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NOTICE'
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employees, makes any warranty, expressed or implied, or assumes any legal liabihty of re-
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not mfringe privately owned rights.
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3. The National Technical Information Service, Springfield, VA 22161

Although the listmg that follows represents the majority of documents cited in NRC publications,
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Referenced documents available for inspection and copying for a fee from the NRC Public Docu
ment Room include NRC correspondence and internal NRC memoranda; NRC Orfice of Inspection
and Enforcement bulletins, circulars, information notices, inspection and investigation notices;
Licensee Event Reports; vendor reports and correspondence; Commission papers; and applicant and
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Program: formal NRC staff and contractor reports, NRC-sponsored conference proceedings, and
NRC booklets and brochures. Also available are Regulatory Guides, NRC regulations in the Code of
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ABSTRACT.

As part of the Nuclear Regulatory Commission's requirement to assess the
Department of Energy's application to construct geologic repositories
for high-level radioactive waste, Battelle's Columbus Division is inves-
tigating the long-term performance of materials.used for high-level
waste packages. High-level waste glass studies are being concluded and
efforts are being directed toward studying spent-fuel performance. The
effects of devitrification on glass leach rates are being investigated,
and silica dissolution was studied to provide data for the glass
dissolution model. Preliminary data support this model. A glass leach
test using organic acids was conducted, and leaching trends were
observed. Real and simulated spent fuels are being incorporated in
iritegral tests using simulated groundwater in a prototypic repository
environment. The reactions of groundwater species with steels are being
analyzed to evaluate susceptability to pitting and stress-corrosion '

cracking. Potential cracking agents are being investigated by slow
strain rate experiments. General and pitting corrosion models were
further developed, based on known principles of mass transport and
radiolytic production. A simplified groundwater-radiolysis model,
developed for use with the corrosion models, was compared with other
mechanisms for species concentration predictions.

This report documents investigations performed during the period April,
1985 through June, 1985.

,

e

.

/

J

'i f f

. - . _. - _



I
|

|

|

TABLE OF CONTENTS

P_ ale

1. Introduction: Project Objectives and Approach . . . . . . . 1-1.

1.1 Individual Program Tasks. . . . . . . . . . . . . . . . 1-2

1.1.1 Waste Forms. . . . . . . . . . . . . . . . . . . 1-2
1.1.2 Overpack Corrosion ... . . . . . . . . . . . . . 1-2
1.1.3 Integrated System Performance. . . . . . . . . . 1-3,

1.2 Overall Program Objectives. . . . . . . . . . . . . . . 1-4

- 2. Waste Forms. . . . . . . . . . . . . . . . . . . . . . . . . 2-1

2.1 Glass Experiments . . . . . . . . . . . ... . . . . . . 2-1

2.1.1 Glass Dissolution Model Verification . . . . . . 2-1
2.1.2' Crystallinity Influences . . . . . . . . . . . . 2-2
2.1.3 Organic Acid Experiment. . . . . . . . . . . . . 2-8
2.1.4 Second QAERI/NRC Technical Group Meeting . . . . 2-10

2.2 Spent Fuel-Experiment . . . . . . 2-11. . . . . . . . . . .

2.2.1 Experimental Leach-Rate Studies. . . . . . . . . 2-11

2.3 Waste-Form Dissolution Modeling . . . . . . . . . . . . 2-12

2.3.1 Glass Composition. . . . . . . . . . . . . . . . 2-12
2.3.2 Glass Dissolution Calculations . . . . . . . . . 2-12

2.4 References for Section 2. . . . . . . . . . . . . . . . 2-22

3. Overpack Corrosion . . . . . . . . . . . . . . . . . . . . . 3-1

3.1 Potentiodynamic Polarization Studies. . . . . . . . . . 3-1
3.2 Slow Strain Rate Studies. . . . . . . . . . . . . . . . 3-9
3.3 Pitting-Kinetics Studies. . . . . . . . . . . . . . . .- 3-9

3.3.1 Exposures of Prepitted-Specimens . . . . . . . . 3-14
3.3.2 Electrochemical Pit-Propagation Experiments. . . 3-15

i

3.4 Corrosion Correlations. . . . . . . . . . . . . . . . . 3-29

3.4.1 General Corrosion. . . . . . . . . . . . . . . . 3-29
3.4.2 Pitting Corrosion. . . . . . . . . . . . . . . . 3-30,

3.4.2.l' Pit-Generation Kinetics . . . . . . . . 3-30
3.4.2.2 Pit-Growth Kinetics . . . . . . . . . . 3-32.

'
3.4.3 Mechanical Degradation . . . . . . . . . . . . . 3-32

i

y
t

;

_.. .. . _ _ ._



. ._. . -

t. 1

|

TABLE OF CONTENTS

(Continued)

P,_ age

3.5 JAERI-NRC Program Support . . . . . . . . . . . . . . . 3-33

3.6 References for Section 3. . . . . . . . . . . . . . . . 3-34

4. Integrated System Performance. . . . . . . . . . . . . . . . 4-1
..

4.1 Water Chemistry . . . . . . . . . . . . . . . . . . . . 4-1
4.2 Groundwater-Radiolysis Studies. . . . . . . . . . . . . 4-2

4.2.l' Radiolysis of Chloride . . . .-. . . . . . . . . 4-5
4.2.2 Simple Groundwater-Radiolysis Model. . . . . . . 4-8
4.2.3 Near-Term Plans. . . . . . . . . . . . . . . . . 4-9

4.3 Integral Experiments. . . . . . . . . . . . . . . . . . 4-9

4.3.1 Apparatus. . . . . . . . . . . . . . . . . . . . 4-11
4.3.2 Matrix of Experiments. . . . . . . . . . . . . . 4-11
4.3.3 Analysis . . . . . . . . . . . . . . . . . . . . .4-14
4.3.4 Status of Experiments. . . . . . . . . . . . . . 4-15
4.3.5 Near-Term Plans. . . . . . . . . . . . . . . . . 4-17

4.4 References for Section 4. . . . . . . . . . . . . . . . 4-17

.

i

,

vi

| - _ ._ , - - . .-. .



LIST OF FIGURES

Page

Figure 2.1. Dependence of C(t) on the magnitude of the
reprecipitation rate constant, K'. . . . . . . . . 2-3

Figure 2.2.. Dissolved SiO2 concentration as a function
of time. . . . . . . . . . . . . . . . . . . . . . 2-4

Figure 2.3. SEM micrographs of zinc silicate crystals in
alteration layers of 84-day glass samples. . . . . 2-5

Figure 2.4. SEM micrographs showing zinc silicate crystal
distribution increasing with leach time. . . . . . 2-6

Figure 2.5. Dissolution rates as a function of time for
four waste glasses in pure water . . . . . . . . . 2-15

Figure 2.6. Dissolution ates as functions of time for
four waste glasses in synthetic Grande Ronde
basalt groundwater . . . . . . . . . . . . . . . . 2-16

Figure 2'.7.- pH as a function of total molarity of ' dissolved
silicon for four waste glasses in pure water . . . 2-17

Figure 2.8. pH as a function of total molarity of dissolved
silicon for four waste glasses in synthetic
Grande Ronde basalt groundwater. . . . . . . . . . -2-18

Figure 2.9. Dissolution rates as functions of flow rate for
four waste glasses in pure water under steady-
state conditions . . . . . . . . . . . . . . . . . 2-20

Figure 2.10. Dissolution rates as a function-of flow rate
for four waste glasses in synthetic Grande
Ronde basalt groundwater under steady-state
conditions . . . . . . . . . . . . . . . . . . . . 2-21~

Figure 3.1. Schematic of typical anodic potentiodynamic
polarization curves. . . . . . . . . . . . . . . . 3-2

Figure 3.2. Slow-scan potentiodynamic polarization curves
for two-level (high and low concentration)
combinations of the pH-borate interaction. . . . . 3-6

Figure 3.3. Slow-scan potentiodynamic polarization curves
for two-level (high and low concentration)
combinations of the pH-chloride interaction. . . . 3-7

-

vii
l

'

1



1

<

|

[
LIST OF FIGURES '

(Continued)

!'ase.

Figure 3.4. Slow-scan potentiodynamic polarization curves
for two-level (high and low concentration)
combinations of the chloride-borate
interaction. . . . . . . . . ... . . . . . . . . . 3-8

Figure 3.5. Crack depth as a function of temperature for
hot-rolled 1020 carbon steel tested in a
5 x 10-4 M FeC1
1 x 10-7 sec . 3 at a strain rate of/ 3-11..................

Figure 3.6. Optical-photographs of hot-rolled 1020 carbon
steel specimen following slow strain rate
testing at 150 C in aqueous 5 x 10-4 M FeCl
at a strain rate of 1 x 10-7 sec-1 . . .

3
3-12....

Figure 3.7. Optical photographs of hot-rolled 1020 carbon
steel specimen following slow strain rate
testingat125Cinaqueous5xIg-4at a strain rate of 1 x 10-7 sec .. M.FeCl3

3-13.......

Figure 3.8. Low-power optical photograph of prepitted
specimens of 1018 carbon steel following
exposure in oxygen'ated basalt groundwater
at 90 C for 238 days . . . . . . . . . . . . . . . 3-16.

