
WSRC-MS-96-0728 

Slow Strain Rate Testing of Carbon Steel in Solutions With 
High Nit rate Concentrations 

by 
J. I .  Mickalonis 
Westinghouse Savannah River Company 
Savannah River Site 
Aiken, South Carolina 29808 

A document prepared for CORROSION 1997 at New Orleans, LA, USA from 3/9/97 - 3/14/97. 

DOE Contract No. DE-AC09-96SR18500 

This paper was prepared in connection with work done under the above contract number with the U. S. 
Department of Energy. By acceptance of this paper, the publisher and/or recipient acknowledges the U. S. 
Government's right to retain a nonexclusive, royalty-free license in and to any copyright covering this paper, 
along with the right to reproduce and to authorize others to reproduce all or part of the copyrighted paper. 

m I 8 U r r O N  CF MIS DOCUMENT IS UNLIM 



DECLAIMER 

Portions of this document may be illegible 
in electronic image products. Images are 
produced from the best available original 
document. 



DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the 
United States Government. Neither the United States Government nor any 
agency thereof, nor any of their employees, makes any warranty. express or 
implied, o r  assumes any legal liability o r  responsibility for the accuracy, 
completeness, or  usefulness of any information. apparatus. product, 06 process 
disclosed, o r  rcprcsents that its use would not infringe privately owned rights. 
Reference herein to any specific commercial product. process, or service by 
trade name. trademark. manufacturer, o r  otherwise does not necessarily 
constitute o r  imply its endorsement, recommendation. or favoring by the 
United States Government or any agency thereof. The views and opinions of 
authors expressed herein do not necessarily state or reflect those of the United 
States - Government or any agency thereof. 

This report has been reproduced directly from the best available copy. 

Available to DOE and DOE contractors from the Office of Scientific and 
Technical Information, P. 0. Box 62, Oak Ridge, T N  37831: prices available from 
(615) 576-8401. 

Available to the public from the National Technical Information Service, U. S. 
Department of Commerce, 5285 Port Royal Rd., Springfield. VA 22161 
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ABSTRACT 

f Processing of high-level nuclear waste for permanent disposal will cause changes to the present 
inhibited compositions at the Savann& River Site. Temperature and nitrate concentrations may reach 
new high levels during sait dismohtwn in the carbon steel -waste- tanks with -ceflais-removal methods. 
Proper inhibitor concentrations are necessary to minimize the potential for nitrate-induced stress 
corrosion cracking to maintain the integrity of the waste tanks. Slow strain rate testing and 
potentiodynamic polmization were used to investigate whether stress corrosion cracking would initiate 
under bounding removal conditions. Test conditions for two carbon steels included nitrate concentrations 
of 5.5 and 9.7 M at a maximum temperature of 95 "C. The steels were found to be resistant to SCC in the 
more aggressive waste compositions at the present inhibitor concentrations of 0.6 M sodium hydroxide 
and 0.5 M sodium nitrite. 
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INTRODUCTION 

Processing of nuclear waste for permanent disposal has begun at the Department of Energy's 
Savannah River Site (SRS). The nuclear waste has been safely stored in underground carbon steel tanks 
over the past forty years. The waste is composed of a liquid supernate containing soluble salts, a 
precipitated saltcake, and a sludge of insoluble metal oxides. The composition, which varies for each 
high-level waste tank, is composed primarily of sodium nitrate, sodium hydroxide, and sodium nitrite with 
other minor constituents. The nitrate was a by-product of the processing of nuclear hels and targets. 



Solution Compositions 

Test solutions were prepared to simulate waste compositions by ranging the sodium nitrate, 
hydroxide, and nitrite concentrations. The high nitrate concentrations were based on previous salt 
dissolutions trials conducted in several waste tanks, although the present test concentrations were the 
maximum that were experimentally obtainable. The compositions and test temperatures for the solutions 
are given in Table 2. The limits that the waste tanks are presently controlled below is 8.5 M sodium 
nitrate and 75 "C. The minimum inhibitor concentrations for these limits are 0.6 M sodium hydroxide and 
0.5 M sodium nitrite. Since actual wastes are composed of a large number of minor constituents, 
representative salts, which are present in the waste, were added at fixed concentrations to all the 
solutions. These additional components were: 0.1 M sodium carbonate, 0.1 M sodium sulfate, 0.05 M 
sodium chloride, 0.05 M sodium hypophosphate, and 0.005 M sodium chromate. 

