 
conditions. All specimens were tested using an initial stress intensity of 47 MPam12. It is apparent 
from figure 4 that significant COD and changes in compliance were observed for the specimen 
maintained at -350 mVscE. At the completion of the test, significant crack propagation was obvious 
and more than one crack was initiated. Examination of the fracture surface revealed transgranular crack 
growth that propagated a minimum of 4.4 mm from the end of the fatigue precrack. Assuming that 
cracking was initiated immediately after the load was applied the minimum crack growth rate is 
6.5 x 10-9 m/s. No significant change in ACOD or compliance ratio was observed for specimens 
maintained at -375 and -400 mVscE. Both specimens showed some increase in the ACOD that is not



attributable to crack initiation and growth but mechanical deformation of the test specimen. It should be 
noted that the test at -375 mVscE was conducted in two test segments. The first test segment was 
approximately 300 hours and the second slightly under 900 hours. Because the compliance ratio is 
determined using the initial compliance at the start of the test, the compliance ratio at the start of the 
second test segment is 1.0. Although the compliance ratio appears to increase from the end of the first 
test segment to the start of the second test segment, this increase is a consequence of the method to 
determine the parameter plotted in figure 4 rather than an indication of SCC. For the specimen tested at 
-375 mVscE, it is apparent that the compliance ratio does not increase with time during the second test 
segment. For both specimens, the post test examinations revealed no indication of SCC.  

The specimen tested at -400 mVscE was fractured by additional fatigue cycling in a servo 
hydraulic test machine. SEM micrographs of the fracture surface are included as figure 5. The fracture 
surface has two distinct regions, one associated with the initial fatigue precrack and the second 
associated with the fatigue after testing. Plastic deformation is visible between the fatigue regions.  
Detailed inspection of this region did not reveal any evidence of either interganular or transgranular 
SCC. The uncertainty in the SCC propagation is based on the resolution of the SEM inspection and the 
length of the test. Assuming a resolution of 10 microns and a test time of 839 hours, the uncertainty in 
the SCC propagation rate can be calculated to be 3.3 x 10-12 m/s.  

The effect of stress intensity is shown in figure 6. When the stress intensity was reduced from 
47 to 20 MPam , the time for significant changes in ACOD and compliance ratio did not occur until 
after 700 hours of exposure. Post test examination of the specimen tested at 20 MPam1/2 revealed 
transgranular SCC (figure 7). The fracture surfaces of the two specimens were similar. It was not 
possible to determine when SCC was initiated in the test conducted at the lower stress intensity.  
Assuming that SCC was initiated immediately after the load was applied, reducing the stress intensity 
reduced the average crack propagation rate from 6.5 x 10-9 m/s to 2.3 x 10-9 m/s.  

The effect of potential was also investigated using cyclic loading tests. Figure 8 shows the 
results obtained for a Type 316L SS specimens tested in 9.1 molal LiCI at -350 mVscE using cyclic 
loading for the first 30 hours of testing. After the first 30 hours a constant load was applied. The ACOD 
and the compliance ratio gradually increased for the first 100 hours of testing. A sharp increase in the 
compliance ratio was observed after 120 hours of testing indicating crack propagation. Examination of 
the specimen fracture surface revealed transgranular SCC (figure 9). An additional test was conducted 
in which the, the applied potential of the specimen was gradually decreased from -350 mVscE to 
-400 mVscE at a rate of 10 mV/hr after crack initiation and propagation (figure 10). Cyclic loading at a 
frequency of 0.001 Hz and an R ratio of 0.7 was continued as the potential was decreased. It is apparent 
from figure 10 that the ACOD increases during the first 250 hours of testing while the potential of the 
specimen was maintained at -350 mVscE. Once the potential was decreased the change in the ACOD 
slowed gradually. After changing from cyclic to static loading the ACOD increased abruptly several 
times before reaching a constant value after 500 hours. The lack of crack propagation is also indicated 
by the constant compliance ratio. The potential of the specimen was allowed to go to open circuit by 
disconnecting the potentstat. The Ecorr in the air saturated solution is in the range of -340 to 
-350 mVscE. At open circuit, both the ACOD and the compliance ratio increased sharply indicating the 
re-initiation and propagation of cracks. Examination of the fracture surfaces following the test 
confirmed transgranular path.