Figure 3.9. Optical photographs of metallographic sections
of prepitted specimen (0.53-m diameter pits)
of hot-rolled 1018 carbon steel following
exposure in oxygenated simulated basalt

' groundwater containing crushed basalt for
238 days (5,712 hours) . . . . . . . . . . . . . . 3-17

Figure 3.10. Optical photographs of boldly exposed surface
of specimen in Figure 3.9, showing evidence of
localized attack . .-. . . . . . . . . . . . . ... 3-18

Figure 3.11. Optical photog'raphs of specimen in Figure 3.8,
showing evidence of attack of stringers
(elongated inclusions) beneath deposits on
the boldly exposed surface . . . . . . . ... . . . 3-19.

Figure 3.12. Schematic of pit-propagation monitor . . . . . . . 3-20

viii



LIST OF FIGURES-

(Continued)

Page

Figure 3.13. Current density as a function of exposure time
for pit-propagation experiment performed at an
aspect ratio of 1:5~in aerated basalt. ground-
water at 75 C with a 0.1 N hcl-Fe3 4 paste-0
packed pit . . . . . . . . . . . . . . . . . . . . 3-23

Figure 3.14. Current density as a function of exposure time
for pit-propagation experiment performed at an
aspect ratio of 1:5 in aerated basalt ground-
water at 75 C with a 0.01 N hcl-Fe3 4 paste-0
packed pit . . . . . . . . . . . . . . . . . . . . 3-24

Figure 3.15. Electrochemical potential for the pit-boldly
exposed surface couple as a function of
exposure time for pit-propagation experiments
performed at an aspect ratio of 1:5 in
oxygenated basalt groundwater at 75 C with
a 0.1 N hcl-Fe3 4 paste-packed pit . . . . . . . . 3-250

Figure 3.16. Electrochemical potential for the pit-boldly
exposed surface couple as a function of
exposure time for pit-propagation experiments
performed at an aspect ratio of 1:5 in
oxygenated basalt groundwater at 75 C with
a 0.01 N hcl-Fe3 4 paste-packed pit. . . ... . . . 3-260

Figure 3.17. Potentiodynamic polarization curve for 1:5-
aspect-ratio pit with 0.1 N hcl-Fe3 40
paste packing in aerated basalt groundwater
at 75 C following one-week exposure scan
rate is 0.6V/hr. . . . . . . . . . . . . . . . . . 3-27

Figure 3.18. Potentiodynamic polarization curve for 1:5-
aspect-ratio pit with 0.01 N hcl-Fe3 40
paste packing.in-aerated basalt groundwater
at 75 C following one-week exposure scan
rate is 0.6V/hr. . . . . . . . . . . . . . . . . . 3-28

Figure 4.1. pH as a function of K0H molarity . . . . . . . . . 4-3

Figure 4.2 pH as a function of hcl molarity . . . . . . . . . 4-3

Figure 4.3. pH as a function of H SO4 molarity in a2
solution of 0.01 M Na0H. . . . . . . . . . . . . . 4-4

ix,

!

!'

, _ . - _ . . . .__ _ _ .



LIST OF FIGURES-
(Continued)

Page

. Figure 4.4. pH as a' function of Na0H molarity in a solution~

of 0.03 M H CO - 4-42 3

Figure 4.5.' Schematic of apparatus to be used in integral
experiments. .'. . . . . . . . . . . . . . . . . . 4-12

Figure 4.6. Eddy-current scan of BWR fuel-rod segment
showing location of a possible cladding defect . . 4-16'

Figure 4.7. 'EDX analysis of basalt rotary drilling chips,
depth range 3054'to 3118 feet. . . . . . . . . . . 4-25

.

O

~

*
(

I

|
|

|



LIST OF TABLES

Page

Table 2.1. Vc and d-bar values for crystallization experi-
ments conducted at 930 C for MCC 76-68 glass. . . . 2-7

Table 2.2. Results of ICAP spectroscopic analysis showing
element concentrations in leachates . . . . . . . . 2-9

Table 3.1 Chemical compositions and other data on steels
used in the corrosion studies . . . . . . . . . . . 3-4

Table 3.2. Sumary of results of slow strain rate experi-
- ments performed on hot-rolled 1020 carbon steel

in aqueous 5 x 10-4 M FeCl
rate of 1 x 10-7 sec-1.

3 at a strain
3-10...........

Table 4.1. Reactions to account for interactions between
radiolytic and chloride species ... . . . . . . . . 4-6

Table 4.2. Rate constants for the reactions shown in
Table 4.1 . . . . . . . . . . . . . . . . . . . . . 4-7

Table 4.3. Groundwater-radiolysis model under consideration
for inclusion in the Battellemodel . . . . . . . . . . . . general-corrosion 4-8...........

Table 4.4. Comparison of species concentrations calculated
using Mechanisms A and B with the Battelle-
model simulations at 3,000 seconds. . . . . . . . . 4-10

Table 4.5. Matrix of integral experiment . 4-13..........

Table 4.6. Concentrations of cations in the deionized water
that will be used to prepare the simulated
groundwater . . . . . . . . . . . . . . . . . . . . 4-18

Table 4.7. Concentration of anions in the deionized water
~

. that will be used to prepare the simulated
'

groundwater . . . . . . . . . . . . . . . . . . . . 4-19

Table 4.8. Composition of basalt groundwater reported in
the literature. . . . . . . . . . . . . . . . . . . 4-20

Table 4.9. Composition analysis of basalt sample from
3054 to 3116 feet depth range comparing X-ray
diffractometer scans with JCPDS chemical
file data . e . . 4-21.................

xi

i
I-



! .

LIST OF TABLES
(Continued)

P_ age

Table 4.10. Composition analysis of basalt sample from 3182
to 3246 feet depth range comparing X-ray diffrac-
tometer scans with JCPDS chemical file data . . . . 4-22

Table 4.11. Composition analysis of basalt sanple from 3118
to 3182 feet depth range comparing X-ray
diffractometer scans with JCPDS chemical file
data. . . . . . . . . . . . . . . . . '. . . . . . . 4-23

Table 4.12. Composition analysis of basalt sample 'fran
2990 to 3054 feet depth range comparing X-ray
diffractometer scans with'JCPDS chemical
file data . . . . . . . . . . . . . . . . . . . . . 4-24

Table 4.13. Element concentration analysis of basalt
sample from 3054 to 3115 feet depth range . . . . . 4-26

Table 4.14. Element concentration analysis of basalt
sample from 3182 to 3246 feet depth range . . . . . 4-26

Table 4.15. Element concentration analysis of basalt
sample from 3118~to 3182 feet depth range . . . . . 4-27

Table 4.16. Element concentration analysis of basalt
sample from 2990 to 3054 feet depth range . . . . . 4-27

Table 5.1. Status of NRC waste packa
procedures. . . . . . . .ging program QA 5-2.............

! '

,

e

|
:

| xii

. - - . _ - . . .



\
1

;

fi

|
l

PREVIOUS REPORTS IN SERIES

NUREG/CR-3405, Volume 1: "Long-Term Performance of Materials Used for
High-Level Waste Packaging: Annual Report, March 1982-April 1983."

NUREG/CR-3427, Volume 1: "Long-Term Performance of Materials Used for
High-Level Waste Packaging: Quarterly Report, April-June 1983."

NUREG/CR-3427, Volume 2: "Long-Term Performance of Materials Used for
High-Level Waste Packaging: Quarterly Report, July-September 1983."

NUREG/CR-3427, Volume 3: "Long-Term Performance of Materials Used for
High-Level Waste Packaging: Quarterl.y Report, October-December 1983."

NUREG/CR-3427, Volume 4: "Long-Term Performance of Materials Used for
High-Level. Waste Packaging: Annual Report, April 1983-April 1984."

NUREG/CR-3900, Volume 1: "Long-Term Performance of Materials Used for
High-Level Waste Packaging: Quarterly Report, April-June 1984."

NUREG/CR-3900, Volume 2: "Long-Term Performance of Materials Used for
High-Level Waste Packaging: Quarterly Report, July-September 1984."

NUREG/CR-3900, Volume 3: "Long-Term Performance of Materials Used for
High-level Waste Packaging: Quarterly Report, October-December 1984."

NUREG/CR-3900, Volume 4: "Long-Term Performance of Materials Used for
High-L6 vel. Waste Packaging: Annual Report, April 1984-April 1985.

xiii

_. -- - _ ._ _ .-



_

i-
4

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 activities of DOE to assure that the health and safety of the
repository workers and of the public are adequately protected. Prior to
co.nstruction, the 00E will submit a license application to the NRC des-.

cribing 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 geo-
hydrologic features of the site being the major barriers. Since NRC?s
compliance assessment-requires the technical capability to understand
relevant phenomena and processes relating to the long-term performance
of the multiple barriers, the NRC's Office of Nuclear Regulatory
Research (RES) has established this waste-package performance program at
Battelle's Columbus Division.to provide that part of the input to the
assessment. As an important aid to this understanding, Battelle is
evaluating total system performance by integrating combined-effects pro-
cesses pertaining to the long-term performance of waste-package
materials. This systems approach also serves to identify and evaluate
research needs.

After the reposi, tory is closed, the dominant. mechanism to cause the
release of radionuclides from the repository is assumed to be ground- ;

water transport. The generally accepted approach to minimizing the
release is to provide a number of different barriers to the' dissolution
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 i

,

constructed so as to minimize disturbing the adjacent rock and to accom-
modate the thermomechanical effects of the emplaced wastes with a mini-
-mum of degradation to its geohydrologic properties. Upon closure, the,

L underground openings and shafts 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
i 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
|-

i
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the materials used for the high-level waste package. More specifically,
we are identifying those processes that tend to degrade the performance
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 processes will affect material's future performance. In addi-
tion, we are identifying areas of work that should be performed by DOE
to provide missing data which are beyond the resources of the NRC.

