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ABSTRACT

As part of the Nuclear Regulatory Commission's raquirement to assess the
Department of Energy's application to construct geologic repositories
for storing high-level radioactive waste, Battelle's Columbus
Laboratories is investigating the long-term performance of materials
used for high-level waste packaging. During this reporting period, it
was found that glass-water contact during the nonisotherma. periods of
leach testing may influence the test results. Modeling of waste-form
degradation focused on dissolution/reprecipitation kinetics. An
experiment is planned to ver ify this model. A procedure was developed
to disperse Ru02 in MCC 76-68 glass. Potentiodynamic polarization tests

grounduater on the cracking and pitting susceptibility of carbon steel.
low strain rate tests show that carbon steel is especially susceptible
to stress-corrosion cracking in aqueous FeCl3 at low strain rates. The
strength of commercial high-purity iron was %ound not to be affected by
hydrogen; however, ductility was somewhat reduced. The description of
groundwater radiolysis was further refined during this quarter. Inte-
gral experiments are being prepared to provide information on combined-

effects processes that may influence the long-term performance of the
waste package.

This report documents investigations performed during the period July-
September 1984,
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1.  INTRODUCTION: PROJECT OBJECTIVES AND APPROACH

The Waste Policy Act of 1982 delegates to the Department of Energy (DOE)
the authority for siting, construction, and operation of deep-mined geo-
logic repositories for the disposal of high-level waste and spent fuel.
The Nuclear Regulatory Commission (NRC) has the responsibility to regu-
late the activ?ties of DOE to assure that the health and safety of the
repository workers and of the public are ajequately protected. Prior to
construction, the DOE will submit a license application to the NRC
describing in detail the proposed repository. The DOE has been directed
to take a multiple barrier approach to the isolation of radioactive
wastes with the waste package, the engineered facility, and the natural
geohydrologic features of the site being the major barriers. Since
NRC's compliance assessment requires the technical capability to under-
stand relevant phenomena and processes relating to the long-term per-
formance of the multiple barriers, the NRC's Office of Nuclear Regula-
tory Research (RES) has established this waste-package performance pro-
gram at Battelle's Columbus Laboratories to provide that part of the
input to the assessment. As an important aid to this understanding,
Battelle is evaluating total system performance which will integrate
separate effects and improve the understanding of the long-term perfor-
mance of waste-package materials. This will also assist in identifying
and evaluating research needs.

It is generally accepted that after repository closure the dominant
mechanism to cause the release of radionuclides from the repository is
groundwater transport. The generally accepted approach to minimizing
the release is to provide a number of different barriers to the dissolu-
tion and transport of radionuclides by the groundwater. For a deep-
mined repository, the geohydrologic features of the earth itself are
expected to be a major barrier to the release of radionuclides. The
repository site will be selected so that radionuclides will be isolated
for very long times. In addition, engineered features of the repository
will act as a barrier to the release of radionuclides. The repository
will be constructed so as to minimize disturbing the adjacent rock and
to accommodate the thermomechanical effects of the emplaced wastes with
a minimum of degradation to its geohydrologic properties. Upon closure,
the underground openings and shafte to the surface will be backfilled
and sealed to minimize groundwater flow paths.

The waste package--which is the center of this study--will be con-
structed to provide essentially complete containment of the radio-
nuclides through the period of time in which the repository is heated
significantly by decaying fission products. After the container is
eventually breached by some process, the waste form must remain suffi-
ciently resistant to groundwater attack to provide high retention of the
radionuclides and, together with the repository, to control the release
of radionuclides for thousands of years. The objective of our research
is to provide an improved understanding of the long-term performance of
the materials used for the high-level waste package. More specifically,
we are identifying those processes that tend to degrade the performance

1-1



of the waste-package materials, performing experiments to produce data
where data are otherwise lacking on material performance, and analyti-
cally modeling the processes to utilize the data to better understand
how the preocesses will affect the material's future performance. In
addition, we are identifying areas of work that should be performed by
DOE to provide missing duta which are beyond the resources of the NRC.

1 1

1.1 Individual Program lasks

The program is being conductec in three parallel efforts: waste-form
studies, container studies, and integrated system performance studies.
A more detailed summary of achievements can be found in the second
annual report for this program (NUREG/CR-3427, Volume 4, June 1984,

Section 1).

The waste-form studies are aimed at first describing and modeling those
nechanisms that will alter or "age" the waste form during the contain-
ment period, and second, identifying and describing those processes that
will influence waste-form dissolution after it is exposed to ground-
water. The waste-form studies have b=en largely centered on borosili-
cate glasses for both defense and commercial high-level wastes; some
effort has also been directed toward evaluating spent fuel as a waste

form.

orosilicate glasses, the glass-forming agents can be expected to be
ored to optimize the waste-form properties for each type of high-
o] waste. After the waste forms are produced, particularly during
very long period of time after disposal while sealed in their con-
they will experience processes that will cause changes. One
effect is devitrification of the gl.ss, which can lead both
vith increased solubility and to cracking of the glass
rimental because it allows a greater surface area of the
contacted by the groundwater). A model has been developed
the degree of dcvitrification that will occur from subsequent
in the repository after disposal. Another detrimental effect
which could be induced by the effects of radiation on
A study of the radiation effects on glass has revealed no new
to evaluating this phenomenon experimentally, so we are largely
ependent on the existing literature which indicates that radiation pro-
juces only a small effect on glass performance.

Materials

Container
The container studies focus on processes that can degrade the metallic
waste-package container. The objective is to collect data on the para-
neters that influence the degradation procecses, to identify the con-
trolling parameters, and ultimately to model the degradation processes
etermine the lorg-term perfcrmance of the container. The material
er study is cast low-carbon steel for use in a basalt repository,
h is the material currently favored by DOE.

-
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e dominant degradation processes that affect the outside of the

tainer are general corrosion, stress-corrosion cracking, pitting,
crevice corrosion, hydrogen attack, and mechanical stress. These pro-
cesses may occur individually or in combination. The parameters that
affect these processes include chemical composition and physical state
of the steel, groundwater composition and flow rate, temperature, radia-
tion intensity, availability of air, lithostatic forces, redox state,
alkalinity/acidity, and availability of hydrogen. can produce
general corrosion, in which the rate of general corrosion will determine
the necessary wall thickness, or localized corrosion (such as pitting or
_revice corrosion), in which the rate of the localized attack and the
container life must be used to establish the wall thickness.

[f the steel is susceptible to cracking in the expected environment, the
rate of cracking is so rapid relative to required container life that
the corrosion-allowance approach cannot be used to achieve acceptable
performance. What is important is the susceptibility of the metal to
crack initiation. Cracking may result from stress-corrosion cracking or
from reduction in fracture toughness from hydrogen attack. Both of

these processes are under investigation.

-omprehensive mathematical model is under development for
‘'standing the corrcsion processes associated with the waste-
ials in a repository environment. The model computes the
2 species Lo the container surface, taking into
2rtain corrosive species may be generated
sounts for diffusion and convective flo
deling effort
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A leaching experiment was completed to evaluate glass-water contact and
separation during nonisothermal periods. Efforts in modeling waste-form
degradation continued, focusing on the kinetics of glass dissolution/
reprecipitation. An experimental plan to verify the dissolution/
reprecipitation model was developed during this quarter. Experiments
aimed at dispersing a melt-insoluble nucleating agent, RuO2, in MCC
76-68 glass were conducted during the quarter. A plan was developed to
relate the large data base that exists for MCC 76-68 and similar glasses
to some effects potentially present in the integral experiments
described in Section 4.3.

Glass-Water Contact Experiment

The objective of this experiment is to assess the uncertainty associated
with glass-leaching data that results from an analytical difficulty
inherent to static waste-form leaching experiments. The potential prob-
lem is reprecipitation of chemical constituents upon the glass specimen
during cooling at the end of the experiment. The MCC-1P and MCC-2P pro-
cedures used by most experimenters in this field require that the reac-
tion vessels be cooled to room temperature prior *o withdrawing solution
and glass specimens for analysis. With these and similar procedures,
waste-form constituents whose solubilities are temperature-dependent and
that are in solution at elevated temperature may nucleate and precipit-
ate upon the glass specimen during cooling, thereby changing the solu-
tion composition and the glass-surface properties from those at the test
condition.

out for 28 days at 90 and 190 C in 125-m]l
iners. The experimental matrix includes
2achate and glass in centinuous contact,
cooling with leachate and glass separated, as illustrated in

TEFLON*

) |
'
1+ ‘lv

slow cooling wit

Except for the separation of the glass specimen and simu-
urande Ronde basalt water during heating and cooling, MCC-1P and
procedures were followed. Experiments were run in triplicate or
quadruplicate, with blanks run at each temperature. Two separate ovens
were used so that the entire matrix of experiments, shown in Table 2.1,
could be conducted simultaneously.

X
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Wwith glass and
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with glass and leachate
separated during heating
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Schematic representation of method used
to isolate glass sample from leachate.




Glass-water-contact experimental matrix.

Temperature, C

Sampling Method ' 190

d glass
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ed during heating
o1ling

Leachat:s
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and Co

)
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-eachate and glass in continuous
contact during cooling

Blank (no glass specimen)

e digestion bomb.
synthetic basalt groundwater!?
MCC 76-6€
surface-area to volume:
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The experimental responses measur=d at the conclusion of the experiments
included: (a) leachate-solution compositions, measured DYy inductively-
coupled argon plasma (ICAP) analysis for selected glass constituents
after leachate digestion; (b) the mass of the leached glass specimens;

\

(¢) the final solution pH; (d) the surface characteristics of the
leached glass specimens, determined by analytical procedures such as
scanning electron microscopy-energy dispersive x-ray analysis (SEM-EDAX)
and electron spectroscopy for chemical analysis (ESCA). The data from
the leachate compositions and glass-specimen masses will demonstrate
whether precipitation upon glass samples is important in determining
quantitative leach rates. The information obtained from the detailed
surface analyses indicates the nature and extent of the precipitates and
s11ows us to distinguish clearly between the alteration layer that forms
during exposure and the precipitates that form during cooling. Result
of these experiments may indicate that some data from the commonly-use
tests require special interpretation.

S
d
=l

the percent change in weight and the change 1n pH taken as the
ce between initial and final values are shown in Table 2.2 o
the presence of statistically significant differences between
continuous-contact samples and samples exposed 1o leaching only at the
experimental temperature, standard analyses of variance (ANOVAs) were
ately because different variances were expected to be induced Dy more
aggressive attack at 190 C. A summary of these ANOVAs 1is presented in
Table 2.3.

performed on these data. The 90 C and 190 C data were analyzed separ-

The ANOVA for the weight-change data at 90 C indicates that no effect
present. However, a very definite pH-change effect occurs at that
temperature. At 190 C, both the weight loss and the pH change show
statistically significant influence of continuous and noncontinuous
contact. In this case, the weight loss is slightly more significant

Selected scanning electron micrographs of glass-specimen surfaces are
shown in Figures 2.2 and 2.3. Figure 2.c2a illustrates an unleached
jlass sample at 500X, showing the 0UU grit grinding striations on the
surface. Surfaces of glass samples leached at 90 C are illustrated in
Figures 2.2b and ¢.4C The "honeycomb" structure apparent in both
ajpparently results from leaching of more soluble glass constituents,
leaving the less soluble constituents behind. The glass sample in con-
tinuous contact with the leachate during cooling (Figure 2.2c) is
norphologically very similar to the glass sample isolated from the
leachate during cooling (Figure 2.2b), suggesting no precipitation
solutes during cooling from 90 C.

Y

The surfaces of glass samples leached at 190 C, illustrated in
Figure , show very different morphological characteristics. he

o3 T
glass cooled in isolation from the leachate (Figure 2.3a) exhibits a

\




Summary of results of glass-water contact experiments.

Temperature, C

190

Continuous Contact Percent weig -1.182
change 135

.139

.108

average ). 1.141

105
0.160 ).251
0.135 115
0.115

Contact only at Percent
experimental change
temperature




Analysis of variance (ANOVA) summaries
for glass-water contact experiment.

Temperature, Cal Probability of
C No Effect

40




Scanning electron micrograph of: (a) unleached jlass;
(b) glass leached at 90 C and isolated from leachate

f

during cooling; and, (c) glass leached at 90 C and

cooled in continuous contact with leachate.




(d)

Scanning electron micrographs of:

190 C and isolated from leachate during cooling; and (b),
(c), and (d) glass leached at 190 C and cooled in
continuous contact with leachate.

(a) glass leached at
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Table 2.4, Chemical compositions of glass surface layers
determined by energy-dispersive x-ray analysis.

Weignt Percent(a)
Glass Sample Si P Ca Fe In

Scan Acquisition
Unexposed MCC 76-68 54.6 5.4 6.5 19.6 13.9

Scan Acquisition
90 C Isolated 36.3 5.0 9.5 27.5 21.7

Scan Acquisition
90 C Continuous

Contact 35.4 -- 9.3 30.8 24.6
Scan Acquisition
Scan Acquisition
190 C Continuous
Contact 23.6 -- 5.3 29.3 41.7
Spot Acquisition
190 C Isolated 38.6 9.4(b) 12,7 12.3 27.0
Spot Acquisition
190 C Continuous
Contact 25.3 22.0 27.2 9.4 16.1

(a)Normalized to 160 percent.

(b)Underlined data are discussed in the text.
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to precipitate in the alteration layer during the cooling phase at the
conclusion of the experiment. However, these elements are already
slightly enriched on glass surfaces that were isolated from leachate
during cooling. Binding-energy data from ESCA analysis indicate that
iron and zinc are present as oxides and calcium and phosphorus are
present as a Ca+P0Ogq species.

Table 2.5. Chemical compositions of glass surface layers
(0-30 A) determined by electron spectroscopy
for chemical analysis.

Weight Percent

Glass Sample Si P Ca Fe Zn 0
Unleached Control 20.4 - 2.3 2.9 1.5 67.7
90 C. ISO]atEd 13.0 ae — 306 0-2 82.0
90 C, Continuous Contact 17.5 - 2.0 2.6 2:8 75.5
190 C. Isolated 17.1 L»® L1 2.7 4.5 67.8

190 C, Continuous Contact 14.9 2.7

w
-
~

2.1 6.5 69.1

*Underlined data are discussed in the text.