TABLE 2. 
SIMULATED WASTE COMPOSITIONS 

Constituent Concentrations M 

A 5.5 0.6 0.5 95 
A1 5.5 0.3 0.3 95 
B 8.0 0.6 0.5 95 
D 8.0 1 .o -- 95 
F 8.7 1.0 0.5 75 
J 9.7 0.6 0.5 95 

Solution Nitrate Hydroxide Nitrite Temperature ("C) 

Potentiodynamic Polarization 

The test cell, which was a standard Greene-type cell, consisted of a five-port Pyrex glass 
container with graphite counter electrodes and a Ag/AgCl reference electrode. All potentials in this paper 
are referenced to this electrode potential (0.197 V vs NHE). The sample was positioned in a Teflon@ 
holder. A temperature controller was used to maintain a temperature of either 75 or 95 OC (* 2 "C). The 
solutions were not stirred or purged with a gas. The test samples were placed in the solution and allowed 
to reach a steady state potential prior to starting the test. 

The test procedure was similar to that given by Parkins and Holyrod and followed standard 
ASTM practices for potentiodynamic polarization [1,2]. M e r  a sample stabilized in the solution, a 
potential of 0.800 V below the open-circuit potential was applied and held for five minutes. This 
polarization reduced surface oxides on the sample. Following this step, the sample potential was ramped 
to 0.800 V at a scan rate of 16.7 mV/sec (fast scan). The sample was allowed to stabilize after this test 
for 30 minutes. The procedure was repeated on the same sample, except the scanning rate was changed 
to 0.33 mV/sec (slow scan). Duplicate tests were run for each solution. 

SSRT Procedure 

The SSRT was performed on a corrosion fatigue machine configured for slow strain rate testing. 
The cylindrical test vessel consisted of top and bottom plates made of C276 and Teflon@ walls. The 
sample and vessel were assembled, installed on the load frame, and preheated. The heated solution was 



poured into the vessel and the assembly was allowed to stabilize. The temperature fluctuated during the 
course of a test over a ten degree range around the set point. After stabilizing, the sample was preloaded 
to 200 pcwnds, then pulled until failure at a crosshead speed of 10-6 idsec (2.5 x cdsec). At the 
conclusion of the test, the sample was removed, rinsed, and dried. The final length and diameter were 
measured for calculating mechanical properties. 

M:ost tests were performed at the uncontrolled potential of the sample; however, a set of tests was 
performed in solution J with the potential controlled at the initial open-circuit potential of the sample. 
Previous investigators have reported that SCC in carbon steels is strongly potential dependent [3]. 
Potential measurements were made with a potentiostat and a Ag/AgCl reference electrode. Prior to the 
start of the test, a string salt bridge was placed into the solution through the top plate of the vessel. The 
other end of the bridge was put into a beaker with the reference electrode which was maintained at room 
temperature. A mesh stainless steel counter electrode was used during controlled potential tests. The 
potentiositat was attached to the upper grip as a means of connecting to the sample. 

Analysis Procedure 

SCC susceptibility for the steels was assessed from the measured mechanical properties and the 
characteristics of the fracture surface. The mechanical properties were compared to those obtained for 
the steel when exposed to parafin oil, which is an inert or noncorrosive environment. The mechanical 
properties that were evaluated included the yield and ultimate tensile strengths (YS and UTS), plastic 
strain (ep), elongation (EL), and reduction in area (RA). RA and EL were calculated from measurements 
of the initial and final length and diameter of the sample. The fracture path and surface of the samples 
were exarnined using light and electron optical microscopy. 