1.1 Individual Program Tasks

The program is being conducted 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-2127, Volume 4, July 1985,
Section 1).

1.1.1 Waste Forms

The waste-form studies are aimed at first describing and modeling those
mechanisms 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 been largely centered on borosili-

~

cate glasses for both defense and commercial high-level wastes. How-
ever, effort now is being directed toward evaluating spent fuel as a
waste form. Spent-fuel-water reactions and the leach / dissolution of
spent fuel and cladding will be studied.

In borosilicate glasses, 1.ne glass-forming agents can be selected to
optimize the waste-form properties for each type of high-level waste.
After the waste forms are produced, particularly during the very long
period of time after disposal while sealed in their containers, they
will experience processes that will cause structural changes. One
detrimental effect is devitrification of the glass, which can l_ead both
to new phases with increased solubility and to cracking of the glass
(which is detrimental because it allows a greater surface area of the
glass to be contacted by the groundwater). A model has been developed
to predict the degree of devitrification that will occur from subsequent
reheating in the repository after disposal. Another detrimental effect
is cracking, which could be induced by the effects of radiation on
glass. A study of the radiation effects on glass has revealed no new
approach to evaluating this phenomenon experimentally, so we are largely
dependent on the existing literature which indicates that radiation pro-
duces only a small'effect on glass performance.

1.1.2 Overpack Corrosion

The overpack corrosion studies focus on processes that can degrade the
metallic waste-package overpack. The objective is to collect data on
the parameters that influence the degradation processes, to identify the

1-2
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contro.lling parameters, and ultimately to model the degradation pro-
-. cesses that determine the long-term performance of the overpack. The
material under study is cast low-carbon steel. This material is
currently favored by DOE for use in a basalt repository.

The dominant degradation processes that affect the outside of the over-
pack are general corrosion, stress-corrosion cracking, pitting, crevice
corrosion, hydrogen attack, and mechanical stress. These processes 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, radiation intensity,
availability of air, lithostatic forces, redox state,
alkalinity / acidity, and availability of hydrogen. These can produce
general corrosion. in which the rate of general corrosion will' determine
the necessary wall thickness, or localized corrosion (such as pitting or
crevice corrosion), in which the rate'of the. localized attack and the
container life must be used to establish the wall thickness. |

If 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.

In addition, a comprehensive mathematical model is under development fo.r
use in understanding -the corrosion processes associated with the waste-
container materials in a repository environment. The model computes the-

fluxes of corrosive species to the overpack surface, taking into account
the fact that certain corrosive species may be generated by radiolysis,
and also accounts for diffusion and convective flow to transport the
species. The modeling effort is also being applied to pitting attack
and considers three different aspects of the overall pitting process:
pit-initiation kinetics, pit-growth kinetics, and the evolution of the
pit-depth distribution. These analytical efforts are well integrated
with the experimental efforts and are directed to providing an under-
standing of the long-term performance of the overpack materials, with
emphasis.on those processe.s that can lead to poor performance.

-1.1.3 Integrated System Performance

The waste-package system studies are an interface between the waste-form
studies and the container-material' studies to provide an improved under-
standing of the performance of:the total waste-package system. The cur-
rent emphasis is on the processes-involved-in waste'-package-system

-degradation. One aspect of the' total system under.hudy is the produc-
tion of radiolysis products in the groundwater by gamma radiation from
the waste. This is of major importance in modeling the corrosion of the

.
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overpack and in planning experiments to determine the effects of radio-
lysis. Our radiolysis model is based on existing codes and sets of
chemical reactions combined to provide the best description of experi-
mental data found in the literature. The output of the radiolysis model
calculations provides input to the water-chemistry model, which is a
fundamental part of the glass-dissolution model and the. general-
corrosion model. 6

The water-chemistry model which we initially developed for our use with
our glass-dissolution and . corrosion models has intentionally been kept
simple. Simplifying assumptions were made and only a limited set of
chemical species was used. This model calculates the concentration and
activity of each of the water species.

Integral tests have been designed and will be performed using spent-fuel
specimens. The tests will use real and simulated spent fuel with flow-
ing simulated groundwater in a prototypic repository environment. These

,

: ~ tests will aid in identifying combined-effects processes that will
affect waste-package performance and will explore the role of the clad-5

ding in overall performance as well.

{ 1.2 Overall Program Objectives
.

; .In all the program tasks, the ultimate objective is to develop a base of
information to assist the NRC in evaluating the performance of the waste
package proposed in DOE's license application. A near-term objective is *

.

1 to provide information to allow the NRC to prepare position papers on
i the information required of 00E for evaluation of-their waste package.
: Of significance here is identifying sensitive parameters affecting the

performance of materials and identifying data requirements.

To achieve the above objectives, the waste-form task is providing infor-
mation to give a better understanding of the release of radionuclides

1
' from the waste form, beginning at the time it is first contacted by
| groundwater, through the 10,000-year period defined in the draft EPA
| Standard. This includes an understanding of the probable physiochemical
|. condition of the waste form when it is contacted by groundwater, as well
1 as the parameters of waste-form composition and environmental conditions
! which will cause changes from its state at the time of disposal. In

addition, we are producing experimental data on the parameters that,

I affect dissolution of the waste form, including composition of the
i ' groundwater and environmental conditions. The waste-form dissolution

process is also being mathematically modeled to allow analy' sis of the4

; performance of the waste form under specific input conditions.
4

i The information on the performance of the overpack materials relates to
; the required containment period of 300 to 1000 years. Overpack perform-
; ance is expected to be most affected by corrosion and hydrogen-attack
i processes. We are attempting to provide information on the parameters
L of overpack-material composition, groundwater composition, and environ-

|
mental conditions that are most significant in these processes. Our

e
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preliminary study of the titanium alloy in brine did not reveal any con- ,

ditions that would cause general corrosion, pitting, crevice corrosion. |

or stress-corrosion cracking to affect the good performance of the
material as claimed in the literature. However, vapor-phase attack was
identified; this could degrade the material and should be more
thoroughly investigated if.the DOE selects the material for use.

Our studies of cast low-carbon steel in a basalt environment are cur-
rently fccused on the susceptibility of the metal to stress-corrosion
cracking under repository conditions, because steel is known to fail by
this process in some environments. We are studying the chemical species
and environmental conditions that cause cracking to determine whether
this mode of failure is expected under credible repository conditions.
Our experimental studies on general and localized corrosion, together
with our comprehensive general-corrosion model, will assist in evaluat-
ing the corrosion-allowance approach for the use of steel as a long-life
container.

Although the develcpment of an integrated waste-package system model is
no longer included in the scope of this project, modeling efforts in the
integrated system-performance task are contribu. ting significant infor-
mation to studies of general corrosion and glass dissolution. These
studies require knowledge of the amount and kind of chemical species
that may be produced by radiolysis of the groundwater near the waste
package as a result of gamma radiation from the-enclosed waste. To
obtain this information, energy deposition and radiolysis codes are
used. To determine how these radiolysis products may affect the per-
formance of the canister and waste form,.it is necessary to determine
their chemical activities. These are calculated by the water-chemistry
model, using as input data from experiments and from the groundwater-
radiolysis model. The output from the water-chemistry model is the con-
centration and activity of each chemical species in the groundwater near
the waste package. This information is used not only as input to the
general-corrosion and glass-dissolution models but also as a point of
reference in directing the experimental efforts in corrosion and disso-
lution. Some effects of radiolysis may be observed in the integral
experiments to be conducted during the fourth year of the program. The
primary objectives of the integral experiments is to identify combined
effects, possibly synergistic in nature, that affect the performance of
the overpack and waste form, and to provide some insight into the role
of cladding in the release of radionuclides from spent fuel.
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2. WASTE FORMS

Glass leaching experimentation is being concluded so that more emphasis
. can be given to evaluating the leaching / dissolution behavior of spent

fuel. During the past quarter, additional data were accumulated on the
glass-dissolution-rate model-verification experiments. A number of
glass samples were devitrified using Ru02 nuclei in preparation for an
experiment that is addressing the effect of devitrification on glass
leach rates. A~28-day leach test of MCC 76-68 using solutions of fulvic
and acetic acids was conducted. A significant. amount of effort was
devoted to preparing for and attending the 2nd NRC-JAERI (Japanese
Atomic Energy Research Institute) Technical Group Meeting, which was
held in Japan from June 17 to 21, 1985. Most of the work conducted this
reporting period in regards to spent-fuel studies was directed to pre-
paring plans for experiments and designing experimental apparatus.

2.1 Glass-Experiments

2.1.1 Glass Dissolution Model Verification

An experiment was designed to verify a numerical model for the long-term
dissolution and precipitation behavior of a simulated waste glass in
water. In this on-going experiment, specimens of MCC 76-68 simulated
waste glass are being exposed to distilled-water leachate at 90 C for.
durations ranging from 1 to 224 days. As of mid-June, the experiment is
in its 140th day. The experimental procedure used is MCC-lP, which has
been modified to isolate the glass specimen and leachate during cooling.
Experimen{alsurface-area-to-volume (SA/V)ratioshavebeenadjustedto10 meter .

At the conclusion of each experiment, glass specimens are remove.d and
glass' surface layers are examined by scanning electron microscopy and
energy dispersive X-ray (SEM-EDX) analysis for silica-bearing crystal's
that have formed in the alteration layer. Leachates are digested in .

high-purity Na2003 and then analyzed for silica using an ammonium molyb-i

! date colorimetric procedure.