In summary, the films and nodules, shown in Figures 2.3b-d, that coat
the leached honeycomb structure shown ir Figure 2.3a are composed pri-
mar ily of iron and zinc oxides and a Ca-POg species. They appear to be
an .artifact produced when the leachate is 1n contact with the glass
sp..imens during cooling from 190 C. These elements are also enriched
in the alteration layer during the 28-day 190 C experiments, and their
pre?$nce facilitates further nucleation and precipitation during
cooling.
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2.1.3 Conclusions

SEM analyses (Figures 2.2 and 2.3) show definite reprecipitation during
cooling in the 130 C experiments when the glass specimen and the leach-
ate are cooled in continuous contact. Such reprecipitates are experi-
mental artifacts that form during cooling to room temperature after the
experiment has been concluded. Statistical analyses of weight loss and
pH change indicate that these effects are real, but small. They are of
interest only in that they may be incorrectly interpreted as constitu-
ents of the alteration layer that forms during glass leaching. Use of
the simple experimental approach outlined in Figure 2.1 will eliminate
the opportunity for such reprecipitates to form.

EDAX and ESCA data suggest that the precipitates are composed primarily
of oxides of zinc and iron and a Ca-P0Og4 species. The presence of these
species may pose a difficulty in interpreting data on actinides which
are known to be absorbed and coprecipitated by Ca<PO4 and iron oxide
species. The chemical interactions between actinides in doped glasses
and such precipitates would appear to be an interesting subject for
future experimentation.

2.2 Dissolution/Reprecipitation

Results of calculations with the dissolution/reprecipitation model indi-
cate that appreciable amounts of glass can dissolve due to reprecipita-
tion effeci: and that reprecipitation can be enhanced with certain
combinations of groundwater volume, exposed surface area of glass, and
concentration of glass in solution. Experimental verification of the
dissolution/reprecipitation model is under way.

2.2.1 Dissolution/Reprecipitation Kinetics

During the last quarter, the analysis of waste-form degradation has

been devoted to continued studies of dissolution/reprecipitation
kinetic? ‘nitial efforts in this area have been summarized in previous
reports 2.2, 2.3 + A, discussed therein, the simultaneous occurrence of
glass dissolution and its subsequent reprecipitation as a more stable
mineral (e.g., quartz) takes place when Cj < C < Cy. Here, C is the
instantaneous, time-dependent concentration, within a closed volume V of
groundwater, of the glass component that controls dissolution. Cg and
Co are the saturation concentrations of this particular species relative
to the precipitate and the glass, respectively. Within this regime, the
rate at which C changes with time t was taken as

dC . KS o Ve . 2.1
E%V(Co ¢) +K' (€2 -0 , (2.1)

where K is a rate constant for glass dissolution, S is the surface area

of glass exposed to the groundwater, and K' is an effective rate con-
stant for growth of the precipitate.
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'n the original calculations(2.2), K' was chosen to be time-independent,
and the predicted variation of C with t that resulted did indeed exhibit
behavior that has been observed experimentally (e.g., n?ghsgine dissolu-
tion with gibbsite precipitation, as reviewed hy Lasagal<:%)), i.e.,

¢ C(t+ =) = constant
o Co<C(t+ ®) <C

The original analysis was then generalized(2.3) to the case for which K'
was treated as an increasing function of time. Such behavior might be
expected, for example, for the growth of colloidal particles from solu-
tion, which, as they grow, present an increasing amount of surface area
to the surrounding groundwater and thus are able to transport the dis-
solved species from solution at faster net rates. On the other hand,
treatment of K' as a constant may be more characteristic of growth of
the precipitate as layers on adjacent surfaces, for which the amount of
exposed area remains approximately constant.

The simplest possible time-dependence was assumed for K', namely, a
linear increase with time. However, even for this case the resultant
variation of C with time was found to be relatively complex; the solu-
tion of Equation 2.1 would involve Dawson's integral, which is not an
elementary function.

In order to apply Equation 2.1 to some specific illustrative cases, two
alternative approachfz S?uld be employed: use the closed-form solution
developed previously\¢+3) employing a numerical approach to calculating
the Dawson's integral that appears therein; or simply integrate Equa-
tion 2.1 directly, using some appropriate numerical method. For present
purposes, the latter approach was followed.

Before carrying out the integration procedure, it is convenient to
simplify Equation 2.1 by making appropriate combinations of variables
and parameters to obtain a resultant form for this expression in which
all quantities that appear are dimensionless. Tow?rd tgig end, we
repeat some quantities that were presigtgg earlier(2.2,2.3), First, the
time-depencent form assumed for K' is\é.

K'(t) = a+b (t-tp), (2.2)

where a and b are time-independent parameters (but possibly temperature-
dependent, although temperature variations are not being considered
here), and the time tp is defined such that

C(tp) = Co (2.3)
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Thus, times within the range t > tp are of interest in solving Equa-
tion 2.1. Clearly, the special c?sez or which b = 0 corresponds to that

which had originally been treated Second, the following dimen-

sionless quantities were defined:

$ S C/Co (2.4)
r = Co/C, o
= 3l (2.6)
v e o(ly) (2.7)
T KSt/V (2.8)
T, KSEN (&R

Also, as shown in Reference 2.2,

Ty ® In (’F%F) . (2.10)

Combining Equations 2.1 and 2.2 and 2.4 to 2.9, we obtain

ds . 2.11)
- Sl S [1+8+y (1 - Tp)] § W S (
A different dimensionless variable for Lime had been used previously to

obtain the closed-form solution of Equation 2.1 (see Equations 2.4c-2.4g
in Reference 2.3), but Equation 2.11 is convenient for present purposes.

For times within the interval 0 < t < t,, both B and Y are zero, and
taking s(v = 0) = 0, the solution of Equation 2.11 becomes

s =1 - exp (-7). (2.12)

Equation 2.10 is seen to follow directly by setting s = r and T = T, in
Equation 2.12. In addition, the solution of Equation 2.11, for the
special case Y = 0, i.e., for which K' is time-independent, can be
expressed in terms of elementary functions (Equation 2.24 of

Reference 2.2),
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We are now able to calculate the total amount, Q, of the species con-
trolling glass dissolution that has actually gone into solution. In
general,

dq . - (2.13)
3-2 KS (C, - C) .

Equation 2.13 can be expressed in terms of dimensionless quantities
using Equations 2.4 and 2.8, i.e.,

dq . (2.14)
E%' 1 -8

where

q 516117 ) (2.15)

Equations 2.13 and 2.15 are consistent with the terminology used in
Reference 2.3 (Equations 2.5 and 2.28, respectively).

Closed-form expressions for q(t) were developed in Reference 2.3 for two
cases: K' =0, and K' being time-independent (Equations 2.27 and 2.29,
respectively). ODuring the past reporting period, a numerical approach
was used to obtain g(t) for cases in which Y > 0; in this case, a
fourth-order Runge-Kutta procedure was used to integrate Equations 2.11
and 2.14 simultaneously.

The results of some specific numerical examples are illustrated in
Figures 2.4 to 2.7. Some general observations, based on these figures,
are the following:

o Reprecipitation results in a decrease of the instantaneous con-
centration of glass in solution and an increase of the net
amount of dissolved glass, as compared to the case for which no
reprecipitation occurs. Indeed, the added amount of glass that
has dissolved due to reprecipitation effects can be appreciable.

® An increase of Y (i.e., b) at constant 3 and r (i.e., a and C&,
respectively) results in an enhancement of the overall repreci-
pitation effect.

o Likewise, an increase of B at constant vy and r also enhances the
overall repre.ipitation effect, although the relative enhance-
ment becomes less pronounced for the larger Y and t values, for
which the time-dependent term in K' dominates the time-
independent term.

o A decrease of r at constant B and v causes the reprecipitation
effect to be enhanced.
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Figure 2.4.

Variation of s and q with t for 8 = 0.0,
r = 0.2, and for selected values of Y.

The dashed curves correspond to B= Y = Q,
i.e., no reprecipitation.
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Figure 2.5. Variation of s and q with t for B = 0.5,
r = 0.2, and for selected values of Y.

Th  dashed curves correspond to B=Y = (,
i.e., no reprecipitation.
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beta = 1.0

TAU

Figure 2.6. Variation of s and q with t for 8= 1.0,
r =0.2, and for selected values of Y.

The dashed curves correspond to B = Y = 0,
i.e., no reprecipitation.
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Figure 2.7. Variation of s and q with t for 8 = 0 §5,
r = 0.1, and for selected values of Y,

The dashed curves correspond to B8 = Y = (),
i.€., no reprecipitation.

2-19



o For 8 #0, Y = 0, the value of s asymptotically approaches a
constant value that is greater than r but less than 1.

@ For 8 #0, Y » 0, the value of s attains a maximum and then
asymptotically approaches the constant value s = r.

The last two observ;iéoni are, in general, cont;sgcgt yith analogous
experimental studies(Z.4) and modeling studies(2.5,2.6) pertaining to
various geological processes.

It must be emphasized that the mathematical form for K' used in this
analysis was selected on a largely empirical basis. It should, however,
present a reasonable description of gross features of the reprecipita-
tion process.

Further studies in this area will be concentrated upon continued corre-
lation of these modeling studies with analogous studies reported in the
literature for geological systems. In addition, experiments of this
general nature are to be conducted at Battelle and should lend further
insight into both the kinetics of the process and the associated
physical mechanisms.

2.2.2 Experimental Verification of the
Dissolution/Reprecipitation

The dissolution/reprecipitation model interprets glass-waste-form dis-
solution as being controlled by the rate of glass dissolution into the
groundwater. Equation 2.1 showed the proposed descripiion of how the
conco:%ratton of the glass component that controls dissolution changes
over time.

In the experimental verification of this model, the temperature, volume

of liquid, and exposed surface area of glass will be kept constant.
Equation 2.1 is thus expressed

%%-u(co-c)»x'(c;-m '

where k 1s a constant proportional to the rate of glass dissolution.
Figure 2.8 shows the relationship between time and concentration calcu=
lated by the model for the three cases of interest:

1. K' =0 (1.e., no precipitation)

2. K' = constant (1.e., a constant rate of precipitation)

3. K" = f(t), where f(t]) < f(tp) for t] < tp (1.e., the rate
of precipitation increases over tlnof.

To ensure the best possible accuracy in measurement of 5102 concentra-
tion, the experiment will be conducted at 90 C in bombs containing
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, Dissolution of fused silica
K' =0

. K' = constant

., K' increases over time

, Dissolution of a-quartz
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Figure 2.8, Relationship between time and concentration of
the precipitating species for three cases of
interest in the dissolution/reprecipitation model.
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reagent-grade water with cubic specimens 1 cm on a side so as to

maintain a surface-to-volume ratio of 0.01/mm, the MCC-1P condition.
Because continuous glass-water contact is undesirable (as indicated in
Section 2.1), all bombs will be inverted to prevent such contact during

heating and cooling. To reach thermal equilibrium, the bombs will be

placed in the oven for 24 hours before inversion to obtain glass/water
contact. To prevent contact on cooling, they will be reinverted on

removal from the oven.

The experimental matrix 1s shown in Table 2.6. The numbers in that

table refer to the bombs, numbered 1-21. At the end of the 35th day,

Bombs 1-9 will be cleaned and returned to the oven to provide additional
samples. In this way, reasonably accurate measures of the dissolution/

precipitation curves for MCC 76-68 glass, amorphous silica, and a-quartz
can be obtained. This matrix will require 12 MCC 76-68 samples and 6
samp les each of fused quartz and a-quartz. It will also include six

blanks.

This experiment is under way, and some results should be available in

time for the next quarterly report.

Table 2.6. Silica-dissolution-mode! experimental matrix.(a)

Exposure Time, Days
Samp le 1 3 5 (b)) 11 14(b) 21 28(b) 35 42 s6 70
MCC 76-68 1 2 3 4 H o 7 8 9 10 11 12
Fused siifca 1 4 7 13 16 19
a=-quartz 2 5 8 14 17 20
Blank 3 6 9 15 18 21

“)Numlrnls in table are bomb identification numbers.

(b)Bombs 1-9 will be subjected to digestion and cleaning procedures before

being returned to the oven on the 49th day. After their return to the oven,

Bombs 1-3 will be removed on Day 57, Bombs 4-6 on Day 63, and Bombs 7-9 on

Day 77, counting from the beginning of the experiment.
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2.3 Crystallinity Influences

The previous quarterly rcport(z'7) described an experiment for assessing
the influence of volume fraction of crystallization at two different
crystal sizes on removal of material from MCC 76-68 glass. The genera-
tion of these crystals requires doping MCC 76-68 glass with Ru02, a melt
insoluble expected to be present in the waste stream. These uniformly
dispersed particles of RuOp will act as nucleating sites for ?rouing
crystals of specific size. A procedure for uniformly dispersing com-
mercial RuOp powder in a melt of MCC 76-68 glass was developed during
the quarter, and melts were prepared.

2.3.1 Procedure Development

Glass powder was crushed using a Wooly Beuhler crushing apparatus.
Crushing surfaces are composed of carbon steel. The glass was crushed
and sieved at 325 mesh. The coarse fraction was recycled through the
Wooly Beuhler until all of the powder passed through the 325 mesh
screen. Stock suspensions containing 5 g/liter each of the glass and
Ru0p powder were prepared u:in? defonized water (specific conductivit
less than 1.0 micromho/cm). After . juilibration for 168 hours, 100-m
aliquots of the stock suspensions were used to prepare suspensions at
different pH values. Reagent-grade nitric acid (HNOa) or potassium
hydroxide (KOM) were used to adjust the suspension pH values. The pH-
adjusted suspensions were allowed to equilibrate for 168 hours prior to
determination of their electrophoretic mobilities,

The electrophoretic mobility (EM) and the zeta potential (ZP) of the
suspended particles are needed to determine the condition that leads to
maximum dispersion and mixing of the MCC 76-68 glass powder and the Ru0p
powder,

The EMs of the suspensions as a function of solution pH were determined
using the horizontal cell of a Rank Brothers Mark Il Particle Electro-
phoresis Apparatus (Rank Brothers, Cambridge, U.K.). At least 5
particles were tracked at each electrode polarization on the EM measure-
ments. The ZP was calculated from the EM using the Smoluchowsk i
equation,

zp » 40 gy

where n 1s absolute viscosfty and e is absolute permittivity of the
soivent, For water at 23 5 C, the temperature at which the measurements
were made, the Smoluchowski equation reduces to

IP(23.5 C) = 12.57 x EM
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with ZP in millivolts and EM in units of microns per second per Volt per
centimeter. Values for viscosity and absol:to Y!rg;ttivity are obtained

from the istr The absolute

permittivity is calcula y multiplying relative permittivity
(1.e., dielectric constant) by the permittivity of vacuum.

