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INTRODUCTION 

The Department of Energy is currently remediating several sites that have been 
contaminated over the years with hazardous, mixed waste and radioactive materials. 
Regulatory guidelines require strict compliance demonstrating public safety during 
remediation and the transport of these hazardous, mixed waste and radioactive materials. 
The compatibility of the metallic transportation containers with the contents they are 
designed to transport is an ultimate concern that must be satisfied to ensure public safety. 

The transportation issue is inherently complicated due to the complex, varied, and 
unknown composition of the hazardous, mixed and radioactive waste that is being 
considered for transport by the DOE facilities. Never before have the interactions 
between the waste being transported and the materials that comprise the transportation 
packages been more important. Therefore, evaluation of material performance when 
subjected to a simulated waste will ensure that all regulatory issues and requirements for 
transportation of hazardous, mixed, and radioactive wastes are satisfied. 

The tasks encompassed by this study include defining criteria for candidate material 
selection, defining a test matrix that will provide pertinent information on the material 
compatibility with the waste simulant, and evaluation of material performance when 
subjected to a simulant waste. Our goal is to provide package design engineers with a 
choice of materials which exhibit enhanced performance upon exposure to hazardous, 
mixed, and radioactive waste that is similar in composition to the waste simulant used in 
this study. Due to the fact that there are many other possible waste compositions, 
additional work needs to be done to broaden our materials compatibility/waste stream 
data base. 

Potential packaging material candidates were exposed to a simulated waste for all tests. 
The simulated waste form did not have any radioactive components. The aqueous 
simulant chosen for our current experiments replicates one type of waste that is currently 
in storage at the Hanford site. The waste simulant contains nitrate, nitrite, hydroxide, 
chloride, and sodium ions in concentrations approximating those in the waste stream. 
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Nine candidate materials were selected and evaluated to establish, based on performance 
and cost, the viability of using traditional and nontraditional materials in the fabrication 
of transportation containers. This will provide engineers with material choices that will 
enhance the performance of transportation containers. Additionally, the transportation of 
hazardous, mixed and radioactive waste shall be accomplished ensuring public safety by 
meeting requirements set forth by DOT and NRC. 

The alloys chosen for this study fall into three classes, consisting of austenitic stainless 
steels (304L & 316), nickel based alloys (In 625, In 725, HC 276 and HC 22) and 
titanium based alloys (grade-2, grade-5 and grade- 12). The stainless steels are commonly 
used corrosion resistant materials. They provide excellent corrosion resistance in benign 
environments. They can be subject to stress corrosion cracking, pitting, and crevice attack 
in certain media. They are relatively low cost and easily obtained. The nickel based alloys 
provide a higher degree of corrosion resistance, but are more expensive and can be more 
difficult to fabricate into containers. The corrosion resistance of HC 22 is excellent in 
oxidizing and reducing environments, and is extremely resistant to localized corrosion 
and stress corrosion cracking. The titanium alloys exhibit excellent corrosion resistance, 
particularly in oxidizing environments, but like the Ni base alloys, are more expensive 
and may be more difficult to fabricate into containers. A list of the composition for these 
alloys is presented in Table 1 [ref. ASM International, Metals Handbook Ninth Edition 
Volume 13 Corrosion, Haynes] . 

Table 1 Nominal Composition of Alloys (%) * 
Fe- Based Alloys 

Alloy % C  %Mn %P % S  %Si %Cr %Ni %Mo %Bal 
304L 0.03 2.00 0.045 0.03 1.00 18-20 8 - 12 ------- Fe 
316 0.08 2.00 0.045 0.03 1.00 16-18 10-14 2 - 3  Fe 

*Maximum unless otherwise indicated. 



Stainless steel’s most important property is their ability to withstand corrosion in many 
different environments. They perform best under oxidizing conditions which are harmful 
to ordinary steel and many non-ferrous metals and alloys. Also, stainless steel is almost 
completely resistant to atmospheric corrosion. Additionally, 304 stainless has good 
machinability properties and 316 has superior resistance to pitting environments due to 
the presence of Molybdenum. 