This model predicts that SiO2 is the glass component that controls glass
dissolution and that amorphous silica from the glass dissolves in the
leachate and later reprecipitates in the alteration layer as a crystal-
line phase (such as quartz or a silicate) having a lower solubility than
amorphous silica. The overall kinetics of the glass dissolution are
therefore determined by the time dependency of the rate constants for
the dissolution and reprecipitation reactions and can be expressed as
follows:

h=f(C - C) + K' (C - C) (2-1)
g
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where

K = Reaction rate constant of the dissolution reaction

K' = Reaction rate constant of the precipitation reaction

S = Surface area of glass

V = Volume of leachate

Co = Saturation concentration of silica with respect to glass

Co = Saturation concentration of silica with respect to
precipitate

i

C = Instantaneous concentration of silica in leachate

t = Time.

The rate constant of the precipitation reaction, K', may be zero', a con-
stant, or may increase with time, depending on the specific geochemical
processes occurring. Figure 2.1 illustrates the theoretical dependence
of C(t) on the magnitude of K'. In our experiment, C(t) is the concen-J

tration of dissolved silica in the leachate as a function of time. The
results of the silica analyses.through day 140 of the experiment are
plotted in Figure 2.2. This figure shows that, as of day 140, the
silica concentrations in the leachates.are steadily increasing and have

j not yet approached equilibrium or steady-state values.

The precipitation of secondary silica-bearing crystals in the glass
alteration layers was first observed at day 70. Typical crystals are
shown in Figure 2.3. The crystals appear to be growing from cracks or
other imperfections in the glass surfaces. EDX aralysis shows that the
crystals are composed primarily of zinc silicate, possibly with small
amounts of sodium. From days 70 to 140, zinc silicate crystal density
has increased with time, as shown for the 84- and 112-day samples in-

; Figure 2.4.

In conclusion, our experimental observations qualitatively confirm the
numerical model for glass dissolution and reprecipitation; however, data
collected thus far are insufficient to calculate the rate constants in
Equation 2-1. This experiment is currently scheduled to continue
through day 224. It is hoped that the data collected during the later
stages of the experiment will permit quantification of the various rate
constants for the dissolution and reprecipitation of MCC 76-68.

2.1.2 Crystallinity Influences-

Experimental work has continued in an effort to assess the influence of.
j crystal size and volume fraction on glass waste-form leaching. Data and:

analyses from previous efforts in this program indicate that crystals

~
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Figure 2.1. Dependence of C(t) on the magnitude of
the reprecipitation rate constant, K'.
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alteration layers of 84-day glass samples.
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may develop as a result of heterogeneous nucleation and growth during
cooling of the waste form. The present experiment is designed to
develop-volume fractions crystallized at two different crystal sizes.
The volume fraction (Vc) targets are 15 percent and 80 percent, and the
crystal size targets are 1 um and 10 pm mean diameter (d-bar). These -

values are expected to bracket the effects of crystallinity on waste-
form performance.

The primary variables in heterogeneous nucleation, i.e., temperature,
exposure time, and concentration of nuclei, were studied experimentally
and repor.ted on in the Year Three Annual Report. In summary, these
variables were found to be influential, but the ranges explored for each
variable did not yield the target values of V or d-bar.c

To better define the conditions that lead to target values of Vc and
d-bar, the experimental work has been extended using higher temperatures
and longer exposure times for two MCC 76-68 glasses with different
concentrations of heterogeneous nuclei (No). The results of this
testing are presented in Table 2.1. In this table, V and d-bar values. c
are listed for two specific values of log No at various exposure times.
The data show that higher temperatures and longer exposure times can
generate V and d-bar values in the lower end of the target range.c
Furthermore, lower values of Np seem to be more influential in altering
V and d-bar than higher values.c -

Table 2.1. V and d-bar values for crystallization experimentsc
conducted at 930 C for MCC 76-68 glass.

1gNpExposure 6 9
V d-bar V d-bar

(hours) (h (um) - (h (um)

24 5.49 4.07 3.88 2.34
48 6.67 4.75 3.39 2.23
72 8.33 5.19 3.34 2.31
96 9.56 4.94 3.17 2.28

120 13.45 9.63 4.47~ 2.47

Note: N = number of heterogeneous nuclei per ccp

V .= volume fraction crystals expressed as a percentagec
; d-bar = mean crystal diameter.
,
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These data are being statistically evaluated. Present indications are
that further experimentation is needed to clearly define the influence
of the primary variables on crystal nucleation and growth. However,
because the program direction is moving away from glass waste-form
evaluation in favor of spent-fuel evaluation, further testing will not
be conducted. The existing data base will be used to select glass
specimens with two V and d-bar conditions for leach testing. Thisc
experiment to explore the effects of devitrification on glass dissolu-
tion should be completed during the next quarter.

2.1.3 Organic Acid Experiment

The objective of this experiment is to evaluate the effects of natural
organic acids in groundwater on the leach rates of selected components
of MCC 76-68 simulated waste glass. Natural organic acids in deep
groundwaters may inclucht compounds with a wide range of compositions.

~

We have chosen to evaluate two species that typify-two groups of organic
acids frequently encountered in the natural environment: acetic acid
and fulvic acid. Acetic at.id is one of the principal anaerobic micro-
biological breakdown products of g Itoccurswidelyinoil-fieldwiterstgm9tousnaturalorganiccompounds.O and has been identified in deep
groundwaters from the Palo Du.o Basin, Texas--one of the sites recently
selected as a potential high-level nuclear waste repository. Humic sub-
stances form mainly in soils and swamps and occur widely in surface
waters and shallow groundwaters and occasionally in deep groundwaters.
Fulvic acid (a slightly more oxygenated form of humic acid) has been
identified in deep groundwaters from the Finnsjon and Sterno areas of
Sweden--bmedia.(2.g{h of which are prospective waste disposal sites in granitic4 Also, acetic and fulvic acids were found to be appropriate
selections for testing because they represent limiting ranges of metal-

, complexing capacities for natural organic ligands, fulvic acid being a
strong complexing agent and acetic acid being rather weak.

During this past quarter, a 28-day leach test at 90 C was conducted
MCC76-68wasexposedtosimulatedGrandeRondebasaltgroundwaterd.3)
which was doped with either 200, 632, or 2,000 ppm acetic acid or 20,
63.2, o'r 200 ppm fulvic acid (reference Suwannee Stream fulvic Acid was
obtained from the International Humic Substance Society). Duplicate
tests were conducted using vessels containing solutions with an organic-
ligand acid concentration along with two blanks (no glass or acid solu-
tion), resulting in 14 different reaction vessels. The basic experimen-
tal design used was the MCC-1P procedure modified for isolating the
glass sample and le
maintained at 10 m gchate during cooling'. SA/V ratios were uniformly

At the conclusion of the 28-day test, the leach-'
.

ate was digested with ultrapure HNO
-tively coupled argon-plasma (ICAP) 3 at 95 C and then analyzed by induc-spectroscopy.

The results of the ICAP spectroscopic analyses are presented in
Table 2.2. Several trends are apparent. Sodium was selectively leached
by acetic acid; nickel, zinc, and lanthanum--and to a lesser extent mag-
nesium, barium, and_ aluminum--were selectively leached by fulvic acid.

2-8
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Table.2.2. Results of ICAP spectroscopic analyses showing
element concentrations in leachates.

Concentrations (mg/ liter)

Sample Al Ba Ca Fe Ni Mg Na Zn La ;

.200 ppe AA* 0.2 0.05 0.8 0.2 <0.05 0.08 390 0.1 <0.05

200 ppm AA 0.1 0.04 1.5 0.1 <0.05 0.04 340 0.1 <0.05

632 ppm AA 0.2 0.04 0.9 0.04 <0.05 0.04 640 0.1 <0.05

' 632' ppm AA- 0.1 0.05 0.9 0.2 <0.05 0.04 660 <0.1 <0.05

2,000 ppm AA <0.1 0.06 2.0 0.07. <0.05 0.03 1,060 <0.1 <0.05

2,000 ppm AA 0.2 0.05 1.0 0.2 <0.05 0.05 1,150 0.1 <0.05

20 ppm FA** 0.2 0.06 1.~ 3 0.3- 0.07 0.08 360 0.6 <0.05
'

20 ppm FA <0.1 0.12 5.8 0.3 0.05 0.08 300 O.9 <0.05

63.2 ppm FA 0.2 0.05 0.9 0.2 0.07 0.05 350 0.3 <0.05

63.2 ppm FA 0.2 0.15 5.3 0.3 0.1 0.14 330 1.7 0.05

200 ppm FA 0.7 0.21 2.9 0.1 2.7 0.14 350 9.7 0.08

200 ppm FA 0.3 0.17 3.3 0.1 1.2 0.11 310 2.6 0.53

Blank 0.2 0.03 0.6 0.2 <0.05 0.04 320 0.2 <0.05

Blank <0.1 0.03 1.1 0.2 <0.05 0.03 290 0.1 <0.05

*AA = Acetic Acid.
**FA = Fulvic Acid.

~
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At present, the data are being statistically analyzed; the results of
these analyses will be described in the next Quarterly Report.

In conclusion, this experiment was intended to be an initial screening
test and was to have been followed by a series of long-term tests that
would have quantitatively evaluated organo-glass interactions. This
effort, however, has been terminated so that our experimental activities
can focus on the leaching of spent fuel.