Alloy 22

Tests were conducted [20] in 14.0 molal CF- as MgCl 2 with double cantilever beam specimens 
with a stress intensity of 32.7 MPam 1 2. After 21 weeks of exposure under open circuit conditions 
where the Eco0 was in the range of -280 mVscE to -250 mVscE, grain boundary attack was observed on 
the side groove of a specimen with a T-L orientation, however, no SCC was identified on from either 
an initial inspection of the specimen side groove or a detailed examination of the fracture surface after 
the specimen was fractured by fatigue. Some minor cracking was observed on the side groove of a 
specimen with an S-L orientation after 10 weeks of testing. Continued exposure for a cumulative time 
of 52 weeks did not result in any crack propagation. At the end of the tests, the specimens were heat
tinted at 371 'C and then mechanically overloaded to failure. Examination of the fracture surfaces after 
testing clearly revealed both tinted and untinted regions on the fracture surface. No features consistent 
with SCC were observed, however, the appearance of the untinted region of the fracture surface, 
created as a consequence of mechanical overloading after exposure, tended to be flat and slightly 
faceted indicating a less ductile failure.  

Results obtained with statically loaded Alloy 22 compact tension specimens using an initial 
stress intensity of 47 MPam1/ 2 are shown in figure 11. The Ercrev for Alloy 22 in this solution was 
measured to be -247 mVscE using cyclic polarization. Based on this measurement, the potential of the 
specimens were maintained close to the Ercrev (-250 mVscE) and 5 to 30 mV above the Ercrv 
(-245 mVscE to -220 mVscE). The specimens were exposed in 800 hour test segments at which time 
the specimens were removed from the test cell and examined for signs of SCC. At the start of the test, 
the ACOD increased to just greater than 0.1 mm for the specimen maintained above the Ercrev. A smaller 
increase in the ACOD was observed for the specimen maintained close to the Ercrev. After initially 
increasing, the ACOD remained constant for both specimens. A slight increase in the ACOD was 
observed at the start of each test segment. The compliance ratio was determined separately for each test 
segment. For both specimens, the compliance ratio was at or less than 1. The discontinuous increase in 
the compliance ratio from 0.98 to 1.00 for the specimen maintained anodic to the Ercrev was a result of 
the re-initialization of the compliance ratio calculation rather than an indication of crack propagation.  
Visual examination of the side groove the specimens after exposure for 800 and 1600 hours revealed 
some plastic deformation that opened the crack and perhaps blunted the tip of the fatigue precrack.  
Some secondary cracking was observed on the specimens maintained anodic to the Ercrev. The 
secondary cracks appeared to initiate at grain boundaries that were visible after fatigue precracking and 
prior to testing. This observation suggests that extensive mechanical damage and perhaps some 
intergranular fracture occurred during fatigue precracking. Testing of the specimens are continuing in 
order to assess the SCC resistance of Alloy 22.  

A cyclic loading test of a fatigue precracked Alloy 22 compact tension specimen was also 
conducted in 9.1 molal LiC1 (figure 12). The potential of the specimens was continuously maintained 
above the Ercrev. An anodic current density of approximately 2 x 10-8 A/cm 2 was recorded when the 
applied potential was -230 mVscE or less. When the potential was increased to -225 mVscE a 
significant increase in the passive current was observed and the potential of the specimen was promptly 
reduced to avoid the initiation of localized corrosion. The ACOD and the compliance ratio were 
virtually constant over the entire test and were not influenced by variations in the applied potential.  
Examination of the sides of the specimens after testing revealed no indication of SCC. Additional 
exposures under similar conditions will be conducted.



DISCUSSION

Results obtained for Type 316L SS in concentrated chloride solutions show that SCC was 
rapidly initiated and crack propagation rates in the range of 10-9 to 10-8 m/s were measured [9, 20] 
when the potential of the test specimen was maintained above the Ercrev. No SCC was initiated on 
specimens when the applied potential was maintained below the Ercrev. Increasing the applied stress 
intensity at the crack tip from 22 to 54 MPam12 did not increase the susceptibility of the material to 
SCC when the applied potential was less the Ercrev. The effect of potential on the SCC susceptibility is 
in agreement with the results reported by Eremias and Marichev [23] who reported that in 10.8 molal 
LiCl solutions the Kiscc for an austenitic stainless steel increased when the specimen potential was 
decreased.  