The nickel based alloys, (HC 22, HC 276, In 625, and In 725), contain chromium, 
aluminum, and molybdenum which enhances the corrosion resistance of these materials 
in a wide variety of severe environments over a broad temperature range. Nickel alloys 
are also known to resist severe corrosion conditions involving liquid or gaseous 
environments and or high stresses. They are highly resistant to caustic and chloride 
induced stress corrosion cracking. They also exhibit good ductility, toughness, and easy 
machinability although the cost is significantly higher than stainless steel. 

The titanium alloys are exceptionally corrosion resistant in many aggressive alkaline and 
acidic environments due to the ability of titanium to form a stable, self-healing oxide film 
that protects the base metal from the surrounding environment. Other attractive 
properties include low density, high strength and good machinability . Titanium exhibits 
excellent resistance to atmospheric corrosion. Again, the cost of titanium alloys over 
stainless is significant. 

The test matrix included the following experiments: weight loss, potentiodynamic 
polarization, electrochemical impedance spectroscopy, crevice corrosion, and stress 
corrosion cracking. Weight loss experiments were conducted as per ASTM G3 1-72 to 
determine uniform corrosion rates. In addition, electrochemical testing (dc polarization) 
was used to evaluate corrosion rates as per ASTM G59-91 [ref. h e r .  Society for Testing 
Material]. 

Electrochemical impedance spectroscopy (EIS) is a test used for determining the 
corrosion rate of a metal. A small amplitude sinusoidal potential perturbation is applied 
to the working electrode (candidate material) at a number of discrete frequencies. This 
impedance response is characteristic of the electrochemical system it describes. From 
these data an equivalent electrical circuit can be determined and used in the data 
reduction process. Information determined from this testing include polarization 
resistance, capacitance, and corrosion rate. 

Crevice corrosion is a mode of attack often associated with passive materials (alloys that 
derive their corrosion resistance from the presence of a protective oxide or passive film). 
It can occur when solution chemistry in a crevice differs from that of the bulk electrolyte. 
At that point, local anodes and cathodes are established, leading to non-uniform attack 
similar to pitting. Crevice corrosion experiments (ASTM G78-89) were conducted to 
determine resistance of each of the alloys to crevice attack. 

Stress corrosion cracking (SCC) occurs when an applied or residual tensile stress 
combines with a corrosive media to cause cracking. Constant displacement tests (ASTM 
G49) were run on each of the alloys to assess susceptibility to SCC in the simulated 
environment. 

This study will examine three types of corrosion; general corrosion, localized (pitting and 
crevice corrosion), and stress corrosion cracking. All nine candidate materials are being 
subjected to various tests using the selected simulant as the environment. An evaluation 
will be made as to the susceptibility of the candidate material to undergo a specific type 
of corrosion. 



EXPERIMENTAL 

Samples of stainless (304L and 316), hastelloy (HC 22 and HC 276), Inconel (In 625 and 
In 725), and titanium (grades 2,5 and 12) were obtained for testing. The coupons used 
for weight loss, EIS, and crevice corrosion testing were 1/16” x 1” x 1” with a 600 grit 
finish. The tensile specimens were l/8” round tensile bars (1” gauge length) and used the 
load frame specified in ASTM G49. Teflon crevice and shoulder washers were used for 
crevice corrosion tests. All samples were degreased with acetone in an ultrasonic cleaner 
prior to assembly and testing. 

The aqueous simulant used for this study represented a Hanford Site tank waste. The 
solution contained nitrate, nitrite, hydroxide, chloride, and sodium ions in concentrations 
approximating those in the waste stream. Table 2, below, lists the composition for the 
simulant waste [ref. Nigrey, et. al.]. 

Table 2 Composition of the simulant waste solution 

Weight loss tests were started 8/3/94 and are still in progress. One coupon of each 
material was ultrasonically cleaned, weighed (to four decimal places), placed into a 
plastic specimen container with 40 ml of simulant solution and capped. Coupons are 
rinsed, examined and weighed monthly. 

Coupons for anodic polarization tests were cleaned in acetone for two minutes in an 
ultrasonic cleaner. Coupons were then mounted in an electrochemical flat cell which 
exposed a 1 cm2 area to the waste simulant. Two cyclic anodic polarization scans were 
run on each alloy. The anodic polarization scans were run at a scan rate of 0.2 mV/s and 
both the forward and reverse scans were recorded. 