The pHs of the susfensiuns woce determined using an Orion Model 811 pH
meter connected to a risearch-)rade pH electrode and a single-junction
reference electrode. Standard L iffer solutions supplied by Orion were
used to calibrate tie pH measurements.

Particle sizes were dete~mined using a Horiba CAPA 500 centrifugal
particle-size analyzer (Yoriba, Inc., Irvine, California). Its method
of operation combines centrifugation with light-turbidity to measure
particle-size distributions from 0.02 microns to tens of microns.
Particle-size distributions of the suspensions at various solution pHs
were measured in aqueous solution. The 5 g/liter powder-concentration
suspensions were too concentrated to measure the turbidity with the
Horiba particle-size analyzer. Therefore, the suspensions were centri-
fuged to decrease the particle concentration and then sonicated with a
Heat Systems 1/2-inch-diameter ultrasonic horn to redisperse the parti-
glasttoom;;:urcblc turbidity ranges (1.e., light-absorbance values of

» ° . .

2.3.1.1 Observations

The median size of the particles in suspension varied very little as a
function of pH, EM, or ZP. This finding may indicate either that the
sonication prior to particle size analysis breaks up weak coagules or
that ZP has little effect at the particle concentrations used in these
measurements. The second possibility implies that in the highly concen-
trated suspensions used to prepare batch mixes of glass and Ru0p,
solution-pH conditions that give the maximum ZP should be used. This
will ensure optimum dispersion of the suspensions to minimize homocoag-
ulation prior to mixing of the glass and RuOp suspensions,

The EM and ZP data give isoelectric points equal to pH = 6.9 and

pH = 5.1 for the glass and Ru0p suspensions, respectively. This result
givcs a range from pH = 5.1 to pH = 6.9 where heterocoagulation between
he glass and Ru0; particles may take place. Thus, mixing procedures

may be designed to optimize or minimize this process.

2,3.1.2 Recommendations for Mixing Glass and Ru0; Powders

The general approach to optimizing the homogeneity of the glass and Ru0;
mixture should:

L. Minimize homocoagulation by avoiding the fsoelectric
points of the two powders,
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2. Maximize mixing of the two powders via heterocoagulation
or complete dispersion of the mixture. The latter
requires that the glass and RuOp particles remain in
suspension or settle at the same rate.

Based on these features, two different approaches are recommended. The
first is based on the concept of optimum dispersion of beth suspensions
It requires minimum coagulation in the suspension mixture and is
achieved by mixing solutions of nearly equal pH. A RuO2 suspension can
be prepared at pH 9.0 by ammonium hydroxide (NH40H) additions. This
suspension in the proper stoichiometry should be mixed with an
equilibrium suspension of the glass at pH 9.70. The final pH of the
mixture will be between pH 9.0 and pH S.7, where both the glass and Ru0?
are negatively charged. The Ru0p powder should be added to a solution
already buffered to pH 9 to avoid the RuOp suspension passing through
its isoelectric point.

The second mixing procedure takes advantage of the heterocoagulation
that will take place between the RuOp and glass over the range from

pH 5.1 to pH 6.9. The actua! pH range that may be employed is more
restricted, because of the criterion that the suspensions be well dis-
persed. To achieve such dispersion by this method, the suspension pH
values should be adjusted to pH 6.2. This pH gives the maximum ZP for
the two suspensions over the pH range where heterocoagulation may occur.
The pH of the solvent prior to addition of RuOp powder can be adjusted
with NHgOH. The solvent pH for the glass suspension should be adjusted
using HNO3. Use of th2se reagents should minimize any deleterious
effects from the salt ions.

2.3.2 Glass/Ruvp Melts

For ease of experimental procedure, melts were made from powdered glass
and RuOp mixed according to the maximum dispersion method. Two dis-
persions, one intended to provide 106 particles/cm3 and the other

109 particles/cm3, were prepared. These were melted at 1150 C and cast
into bars. Evaluations of the final RuOp particle counts are under way.
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3. CONTAINER MATERIALS

Potentiodynamic polarization tests were performed to determine Shi effects
of single chemical species in the simulated basalt groundwater(3-1) on the
cracking and pitting susceptibility of the carbon-steel overpack. (All
future uses of "basalt groundwater" in this section refer to the synthetic
groundwater formulation described in Reference 3.1). A matrix of addi-
tional tests is planned to investigate the relative importance of indivi-
dual variables, such as chemical species and pH, in overpack corrosion.

In studies of pitting kinetics, shallow pits were found to propagate in a
simulated groundwater at 90 C, whereas deeper ones showed evidence of
attack only at the pit mouth. Preliminary experiments with the electro-
chemical pit-propagation monitor were completed. Slow strain rate studies
show that carbon steel is particularly susceptible to stress-corrosion
cracking in aqueous FeCl3 solutions at low strain rates.

In hydrogen-embr ittlement studies, commercial-purity iron was character-
ized chemically and metallurgically and then subjected to tensile tests in
hydrogen and in nitrogen. The results of these tests indicate that
hydrogen has no effect on the strength of commercial high-purity iron;
however, ductility was somewhat reduced.

Efforts in corrosion modeling included work on film-growth kinetics, the
effects of oxidation-reduction reaction., and the mathematical description
of pitting-induction time.

3.1 Overpack Corrosion

Studies of overpack corrosion have focused this quarter on three areas:
potentiodynamic polarization studies, slow strain rate studies, and
pitting-kinetics studies. A1l of the studies have been focused on the
steel--basalt system. The objective of the potentiodynamic polarization
studies is to evaluate the influence of groundwater chemistry on the
potential for stress-corrosion cracking ?SCC) and pitting. The objective
of the slow strain rate studies is to confirm the results of the potentio-
dynamic polarization studies with regard to SCC and to investigate the
effects of electrochemical potential, temperature, and composition in
detail for the identified cracking agents. The objective of the pitting-
kinetics studies is to investigate the effects of geometrical and environ-
mental variables on pit propagation.

3.1.1 Potentiodynamic Polarization Stuiies

Potentiodynamic polarization curve~ were cbtained using slow (0.6 V/hr)
and fast (18 V/hr) scan rates on hu.-rolled 1020 carbon steel. The
studies were conducted at 90 C in groundwater alone and in groundwater to
which selected chemical species had been added. Comparison of the curves
obtained at the slow scan rate with and without each species present indi-
cates the effects of that species on the cracking and pitting susceptibil-
ity of the steel. The curve obtained for each species at the fast scan
rate was compared with the slow-scan-rate curve for that species to
produce additional information on whether the species was likely to
promote stress-corrosion cracking.
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A matrix of potentiodynamic polarization tests is being designed ‘o
determine which of the selected variables have a statistically signifi-
cant effect on polarization behavior (and thus on cracking and pitting
susceptibility). These variables include solution pH, the presence of
dissolved gases, and the presence of chemical species in the
groundwater.

3.1.1.1 Effects of Single Species on Polarization Behavior

Potentiodynamic polarization experiments were performed on hot-rqlled
1020 carbon steel at 90 C in argon-purged groundwater alone and in
groundwater with various chemical species added.

As explained in the most recent annual report,(3-2) in this test
procedure the polarity and magnitude of the current density flowing
between a specimen of the material of interest and an inert counter
electrode are measured as a function of electrochemical potential. For
the anodic portions of the curve, the current measured is 2qual to thk»
corrosion rate of the specimen if two conditions are met: (1) the
electrochemical potential is sufficiently far away from the open-circuit
potential that the rate of the cathodic reaction is negligible; and

(2) the rates of parasitic oxidation reactions are negiigible.

Schematics of anodic polarization curves showing several types of
behavior are given in Figure 3.1. For the active-corrosion case, the
anodic curve is linear on an E-log i plot, and the forward and reverse
scans are coincident. The presence of a nose in the anodic portion of
the curve is generally indicative of the onset of passivation. The
value decreases with decreasing potential scan rate and may be
negligibly small for a highly corrosion-resistant material. The
occurrence of hysteresis between the forward and reverse scans is
indicative of pitting. Where the hysteresis loop is very large, the
protection potential may be very close to the open-circuit potential,
indicating a high probability of pitting in service.

The potentiodynamic polarization technique also has been found to be
useful in identifying potential stress-corrosion cracking (SCC) environ-
ments. It has been shown that SCC of carbon steel is associated with
environments that promote active-passive behavior and that the electro-
chemical potential range for SCC is near to and more noble than Epeak-
Moreover, it has been observed that severe cracking occurs in environ-
ments when igpay on the fast scin is greater than about 1 x 10 A/cml
and when the ?ast scan exhibits at least an order of magnitude higher
currents than the slow scan.

The chemical composition of the steel is given in Table 3.1, and the
species examined are given in Table 3.2, along with their concentra-
tions. As discussed in the previous quarterly report, the species were
selected based on results of analyses of basalt groundwaters and species
that are possible due to radiolysis. The purpose of these experiments
was to examine the effects of single chemical species on the polariza-
tion behavior of 1020 carbon steel.
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Figure 3.1. Schematic of typical anodic potentiodynamic
polariation curves.

gcqrr = corrosion potential; Epitt = potgntial at’which pits
initiate on forward scan; Eppot = potential at which pits
repassivate on reverse scan; Ipeak = current density at active
peak; ipagg = current density in passive range.
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Table 3.1. Chemical compositions and other data on steels used in the corrosion studies.

SAE Heat Tests C sition, weight ent

Number Treatment Used In Dimensions C Mn {2 5 i 8u Sn Ni Cr Mo

1018 Hot- Pitting 7.6 cm x 0.18 0.77 0.017 0.019 0.22 - - et e on
Rolled Exposures 15.2 cm strip

1020(2) Hot - £ lectrochemical 1.27 cm rod 0.20 0.46 0.011 0.032 0.17 0.38 0.027 0.014 0.018 0.028
Rolled Pitting Monitor,

Potentiodynamic
Polarization

1020(2) Hot - Slow Strain 0.635 cm 0.22 0.55 0.0 0.037  -- - - - - -

Roiled Rate dia. rod

(‘)Hot-rolled 1018 carbon steel is not available in rod form.



Figure 3.2a shows the polarization curve for 1020 steel in groundwater
alone. The curve exhibits active-passive pitting behavior. In the
following discussion, all the curves are compared with this behavior to
determine the effects of the addition of the various chemical species.
Figure 3.2b compares the polarization behavior 3f 1020 steel in ground-
water alone and in groundwater with 100,000 g/m® C1- added. The addi-
tion of C1~ resulted in a decrease in the pitting potential, Epito which
was expected.

Figure 3.2c shows that the addition of 10,000 g/m3 F- expanded the
passive region for the steel in basalt groundwater by increasing Epit-
This effect was somewhat unexpected, but it is known that some species
that promote passivation can act to promote SCC.

Figure 3.2d shows that the addition of 100 g/m3 each of Fe*2 and Fe*3
increased the passive current density and decreased the protection
potential, Eppot. The decrease in Eprot indicates an increase in
susceptibility to pitting and/or crevice corrosion.

Yigure 3.3a shows that the addition of 1000 g/m3 A1*3 had a significant
effect on the polarization behavior of 1020 steel. The passive current
density was reduced. The pitting potential and Eppot were both greatly
decreased; in fact, Eppot was more negative than ghe free-corrosion
potential, Ecop, indicating that pitting and/or crevice corrosion could
occur at Ecop. Crevice attack of the test coupon could account for the
erratic ipag observed.

Table 3.2. Concentrations of the chemical species added to

the simulated basalt groundwater in the single
species experiments.

Chemical Species Concentrations, g/m3
4 o 100,000
F- 10,000
Fe*Z/Fet3 100/100
AT+3 1,000
C03~2/HC03™ 60,000/61,000 (1M/1M)
NO3-/N02~ 1,000/1,000
PQg-3 1,000
B03-3/8407-2 1,000/1,000
$i03~2 1,000
H20, 100
Cl04” 100
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Figure 3.3b shows the very large effect of adding 1M C03'2/1M HCO3™ to
the simulated basalt groundwater. The current density of the active
corrosion peak, ipax, was increased nearly three orders of magnitude.
An active peak of this magnitude (> 10 mA/cm?) has been associated with
SCC, and C03-2/HCO3~ is a known cracking environment. The passive
current density was also increased, and no pitting was observed.

Figure 3.3c shows that the addition of 1000 g/m3 each of NO2= and NO3-,
xnown SCC agents, greatly decreased ipas and increased Ecor. The
NO2=/NO3~ additions also greatly increased Epjt and Eprot-.

Figure 3.3d shows the effect of adding 1000 g/m3 of P0Og=3, a_known SCC

agent, on the polarization behavior of 1018 steel. The P04‘3 addition

produced active corrosion of the steel with no indication of a passive

region. The promotion of active corrosion may be important in propaga-
ting stress-corrosion cracks, assuming an active dissolution model for

the mechanism of SCC in carbon steels.

Figure 3.4a shows that the addition of 1000 g/m3 each of 803“3 and
8407‘2 promoted passivation of the 1018 steel. The pitting potential
was increased, but no significant effect on active corrosion or the
magnitude of ipag was observed.

Figure 3.4b shows the effect of adding 1000 g/m3 of 5103‘2 on the
polarization behavior of 1020 steel. The passive current density was
greatly reduced, and Epjt greatly increased. Although Eppot was only
slightly reduced, Ecop was increased to a value more positive than
Eprot, indicating the possibility of pitting and/or crevice corrosion.
Tge polarization behavior for Si03°¢ additions is similar to that of
NO2~/NO3~ additions; these are known cracking agents.

Figure 3.4c shows the effect of adding 100 g/m3 of Hp02 on the polariza-
tion behavior of 1020 steel. Hydrogen peroxide acts as an oxidizer,
significantly increasino the total rate of the reduction reaction. This
increase resulted in a large increase in Ecqpr. The polarization
behavior indicates active behavior, but an Ep.ot was observed, indica-
ting pitting attack. Because Eppot < Ecors Pitting and/or crevice
corrosion could have initiated at crevice sites created by the holder-
specimen interface during exposure at Ecqp.

Figure 3.4d shows that the addition of 100 g/m3 of C104~ promoted passi-
vation of the 1020 steel. The passive current density decreasaed, and
Epit increased. Although the magnitude of the effect is much less, it
is similar to that for NO2=/NO3~ and Si03~2 additions.