2.1.4 Second JAERI/NRC Technical Group Meeting

Two Battelle staff members attended the 2nd JAERI (Japan Atomic Energy
Research Institute)/NRC Technical Group meeting which was held in Japan
from June 17 to 21, 1985. The objectives of the meeting were as
follows:

(1) Exchange information on waste management research programs
conducted by NRC and JAERI.

(2) Develop experimental plans for the following three experiments
to be conducted by JAERI under the JAERI/NRC Cooperative
Agreement:

a) Flow-through test of high-level waste glass--prepare
detailed experimental plan

b) Radiation effect on the corrosion of high-level waste
overpack material--prepare proposed experimental plan

c) Radionuclide migration in soils--provide proposed modifi-
cations to JAERI experimental plan.

(3) Future meetings--discuss content and scope.

(4) Personnel exchange--NRC to JAERI, JAERI to NRC.

The Battelle participants presented pertinent aspects of their NRC-
sponsored research relating to waste-package performance and also pro-
posed experiments for JAERI to conduct for NRC under the Cooperative
Agreement. JAERI agreed to conduct several experiments over the next
two to three years in the areas of glass leaching, overpack corrosion,
and radionuclide migration in soils. The next formal JAERI/NRC Techni-
cal Group Meeting is scheduled for the fall of 1986. JAERI intends to
send several representatives to Battelle for informal technical discus-
sions in November, 1985.

|
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2.2 Spent-Fuel Experiments

2.2.1 Experimental Leach-Rate Studies

Most effort during this past quarter was devoted to developing test
plans for spent-fuel leaching experiments and assembling and purchasing
experimental apparatus. A comprehensive review of the literature on
spent-fuel leaching experiments was also conducted. This literature
survey showed that most of the previous studies on uranium dioxide (UO )2
and spent-fuel leaching have been conducted under oxidizing conditions
that are not representative of expected long-term repository conditions.
Also, most of the previous work in this subject has not included precise
experimental redox measurement and control. As a result, there is con-
siderable variation in existing U02 and spent-fuel leach-rate data, and
it is difficult to assess the applicability of existing data to predict-
ing spent-fuel performance in a deep geologic repository.

Therefore, the objective of the spent-fuel leaching tests conducted
under this program will be to generate high-quality data _on fuel leach
rates under expected repository (i.e., anoxic) conditions. Spent fuel
will be leached in flow-through systems using simulated basalt and tuff
groundwaters as leacha

s ), Anoxic conditions will'be established usingg.the methods of Jantzen who produced low redox potentials (i.e.,
-0.15 to -0.45 volts) in simulated basalt groundwaters by contact with
high SA/V-ratio basalt and ductile iron. The experi.nental leachate/ fuel
contact time (as a function of flow rate) and SA/V ratio will be varied
to assess the importance of these variables on fuel leach rate:.

Studies carried out on actual spent-fuel samples will be preceded by
several short-term flow-through tests on unirradiated UO2 fuel, r.o that
any problems associated with experimental design and apparatus can be
readily identifi.ed and rectified prior to proceeding with the hot (spent

-fuel) tests. The unirradiated-fuel experiments will be conducted both '

in the presence and absence of a radiation field. These experiments
will provide data on 002 solubility and leach rates for both conditions
and will serve as a valuable comparison to the spent-fu" data.

Depending on the progress of unirradiated-fuel testing in Year Four, the
testing of irradiated fuel will commence either late in Year Four or
early in Year Five of this program. This experimental plan, taken as a
whole, is intended to be the definitive study for comparing the leach
behaviors of unirradiated and irradiated fuel in repository-relevant
chemical environments. This two-year study should also show whether
spent fuel is as insoluble as unirradiated UO2 under anoxic conditions.

2.2.2 Distribution of Radionuclides in Spent Fuel

Spent fuel is a comp' lex mixture of numerous radionuclides that are
, unevenly distributed between the U02 matrix and grain boundaries. When
| exposed to water, radionuclides.in grain boundaries will dissolve at

different rates than radionuclides dispersed in the U02 matrix. Thus,I
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it is important to have quantitative information on the types, amounts,-
and chemical forms of radionuclides present in spent fuel and on how
they are partitioned among grains and grain boundaries. The objective
of this task, which will. commence during the next quarter, will be to
evaluate and summarize existing literature on the physical distribution
of radioruclides in spent fuel. Emphasis will be'placed on identifying
long-half-life radionuclides that will be present in grain boundaries
hundreds or thousands of years after fuel is dischargcd from a reactor.
Uncertainties or gaps in the existing data base will also be identified.

2.3 Waste-form Dissolution Modeling

The Battelle water.-chemistry model was used during the.past quarter to
calculate dissolution rates for several waste glasses. The results of
these calculations, summarized below, cast doubt on certain commonly
held assumptions concerning glass dissolution.

2.3.1 Glass Compositions

The compositions of the ' waste glasses used in the model were based.on
glass types SRL 131 and 165 and PNL 76-68 and 77-260. However, even in
their waste-free or " unloaded" form, these glasses contain some compon-
ents that are not included in the Battelle water-chemistry program.
Most of these species (Zn0, Sr0, Ba0, Cu0, TiO , La2 3) were simply2 0
neglected, but L1 0 was assumed to be chemically similar to Na20 In2
general, the concentrations of the neglected species were small, and it
is expected that their_ effects on glass durability would also be small.
If reprecipitation were included in the model, some of these species,
i.e., Zn0, might be more important and would be considered. With these
modifications, the compositions of the glasses, expressed in molar
ratios, are:

SRL 131: Si:Na:8:Mg = 1.0:0.988636:0.438235:0.051494

SRL 165: Si:Na:B:Mg = 1.0:0.784673:0.253840:0.021923

PNL 76-68: Si:Na:B:Ca = 1.0:0.363537:0.409951:0.053571

PNL 77-260: Si:Na:B:K:Ca:Al =

1.0:0.430858:0.431527:0.070874:0.029762:0.065476

It should be noted that the chemistry of these glasses would be signifi-
cantly cha:.ged when high-level waste is added to them. Therefore, the
results presented here should not be taken as an indication of the rela-
tive stability of the loaded waste glasses.

2.3.2 Glass Dissolution Calculations

Following our standard practice f.or modeling waste-form dissolution, it
was assumed that silicon is solubility-limiting and that the glass

'
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'

,

dissolves congruently; that is, the release rate of each component is
proportional}toits.concentrationintheglass. It was also assumed
that all the oxides go into solution. This assumption might be ques-
tioned for A1 0 , which is the least soluble of the oxides treated.23
However, the calculated compositions of the glass solutions were always
-found to lie below the saturation limit for Al 02 3 as calculated from
data presented by Stumm and Morgan (2.5),

Dissolution of silicon was assumed to obey the following linear rate
law:

'
,

'

h= (C,-C)-h(C-C) (2-2) ,

$

where

C' = total concentration of silicon in the solution

t = time

K = kinetic constant

S = surface area of the glass

V = volume of water in contact;with the glass

Co = concentratio'n of silicon at saturation
* ~

}= flow rate of the water

Ci = total concentration of silicon in the unaltered groundwater.

The value of K will depend on temperature and on the composition of the
waste form, but it is expected that K will be rouohly constant for iso-
thermal dissolution of a given waste form. Physically, the first term
of Equation 2-2 describes the removal of matter from the waste form,
while the second term describes the transport into or out of the water
volume by flow under conditions of perfect mixing.

An important feature of this calculation ,is that, unlike most glass-
dissolution calculations, Co is not assumed to be constant. Instead, it,

is assumed that the activity of unionized silicic acid (H SiO ) is inde-:
4 4

pendent'of pH and that the increase in silica solubility at high pH is
due to'lonization. This asst,mpt
taldataonsilicasolubilityVggnisingoodagreementwithexperimen-1 For any groundwater composition,
the value of,Co is the saturation concentration of silicon calculated
from the current activity coefficients for the silicon species and the
current activities for all other species. '

'
| '

|
t
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Two water types were used for our calculations: pure water and synthe-
tic Grande Ronde basalt groundwater as described by Jones (2.3). All the
elements present in the synthetic groundwater composition are included
in the water-chemistry model.

Glass dissolution rates were calculated for two important conditions.
The first of these was the' case of zero flow of water, or v = 0, while
the second is that of steady state, or dC/dt = 0. For both cases, we
have expressed the dissolution rate as a dimensionless, normalized
quantity, which is defined as follows:

0(C - C )g dC VNormalized Dissolution Rate E
K5M + Ft K5R *

Here, M is the concentration of a 1-molar solution. The first term of
the normalized dissolution rate gives the rate of transport out of the
repository by water flow and is zero in the case zero flow of water.
The second term gives the rate of accumulation in the water within tho
repository, so it is zero in the case of steady state.

In the case for which there is no flow of water, the differential equa-*

tion for glass dissolution may be solved by the following process. The
initial composition of the water is chosen. In our calculations, this
would normally be either pure water or synthetic Grande Ronde ground-
water. A water-chemistry code is used to calculate the pH and specia-
tion, and these results are used to calculate Co. The initial rate of
dissolution can now be_ calculated from Equation 2-2. The waste form is
allowed to dissolve congruently for a short period of time, thus chang-
ing the composition of the water. This process is then repeated with
the altered water composition. In general, it is to be expected that Co
will change with time and that the dissolution rate will not follow a
simple exponential curve. This is indeed the case, as is shown in
Figures 2.5 and 2.6. In these curves, the normalized dissolution rate
is plotted as a function of normalized time, which is defined as
follows:

tKSNormalized Time E ,

Note that the normalization of the dissolution rate and time removes any
explicit dependence upon the kinetic constant, K. Since the actual,
unnormalized dissolution rates reflect the effects of K, the data shown
in the figures should not be used to compare the durabilities of the
glasses.