RESULTS AND DISCUSSION 

Potential Ranges For Cracking - 

The polarization curves did not change significantly with alloy type or solution composition. 
Figure 2, which shows the fast and slow scans for A537 in solution J, was typical for all solutions. The 
fast scan .was shifted to higher current densities, but was similar in shape to the slow scan. The potential 
of the anodic current peak shown in Figure 2 shifted randomly with solution composition between 0.00 to 
0.20 V. 'The initial open-circuit potential for the steel alloys were between -0.20 to -0.40 V. The 
corrosion potentials for the fast scans were between -0.35 to -0.65 V, while those for the slow scans were 
between ,-0.20 to -0.50 V. Actual potential measurements in the waste tanks, which had been made 
during the seventies, ranged from -0.06 to -0.44 V [4]. 

This technique utilizing fast and slow scans is based on the hypothesis that SCC occurs by crack 
tip dissolution with the dissolution reactions at the crack tip occurring faster than those at the oxidized 
crack sides or the outer surface [l]. The crack sides transition from active to passive since at an earlier 
stage the side locations were at the tip. The fast scan curve represents the polarization characteristics of 
an "oxide-free" surface since an oxide takes time to form after the cathodic reduction. The slow scan 
curve is characteristic of an oxidized surface. A large ratio of the fast to slow scan current, on the order 
of 1000, indicate the possibility for cracking. For A537 and A285, this size ratio was only found at the 
Open-circuit potential (-0.20 to -0.40 V), although ratios of 10 to 100 were found for the anodic peak 
(0.00 to 0.20 V). The presented results for SSRT are from tests which were unpolarized and potential 
controlled at the open-circuit potential. 



SCC Susceptibility 

SSRT was performed first in the parafin oil at 95 "C to establish the baseline mechanical 
properties and the normal failure mode in a noncorrosive environment. The crosshead speed was the 
same for the simulated wastes, cdsec). The measured mechanical properties for 
the steels are shown in Table 3. Multiple tests were performed which showed some sample to sample 
variability. The SSRT apparatus that was used had a large compliance which affected the total measured 
strain or elongation of the sample. The plastic strain was found to be independent of the load frame and 
representative of the sample. The plastic strain was calculated from the difference in the strains at failure 
and yield as measured with the data acquisition software. 

idsec (2.5 x 

TABLE 3 
BASELINE MECHANICAL PROPERTIES FOR A537 AND A285 

Steel 

A537 

A285 

Strength (psi) 
Yield Tensile 

46200 76700 
46700 68500 

29900 76500 
35200 76300 

Strength &Pa) 
- -  Yield Tensile 

3 19 
3 22 

206 
243 

529 
472 

527 
526 

Reduction Plastic 
Elongation (%I In Area (%I Strain (in/.in) 

30.6 
34.0 

24.4 
22.7 

71.1 
74.6 

50.2 
49.1 

0.287 
0.319 

0.23 1 
0.219 

Ratios of the mechanical properties in the simulated waste to the baseline data are given in Table 
4. A537 did not show any indication of SCC to the simulated wastes solutions. The ratios for all 
properties except RA were generally one or slightly greater indicating that the property of the steel did 
not degrade during testing exposure. For RA, the ratios were consistently less than one. This difference 
from the other ratios for ductility, EL and ep, might be attributed to an effect of the solution on the steel. 
However, all samples had a similar cup-cone appearance which is characteristic of a ductile failure. Figure 
3(a) shows this type of failure for one of the samples tested in solution J. The fracture surface, shown in 
Figure 3(b), consisted of a central region with microvoid coalescence and a shear lip on the outer 
perimeter. Secondary cracks were not observed along the gauge length. The failed specimens looked 
essentially identical for both the oil and simulated wastes. 

Two samples were held at the initial open-circuit potential in the most aggressive solution, thereby 
maintaining a constant potential in a range of possible SCC susceptibility as identified from the 
polarization tests. Their open-circuit potentials were -0.235 and -0.391 V for the two samples shown in 
the table. The mechanical properties and fracture modes resembled the baseline and unpolarized test 
results. Therefore, with inhibitor concentrations of 0.6 M sodium hydroxide and 0.5 M sodium nitrite, 
A537 was not susceptible to SCC for nitrate concentrations up to 9.7 M and temperatures of 95 "C. 