Post-test examination of the compact tension specimen maintained below the Ercrev revealed that 
the fracture surface was dominated ductile failure (figure 5). Linear features observed in figure 5 appear 
to be similar to cracks that are perpendicular to the fatigue precrack. Several investigations have 
reported crack branching in annealed stainless steels [24-26]. The features in figure 5 are not consistent 
with SCC. Dimples created by microvoid coalescence are visible over much of the area. These crack 
like features may be attributed to local ductile tearing as a consequence of the high stress intensity used 
in the test.  

While the potentiostatic tests showed that SCC was not initiated as long as the potential of the 
test specimen was below the Ercrev, it was desirable to determine the effect of potential on crack 
propagation. This was accomplished by conducting tests where SCC was initiated and allowed to 
propagate with the potential of the specimen above the Ercrev prior to reducing the potential to just 
below the Ercrev. The result shown in figure 10 suggests that the SCC propagation rate was substantially 
reduced when the potential of the specimen was lowering the potential of the specimen to a value a few 
mV less than the Ercrev. The test was performed so that the potential of the specimen was gradually 
reduced in order to prevent sudden changes to the chemistry of the actively growing crack. Cyclic 
loading was continued for more than 30 hours after the potential of the specimen was reduced in order 
to promote SCC initiation and growth. After a static load was applied, the ACOD increased albeit 
slowly throughout the remaining duration of the test. The compliance ratio increased slightly for about 
180 hours after the potential was reduced before eventually reaching a constant value. The plateau in 
the compliance ratio suggests that either the crack ceased to propagate or that the rate of crack 
propagation was slow and could not be detected by changes in compliance. It is not possible to 
conclusively state that the SCC was arrested when the potential of the specimen was reduced below the 
Ercrev because there was a measurable increase in the COD as a function of time. It should be noted that 
the increase in the COD may not be an indication of SCC propagation. Because the combination of a 
constant load and an increase in the length of the crack as a consequence of SCC in the initial part of 
the test, the stress intensity at the crack tip also increased. Assuming that 80 percent of the crack 
propagation occurred in the initial 500 hours of the test (based on the observation that 80 percent of the 
ACOD occurred in the initial 500 hours of testing), the value of a/W would increase from 0.45 to 0.55.  

1/2 Correspondingly, the stress intensity at the crack tip would increase form 47 to 64 MPam . The 
increased stress intensity was in excess of the maximum stress intensity for plane stress conditions.  
Ductile yielding and ductile tearing, which are possible under these conditions, may be responsible for 
the increased COD while the potential was maintained at -400 mVscE.  

Results obtained for Type 316L stainless steel in this study are partially in agreement with the 
previous results of Russell and Tromans [14] who reported the arrest of SCC for 316L in 44.7 percent 
MgC12 (15.6 molal chloride) when the potential was reduced from -250 mVscE to -350 mVscE. Crack



arrest was not instantaneous, however, and was reported to gradually decrease over a period of 
5,500 seconds. In addition, the minimum crack propagation rate reported by after SCC arrest was 
10-9 m/s which was substantially lower than the crack propagation rates of 4 x 10-7 m/s at higher 
potentials. The differences in crack propagation rates measured by Russell and Tromans [14] and those 
measured in this study can be attributed to differences in the type of test specimens and testing 
conditions. Both testing time and the resolution of the crack growth rate were not reported in the work 
of Russell and Tromans [14]. As a result, it is not possible to determine if SCC arrest was achieved by 
reducing the potential, or if the rate of SCC propagation continued at a rate less than 10-9 m/s. The 
results of tests performed in this study suggest that the SCC propagation rate is reduced when the 
potential was reduced below the Ercrev. However, a conclusive determination of crack arrest may only 
be possible using lower stress intensities where ductile failure is not a concern.  