In the case of pure water, The dissolution rates for all glasses go
through a maximum before taey begin to drop, and the rates are always
greater than that calculated by assuming an exponential decay from the
initial value, as would be the case if Co were held constant. For the
synthetic basalt groundwater, the dissolution rates drop monotonically
from their initial value. However,-the rates may decrease more or less
rapidly than if they had simply decayed exponentially. The reason for
these different effects is shown in Figures 2.7 and 2.8. As the waste
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Figure 2.5. Dissolution rates as functions of time for four waste
glasses in pure water.
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i form dissolves in pure. water, the pH of the water rapidly increases from
an initial value of 7.0, and the total concentration of silicon at

saturation, Co, also increases, raising the dissolution rate. This
occurs for all four glasses. In contrast, the pH of the synthetic
basalt groundwater may either increase or decrease as the waste form
dissolves. These changes in pH are reflected in a higher or lower dis-
solution rate.

From these results, it is apparent that short-term glass-degradation
data must be interpreted with caution. In the case of pure water, the
theory predicts that the dissolution rate will increase with time, at
least for short times. Such experimental data might be incorrectly
interpreted as suggesting that the waste form is undergoing catastrophic
degradation. In the case of synthetic basalt groundwater, short-term

. data could be misinterpreted as suggesting that the glass is less stable
than it actually is, as with the SRL glasses, or as being more stable
than it is, as with the PNL glasses.

The second condition for which Equation 2-2 was solved is that of steady
state, or dC/dt = 0. . In Figures 2.9 and 2.10, normalized dissolution
rate is plotted as a function of normalized flow rate for steady state
conditions,.where

Normalized Flow Rate E .

Since the dissolution rate is normalized as for Figures 2.5 and 2.6, the
steady-state dissolution rate at high flow rates is the same as the
initial dissolution rate with no flow of water. Most discussions of the~
steady-state dissolution rate assume that Co is constant. Under this
assumption, the solution to Equation 2-2 gives the following:

Normalized Dissolution Rate (steady state, constant Co) =

(Co-C)d ,$

1+d
In Figures 2.9 and 2.10 we show such a curve, taking Co to be the satur-
ation concentration corresponding to the composition of the unaltered

. groundwater. In these figures, the solid lines represent the dissolu-
tion rates calculated with water-chemistry effects included. The dotted
lines represent rates calculated without these effects added. It is
clear that the curves deviate from the idealized behavior due to the
variation of C with composition. For the results shown in Figure 2.10,o
reasonable agreement with the standard equation can be obtained by
adjusting the value of KS. For the results shown in Figure 2.9,
however, we see that the dissolution rate in pure water does not
increase monotonically with flow rate, but goes through a maximum.
Therefore, the standard equation cannot adequately describe the kinetics
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of dissolution. This effect is particularly pronounced in the case of
the SRL glasses.Barkattetal.(2.7{fffects of this type have been noted experimentally by

In light of these results, caution should be taken in using the results
of short-term static leach tests to predict long-term static leaching
behavior or in using high-flow-rate steady-state results to predict low-
flow-rate performance.
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3. OVERPACK CORROSION

Studies of overpack corrosion have. focused this year on three areas:
potentiodynamic polarization studies, slow strain rate studies, and pit-
ting kinetics studies. All of the studies have examined the carbon

,

steel - basalt rock system interactions. The objective of the potentio-
dynamic polarization studies is to evaluate the influence of metallurgy
and groundwater chemistry on the tendency for stress-corrosion cracking
(SCC) and pitting. The objective of the slow strain rate studies is to
confirm the results of the electrochemical studies with regard to SCC
and to investigate the effects of electrochemical potential, tempera-
ture, and environment composition in detail for the identified cracking
agents. The objective of the pitting-kinetics studies is to investigate
the effects of geometrical and environmental variables on pit
propagation.

Corrosion correlation studies have continued. A basic model of the
radiolysis process has been described and is being evaluated as part of
the general-corrosion modeling effort. Studies of pit-generation kine-
tics have focused on deducing pit-generation and nucleation rates from
pit-distribution data. Also, the mechanical aspects of overpack degra-
dation are being evaluated.

3.1 Potentiodynamic Polarization Studies

In this task, potentiodynamic polarization t'echniques are being used to
evaluate the influence of metallurgical and environmental variables on
the electrochemical behavior of carbon steels in simulated repository
environments. The results of these analyses are then used to assess the
tendency for stress-corrosion cracking and pitting.

As explained in the Year Three Annual Report,(3.1) in the potentio-
dynamic polarization procedure, the polarity and magnitude of the
current density between a material specimen and an inert counter
electrode are measured as a function of electrochemical potential. For
the anodic portions of the curve of such a plot, the current measured is
equal to the corrosion rate of the specimen if two conditions are met:
(1) the over potential (diffe'rence between the free-corrosion potential
e;td polarized potential) is large enough such that the rate of the
cathodic reaction is negligible, and (2) the rates of parasitic
oxidation reactions are negligible.

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 a potential vs. logarithm of current (E-log i)
plot, and the forward and reverse scans are coincident. The presence of
a peak in the anodic portion of the curve, followed by decreasing cur-
rent, generally indicates the onset of passivation. The occurrence of
hysteresis between the forward and reverse scans indicates 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.
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The potentiodynamic polarization technique also has been found to be

.useful in identify)ing possible SCC environments for carbon steels. It

has been shown(3.1 that SCC is associated wiin environments that pro-
mote active-passive behavior and that the range of electrochemical
potentials that promote SCC is near tg and more noble (positive) than

3Moreover, it has been.observedt .1; that severe cracking occursEmax.
in environments where imax on the fast scan is greater than about
1 x 10-3 A/cm2 and where the fast scan exhibits currents at least an
order of magnitude higher than those of the slow scan.

The polarization behavior of the candidate alloys is being dete mined
using conventional polarization techniques. The equipment used for
these experiments includes a PAR Model 173 potentiostat with an EC0
Model 567 function generator, coupled to a computer data-acquisition
system. A three-compartment electrochemical cell is used that utilizes
a saturated calomel reference electrode (SCE) and a platinum counter
electrode. The three-compartment electrochemical cell separates the
working electrode from the counter electrode, thus preventing the solu-
tions in the electrode compartments from mixing. The work.ing-electrode
specimens, made from hot-rolled 1020 carbon steel, are cylindrical rods
drilled and tapped at both ends and then sealed using TEFLON * gaskets.
The composition of the steel is given in Table 3.1. The specimens are
0.6 cm in diameter and 1.9 cm in length; the actual area of each speci-
men is measured prior to immersion in the electrochemical cell. The
electrodes are polished.with successively finer grades of silicon car-
bide paper, finishing with a 600-grit paper.

Prior to testing, the working electrode remains in the test solution
overnight while-the solution is sparged with the desired gas mixture.
The polarization scans are then performed approximately 16 hours after
the working electrode is immersed in the cell. Partial cathodic and
full anodic polarization curves are obtained by scanning at a rate of
0.6 V/hr, beginning the scan approximately 100 mV more negative than the
free-corrosion potential. The current for the anodic curve is then
scanned until a current density of approximately 3 x 10-3 A/cm2 is
attained; the anodic scan is then reversed until repassivation occurs
and the current changes polarity, becoming cathodic. When the polariza-

i tion plot is completed, a new steel specimen is inserted into the
polarization cell and immediately polarized to a potential of approxi-
mately -0.90 V (SCE). Within five minutes of immersion, a fast-anodic
scan is performed using a scan rate of 18 V/hr. After the polarization
scans are completed, the following polarization parameters are obtained
from the polarization curves of potential (E) versus the logarithm of
current density (log i) and versus icor, Ecore i as. Epit, E rot andp p
imax (obtained from fast-scan curves).

i

* TEFLON is a registe' red trademark of the E. I._duPont de Nemours
Company.-
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. Table 3.1. Chemical compositio'ns and other data on steels used in the corrosion studies.

SAE
.

Number or Therinamechanical Tests Conoosition (weteht percent)Designation Treatment Used In Olsensions C Mn P 5- 51 Cu Sn Ni Cr Mo Al

1018 Hot-Rolled Pitting 7.6 cm x 0.18 0.17 0.017 0.019 0.22 -- -. -- -- -- --Exposures 15.2 cm strip

1020(a) Hot-Rolled Electrocherical 1.27 cm rod 0.20 0.46 0.011 0.032 0.17 0.38 0.027 0.014 0.018 0.024 --Pitting Mositor,
Potentlod pianic
Polariratton

1020(a) Hot-Rolled Slow Strain Rate 0.635 cm 0.22 0.55 0.01 0.037 -- -- -- -- -- -- --

'

dia. rod

Clean 8CL Cast or Hot. Potentlodynamic Ingot 0.18 0.49 0.004 0.002 0.30 0.006 -- 0.002 0.007 0.00 0.10Steel Rolled Polartration

Ooped 8CL J Cast or Hot- Potentiodynamic Ingot 0.17 0.55 0.029 0.036 0.35 0.007 -- 0.004 - 0.011 0.00 0.14w Steel Rolled Polartration

Ferrovac E Cast Potentlodynamic~ Ingot 0.003 Tr(b) -- Tr -- -- Nil ICI Nil Tr Nil--

Polarfration

fba Hot-rolled 1018 carbon steel not available in rod form.Tr = Trace.
(c) Mil = Mone detected.
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Several two-factor interaction effects were shown to be significant in
describing the polarization behavior o.f carbon steel from research last
quarter. Five of the most significant interactions were (1) pH-borate,

,

(2) pH-chloride, (3) chloride-borate, (4) nitrate / nitrite-oxygen, and
(5) chloride-carbonate / bicarbonate. To examine these interactions in
more' detail, the high-high, low-low, high-low, and low-high concentra-
tion matrices are being examine fo each interaction separately using
the-standard basalt groundwater 3.2[1 as the base solution. Fast- and
slow-scan potentiodynamic polarization experiments are being performed
for each of the four combinations of the two species in the interaction.