A285 was also resistant to SCC at these inhibitor concentrations as indicated by the mechanical 
property ratios in Table 4. Except for solution A, the ratios of all the properties were near one. The 
sample for solution A was taken as an anomaly since all the properties were significantly greater than any 
of the other samples. The appearance of the samples was cup-cone, similar to the A537 samples. 
Secondary cracks were not found along the gauge length. The two samples held at their initial open- 



circuit potential also had ratios near one except for the low yield stress and RA ratios. The lower ratios 
for these properties might indicate some environmental effect, however the fracture modes appeared 
identical to the unpolarized samples. The open-circuit potentials were -0.205 and -0.381 V. 

Foa these test environments, A537 and A285 had apparently the same resistance to SCC. A 
difference was detected when the inhibitor concentrations were reduced to half those of solution A 
(Solution Al). The samples were tested unpolarized at 95 "C. A537 performed identically to all the other 
samples with mechanical property ratios greater than one (except for RA) and a ductile fracture mode. 
However, the A285 sample failed early by SCC. As shown in Table 4 the mechanical properties were 
significantly affected. Secondary cracks were found emanating from the fracture surface. Figure 5 shows 
a cross sectional view of the sample and that from solution A for comparison. The different behavior of 
these two steels may be related to their different microstructures (Figure 1). 

TABLE 4 
MEClHANICAL PROPERTY RATIOS FOR A537 AND A285 IN SIMULATED WASTES 

Strength 
Yield Tensile Elongation 

Reduction 
In Area 

Plastic 
Strain -- Solution 

A 
A 
D 
B 
F* 
J 
J 

A537 
0.98 
1.01 
1.04 
1 -08 
1.10 
1.11 
0.93 

-1.05 
1.05 

1.01 
1.04 
1.04 
1.05 
1.06 
1.05 
1.05 

0.99 
1.03 
1.01 
1 .oo 
1.02 
0.99 
1.01 

0.95 
0.93 
0.93 
0.96 
0.97 
0.97 
0.94 

1.02 
0.97 

1 .oo 
1.05 
1.04 
1.03 
1.06 
1.04 
1.04 

J* * 
J* * 

-0.99 . / ,  

1.01 
1.01 - , . '. 
0.93 

1.03 
0.93 

A285 
A 
D 
D 
B 
F* 
J 

1.43 
1.04 
1.06 
1.07 
1 .oo 
1.07 

1.36 
0.98 
1.06 
1.04 
1.03 
1 .oo 

1.33 
1.05 
1.04 
1 .oo 
1.03 
1.02 

1.36 
0.98 
1.03 
1.03 
1.02 
1.01 

1.08 
1.03 
1.05 
1.03 
1.03 
1.02 

J* * 
J* * 

0.93 
0.93 

1.00 
1.00 

1.00 
1.00 

0.99 
0.96 

1.01 
1.03 

AI 0.86 1.01 0.85 0.64 0.86 

* Test temperature was 80 "C. 
* * Sample was potentiostatically held at their initial open-circuit potential. 



CONCLUSIONS 

SSRT and potentiodynamic polarization testing of A537 and A285 steels in simulated high-level 
nuclear waste solutions was used to assess SCC susceptibility during salt dissolution. The waste solutions 
may obtain nitrate concentrations of 9.7 M and temperatures up to 95 "C. A537 and A285 were not 
susceptible to SCC under these conditions for inhibitor concentrations of 0.6 M sodium hydroxide and 
0.5 M sodium nitrite. The mechanical properties and fracture modes were similar to those tested in a 
noncorrosive environment. Secondary cracking was not observed. Samples were tested at both 
fluctuating and constant open-circuit potentials. A285 was shown to be susceptible to SCC at half the 
normal inhibitor concentrations, while A537 remained resistant at the reduced level. 
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FIGURE 1. Microstructures of carbon steel test specimens: (a) A537, (b) A285 
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FIGURE 2. Potentiodynamic polarization curves for A537 in simulated waste (9.7 M sodium nitrate) at 
95 "C 
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FIGURE, 3.  A537 sample tested in solution J showing cup-cone morphology: (a) side view, b) SEM 
micrograph of fracture surface 



FIGURE 4. Sectioned A285 samples displaying different failure modes: (a) secondary cracking (tested in 
solution Al), (b) ductile (tested in air) 