Tests conducted with Alloy 22 do not conclusively indicate this material is susceptible to SCC 
in concentrated chloride solutions. The absence of SCC under the conditions investigated are in 
agreement with the original results reported by Copson [10] that alloys with more than 40 percent Ni 
are resistant to chloride SCC. In later work by Speidel [11] using fracture mechanics type specimens 
with an initial stress intensity of 60 MPam , no SCC was initiated on alloys containing more than 40 
percent Ni in boiling concentrated NaC1 solutions. In this investigation, limited secondary cracking and 
increased COD obtained under constant loading conditions when the potential was maintained above 
the Ercrev suggest that chloride SCC may be possible under very aggressive conditions; however the 
SCC propagation rate may be very slow. In addition the potential range for SCC decreases as the 
chloride concentration increases. The previous work of Tamaki et al. [22] suggests that in concentrated 
chloride solutions, the potential range for SCC may be limited to a few mV greater than the Ercrev. At 
higher potentials, localized corrosion in the form of crevice corrosion may occur preferentially to SCC.  
The significant increase in current observed when the potential of the Alloy 22 specimen was increased 
to -225 mVscE and the visual confirmation of crevice corrosion are consistent with the observations 
of Tamaki et al. [22]. An attempt to use cyclic loading to initiate SCC was based on the recently 
reported results of Andresen et al. [27]. Using cyclic loading at a frequency of 0.001 to 0.003 Hz 
Andresen et al. [27] reported the initiation of SCC on Alloy 22 in concentrated high pH salts solutions 
at 110 'C. The crack growth rates reported by Andresen et al. [27] are on the order of 5 x 10-1" m/s. At 
this low crack propagation rate, test times of more than 200 days are needed to have a crack extension 
of 0.01 mm.  

CONCLUSIONS 

The susceptibility of Alloy 22 and Type 316L stainless steel was investigated in concentrated 
chloride solutions. Type 316 L stainless steel was found to be susceptible to SCC when the potential of 
the specimen was above the Ercrev. In contrast, the initiation of SCC was prevented when the potential is 
less than the Ercrev. When the potential of the specimen was reduced below the Ercrev after crack 
initiation and propagation, the SCC propagation rate was substantially reduced as implied by changes 
in the COD and compliance. However, it is not possible to conclude that SCC is arrested when the 
specimen potential is reduced below the Ercrev Additional tests are planned to better assess the effect of 
potential on the SCC propagation rate.  

Alloy 22 was found to be very resistant to SCC in concentrated chloride solutions. No 
conclusive determination of Alloy 22 SCC susceptibility could be made from the results of the tests



conducted in this investigation. Additional tests in progress will help to establish the relationship 
between the Ercrev and the SCC susceptibility of Alloy 22.  
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Figure 1. Dimensions of the double cantilever beam specimens according to NACE 

TM0177-96.

12.7 mm 

12.7 mm

-- 50.8 mrn

12.7 mm 

60 0 

6.3 mm 

8.6 mm

63.5 mm

Figure 2. Dimensions of the compact tension specimens
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Figure 3. Crack growth rate for type 316L stainless steel as a function of 

potential in concentrated chloride solutions 
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Figure 4. Change in crack opening displacement and compliance ratio as a 
function of potential for type 316L stainless steel compact tension specimens 

tested in 9.1 molal LiCI



Figure 5. Scanning electron micrographs of fracture surface of type 316L stainless steel after 
testing at -400 mVSCE in 9.1 molal LiCI. The initial stress intensity was 47 MPa'm 1 2
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Figure 6. Change in crack opening displacement and compliance ratio as 

a function of initial stress intensity for type 316L stainless steel compact 
tension specimens tested in 9.1 molal LiCi at a potential of -350 mVscE



Figure 7. Scanning electron micrographs of fracture surface of type 316L stainless steel 
after testing at -350 mVSCE in 9.1 molal LiCI. The initial stress intensity was 20 MPaml2.  
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Figure 8. Change in crack opening displacement and compliance ratio for a type 
316L stainless steel compact tension specimen tested in 9.1 molal LiCI at a 
potential of -350 mVSCE. Cyclic loading was used to initiate stress corrosion 
cracking.



Figure 9. Scanning electron micrographs of fracture surface of type 316L stainless steel 
after testing at -350 mVSCE in 9.1 molal LiCl. The initial stress intensity was 47 MPa'm1/2.  
Cyclic loading at 0.001 Hz with R = 0.7 was used to initiate stress corrosion cracking
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Figure 10. Change in crack opening displacement and compliance ratio for a type 
316L stainless steel compact tension specimen tested in 9.1 molal LiCI. Cyclic 
loading at a potential of -350 mVSCE was used to initiate stress corrosion cracking.
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Figure 11. Change in crack opening displacement and compliance ratio 
for Alloy 22 compact tension specimens tested in 9.1 molal LiC1.
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for Alloy 22 compact tension specimens tested in 9.1 molal LiCI under 
cyclic loading conditions
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