During this reporting period, experiments-were completed for the follow-
ing interactions: pH-borate, pH-chloride, and chloride-borate. Figures
3.2, 3.3, and 3.4 show the slow-scan polarization behavior for all three
interactions. The polarization behavior is presented here, but the
statistical analysis and comparison to the previous work of Year Three
will be completed next quarter.

The polarization curves representing the pH-borate interaction are shown
in Figures 3.2a and 3.2b. A significant change is observed in the
polarization behavior when going from conditions of low pH (6) and low
borate (1 ppm B) to conditions of high pH (11.5) and high borate (1000
ppm 8). For the high pH-high borate condition, the carbon steel is com-
pletely passive with no indication ~of pitting. .This agrees with the
predictions from the previous work which showed that both an increase in
pH and borate tend to increase Epit and E rot. It is interesting top
note that the low pH-high borate combination produced active behavior,
that is, no passivity.

The polarization curves representing the pH-chloride interaction are
shown in Figures 3.3a and 3.3b. pH and chloride have opposing main
effects on the pitting behavior as determined in last year's work. The
polarization curve for low pH (6.0) with'icw chloride (100 ppm) shows
essentially active behavior (no passivation), and the curve for high pH
(11.5) with high chloride (100,000 ppm) exhibits only very limited pas-
sivity (barely detectable). The polarization behavior for the high pH -
low C1 condition exhibits the largest passive range, but the large hys-
teresis. loop indicates pitting and/or crevice corrosion over a wide

* range in potential.

The polarization curves representing the chloride-borate interaction are
shown in Figures 3.4a and 3.4b. Chloride and borate have opposing main
effects on the pitting behavior of carbon steel as determined in last
year's. work. The pitting behavior of the low chloride-low borate and
high chloride-high borate conditions are very similar, with the low-high
combinations differing significantly. The polarization behavior for low
chloride-high borate indicates a large (between -500 and +200 mV(SCE))
passive range, but the hysteresis loop indicates that pitting / crevice
corrosion is likely over a very large range in potential as well.
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During the next quarter, the two remaining two-fac?.or interactions will
be examined and the data will be analyzed more completely.

3.2 Slow Strain Rate Studies

The objective of the slow strain rate (SSR) studies is to assess the
stress-corrosion cracking susceptibility of carbon steels in candidate
repository environments. Specific environmental conditions (solution
composition and electrochemical potential) are being selected on the
basis of the results of a literature survey and the electrochemical
studies. During this program year, all of the tests have been performed
on a commercially available hot-rolled 1020 carbon steel having the com-
position shown in Table 3.1.

~During Year Three, results of the literature survey indicated that FeCl3
is a potentially severe SCC agent for carbon steels and may be.important
in affecting overpack performance since ferric ions may be generated by
radiolysis. Accordingly, SSR experiments were carried out to identify
the optimum strain rate for subsequent testing and the solution concen-
tration range over which SCC occurs in Fethatastrainrateofabout1x10-7secgl3 solutions. It was found

was the most practicable, and
subsequent tests performed at this rate indicated that severe cracking
occurred in solutions as dilute as 5 x 10-4 M FeC1 -3

Experiments also were started to evaluate the effect of temperature on
SCC susceptibility of hot-rolled 1020 carbon steel in aqueous 5 x 10-4 M
FeCl . These experiments were completed this past quarter. The3 .

results, given in Table 3.2 and Figure 3.5, indicate that susceptibility
to SCC was at a maximum between 150 C and 200 C and decreased rapidly
above or~below this temperature range. The morphology of the cracking
at 150 C is similar to that reported at higher temperatures with oxide-
filled cracks and numerous pits in the gauge section of the specimen;
see Figure 3.6. On the other hand, only shallow groove-like features
were present in the gauge length of the specimen tested at 125 C, as
shown in Figure 3.7.

During the next quarter, the effect of pH on SCC in aqueous FeCl3 Will
.be evaluated, and SSR experiments will be started in potential cracking;

environments identified from the potentiodynamic polarization studies.

3.3 Pitting-Kinetics Studies

Results of the potentiodynamic polarization experiments and. autoclave '

exposures performed in Year Two suggest that pit initiation in low-
carbon steels is likely in basa.lt groundwater. The polarization curves
exhibit considerable hysteresis on the reverse scans, and protection
potentials are very near the corrosion potentials, even for deaerated
solutions. In the autoclave exposures, pits actually were found on
specimens exposed for approximately 1000 hours in a deaerated simulated
basalt groundwater at 250 C.
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Table 3.2. Sumary of results of slow strain rate experiments
rolled 1020 carbon steel in

performedonhogMFeC1
aqueous 5xIg- 3 at a strain rate of
1 x 10-7 sec .

Maximum Time to Crack
Temperature Crack Depth Failure Velocity

(C) (m) (hours) (mm/sec)

315 0.28 282 2.75 x 10-7

275 0.12 l'65 2.05 x 10-7

250 0.14 148 2.67 x 10-7

225 0.52 164 8.80 x 10-7

200 0.45 188 6.65 x 10-7 ,
-

175 0.59 211 9.37 x 10-7

150 0.33 254 3.61 x 10-7

125 0.07 366 5.3 x 10-8
- :,

.
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a. Photomicrograph of gauge section of specimen.
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b. Low-power photograph of gauge section of specimen.

I

Figure 3.6. Optical photographs of hot-rolled 1020 carbon steel
specimen following slow strain rate testing at 150 C
in aqueous 5 x 10-4 M FeC13 at a strain rate of
1 x 10-7 sec-1
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Figure 3.7. Optical photographs of hot-rolled 1020 carbon steel,
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Accordingly, experiments were undertaken to characterize the pit-
propagation behavior of carbon steel in simulated basalt-repository
environments. Two types of experiments are being performed: long-term
exposures of "prepitted" specimens, and electrochemical pit-propagation
experiments. The objective of these experiments is to characterize the
pit-propagation behavior of carbon steel and to develop an understanding
of the mechanism of pitting attack. Results of these experiments are
discussed below.

3.3.1 Exposures of Prepitted Specimens

Simulated pits of various depths and aspect ratios (depth / diameter
ratios) were drilled in specimens of hot-rolled 1018 carbon steel and
are being exposed at 90 C in deaerated and in oxygenated basalt ground-
water. 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 metallographically 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 0.53 mm (0.021 inch). For
each diameter, there are three aspect ratios: 2:1, 5:1, and 10:1.
Thus, for a 5.1-mm-diameter pit, the initial pit depths were 10 mm, 25
mm, and 50 mm. The overall specimen dimensions are approximately 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 inches) x 15.2 cm (6 inches)
strip steel.

Prior to exposure, the specimens were cleaney with acetone, each pit was
filled with the simulated basalt groundwatert .21 using a syringe, and3

the specimens were placed in high-density polyethylene vessels con-
taining one inch of crushed basalt. In each vessel, an electrical con-
nection was attached to one specimen for subsequent potential measure-
ments. The basalt-groundwater solution was added and the vessels were
sealed. The vessels were then placed in oil baths, Luggin probes were

. connected, and the flow of nitrogen or oxygen was~ started (for deaerated+

or aerated solutions, respectively).

During the first 2000 hours of exposure, aliquots of solution were taken
periodically and the pH was analyzed. As reported in the Annual Report
for Year Three, the pH of the solution in the oxygenated vessels
increased from 9.8 to about 11.5 during the first 1000 hours of exposure
and stabilized at this value over the second 1000 hour period. On the
other hand, the pH of-the deoxygenated solutions decreased from 9.8 to
about 6.5 over the first 2000 hours of exposure. Periodic solution-pH
analyses were discontinued after 2000 hours to prevent depleting the
test solutions.

Corrosion potentials also are being measured periodically during the
experiments. As reported in the last Annual Report, the potential of

|
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the specimens in the deoxygenated solutions have been stable during the
experiments at values between -700 and -750 mV SCE. However, the poten-
tials of the specimens in the oxygenated solution increased from -750 mV
SCE to about -200 mV SCE after about 600 hours of exposure and have
stabilized at approximately this value.

Specimens were removed from the oxygenated and deoxygenated solutions
and examined following four months of exposure, and results of the exam-
ination were presented in the last Annual Report. During the past
quarter, specimens were removed following approximately 8 months ofexposure.

The specimens removed from the oxygenated solution were optically
examined, metallographically sectioned, and then reexamined. The
specimens were found to be covered with relatively thin, adherent black
oxides with some evidence of red rust and patches on the surface where
the corrosion product layer was somewhat thicker; see Figure 3.8.