In sumnary, all the selected species affected the polarizatign behavior
to some degree. The polarization experiments identified A1*3,
NO2-/NO3=, Si0 =2, and C104~ as significantly decieasing ipass Pg4‘3
and possibly Cl1= or H20p as promoting active corrosion; and EO =¢/HCO3~
as producing a significant increase in ipax and still maintaining
passive behavior.
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The dashed curves indicate the baseline curve shown in Figure 3.2a.




3.1.1.2 Effects of Single Species and Scan Rate
on Polarization Behavior

The potential effects of these species on SCC susceptibility were
examined further by performing fast scan rate (18 V/hr) polarization
curves for comparison with the slow scan rate (0.6 V/hr) curves pre-
sented in Figures 3.2-3.4. These curves are shown in Figures 3.5-3.7.
In most cases, the fast scan polarization curves are displaced to much
higher current values than the slow scan polarization curves. For
example, with A1*3 added (Figure 3.6a) there are over two orders of
magnitude difference in the currents at approximately -0.70 V, SCE.
However, the fast scan current is still only approximately

3 x 10-& A/cmé, which is low for cracking environments previously
studied. The C03-2/HCO3~ solution (Figure 3.6b) exhibited the general
behavior expected of cracking agents, but ipax for the fast scan was
actually less than ipax for the slow scan. This behavior is not readily
explained except that the C1~ and F- present in the groundwater may have
affected the polarization behavior observed; in other C03-2/HC03-2
environments ipax for the fast scan is typically greater than ipay for
the slow scan.

3.1.1.3 Statistically Designed Experiments

The 32-test, 15-variable matrix of polarization curves which will deter-
mine main effect terms for the variables, free of two-factor interac-
tions, has been completed. In addition to the species listed in

Table 3.1 and solution pH, the following gas additions are being
examined: 0p, Hp, and CO. The final ana?ysis has not been completed.
However, several of the 32 solution combinations exhibit behavior that
is indicative of SCC_envirgnments, i.e., ipax of the fast scan is
greater than 1 x 103 A/cmé, and the fast scan exhibits at least one
order of magnitude higher current than the slow scan.

3.1.2 Pitting-Kinetics Studies

Results of the potentiodynamic polarization experiments and autoclave
exposures suggest that pit initiation in low-carbon steels is likely in
basalt groundwater. The polarization rurves exhibit considerable
hysteresis on the reverse scans, and protection potentials are very near
the corrosion potentials, even for deaerated solutions. In the auto-
clave exposures, pits actually were found on specimens exposed for
approximately 1000 hours in a deaerated simulated basalt groundwater at
250 C. Accordingly, experiments were undertaken to characterize the
pit-propagation behavior of carbon steel in simulated basalt-repository
environments.

Two types or experiments were initiated: long-term exposures of
“prepitted" specimens, and electrochemical pit-propagation experiments.
In the former, simulated pits of various depths and aspect ratios
(depth/diameter ratios) were mechanically drilled in specimens of hot-
rolled 1018 carbon steel and are being exposed at 90 C in deaerated and
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Figure 3.5. Fast- and slow-scan potentiodynamic polarization curves for 1020 steel in simulated
basalt groundwater alone and with C1=, F=, or Fet?/Fet3 added.

The dotted curves were obtained at the slow scan rate.
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Figure 3.6. Fast- and slow-scan potentiodynamic polarization curves for 1020 steel in simulated
basalt groundwater with A1*3, C03-2/HC03~, NO2-/NO3-, or POz-3 added.

The dotted curves were obtained at the slow scan rate.



E1-€

b

POTENTIAL OMILLIVOLTS SCE
585 SRR

Wmmm

3 2

(a) 1000 g/m> each 80;

and B,0,

BERE
S

POTENTIAL (MILLIVOLYS SCE
-

Figure 3.7.

LOG CURRENT DENSITY (AMPS/SOR CM)

POTENTIAL OMILLIVOLTS SCE)

POTENTIAL (MILLIVOLTS SCE)

Ml o JNSR LS 4o, MR AR Lo, IR T T
- | 3.2 3
(b) 1000 g/m™ Si0y
s b 4
w | 1
. 4
o - 4
-288 g
~408 E
-
//
- e
-1008 Adiibittnle ot aaninaala s sanssl i aasaasal o i aassial 4 4 asss
-8 b 4 -- -3 —4 -2 -
LOG CURRENT DENSITY (AMPS/SOR 00
L e e e e ais me e R S
e 3 .
(d) 100 g/m C\O‘
e
“we - 4
20 R
e 1
-208 <
~408 1
882 +
-aae 4
B L T U

-8 -7 -6 -5 -4 -3 -2
LOG CURRENT DENSITY (AMPS/SQR CW)

Fast- and slow-scan potentiodynamic polarization curves for 1020 steel in simulated

basalt groundwater with 303'3/8407‘2, $103-2, Hp02, or C104~ added.

The dotted curves were obtained at the slow scan rate.



in oxygenated basalt groundwater. The steel used in this study was
commercially obtained, and its composition is given in Table 3.1. Prior
to exposure, the depths of the pits were measured with a micrometer
having a thin needle point; after exposure, the specimens are being
metal?ographically sectioned so that the morphology and depth of attack
can be studied.

Four different pit diameters are being examined: 5.1 mm (0.2 inch),
2.54 mm (0.10 inch), 1.35 mm (0.05 inch), and 0.52 mm (0.0?1 inch). For
each diameter, there are three aspect ratios: 2:1, 5:1, and .7:1.

Thus, for a 5.1-mm-diameter pit, the initial pit depths were 10 m,

25 mm, and 50 mm. The overall specimen dimensions are about 40 mm

long x 20 mm wide x 75 mm thick (in the dimension of the‘pit) and the
specimens were machined from 7.6 cm (3 inch) x 15.2 cm (6 inch) strip
steel.

Prior to exposure, the specimens were cleaned with acetone, each of the
pits was filled with the simulated basalt groundwater using a syringe,
and the specimens were placed in high-density polyethylene vessels which
contained 1 inch of crushed basalt rock. In each vessel, an electrical
connection was attached to one specimen for subsequent potential
measurements. The basalt-groundwater solution was added and the vessels
were sealed. They were then placed in oil baths, Luggin probes were
connected, and the flow of nitrogen or oxygen was started (for deaerated
and aerated solutions, respectively).

During the experiments, the electrochemical potential of one specimen in
each vessel is being monitored, and aliquots of solution are being taken
periodically for pH analysis. Results of the potential measurements
completed to date are given in Figure 3.8. These data show that the
potentials of the specimens in the deaerated vessels varied between
about -700 and -750 mV (SCE) over the first 2 months of exposure,
whereas the potentials of the specimens in the aerated vessels exhibited
a marked increase after about 1 month of exposure and stabilized at
about -220 mV (SCE).

The results of the pH measurements are given in Table 3.3. The measure-
ments were taken frequently over the first several weeks of exposure to
establish the trends, but less frequently thereafter to conserve the
solutions and minimize contamination of the deaerated solutions with
oxygen. These data show some interesting trends. The pHs of all the
solutions decreased over the first 24 hours from about 9.8 to about 7.5,
and the pHs of the deaerated solutions have continued to decrease some-
what over the first 2 months of exposure. On the other hand, the pHs of
the aerated solutions have increased over the 2-month period to values
around 11.5. The mechanism for this pH increase is not fully understood
but will be investigated in the next reporting period.

Altogether, eight prepitted specimens were removed from the vessels,

following 4 months of exposure, and were optically examined. Specimens
containing mechanical pits of each diameter were removed from both
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Table 3.3. pH as a function of exposure time for
simulated basalt groundwater solutions
in contact with basalt rock and
1018 carbon steel specimens.

Exposure Time Oxygenated o Deaerated

(hours) Vessel 1 Vessel 2 Vessel 3 Vessel 4

0 9.3 9.8 9.8 9.8

24 8.0 7.6 7.0 7.4

72 7.4 7.4 7.2 7.8

168 1.8 7.5 7.5 7.5

330 7.8 7.9 7.5 7.8

1080 11.2 11.5 7.5 7.5

2208 11.2 11.5 6.5 6.6
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oxygenated and deaerated vessels. All specimens from the oxygenated
vessels were covered with thick, red rust deposits, and the pits were
all capped with corrosion products. On the other hand, specimens taken
from the deaerated vessels were covered with thin black deposits, and
the pits were not capped. Figure 2.9 illustrates some of these features
as they appeared in specimens with 2.54-mm-diameter pits.

Following optical examination, the specimens were mctallographically
sectioned, mounted, and polished, and the depths of the pits were
measured with a microscope having a calibrated stage. No systematic
trend in pit depth was evident from the data. The differences between
the initial (preexposure) and final pit depths varied about ¥ 0.1 mm,
which probably simply reflects the error in the measurement.

A close examination of the metallographic sections of the specimens
exposed in the deaerated vessels did not indicate any evidence of appre-
ciable attack. Similarly, the 5.1-mm, 2.45-mm, and 1.35-mm pits in the
specimens exposed in the oxyyenated vessels did not exhibit appreciable
attack. Optical photographs of metallographic sections of the latter
specimens are shown in Figures 3.10 to 3.12. On the other hand, the
smallest-diameter pits exposed in the oxygenated vessels did show
evidence of attack. The attack occurred over the entire pit ’or the
lowest aspect ratio pit (2:1), whereas it occurred only near the mouth
of the deeper pits. There is also evidence that the attack followed
stringers in the midwall of the pits (see Figures 3.13 to 3.17).

Since attack was observed in the small-diameter pits in the oxygenated
exposures, the absence of significant attack in the larger-diameter pits
may simply indicate that long times are required to develop the acidic
conditions necessary for pit propagation. The localization of the
attack near the mouth of the deep, small-diameter pits is an interesting
observation since it suggests that high-aspect-ratio pits are not stable
in this system. Preliminary results of the electrochemical work are
consistent with this suggestion. A possible explanation for this
behavior is that the solution conductivity limits the distance of
separation of the cathode (on the external surface) and the anode within
the pits. Where solution conductivity is higher, such as with more
concentrated solutions, this effect may be less pronounced.

Preliminary experiments were completed with the electrochemical pit-
propagation monitor. The schematic of the monitor is shown in

Figure 3.18. Experimentally, the monitor is oriented vertically in a
test cell containing an electrolyte, and the current flow between the
base of the simulated pit and the boldly exposed surface is monitored as
a function of exposure time. Current measurements provide an estimation
of the rate of pit propagation; the rate measured may be nonconservative
since the reduction reactions occurring on the pit base will contribute
to pit propagation but will not be detected. This current may be signi-
ficant where a very-low-pH environment develops within the pit.
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Oxygenated

Deaerated

Figure 3.9. Low-power photograph of prepitted hot-rolled
1018 steel specimens following exposure in
oxygenated and deaerated simulated basalt
groundwater containing crushed basalt at 90 C.

Note that the pits on the specimen in the oxygenated solution are
capped with corrosion products.
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Figure 3.10. Low-power optical photograph of metallographic
section of prepitted (5.1-mm-diameter) specimen of
hot-rolled carbon steel following exposure in
oxygenated simulated basalt groundwater
containing crushed basalt.
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Figure 3.11. Low-power optical photograph of metallographic
section of prepitted (2.54-mm-diameter) specimen
of hot-rolled carbon steel following exposure

in oxygenated simulated basalt groundwater
containing crushed basalt.
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Figure 3.12. Low-power optical photograph of metallographi
section of prepitted (1.35-mm-diameter) specimen
of hot-rolled carbon steel following exposure
in oxygenated simulated basalt groundwater
containing crushed basalt.



Low-power optical photograph of metallographic
section of prepitted (0.53-mm-diameter) specimen

of hot-rolled carbon steel following exposure

in oxygenated simulated basalt groundwater
ntaining crushed basalt,
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Figure 3.14. Optical photograph of 2:1 aspect-ratio pit
shown in Figure 3.13.

20X 7L707

Figure 3.15 Optical photograph of 5:1 aspect-ratio nmit
hown in Figure 3.13.
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Figure 3.16. Higher-power optical photograph of pit
shown in Figure 3.14.

50X 7L710

Figure 3.17. Higher-power optical photograph of pit
shown in Figure 3.15.
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Figure 3.18. Schematic of pit-propagation monitor.
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The preliminary experiments were performed in oxygenated basalt ground-
water at 75 C and using two aspect ratios, 2:1 and 10:1. It was found
that the pits did not initiate within about 1 week of exposure; currents
were actually ne?ative. indicating protection of the pit base. It is
possible that this behavior was the result of the absence of a cap over
the pits, which is necessary to prevent oxygen ingress into the pits and
migration of protons out of the pits. Accgordingly, the pits were stimu-
lated for about 24 hours at 10 to 20 mA/cmé¢ anodic current using a
potentiostat and a platinum counter electrode. The boldly exposed
portion of the pit monitor was allowed to corrode freely during this
stimulation. Following stimulation, both pits initiated, and the 2:1-
aspect-ratio pit stabilized at a current of about 50 uA/cm¢ over 7 days,
corresponding to a rate of approximately 580 um/y (23 mi1/y). On the
other hand, the 10:l-aspect-ratio pit did not stabilize, and eventually
the current actually became cathodic. These results appear consistent
with the results of the exposure tests in that the shallow pit propa-
gated but the deep one did not. However, an optical examination of the
electrochemical pit-propagation monitors following exposure indicated
that the 10:1 aspect ratio pit had not fully occluded, which may account
for the inability to stabilize pitting in this specimen.

3.1.3 Slow-Strain-Rate Studies

In the literature, several species which may be present in the reposi-
tory were identified as potential stress-corrosion cracking agents. Of
these, FeCl3 or chloride + ferric oxides or hydroxides are potentially
the most problematic, since chlorides are present in the groundwater and
since corrosion of the overpack would generate ferrous ions which may be
oxidifsd ;o ferric ions by radiolysis or oxygen ingress. Strauss and
Bloom(3.3) first reported on the stress-corrosion cracking of low-carbon
steels by ferric chloride solutions in 1961. Transgranular cracking was
observed in pressurized capsule tests at 316 C at very low concentra-
tions of ferric chloride, 0.001M, and in aqueous slurries of FeOOH or
Fegoe and NaCl. On the other hand, NaCl + Fe304 did not produce
cracking (see Table 3.4).