For the EIS tests a piece of nichrome wire was spot welded to one coupon for each alloy, 
coupons were then cleaned in acetone, and suspended from a rubber stopper so that the 
coupons were always immersed in the waste simulant solution. Coupons remained 
immersed in solution between and during testing. EIS tests were conducted once a month 
to determine corrosion rate. The EIS tests were run versus a saturated calomel reference 
electrode while a 10 mV sinusoidal wave was applied over the frequency range of 10 lrHz 
to 10 mHz. 

The coupons used for crevice corrosion testing had a 1/4” hole drilled in the center, were 
then ultrasonically cleaned in acetone and blown dry. All parts of the crevice assembly 
and the coupons were wetted in the simulant solution prior to assembly. Initially titanium 
nuts and bolts were used, but started to degrade and were replaced with nylon. The 
crevice test assembly consisted of a bolt on which the following pieces were placed. 



First, a Teflon crevice washer, a coupon, a shoulder washer and the nut to secure the 
pieces together. This assembly was then placed into a plastic specimen cup with 60 ml of 
the simulant solution and capped. The containers were swirled daily during the work 
week in order to keep the solution mixed. Assemblies were taken apart once a month and 
the areas under the spokes of the crevice washer were examined for pitting. Samples 
were reassembled and placed back into the simulant solution. 

Two tensile specimens per alloy underwent mechanical loading to generate a stress-strain 
curve to determine what the 0.2% yield would be for each alloy. Additional tensile 
specimens were ultrasonically cleaned in acetone and placed into stress frames (Stainless 
4340). A strain gauge was attached to the middle of the tensile bar and the frame was put 
into a loading fixture. All measurements were done on an Measurement Test System 
(MTS) frame using Teststar software. Each alloy was stressed until the strain value 
measured was within +/- .00005 of the experimental 0.2% offset value. After all tensile 
specimens were stressed, a non-conductive stop-off coating (Microstop XP-2000 without 
pigment) was applied to the stress frame to decouple it from the tensile bar to avoid the 
potential for galvanic coupling between the tensile bar and the stress frame. Once the 
frames were thoroughly coated, the frames were hung on a wire and placed into the 
simulant solution which was continually stirred and kept at a temperature of 35OC. 
Samples were removed once every couple of days for the first two weeks, then once a 
week and then once a month to check for failure of the tensile specimen. 

Results and Discussion 

Many of the exposure tests are continuing at this time. The results at this time indicate 
that all of the alloys are corroding at a very slow rate. After one year of exposure, the 
weight loss experiments show no significant weight loss for any of the alloys as seen in 
Table 3 below. A corrosion rate (CR) in mils per year (mpy) can be calculated for each 
alloy from the weight loss data using the following expression: 

CR (milslyr) = $ 3 4 ~  
dAt 

where w is weight loss in milligrams, d is metal density in grams per cubic centimeter 
(g/cm3), A is area of exposure in square inches (in2), and t is exposure time in hours. 

Table 3 Weight Change Data 

* * * * rate 
x 10-2 -1.71 -1.02 +0.945 -0.923 -0.192 +0.629 +2.40 +1.83 ---- 

~ (mpy) 
*positive weight change indicates formation of corrosion product film. 

For comparison table 4 lists typical average corrosion rates for most of these alloys in 
fresh water, sea water, brine, sulfuric acid and the simulant used for this study. As is 
evident from this table, the corrosion rate for all the alloys is much slower than what is 



observed in these other environments. In addition, both the anodic polarization and 
impedance data support the weight loss data and indicate that all nine alloys are corroding 
at a very slow rate in this environment under free corrosion conditions. 