Although the stress-corrosion cracking observed by Strauss and Bloom may
be relevant to overpack performance, it has not been established whether
stress-corrosion cracking of carbon steel will occur at lower tempera-
tures, which are more typical of waste repositories, or in more compli-
cated aqueous solutions containing typical groundwater species. More-
over, it was not evident from the original reference whether the
cracking occurred in the vapor or in the liquid phase within the
capsules. Accordingly, an experimental investigation was undertaken to
reproduce the stress-corrosion cracking observed in the original refer-
ence and to examine the influence of temperature and solution chemistry
on stress-corrosion cracking of low-carbon steels in these ferric-
chloride solutions.

During this reporting period, slow strain rate tests were performed on
hot-rolled 1020 carbon steel in 0.001M ferric chloride at 315 C over a
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Table 3.4, Effect of various solutions and slurries
containing Fe (III an?/or chloride on
cracking at 316 C.(3.3

Capsule Contents Result of Treatment*
(1) 0.001 M FeClj Capsules cracked and leaked
within 6 to 15 hours.
(2) 0.0001 M FeCl3 Very shallow cracks were pro-
duced within 1 week.
(3) 0.0005 M Fep(S04)3 No cracking observed within
1 week.
(4) 0.001 M Fe(NO3)3 No cracking observed within
1 week.
(5) 0.003 M NaC1 No cracking observed within
1 week.
(6) 0.001 M NaCl No cracking observed within
1 week.
(7) 0.1 M NaCl Slight attack at weld junction
during 1 week.
(8) 1 M NaCl Localized corrosion in marten-
site penetrated welds within
20 hours.
(9) Aqueous slurry of Y-FeOOH Capsulas cracked and leaked
containing 0.6% Cl- within 6 b .~s,
(10) Aqueous slurry of Y-FeOOH Cape "= _ ked and leaked
generated by corrosion in witht T rS.
0.0005% C1-
(11) Aqueous slurry of Y-FeOOH No cracking observed within
generated by corrosion in 1 week.

high purity water

*At least three and usually more capsules were given
each treatment.
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Table 3.4.

Continued.

Capsule Contents

Result of Treatment*

Slurry of Y-FeOOH in line
11 and 0.0001 M FeCl3

Aqueous slurry of a-FeOOH
containing 0.01% CI

Supernatant liquid Y-FeOOH
slurry in line 9

Slurry of a-FeQUH in lina2 13
and liguid in line 14

Slurry of a-FeCOH containing
0.001% C1- and U.003 M NaCl

Slurry of Y-Fep03 containing
0.01% C1~= and 0.003% M NaCl

Slurry of a-Fep03 containing
0.02% C1~ and 0.003 M NaCl

Slurry of Fe304 containing
< 0.01% C1= and 0.003 M NaCi

Capsules cracked and leaked
16 to 18 hours.

shallow cracks were produced
within 1 week.

No cracking observed within
1 week.

Capsules cracked and leaked
within 3 to 4 hours.

Moderately deep cracks were
produced within 1 week.

Moderately deep cracks were
produced within 1 week.

Very deep cracks were produced

within 1 week. One capsule
cracked and leaked within
4 days.

No cracking observed within
1 week.

*At least three and usually more capsules
each treatment.

were given




range of strain rates to attempt to reproduce the stress-corrosion
cracking data reported in the literature and to establish the optimum
strain rate for future stress-corrosion testing. The composition of the
steel used is given in Table 3.1. Stress-corrosion cracking was readily
produced in the liquid phase. The cracking was transgranular, with some
branching (see Figures 3.19 and 3.20), and was similar in morphology to
that reported by Strauss and Bloom.

A summary of the results of slow strain rate tests which were performed
at various strain rates is given in Table 3.5. These data show that
susceptibility, based on the maximum depth of cracking, was highest at
the lowest strain rate. This is unfortunate, experimentally, since a
slow-strain rate test at 1 x 10-8/sec may last several weeks or more.

Table 3.5. Results of slow strain rate tests performed
on hot-rolled 1020 carbon steel in 0.001 M
FeCl3 at 315 C.

Time tc Maximum Depth Cracking
Strain Failure of Cracking Velocity
Rate (hours) (mm) (mm/s)
1 x 1078/s 393 0.30 2.10 x 10~/
6 x 10°8/s 146 0.11 2.09 x 1077
6 x 10~ /s 59.2 0.20 9.53 x 10~/

3.1.4 Future Work

Potentiodynamic polarization, pitting-kinetics, and slow strain rate
studies will continue.

3.1.4.1 Potentiodynamic Polarization Studies

The statistical analysis of the l5-variable matrix of polarization
curves will be completed. The main matrix of polarization experiments
will be started.

3.1.4.2 Pitting-Kinetics Studies

The exposures of the prepitted specimens will continue. Based on the
results of the 2-month exposure, the next specimen pull will be delayed
until & months of total exposure time has elapsed. An understanding of
the mechanism for the pH increase will be pursued and experimentally
verified if possible. Procedures to consistently occlude the pits in
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250X 71544

Figure 3.19. Optical photograph of metallographic section of
a slow strain rate specimen which was tested in
0.001 M FeCl3 at 315 C and a strain rate of
6 x 10-8/s,
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200X

Figure 3.20.

Optical photograph of metallographic section of
a slow strain rate specimen which was tested in
0.0C1 M FeCl3 at 315 C and a strain rate of

x 10-8/s,

Pod



the electrochemical pit-propagation monitors will be studied. Two
promising approaches are to pack the pits with an aqueous §1urry of
Fe304 prior to testing or to cap the pits with zirconia frits.

3.1.4.3 Slow Strain Rate Studies

The effect of temperature and FeCl3 concentration on stress-corrosion
cracking in simulated basalt groundwater will be studied over the
temperature range of about 200 to 315 C.

3.2 ..ydrogen Embrittlement

Hydrogen-embrittlement studies are being conducted to evaluate the
potential for degradation by hydrogen of the container structural com-
ponents. Hydrogen is expected to be present as a result of corrosion
and/or radiolytic reactions. During the previous work, studies have
been conducted with low-carbon cast steels having different impurity
contents and with different thermal and thermomechanical treatments. In
those studies, the steels exhibited substantial hydrogen-induced losses
in resistance to crack initiation (Jic, the fracture toughness) but
little loss in resistance to crack growth (T, the tearing modulus) in
the as-cast and the hot-rolled conditions. However, in the annealed
condition the steels underwent significant reductions in both Jic and T,
irrespective of impurity content. This observation suggests that con-
tainers that were reasonably resistant to hydrogen embrittlement when
cast may become suscentible to embrittlement with time at elevated
temperature in a repository.

During the current year, the effect of repository temperatures on resis-
tance to embrittlement will be studied in a cooperative effort with
Manufacturing Sciences Corporation (MSC), another NRC contractor. MSC
is planning to study the effect of repository temperatures on changes in
the cast-steel microstructure and has agreed to provide samples for
hydrogen-embrittlement studies at Battelle. Samples of cast steel were
provided to Battelle recently by MSC, and additional samples should be
received shortly. In addition, studies of the potential for embrittle-
ment of a commercial high-purity iron provided by Armco, Incorporated,
are being conducted in anticipation of the consideration of iron as a
corrosion-allowance material that is more resistant to localized corro-
sion than is cast steei. Studies with the iron are under way, and
results to date are reported below.

3.2.1 Eva.uation of Iron Ingots Provided by Armco

Twelve small laboratory ingots approximately 7 inches long, 3 inches
wide, and 1 inch thick (approximately 17.8 cm long, 7.6 cm wide, and

2.5 cm thick) of commercial high-purity iron were provided by Armco for
use in studies of hydrogen embrittlement and corrosion at Battelle and
for studies of weldability at MSC. The ingots were produced in the
laboratory but had chemical compositions that could be achieved in large
castings produced using present practice at Armco. The chemical
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composition of one ingot from which tensile specimens were prepared is
presentad in Table 3.6.

Table 3.6. Composition of iron ingot from
which tensile specimens were

prepared.
Content,
Element weight percent*

Carbon 0.000
Manganese 0.0v4
Phosphorus 0.003
Sulfur 0.004
Silicon 0.17C
Aluminum 0.001
Copper 0.068
Nickel 0.020
Chromium 0.045
Molybdenum 0.044
Vanadium 0.001

*Average of two emission-spectrographic
analyses.

Metallographic sections were prepared from each of the castings.

Figure 3.21 presents a photomacrograph of a transverse section through
the ingot from which tensile specimens were prepared. The figure illus-
trates the solidification pattern and the very coarse grain size that
was apparent in all of the castings. This coarse grain size is further
illustrated in Figure 3.22. The photomicrographs in Figure 3.23 show
very fine particles, which were present in the grains, and somewhat
coarser particles at the grain boundaries. These particles exhibited a
lamellar structure (Figure 3.23b) and may have been fine pearlite pre-
cipitates, even though the bulk carbon content was below the detectable
level in spectrographic analysis. No inclusions were observed. It is
interesting to note that the photomicrograph in Figure 3.23a was taken
at the ?gms magnification as were earlier photomicrographs of the cast
steels.(3.%) Comparison between those photomicrographs indicates that
the grain size of the iron is approximately 5 times that of the steel
studied previously in the as-cast condition.
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Figure 3.22. Microstructure of iron ingot in Figure 3.21.
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100X Nital Etch 7L368

a. Overall View

1000X Nital Etch 7L373

b. Grain-Boundary Precipitates

Figure 3.23. Photomicrographs of iron ingot showing fine

precipitates at grain boundaries and in
the matrix.
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3.2.2 Tensile Properties of Iron

Tensile specimens oriented longitudinally (tensile axis parallel to the
pouring direction or the length of the ingot) and transverseiy (tensile
axis perpendicular to the pouring direction and parallel to the width of
the ingot) were tested in hydrogen and nitrogen. The longitudinal
specimens had an 0.50-inch-diameter (1.3-cm-diameter) gage section that
was 2.0 inches (5.1 cm) long, whereas the transverse specimens had an
0.25-inch-diameter (0.63-cm-diameter) gage section that was 1.0 inch
(2.5 cm) lon?. The tests were conducted at an engineering-strain rate
of 10-4 sec-1., The gas pressure was 1000 psig (6.9 MPa), and the tests
were conducted at room temperature. An indication of the sensitivity of
the material to embrittlement was obtained by comparing the tensile
properties in those environments. Further information is expected from
the fracture-toughness tests to be conducted during the next gquarter.

The results of the tensile tests in the two environments are presented
in Table 3.7. The results indicate that, as expected based on the pre-
vious studies and information in the literature, hydrogen had no effect
on the strength properties. Hydrogen did reduce the ductility in both
orientations, but to a greater extent in the transverse orientation.
The reduction in area was decreased approximately 36 percent in the
transverse specimens and approximately 17 percent in the lon?itudinal
specimens. However, it should be noted that the absolute value of the
reduction in area was greater for the transverse specimens in both
environments. In neither case was the loss of reduction in area so
great as to indicate severe hydrogen embrittlement.

3.2.3 Future Work

During the next quarter, J-integral fracture-toughness tests will be
conducted with commercially pure iron in hydrogen and in nitrogen to
determine the extent to which hydrogen may reduce resistance to crack-
ing. In addition, cast-steel specimens that were shipped recently to
Battelle by MSC should be received shortly and will undergo initial
characterization and specimen preparation.

3.3 Corrosion Correlations

During this quarter, work continued on the general-corrosion and
pitting-corrosion correlations. New boundary conditions accounting for
film-growth kinetics were developed for the general-corrosion correla-
tion, and steps were taken to include the effects of an electrically
neutral reducing species reacting with the single oxidizing species
(nominally 0) assumed to be present. In the pitting-corrosion task,
work continued on using the Weibull distribution to bring the mathe-
matical description of pitting-induction times into accord with experi-
mental data.
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Table 3.7.

Tensile properties of iron.

Ultimate
Tensile Yield Reduction
Specimen Test Strength Strength Percent in Area
Orientation(2) Environment (ksi) (ksi Elongation(b) (percent)
Longitudinal 1000 psig N, 30.9 10.8 25.1 21.1
1000 psig H2 31.8 10.5 24.9 17.6
Transverse 1000 psig Nz 27.2 9.4 31.3 55.2
100 psig H, 27.6 10.0 23.6 %.2

{a) Longitudinal orientation indicates that the specimen axis was oriented parallel to the pouring

direction, or the length of the ingot.

was oriented transverse to the pouring direction, or parallel to the width of the ingot.

Transverse orientation indicates that the specimen axis

(b) Percent elongation was measured in a 2-inch-long gage section for the longitudinal specimens aud
a l-inch-iong gage section for the transverse specimens, because of differences in specimen length,
in accordance with ASTM Standard E3-82, "Standard Methods of Tension Testing of Metallic Materials".



3.3.1 General Corrosion

Separate-effects analyses in the area of general corrosion of waste-
package container materials were directed, during the past quarter,
toward development of a more physically-realistic description of ihe
mass-transport processes associated with corrosion. Specific tasks
included the formulation of boundary conditions describing film growth
on the metal surface and extension of the mass-transport model to
include additional species.

In earlier reports(3.5,3.6) an elementary mass-transport model for
general corrosion was developed in detail. Only one chemical species
was considered in that model: a neutral oxidizing species, nomi-
nally 02.

A major simplifying assumption incorporated into the model was that the
rate of corrosion was limited by the rate at which the oxidizing species
was supplied to the container/groundwater interface by chemical diffu-
sion through the groundwater. This assumption was imposed by means of a
boundary condition, namely, that the concentration of the species within
the water at the interface is zero.

Relaxation of this assumption requires the imposition of new boundary
conditions that account for the kinetics of film growth on the metal
surf?ce. These new boundary conditions can be expressed, for this same
model, as

(3.1)

and

dL . A(B - 1 g (3.2)
dt  exp(2KL) = 1

where L is the film thickness at time t, D is the chemical diffusivity
of the oxidizing species in the water, and n and N are, respectively,
the volumetric concentration of oxide molecules in the bulk oxide and
the number of oxidizing species per oxide molecule. (For example, if
the oxidizing species is Op and the oxide is Fe0, then N = 0.5; or if
the oxidizing species is 0p and the oxide is Fe304, then N = 2.) In
addition, c(r,t) is the concentration of the species in the water at
radial position r > ry (radial cylindrical symmetry is assumed) at

time t, with ry being the container radius. A, B, and K are parameters
associated with the film-growth model. Equation 3.1 results from apply-
ing Faraday's law to tb: oxidizing species at the container surface.
Equation 3.2 is an evyression of the film-growth model that is being
assumed h?re namely, the point-defect model of Chao, Lin, and
Macdonald(3.7),
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The parameters A and B in Equation 3.2 are related to the redox poten-
tial at the container/groundwater interface which, in turn, is related
to c(rg,t). The parameter K is equal to FE/(RT) where F and R are the
Faraday constant and gas constant, respectively, T is the absolute
temperatyre, and E is the electric field within the film (a constant,
about 10° V/cm).

A natural extension of this simplified model of general corrosion is to
introduce a second chemical species, i.e., an electrically neutral
reducing species with which the oxidizing species can react chemically.
Again assuming radial cylindrical symmetry, the mass transport of the
ith species (i = 1, 2 for the two species) can be described in terms of
the following partial differential equation:

Bci

ac
g 1323 F = (3.3)
0; 7 ar (r5r ) oy gil "= bici %

at

where cj(r,t) is the concentration of species i in the water, i.e., for
r>r°.

The right-hand side of Equation 3.3 is simply a sum of terms that repre-
sent different mechanisms which can cause cj to vary with time. The
first term represents chemical diffusion, with Dj being the diffusion
coefficient. The second term represents the rate of radiolytic produc-
tion, with gj being a "g-value" characteristic of species i, and I(r,t)
represents the gamma-field intensity, which is assumed to be given, for
r > rg, by

I(rot) - IO (':-‘Q)CXD[-At - g(r-ro)] , (3.4)

where I, is the intensity at r = ry and t = 0, X is an average radioactive-
decay constant_for gamma production, and ¢ is the linear absorption coeffi-
cient. The r=l factor in Equation 3.4 accounts for geometric spreading

of the gamma field as r increases.

The third term on the right-hand side of Equation 3.3 represents loss of
species i by chemical reaction with the other species, with a being the
pertinent rate constant. As expressed in Equation 3.3, the reaction is
assumed to be of second order, with species i and j being "lost" in
equal amounts when the reaction occurs. Of course, it would be a simple
matter to generalize this reaction-rate term to account for other types
of reactions, in which case the rate constant, a, would accordingly
differ for the two cases, i = 1 and 2, in order to maintain stoichio-
metry. The fourth term accounts for loss of species i as a result of a
pseudo-first-order chemnical reaction of that species with another,
unspecified species that is assumed to exist in virtually infinite

supply.
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The boundary conditions which the solution of Equation 3.3 must satisfy
are the following, taking species 1 to be the oxidizing species and 2 to
be the reducing species:

] Cl = Cl(o) and CZ = CZ(O) at t = 0' r > ro (3.5)
and at t > 0, r + =
- 3.6
. '3;;§(rc),t) =0 att >0 ( )
0 dc
" %—'E 2 W}TI 5,.—1(ro.t) at > 0 (3.7)
dL . A(B - 1) (3.8)
® Tt T exp(2kL) -1 °
(3.9)

e L=0att =20

Equation 3.6 is a statement of the fact that the reducing species does
not undergo a chemical reaction at the metal surface. The subscript 1
on n and N in Equation 3.7 denotes that the values of these gquantities
are associated with species 1.

3.3.2 Pitting Corrosion

In the most recent quarterly report(3.8)  the applicability of the
Aeibull distribution for describing pit-generation kinetics on a metal
surface was discussed. Additional research in this area was carried out
during the past quarter, and the results are summarized here.

In terms of the Weibull distribution, the pit-generation rate, G(t), at
time t is described by the expression

mN g =8 "‘]
FUphi.. 1 -1 5 o e
G(t) o (t to)m exp [ ( 2 0)

which is applicable for t > t,, with G(t) = 0 for t < ty. Here, Nw, m,
T, and t, are certain characteristic parameters. In particular, the
inst?ntaneous total number of pits per unit area of metal surface, N(t),
is given by
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t

N(t) = f G(t)dt = N_ {1 - exp [- (t ; t°)m] (3.11)

to

so that N, is the total pit concentration on the surface at
asymptotig;lly large times. It is noted that eff?gtg of overlap of
growing pits, which have been discussed elsewherel: ), are not
considered here.

~rated
Let h(t, tq) be the depth of a pit, at time t, which had been r~ra
at ti&e t g%_t. We assume here that h exhibits power-law depenu. .ce
upon time, i.e.,

h = alt - tg)b : (3.12)

where a and b are positive parameters, independent of t, tq, and h.
Many types of pit growth have been found to satisf{3alaglagionsh1p of
this genersl { pe, as has been discussed elsewherel~-*¥/, Moreover, it
was shown( .l y. for this particular growth-rate expression, that the
pit-depth distribution function, f(h,t), defined such that f(h,t)dh is
the number of pits per unit area of surface, at time t, that have depth
between h and h+dh is related to G(t) through the expression

(b
3.3
TR TR B

for h < a (t - ty)P, assuming that pit generation begins at time
ty (taken as zero in Reference 3.11) and that f(h,t) = O for

h >a(t-ty)?, where G(t) is an arbitrary pit-generation-rate
function. It was assumed, in the derivation of Equation 3.13, that
deactivation of growing pits did not occur.

Equations 3.10 and 3.13 can be combined to yield

mN lﬁg t - to h % o
- () (S () ]
(3.14)
1
b




which is valid for t > ty and h < a(t - to)P. Also, f(h,t) =0
for t < tg and h > a(t - ty)b,

We now illustrate the application of this analysis to some specific
examples. However, rather than choosing values for all the pertinent
parameters, it is convenient to first reduce all gquantities that appear
in the various expressions to dimensionless form. Examination of
Equations (.10, 3.11, and 3.14 shows that natural choices for such
quantities ure

9% gy 6
@
N
n =
L
g t - to
" T
h
H s ——
atb
b
_ abr
F = v f

in which case Equations 3.10, 3.11, and 3.14, respectively, are
reduced to

g = Tm'l exp (_Tm) (3-15)
n=1-exp (-1") (3.16)

1-b 1 1

Azl 2\ mel 4
Fen (1-w)" e [-(r-ub)"] (3.17)
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with Equation 3.17 being valid within the range T > 0 and H < Tb. and
with F =0 for T < 0 and H > T°, The only input parameters that are now
needed, in Equations 3.15 to 3.17, are m and b.

Some specific numerical examples were selected which serve to illustrate
these results. First, the value b = 0.5 was selected for all the

examp les gince this corresponds closely to the vaue of 0.49 reported by
Marsh 3.1z for carbon-steel nuclear-waste containers. Using this value-
of b, Equations 3.15 and 3.16 are plotted in Figures 3.24a and 3.24b,
respectively, for m = 2, 3, and 4. Moreover, the pit-depth distribution
at selected times is plotted, for these three examples, in Figures 3.25
to 3.27 using Equation 3.17.

The effect of increasing the value of m is seen, in Figure 3.24a, to
reduce the pit-generation rate at short and long times; that is, to
essentially shorten the duration over which most of the pits are gener-
ated. This behavior is also reflected in Figure 3.24b, which shows that
the total pit concentration approaches its saturation level more quickly
as m is increased.

Tue "spreading" of the pit-depth distribution with increasing time is
illustrated for these cases in Figures 3.25 to 3.27. Although some dif-
ferences in properties of the distribution function, at the same given
value of T, are seen to exist for the different values of m, gross
features of the general shape are similar in all three cases.

3.3.3 Future Work

Ouring the next quarter, the new boundary conditions, Equations 3.1 and
3.2, will be incorporated into t'  simplified general-corrosion model
developed earlier. Of particula“ interest will be an assessment of the
effects of radiolysis on the instarcaneous film thickness, L(t).

Solution of the above problem wi! ' also be undertaken during the next
quarter. Toward this end, as much normalization of the variables s
possible will be carried out in order to minimize the amount of data
required as input.

The mass-transport problems solved earlier, as well as those outlined
above, are all based on the assumption of an isothermal medium. It
would also be possitle to generalize these problems to cases in which
the temperature varies with both r and t. Equation 3.3 would require
appropriate modification, and the temperature dependence of the various
input parameters would have to be incorporated into the formulation.
Heat conduction can be regarded as simply another type of transport pro-
cess; indeed, initial computations o{ the-dependent temperature pro-
files have already been carried out.(3.

In continuing studies of pitting corrosion, attention will be redirected
to the pit-growth model developed earlier(5-10). ossible generaliza-
tions of this model will be considered and correlations with pit-growth
data obtained at Battelle will be made.
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Figure 3.25. Calculated pit-depth distributions (F vs. H, after
Equation 3.17) for m = 2 and selected values of T.
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4. INTEGRATED SYSTEM PERFORMANCE

One purpose of the system-performance task is to obtain a better under-
standing of the phenomena which affect the long-term performance of
wacte packages at the system level. Knowledge gained in these studies
will aid in assessing the adequacy of system-performance models for
nuclear waste packages.

During this past quarter, emphasis has been placed on water-chemistry
studies, groundwater-radiolysis studies, and integral experiments.

The water-chemistry studies will improve our understanding of the local
water chemistry in the vicinity of the waste package by providing infor-
mation on how the corrosion of the metallic barriers and leaching or
dissolution of the waste form alter the local water chemistry, and how
these phenomena are, in turn, affected by the local water chemistry.

The water-chemistry studies will also provide information on the
chemical speciation of radionuclides released from the waste form. This
information will be useful in assessing the transport rate of these
radionuclides through the waste package.

The groundwater-radiolysis studies will provide information on the con-
centrations of the radiolytic species in the vicinity of the waste
package. These species can affect the corrosion of the metallic
barriers as well as the chemical speciation of the radionuclides
released from the waste form, thus affecting both the containment time
of the waste package and the release rate of radionuclides from the
waste package to the repository.

The integral experiments are being assembled to provide information on
combined-effects processes which are important in determining the long-
term performance of nuclear waste packages. To the extent possible,
these experiments will simulate the environment which a waste package
and its components will see during their lifetime. These experiments
will also provide some information on the rates of releases and cumu-
lative releases of radionuclides from high-level-waste glass and spent-
fuel waste forms for a variety of simulated waste-package failures.

4.1 MWater Chemistry

The study of water chemistry is an important part of any theoretical
treatment of waste-packa?e performance. It is generally considered that
water is the only credible medium for transport of radionuclides away
from the repository. In addition, the composition of groundwater and
its presence or absence are major factors in determining the modes and
rates of degradation for all components of the waste package. Since
water is both a transport medium and a participant in many degradation
mechanisms, it plays an important role in coupling many processes. It
is therefore desirable tu build a model of water chemistry that can
interface easily with descriptions of a variety of other phenomena. Our
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work has been directed at producing such a model. It has not been our
intention to produce a highly detailed water-chemistry code, but rather
to investigate the interactions between various phenomena by using a
small water-chemistry code as a tool.

Our work to date has used two ?‘ttsochcaistry programs: a Battelle-
developed wa:cr-chtzizgry code(%*:1) which handles a small number of
species, and WATEQ(%.<), which handles a significantly larger set of
species. WATEQ was intended for analyzing field data rather than for
modeling, and it was not feasible to adapt WATEQ for modeling. On the
other hand, when we used our water-chemistry code we were concerned that
neglecting so many species would impair the accuracy of our work.
Therefore, our usual procedure has been to use the small model for most
of our calculations and, where possible, to check select rs’ults
against output from WATEQ. As noted in a previous report(4.3)  values
of pH calculated by our code and by WATEQ were in excellent agreement
with each other and with experimental data.

At the beginning of this quarter, we wanted to enlarge the set of
species used in our water-chemistry program by including aluminum,
potassium, and fluorine and by strengthening our treatment of iron.
This has been accomplished by making appropriate modifications to the
program and incorporating thermodynamic data from the WATEQ data base.
A total of 34 species is now treated. In addition, treatment of the
carbonate-bicarbonate system has been improved.

The new version has been coded, and testing is nearly complete. The new
version has not been heavily used yet; however, preliminary comparisons
of results from the two versions indicate that the old version under-
estimated the buffering effect of the carbonate-bicarbonate reaction.
This may reduce the pH calculated for a repository environment. Whila
the magnitude of the error has not been determined, the inaccuracies of
the previous version are conservative--that is, the higher pH predicted
by the earlier version would he expected to correspond to rates of
waste-form dissolution that are too high. This subject will be
addressed in the coming quarter.

During testing of the new version of the water-chemistry code, checking
of some unexpected results revealed an error in our copy of WATEQ., The
problem is relatively severe: the total concentration of carbonate
species is not constant. Besides creating an obvious conflict with the
law of conservation of mass, the error can cause a very large difference
between the pH calculated by WATEQ and that calculated by our water=
chemistry programs. Some modifications had been made to WATEQ on this
project when the program was moved from one computer to another. How-
ever, these modifications were not at fault since the older version of
WATEQ was found to show similar behavior. The exact cause of the error
has not been determined.

In Tight of the known error in this version of WATEQ, it is inappro-
priate to use this program for checking the results of other programs.
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Since we would like to have a large water-chemistry program available,
there appear to be two alternatives. First, we could attempt to modify
our version of WATEQ. Although some effort has been made in this
direction, the version of WATEQ that we now have is difficult to modify,
and there is always the possibility of introducing new errors while
correcting old ones. Second, we could obtain a newer version of WATEQ,
sirce (he error is so severe that it is likely to have been discovered
and corrected in later versions. The second alternative appears to be
more promising, so we do not pl.n to attempt further changes in our copy
of WATEQ unless newer versions also prove to be in error.

Further expansion of our water-chemistry code is not planned for the
near future. Testing of this program will be completed and the new
version of the program will be integrated into our model for glass
dissolution.

4.2 Groundwater Radiolysis

Radiolysis of groundwater in the vicinity of the waste package can alter
the local water chemistry, thus affecting the long-term performance of
waste packages. Effects on the loca' water chemistry can include
changes in pH and oxygen potential, as well as the production of species
which may have a deleterious effec. on the waste-package materials. As
reported previously, other investigators have observed that gamma radia-
tion may have adverse effects on the time-to-failir‘ performance measure
for metal components which are exposed to water,(%.4)

One objective of these studies is to develop a generalized model for
analyzing the radiolysis of groundwater alone and of groundwater whose
composition has been altered by the presence of other materials such as
packing and corrosion products. This model will provide information on
the expected concentrations of radiolysis products in the vicinity of
the metallic components of the waste package. This information is
required by the canister -materials task of the program. The model will
also provide a means of assessing the abbreviated groundwater-radiolysis
model which is part of the general-corrosion model described in

Section 3.3.1. The model will also provide a vehicle for determining
effective rate constants for reactions included in the water-radiolysis
component of the corrosion model.