Table 4 Corrosion rates (mpy) in various environments* 

Alloy 304L 316 HC22 HC276 In625 In725 Ti-2 Ti-5 Ti-12 
Fresh <20 ---- 
Water 

Sea <20 <2 
Water 

10% H2SO4 5% 5% 50% 
47 nil <1 nil 7.4 0.38 

Waste 
Simul. -1.71 -1.02 +0.945 -0.923 -0.192 +0.629 +2.40 +1.83 ----- 

* [ref. ASM Handbook of Corrosion, ASM Vol. 13 Corrosion, NACE Corrosion Data Survey] 

----- ----- ----- ----- ----- ----- <2 

<2 ----- ----- ---- ----- ----- __-_-- 

---- ------ 15% ----- 

x 10-2 

Figures 1 - 3 present the polarization data for all nine alloys. They are grouped into 
austenitic (Fe-based) stainless steels (Figure 1), Ni -based alloys (Figure 2) and Ti-based 
alloys (Figure 3). Both of the austenitic stainless steels tested exhibit identical behavior. 
They are spontaneously passive with no distinct active - passive transition. The maximum 
current density observed in the passive region was less than 20 pNcrn2. The reverse scan 
shows no evidence of pitting or transpassive dissolution. The potential associated with-the 
"trans-passive" region suggests the oxidation of some species in solution rather than 
breakdown of the passive film. 

Comparison Austenitic Stainless Steels 
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Figure 1. Potentiodynamic polarization c k e s  for austenitic stainless steels. Arrows 
indicate forward and reverse sweeps. 



Figure 2 shows the polarization behavior of the Ni-base alloys. All four materials exhibit 
very similar anodic kinetics during the forward scan and there is no evidence of pitting 
observed. During the forward scan there is a thickening of the oxide film so very small 
currents are observed on the reverse scans. As with the austenitic stainless steels, there is 
no distinct active/passive transition. The maximum current densities were less than 10 
pNcm2. 
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Figure 2. Potentiodynamic polarization curves for Ni base alloys. Arrows indicate 
forward and reverse sweeps. Scatter during the reverse sweep is the result of the 
extremely low current densities. 

The polarization data for the three Ti-base alloys are given in Figure 3. All three alloys 
exhibit essentially identical behavior. All are spontaneously passive, with a passive 
region that extends over almost 1.5 V. The apparent transpassive region is most likely the 
result of a redox couple in solution rather than an indication of film breakdown or pitting. 

In short, all of the alloys tested exhibit passive behavior in this electrolyte. There is no 
indication of pitting or any other form of film breakdown. Similar results were obtained 
from AC impedance experiments. None of the alloys exhibited any degree of corrosion. 
A model is currently being applied to the impedance data which will be used to describe 
the electrochemical characteristics of the passive metals in this environment. 



Titanitum Alloys 
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Figure 3. Potentiodynamic polarization curves for Ti base alloys. Arrows indicate 
forward and reverse sweeps. All three alloys exhibit essentially identical 
behavior. 

After eight months of exposure, the crevice corrosion samples do not show a significant 
amount of degradation. The stainless steel coupons showed no evidence of pitting. The 
304L coupon exhibited a bluish oxidation layer on both sides with only a slight spoke 
pattern visible (from the crevice washer), whereas the 316 coupon is still fairly shiny with 
only a slight tinge of brownish/yellow oxidation and no visible spoke pattern. All of the 
nickel-based alloys, HC22, HC276, In625, and In725 were similar in appearance. They 
exhibited a bluish oxidation layer on both sides with a slight spoke pattern being visible. 
All of the titanium coupons showed a slight amount of discoloration in the crevice 
regions. It appears to be more of a surface effect than actual pitting. Additionally, both 
titanium grades 2 and 12 have a moderately thick, white.oxidation layer. This barrier 
layer was analyzed using electron microprobe analysis and a strontium salt was 
identified. 

The stress corrosion cracking test has been underway for 3 months and the only visible 
change in the tensile specimens has been on the titanium alloys. All three alloys have a 
dull oxidation layer visible, All other samples remain shiny and intact. 

Conclusions 

In the environment used for this study none of the candidate materials exhibited behavior 
that would preclude their use in a transportation canister. It must be pointed out that the 
chloride concentration was fairly low in these tests. Increasing the chloride concentration 
or adding other aggressive components to the waste simulant may result in the 



elimination of one or more of the materials. If the simulant used is truly representative of 
the waste to be transported, even the less costly austenitic stainless steels would provide 
sufficient corrosion resistance. 
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