The first step in these studies has been to describe the radiolysis of
pure water that might contain hydrogen and/or oxygen. This description
accounts for anions and cations which may be present in significant
amounts in groundwaters of interest, As the description of groundwater
radiolysis is developed, it is being benchmarked against experimental
data available in the literature. As part of this effort, gamma-energy
deposition calculations were performed to determine energy-deposition
rates to the groundwater and the materials surrounding spent-fuel and
comnercial high-level waste packages. Results of thes? og,rgg-
deposition calculations have been reported previously. 4. everal
mechanisms for the radiolysis of water were evaluated for their ability
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for the oxidation of ferrous ions by hydroxyl radicals ll nst consistent
with experimental investigations. Stuglik and Zagorski(4.10) were
unable to fit their data with the charge-transfer reaction

Fe?* + oM » Fe¥* + on- .

which i a{tg used by other investigators in their radiolysis mech-
anisms. (4. Instead, Stuglik and Zagorski explain their data with a
hydrogen abstraction mechanism

2+
Fe™ + OH(H,0) . K
Fe?* + OH 25, reon’* ks 3.2 x 10° 1iter-mor tes?

3+

FeOE® & ' e Fo?* # H,0 k = 1.5 x 107 Viter-mo1~1-s"!

for the reaction of ferrous ion with hydroxyl radicals. In our
mechanism, the single-step charge-transfer reaction for the oxidation of
ferrous ions by hydronium radicals has been replaced by the hydrogen
abstraction reactions described above. Cgmparable adjustments to the
mechanism for the oxidation of aqueous Fe' species by hydroxyl radicals
has also been made. The rate constants for these reactions

+
Fe + OH(H,0)
Fe' + OH 25, reon’ k = 2.8 x 10% 1iter-mo1 ™o}

2+ 1

FeOH® + H' ——s Fe?* + 1,0 k * 1.3 x 10° 11ter-mo1~ts”

have bezz ggtimated by the procedure described in tne last quarterly
report,\*+%/ where the rate constants are assumed to vary inversely with
radii, These changes did not have a large effect on the model predic-
tions of the simulation of Mathews' experiment,

This quarter, the radiolysis model was extended by the addition of a
reaction which accounts for the precipitation of hydrolyzed ferric ions.
The precipitation of ferric sptiitg Qriageds through several steps which
are not completely understood,(%.1¢-4. It is beliaved that large
comp lexes form first, then colloids form, and finally amorphous and
crystalline materials precipitate. This process is also often asso-
clated with a chcn?‘ 13 lH' ?ouevcr. the relation between pracipitation
and pH is complex, \®.dc= A7 Since the kinetics for this process is
not well understood, the process has been approximated with the reaction

Fe(OH) + Fe(OH), » Fe0OH + FeOH’" + 1,0
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where FeOOH is precipitated from solution. In this model, FeOCH
actually represents a range of ferric species. The effective rate con-
stant for this reaction has been estimated by varying the rate constant,
as shown in Figure 4.1, and choosing a value which gives reasonable
agreement with the data. As can be seen in Figure 4.1, a value of

500 liter/m/sec gives reasonable agreement for the time-dependence of
the hydrogen-ion concentration.

As discussed in the last quarterly report,(4.8) the ferric-ion concen-
trations predicted by the radiolysis model cannot Rc ?1rect1y related to
the ferric-i1on concentrations reported by Mathews(4.9) because he used
an “"effective" extinction coefficient to determine concentrations and
because extinction coefficients are not known for all of the species
described by the model. Some information can be gained, however, by
examining available data, such as those shown in Figure 4.2, This
figure shows the solution absorbance, backcalc?]aayd from Mathews' data
as described in the previous quarterly report,(%:8) assuming a l-cm
cell, Also shown is the calculated absorbance for the mechanism
reported lass Quartcrbugii?g }3? and 1900 for the extinction coeffi-
cients of Fed* and FeOHS*s\%:19) raspectively. Extinction coefficients
were not available for other species modeled. Figure 4.2 shows that for
the model which does not include precipitation, the concentrations of
absorbing species rise too rapidly at oarl¥ times but level out to
reasonably close values at longer times. The calculated absorbance may
be higher if the other species modeled have significant extinction
coefficients. Since the calculated absorbance at longer times is not
higher than tnat backcalculated from the data, qualitative agreement
with the data is possible. Figure 4.2 also shows calculated absorbances
for the model with precipitation .dded for several values assigned to
the rate constant of the precipitation reaction. The rate of increase
of solution absorbance is between that of the experimental data and the
model reported last quarter. At longer times, the calculated absorbance
drops to low values, below those calculated from the data. Low
absorbance does not necessarily indicate a failure to predict the data,
because not all of the species-extinction coefficients are known and
because the FeOOH species actually represents a range of gtiirs some
with a significant extinction coefficient, such as FcOH); ¢ ,.

4.2.1.2 Simulations of the Radiolysis of Aqueous Systems

A preliminary version of the radiolysis model has been used to simulate
the radiolysis of a variety of aqueous t stems. The gamma-radiation
field used in these calculations was 1049 eV/liter/sec, which is equi-
valent to about 60 R/hr. This value of the energy-deposition rate was
chosen because it is representative of the dose rate to groundwater at
the surface of the waste-package overpack aftar about 108 {!ugs C‘lsy-
lations of these dose rates have bean reported previously.\®: 4.6,4,
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Radiolysis simulations have been performed for aqueous systems with and
without the presence of dissolved gases. For aqueous systems initially
free of dissolved gases, simulations were performed for pure water of

pH 7.0 and pH 4.5 and for solutions of pH 4.5 containing varying amounts
of ferrous and ferric ions. The concentrations for the aqueous systems
are expressed as initial concentrations except for one case, where the
concentration of ferrous ion was held constant. For aqueous systems
containing dissol!ved gases, simulations were performed for solutions
containing varying amounts of hydrogen, oxygen, ferrous ions, and ferric
ions. All calculations for solutions containing dissolved gases were
performed for an initial pH of 4.5, and all the stated concentrations
are initial cor trations.

Figure 4.3 shows a comparison of the calculated dissolved-hydrogen con-
centration for several solutions which are initially free of dissolved
gases. As can be seen in this figure, the existing model shows that
iron-free solutions of pH 7 and pH 4.5 behave similarly with respect to
the dissolved-hydrogen concentrations. As can be seen in Table 4.1, the
time-dependence of the dissolved oxygen concentrations is also similar
for these two solutions at early times. Figure 4.3 also shows that when
the solution contains an init1a1 concentration of 10-° mole/liter
ferrous ion at a pH of 4.5, the calculated hydrogen concentration as a
function of time is about lJ 100 times higher for the period shown.

Data in Table 4.1 also show that for this time period, most of the
ferrous ion initially present is converted to other species (mostly
ferric ion). Figure 4.3 also shows that when the ferrous concentration
is held constant, the calculated long-term hydrogen concentrations are
about 100 times higher than for iron-free water. Such an effect may be
relevant to aqueous systems in the vicinity of waste packages because
the surrounding materials may replenish species removed from the aqueous
system as a result of reactions associated with radiolysis or corrosion.

Figure 4.4 shows some effects of ferrous- and ferric-ion concentrations
n the calculated timg-depanonae of the hydrogen concentration. It can
be seen In this figure that as the initial QnLontvatron of the ferrou
ion is increased from 10~ no.e/llter to 10°® mole/liter, there is a
significant change in the rate uf increase of hydrogen concentration.
when the gochqtrdtion of ferrous_ion is increased still further, how-
ever, from 10~* mole/lit r to 10~ mo]c/lvtev, there is a decrease in
the concentration of dis olved hydrogen with time for the period shown.
The figure also shows ’.at when equal amounts of ferrous and ferric ions
are initially present at a concentration of 1) 4 mole/1 iter, the calcu-
lated Herdg concentrations are somewhat less than when tne solu-
tion i dlﬂ‘ wnl, ferrous ion at this concentrat ion, Data indi-
atel®.¢ that iron concentrations from 10-% mole/liter to

id“ mole/Titer mignt be expected in a basalt repository.

Simulations were also performed for aqueous systems containing dissolved
hydrogen and oxygen. For these calculations, a dissolved-oxygen concen-

tration of o x 109 mole/liter chosen as a midrange value for
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Table 4.1. Calculated concentrations of dissolved hydrogen
and oxygen species in water solutions with and
without iron.

Time 07 HZ‘O H* Fel+

(sec) mol1/1 mo )ﬂ mol/1 mol/] Solution

3.0E3 2.1E-11 9.5E-9 1.0E-7 NA*  Water, pH 7, no dissolved
1.8E4 1.4E-11 8.5E-9 1.0E-7 NA gases at time = 0

3.6E5 3.0E-13 3.0E-9 1.0E-7 NA

3.0E3 2.1€-11 1.1E-8 3.2E-5 NA Water, pH 4.5, no dissolved
1.8E4 1.56E-11 9,9E-9 3.2E-5 NA gases at time = 0

3.6E5 9.7E-15 2.5E-9 3.2E-5 NA

3.0E3 7.9E-16 1.3E-8 3.26-5 9.7E-6 10-5 m/1 Fel* at time = 0,
1.8E4 4.5E-15 1.56-8 3.3E-5 8.0E-6 pH 4.5, no dissolved gases at
3.6E5 9.6E-15 3.3E-9 5.0E-5 1.4E-7 time =0

3.0E3 7.9E-16 1.36-8 3.2E-5 1.0E-5 Fe2* concentration held
1.8€4 4,46-15 1.4E-8 3.3E-5 1.0E-5 constant at 10~° mol/1,

3.6E5 4.9e-14 1.5E-8 8.8E-5 1.0E-5 pH 4.5, no dissolved gases at

time = 0

Gamma Dose Rate = 101% ev/liter-sec (~ 60 R/hr).

*NA = not applicable.
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measurements of the ox¥ggn corncentration for a simulation of a waste-
package environment(4.21), An initial ferrous-ion concentration of

105 mole/liter was chosen for comparison with Figure 4.3 and Table 4.1.
Two values of the initial dissolved-hydrogen concentration were chosen.
The lower value was based on an expected amount in equilibrium with air
at one atmosphere at 25 C. This value of 4 x 10-10 mole/liter was
calculat?d using a Bunsen absorption coefficient of 0.0175 for hydrogen
in water(4.22) and a hydrogen partial pressure of 5 x 10-7 atm calcu-
lated agsuming a standard dry atmosphere.(4.23) The upper value of

2 x 10=2 mole/liter was chosen based on LWR experience as the concentra-
tion which suppresses hy?rogen generation by water radiolysis for non-
boiling systems at 25 C.(4.24) "The initial ferrous-ion concentration
was set at 10-5 mole/liter. The calculated time-dependence of the
hydrogen concentration for these two sets of reactions is shown in
Figure 4.5. In this figure, it can be seen that the hydrogen concentra-
tion increases with time when the initial hydrogen concentration is low
and decreases with time when the initial hydrogen concentration is high.
Other results of these calculations, which are tabulated in Table 4.2,
show that some dissolved oxygen is consumed in both cases. This table
also shows that in both cases, ferrous ion is effectively converted to
other forms (mostly ferric species). Radiolysis can thus affect the
water chemistry in the vicinity of waste packages.

4.2.2 Conclusions

A preliminary mechanism for the radiolysis of groundwaters containing
dissolved hydrogen, oxygen, ferrous ions, and ferric ions has been
developed. This mechanism has undergone some benchmark tests against
experimental data reported in the literature. This mechanism has been
used to perform some simuiations of the gamma radiolysis of several
aqueous systems exposed to a gamma dose rate equivalent to that at the
surface of a spent-fuel or high-level waste-package overpack about

100 years after placement. These calculations show that the generation
of radiolytic hydrogen is sensitive to the ferrous-ion concentration in
a nonlinear manner. These calculations also show that dissolved oxygen
can be radiolytically generated or consumed, depending on the composi-
tion and conditions of the system. In all of these simulations, ferrous
ion, when present, was effectiveiy oxidized to ferric species. This may
have implications for the characterization of the local water chemistry
when evaluating the performance of waste-package materials.

4.2.3 Future Work

In the near term, additional species will be added to the radiolysis
mechanism. Priority will be given to those species which are generic to
several groundwaters and which are associated with corrosion products
and packing material for waste packages. Additional groundwater simu-
lations will be performed to examine effects of other variables on the
radiolysis process.
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Table 4.2.

Calculated concentrations of dissolved 02,

Hp0, H*, and Fec* over time.

Time 02 HzP H* Fe2* Initial Conditions

(sec) mol/1 mo iﬁ mol/1 mo1/1 of Solution

3.0E3 6.0E-5 1.2E-7 3.2E-5 9.4E-6 2 x 10-5 mole/liter Ho,
6 x 10~3 mole/liter 02,

1.8E4 5.9E-5 2.7E-7 3.5E-5 5.4E-6 1 x 10-5 mole/liter Fel*,
pH = 4.5

3.6E5 4.6E-3 1.4E-5 5.1E-5 2.9E-9

3.0E3 6.0E-5 9.4E-8 3.2E-5 9.56-6 4 x 10-10 mole/liter Hp
6 x 105 mole/liter 0p

1.8E4 5.9E-5 1.7E-7 3.4E-5 6.2E-6 1 x 10~ mole/liter Fel*
pH = 4.5

3.6E5 5.4E-5 6.5E-6 5.1E-5 3.0E-9

Gamma Dose Rate = 1015 ev/1.sec (~ 60 R/hr).
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4.3 Integral Experiments

The selection of combined effects to be targeted for detailed study is
often based upon engineering judgment. When applying the knowledge from
such studies to the formulation of a system description or to the
assessment of licensing applications, there must be some basis for
determining that important combined-effects processes have not been
omitted. ghus there is a need to perform tests to provide investigators
with a reasonably realistic view of the processes that may contribute to
the degradation of waste packages. Such tests may help to confirm the
importance of some processes which were believed to be important and may
serve to identify others which were not considered previously. Results
of these tests will aid in establishing a technical basis for identi-
fying the level of detail necessary in a system model as well as in a
licensing application.

The primary purpose of the integral experiments is to provide scopi~g
infcrmation that will help to identify potentially important combin:d
effects. Secondary purposes of these experiments are to provide quili-
tative information on corrosion phenomena, release rates, and water
chemistry for spent-fuel and commercial high-level waste packages.

4.3.1 Design Features of the Experimental System

In a previous progress report(4.25) 3 basic diagram of the experimental
system was outlined. This report describes in more detail several
specifics of the system as well as some of the operating conditions.
The items to be described are:

o Production and treatment of simulated o=l gwater
e Fluid transport and piping system

® Argon purge system for oxygen control

e Radiation field production

e Bentonite flow characteristics.

The central components of the experimental apparatus will be thirty Type
304 stainless steel test chambers inside an oven within a hot cell. The
test cells are 3-inch (7.5-cm) outside-diameter, 3-inch-long (7.5-cm-
long) sections of pipe with a stainless steel plate welded at one end.
At the center of the welded plate is a 0.5-inch-long (1.3-cm-long) pipe
fitting with 0.25-inch (0.6-cm) NPT heads, for connection to the solu-
tion input line. The 30 test cells will be welded to a support plate
which, in addition to providing support, will be used to hold down the
test-cell covers. The covers will consist of 0.38-inch-thick (1l-cm-
thick) stainless steel disks 4 inches (10 cm) in diameter. Several
0.25-inch (0.6-cm) bolts attached to the support plate will provide for
holddown. The covers have grooves machined on one side which, together
#ith a Type 321 stainless steel "0" ring, will provide for a leaktight
seal. At the center of the cover plate is a second 0.5-inch-lon
(1.3-cm-long) pipe fitting for connection, via 0.25-inch (0.6-cm? NPT
threads, to the solution exit line. The test cells will be
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oriented in the oven with the cylindrical symmetry axis directed
vertically.

To prevent material in the test chambers (e.g., bentonite and corrosion
products) from settling out the bottom of the cell, porous sintered
stainless-steel disks will be placed near the cell bottom. The disks
will prevent particles larger than ~ 3 um from escaping through the
bottom and will provide even flow of the simulated groundwater through
the test cells.

In the hot cell, connections to and from the test cells will be made
using 0.25-inch (0.6-cm) outer diameter, Type 316 stainless-steel
tubing. OQutside the hot cell, connections will be made with stainless-
steel or plastic tubing.

The simulated groundwater will be made by adding appropriate amounts of
dicsolved solids to distilled water contained in 55-gallon, Type 304
stainless-steel reservoirs. The solutions will be thoroughly mixed and
analyzed to ensure homogeneity and to verify composition. The simulated
groundwater will be further conditioned by passing through a cartridge
containing non-weathered basalt before reaching the test cells.
Although we do not expect equilibrium to be established between the
simulated groundwater and the basalt, some pickup of chemical species
should occur, resulting in a more realistic grounawater solution. This
is considered acceptable since the actual groundwater composition may
vary with position in the repository.

The solutions will be pumped to the test cells using a 26-channel pro-
portioning pump to control flow rate precisely. All piping to the pump
will be stainless-steel tubing. At the pump, connections will be made
to plastic tubing necessary for operation of the peristaltic pump. The
oniy other plastic tubing in the system will be at the solution collec-
tion end after exit from the hot cell. The pump tubes, positioned under
the pump rollers, will require replacement every 10 to 14 days.

To control the ingress of air to the system, the experimental apyaratus
will incorporate an argon-purge system to reduce the dissolved-oxygen
level of the simulated groundwater. Oxygen present in the sol tion
reservoirs will be removed by purging the prepared solutions with argon
and then maintaining an argon blanket over the solution. A con inuous
slow flow of argon will be used for the duration of the experiment. The
argon exiting the solution reservoirs wili provide a cover over the
plastic tubing of the proportioning pump and will prevent diffusion of
air through the thin-walled pump tubing. Without the argon cover, the
oxygen level could rise to a level above that found in the solutions
contained in the reservoirs. Initially, the dissolved oxygen in the
solutions will be monitored closely at several points along the system.

The radiation field of the test specimens will simulate the radiation

field expected in the repository at the overpack surface. Once the
irradiated fuel samples and actual waste-glass samples are prepared,
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they will be arranged in the test cells in a fashion which generates the
most uniform fiold. Additional radiation sources are available if
required to smooth out the field or to increase it.

As indicated in Section 4.3.2, eight of the test cells will contain
Na-Montmorillonite (bentonite). One major concern in pianning the
integral experiments was that the bentonite in the test cells might form
an impermeable pli preventing solution flow. The plugging would, of
course, limit the yunt of useful information which could be gained
from the test cells.

19,
am-

To investigate this possibility, a simple laboratory test was performed.
A l-inch-diameter (2.5-cm-diameter) glass column with a filter plug at
the bottom was filled to a height of 4 inches (10 cm) with bentonite
slurry. When the material had fully settled, an attempt was made to
astablish a flow though the bentonite beu. However, the bentonite bed
noved up the glass column as a plug, and no flow was observe rough

the bed.

Because of the observed plugging, the experiment was modified by adding
jlass beads to the bentonite slurry to simulate packing material, then
filling the glass column. In an actual test cell, basalt chips would be
substituted for the glass beads. When the modified column was used for
flow tests, the so.ution moved freely through the bed because the solu-
tion opened up chaunels around the beads. Therefore, in the actual
integral experiments, the test cells containing bentonite will also con-
tain basalt fragments to permit the flow of simulated groundwater.
Matrix of Experiments
matrix of planned experiments is shown in Table 4.3. These experi-
can be grouped into four categories: those involving high-level
jlass, those involving simulated high-level waste glass, those
' spent fuel, and corrosion tests. Each experiment shown in the
performed in a separate test chamber. Experiments numbered 1
through 27 in the matrix will be performed in a basalt-type groundwater
system. Because of the modular nature of the apparatus, these tests can
readily be extended to include other experiments and other groundwater
systems. The current design will allow for expansion to thirty indivi-
jual test chambers in the oven. If necessary, additional test chambers,

$

in other orientations or geometries, can be added.

Experiments 1 thro 5 the test me involve spent-fuel waste
forms. T 5 1 ‘ough 4 inve spent 31 in failed cladding, and
Test ! volves pellet fragments. spent-fuel samples will come from
ctions of a single ed fu "0 Specimens used in
and 4 will > d hole nd t specimen used in
have a machine i a1 The failed spent-fuel
of Tests 1 and 2 wi ) by simu'ated corrosion
packing materia Test 4 addresses the effect of flow rate
Basalt chips wil ’ ; base of each chamber.




Tatle 4.3, Matrin of integral experiments.
Contsiner
—Material Maste Form Stat s —Lenister Environment
Simylates
Uni- Steel Grouns-
Stain- 5y - Per- Fariea  formly Corro- water
Test Jess Cast AW lated Spent  forates Cracked (losere Corroded ston Flow
Namwer Steel Stee! Glass Glass Fue! Comtainer Contsiner weld Container Products Backfill Basalt Rate* Wotes
1 X X ¥ X 1 Shit
2 ] X x x i Perforation
3 i 1 Perforation
4 X 2 Perforation
5 X 1 Pellet Fragments
1 ) intact Canister 1
L) ¥ x i
4 ' x 2
9 . X 1
10 X x 1
i i X 1
12 X i X X X 1
f 13 1
— 14 1
o
15 % Intaczt Canister X X X 1
is B X X X X
17 X X X x ¥ z
ls X X 1 X 1
is X X x % 1
n r | X 1 1
2 X M X x 1
r74 X X 1
23 Blank (Empty Test Chamber) 1
24 x “Prepitted Sample”
o 1 SCC U Bend
26 x SCC U dend
&7 x L (welded) Galvanic Corrosion
a8 Tests to be determined
29
w

*Flow vate 1 = § cl“/’nv; Flow rate 2 = 50 e,
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Table 4.4. Procurement status of components needed
for the integral experiments.

Apparatus Manufacturer Status
Autoanalyzer Proportioning Technicon Ordered
Pump (overdue)
Oven for Test Cells Lab-Line Instruments Ordered

(overdue)
Stainless Steel Tubing Kilsby-Roberts Delivered
Stainless Steel Reservoirs Hoffman Container Delivered
Tubing Connectors and Fittings Swage lok Ordered
Porous Stainless Steel Disks Pail Ordered
Dissolved Oxygen Meter YSI Ordered
PNL Waste Glass PNL Delivered
Spent Fuel -- On Hand
Test Cells -- Under

Construction
Na-Montmorillonita University of Delivered
Missouri-Columbia

Metal "0" Rings Fluorocarbon Ordered
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5.  QUALITY ASSURANCE

Quality assurance surveillance of the various program activities con-
tinues. No procedures were prepared or revised during this quarter. As
of this date there are 34 approved QA procedures and two approved work
instructions for the program.

A summary of the procedures which are being used to conduct the
experimental program is given in Table 5.1. Included is the procedure
number, the current revision number, the title, and the status.

Quality assurance surveillance activities will continue. Procedures

will be revised and new ones prepared as necessary to meet program
requirements.
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Table 5.1.

Status of NRC waste packaging program QA procedures.

Procedure No. Title Status
WF-PP-1 Procedures for Record Keeping and Documentation for NRC Approved
Revision 0O Waste Form System Model Development

WF-PP-5 Procedures for Record Keeping and Documentation for Approved
Revision O Separate Effects Model Development

WF-PP-10 Laboratory Procedure for Preparation of Glasses for NRC Approved
Revision O Waste Form Project

WF-PP-11 Laboratory Procedures for Preparation of Teflon-Leach Approved
Revision 1 Containers

WF-PP-14 Laboratory Procedure for Leaching Glass Samples Approved
Revision 1

WF-PP-16 Laboratory Procedure for Operating the Orton Approved
Revision 0 Dilatometer

WF-PP-20 Procedure for Determining the Corrosion Rates of Alloys Approved
Revision O at High Temperatures

WF-PP-25 Procedure for Preparation of Carbon-Steel Casting Approved
Revision 0

WF-PP-26 Procedure for Preparation of Steel Hydrogen-Embrittlement Approved
Revision O Test Specimens

WF-PP-26.1 Procedure for Preparation of Hydrogen-Embrittlement Approved
Revision O Test Specimens from Steel or Iron Samples




Table 5.1. Continued.

Procedure No.

Title

Status

WF-PP-27
Revision

WF-PP-28
Revision

WF-PP-29
Revision

WF-PP-30

Revision

WF-PP-31

Revision

WF-PP-32
Revision

WF-PP-33
Revisicn

WF-PP-33.

Revision

WF-PP-34
Revision

Procedure for J-Testing Compact Tension Specimens

Procedure for Performing Tension Tests of Steel Specimens

Procedure for Conducting Hydrogen-Absorption Experiments

Laboratory Procedure for Preparation, Cleaning, and
Evaluation of Titanium Grade-12 Specimens for Corrosion
Studies of the Overpack Performance for the NRC Waste
Packaging Program

Laboratory Procedure for Preparation, Cleaning, and
Evaluation of Cast and Wrought Carbon Steel Specimens
for Corrosion Studies of the Overpack Performance for
the NRC Waste Packaging Program

Procedure for Preparation of Brine A for Corrosion Testing
Under Simulated Repository Conditions

Procedure for Preparation of Simulated Basalt Groundwater
Solution

Procedure for Preparation of Basalt Rock for Use in
Corrosion Studies for the NRC Waste Packaging Program

Procedure for Preparation of Simulated Tuff Groundwater
Solutions

Approved

Approved

Approved

Approved

Approved

Approved

Approved

Approved

To be
Written
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Table 5.1. Continued.

Procedure No. Title Status
WF-PP-35 Procedure for Performing Autoclave Exposures for Corrosion Approved
Revision 1 Tests in Simulated Brines
WF-PP-35.1 Procedure for Performing Autoclave Exposures for Corrosion Approved
Revision O Tests in Simulated Brines Using Sealed Internal Canister
WF-PP-36 Procedure for Performing Stagnant Autoclave Exposures for Approved
Revision 0 Corrosion Tests in Simulated Basalt or Tuff Groundwaters
WF-PP-37 Laboratory Procedure for Preparing Polarization Resistance Approved
Revision O Specimens, Performing Polarization Resistance Measurements

and Evaluating Polarization Resistance Data
WF-PP-37.1 Laboratory Procedure for Performing Eh and Corrosion Approved
Revision 0 Potential Measurements in Autoclave Exposures in

Simulated Basalt and Tuff Groundwater
WF-PP-37.2 Laboratory Procedure for Determinaticn of the Polarization Approved
Revision 0 Behavior of Metal Specimens at Ambient Pressure
WF-PP-38 Procedure for Preparing and Evaluation of U-Bend Specimens Approved
Revision O for Stress Corrosion Studies of Overpack Materials for the

NRC Waste Packaging Project
WF-PP-38.1 Procediire for Performing and Evaluating 3 Point Bend Beam Approved
Revision O Specimens for Stress Corrosion Studies of Overpack Materials

for NRC Waste Package Program
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Table 5.1. Continued.

Procedure No. Title Status
WF-PP-39 Procedure for Preparing, Testing and Evaluating Crevice Approved
Revision Corrosion Specimens of Titanium Grade-12 and Cast Steel
WF-PP-40 Laboratory Procedures for Preparation, Cleaning, and Approved
Revision Evaluation of Thermogalvanic and Heat-Transfer Specimens
WF-PP-4] Laboratory Procedures for Determination of Corrosion Rates Approved
Revision Under Heat-Transfer Conditions
WF-PP-42 Laboratory Procedure for Determination of Thermogalvanic Approved
Revision Corrosion Rates
WF-PP-43 Procedure for Welding Titanium Grade-12 Plate for Use in Approved
Revision Corrosion Studies of Overpack Materials for NRC Waste

Isolation Project
WF-PP-44 Procedure for Welding Cast and Wrought Steel Specimens To be
Revision Written
WF-PP-45 Laboratory Procedure for Preparing and Evaluating Slow Approved
Revision Strain-Rate Specimens and for Performing Slow Strain-

Rate Tests
WF-PP-45.1 Laboratory Procedures for Performing Slow Strain-Rate Approved
Revision 0 Tests Under Potentiostated Conditions
WF-PP-46 Procedure for Preparation of Titanium Grade-12 Corrosion Approved
Revision 0 Specimens with Metallic Iron Embedded in the Surface
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