Results of the metallographic examination of the specimens indicated
that the simulated pits did not act as sites of initiation of localizedcorrosion. Based on surface profiles and oxide thicknesses, the attack
within the pits did not appear to be significantly greater than on thefree surfaces. Moreover, there was no evide-ce that the severity of
attack could be correlated with pit depth or diameter. A photograph of
simulated pits from one specimen are shown in Figure 3.9.

There was considerably.more evidence of corrosion on these specimens
than on the oxygenated specimens removed after 120 days. Patches of
localized attack were evident on the boldly exposed surfaces of the
specimens, and these patches were associated with the presence of thethicker deposits; see Fipure 3.10.

There was.also evidence that thislocalized attack followed stringers or other microstructural features in
the metal in some cases; see Figure 3.11. An approximate corrosion rate
for these areas (245 pm/yr) was calculated based on the change in sur-face profile. Actual rates were somewhat higher since some uniform
attack on the free surface had occurred.
3.3.2 Electrochemical Pit-Propagation Experiments

A schematic of the pit-propagation monitor is shown in Figure 3.12.
Experimentally, the monitor is positioned vertically in a test cell con-
taining an electrolyte, and the current flow between the base of the
simulated pit and the boldly exposed surface is monitored as a functionof exposure time.

Current measurements provide an estimation of therate of pit propagation
of the pit base,'as a re,sult of the couple, cre greater than aboutwhere shifts in the electrochemical potential
50 mV.

For potential shifts less than this value, the rate measured may
be somewhat non-conservative since the reduction reactions occurring on
the pit base will contribute to pit propagation but will not bedetected.j

'
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Figure 3.8. Low-power optical photograph of prepitted
specimens of 1018 carbon steel following
exposure in oxygenated basalt groundwater
at 90 C for 238 days.
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| Figure 3.12. Schematic of pit-propagation monitor.

3-20
~

|

,

I

|
_ _ _



i
~

|
'

A standard procedure was developed last year to initiate pitting with
the monitor. This proce. dure' consisted of (1) pre-packing the simulated
pit with a paste prepared with basalt groundwater and.Fe3 4; (2) deaer-0
-ating the test solution for 24 hours to fully deaerate the pit, during
which time the simulated pit and boldly exposed surfaces are not
coupled; and (3) aerating the test solution and coupling the simulated
pit and boldly exposed surface through the zero-resistence ammeter
(ZRA).

Double-walled PYREX * cells are used in the experiments so that the
,

temperature can be controled by flowing a heat-transfer solution in the
annular region between the inner and outer walls. The cells consist of
(1) a counter-electrode cell containing a platinum electrode for poten-
tiodynamic or potentiostatic measurements, (2) a reference-electrode
cell containing standard calomel electrode (SCE) for electrochemical
potential measurements, (3) a platinum wire for Eh measurements, (4) a
frit bubble for deaeration or aeration of the solution, and (5) provi-
sions for refreshing the! solution continuously. Prior to the test, the
specimens are cleaned with acetone and assembled, and the simulated pits
are packed with a. paste as previously described. The specimens are then
inserted in the cell, the test solution is added, and the experiment is
started. During the course of the experiment, couple potentials, Eh,
temperature, and galvanic current flow are continuously monitored and
recorded with a data acquisition system. Solution and gas flow rates
are continuously monitored and maintained at 40 cc/ hour and 10 cc/ min,
respectively.

During Year Three, it was found that the simulated pits passivated dur-
ing the course of the experiments when they were packed with a basalt
groundwater-Fe3 4 paste. It was thought that this passivation led to0
non-conservative estimates of the rate of' pit propagation; accordingly,
experiments were carried out this past quarter in.an attempt to activate
the pits.

Two experiments were conducted using 4.25-mm-diameter pits with an
aspect ratio of 5:1 in simulated basalt groundwater at 75 C. In these
experiments, one pit was packed with a paste of Fe3 4 and 0.1 N hcl,0
while the other was packed with a 0.01 N hcl-Fe3 4 paste. These tests0
were performed to simulate the low-pH conditions that are thought to
develop within pits and, in so'doing, to obtain active pitting and con-
servative estimates of pit-propagation rates.

Results of the current measurements for the two simulated pits are given.
in Figures 3.13~and 3.14; air flow and the current measurements were
initiated simultaneously after 24 hours of nitrogen sparging. These
data indicate that, as in the previous experiments, the pitting current
values were very low and fluctuated considerably during the exposure

* PYREX is a registered. trademark of Corning Glass Works.
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, period. .In some cases, currents actu. ally became negative. Results of '

the potential measurements are given in Figures 3.15 and 3.16. These'-

data show that the coupled poten.tials for the two experiments were simi-
lar. Prior to aeration, the potentials were approximately -650 mV SCE,4

and a noble shift of 100 to 150 mV occurred when air sparging was
i started. Over the next few hours, the potentials for the two cells

j moved in the active (neg~ative) direction and fluctuated between -550 mV
and -600 mV SCE over the remainder of the test. -A slight active shift
occurred after 140 to 160 hours as a result of a decrease.in the air-

*

t flow rate, which occurred over a weekend when the air tank was depleted. '

,

1 After one week of exposure, potentiodynamic polarization curves were '

.obtained for the pits; the results'are given-in Figure 3.17 and 3.18.
' ~

0These data show that the pit packed with the 0.01 N' hcl-Fe3 4 paste
exhibited passive behavior with significant hysteresis on the reverse,

j scan, indicating initiation of localized attack on the pit base. Simi-
| lar behavior was observed'and reported last quarter for the pits which
j were packed with a basalt groundwater-Fe3 4 paste. On the other hand,0

4 the. pit that was packed with the 0.1 N hcl-Fe3 4 paste exhibited active0
; -behavior with no evidence of passivation. The latter behavior is simi-
i lar to.that expected for an actively corroding pit. The fact'that the
'

ZRA currents for the two pits were similar suggests that the absence of
pit activation *was not responsible for the low currents measured.

,

The free-corrosion potentials estimated from the potentiodynamic"polari-
zation curves were -575 mV SCE for the .01 N. hcl-packed pit and -540 mV
SCE for the 0.1 N hcl-packed pit. These values are nearly identical to
the terminal values recorded for-the coupled potentials, -572 and -542;

j mV SCE, respectively.-

A standard procedure for deterniining the value of the corrosion rate at
j the free-corrosion potential is to extrapolate _the linear Tafel region
; of the polarization curve to.1.he free-corrosion potential.. This-analy--
! sis of the polarization curves indicates corrosion rates (currents)2ofabout 3 x 10-4 A/cm' for the 0.1 N hcl-packed pit and 3 x 10-3 A/cm for!

i the 0.01 N hcl-packed pit. These values are two orders and one order of
i magnitude, respectively, higher-than the corrosion currents estimated
| from the ZRA measurements. These' observations, together'with the
; electrochemical potential data which indicate that the ccupied poten-
! tials were very close to the free-corrosion potentials for the. pit
i bases, suggest that the reduction reactions occurring within the pit are

the primary contributors to the corrosion attack of the: pit base. ',

L Next quarter, experiments will be performed to test the hypothesis that
' reduction reactions are responsible-for pit-base corrosion. First of
I. Lall, the last few= tests will be repeated, with the addition of careful
i weight-loss measurements on'the pit bases. 'These measurements were not
! performed in the previous experiments because the polarization experi-
L ments-performed ~on the pits subsequently invalidated any weight loss
{. data.that could have been obtained. .A' matrix of long-term exposure

tests also will be perform?d|next quarter in which the relationship,

'
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between weight loss and parameters such as pit geometry, the pH of the
paste used to pack the pits, and aeration are evaluated.,

3.4 Corrosion Co'rrelations-

The objective of the corrosion-modeling effort is to_ provide information
about corrosion processes that will affect overpack materials in a
repository environment. Models under development deal with general cor-
rosion, pitting corrosion, and mechanical degradation.

3.4.1 General Corrosion

By the end of Year Three, a comprehensive model for the kinetics of
general cgrropion of waste-package overpack materials had been
developed (3.3;. The following major features were incorporated in this
model:

e Transport of chemical species-(assumed for the present to
be electrically neutral) from the surrounding groundwater'

to the overpack surface by chemical diffusion

e Radiolytic production of chemical species within the'
* ~ groundwater, including such effects as temporal and_ spatial

variations of the gamma-ray field, th:: letter being caused
by geometric spreading of the gamma field and by gamma
absorption within the groundwater

e Homogeneous chemical reactions between chemical species
within the groundwater

e . Kinetics of oxide-film growth on the metal surface.

To facilitate modeling, only very idealized groundwater compositions
have been considered to date, e.g., groundwaters containing one oxidiz-
ing and one reducing species.

A major goal for Year Four is to expand the model to account for ground-
water compositions that more realistically characterize the potential
repository environment near the waste package. To this end, efforts
were devoted during the past quarter to describing a groundwater-
radiolysis model that would satisfy the requirements of (1) not being
exceedingly complex but (2) providing a realistic description of the
major features of the radiolysis process. The first. requirement is
important to keep the corrosion model.as simple as practical. Such sim-
plicity_is desirable in order to interpret results from the model with
relative ease, thereby minimizing the effort and expense in constructing
and operating the numerical model and avoiding potential problems asso-
ciated with obtaining reaction-rate data.
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Oneradiolysismodelthathasbeensuggested*fo[useisasfollows:

Y
H 0 ---* H + OH2

H+H+H2

OH + OH + H 022

2 2 + H O + 1/2 02H0 2 -

This model is being evaluated. If it is found to represent a physically
-reasonable summary of the radiolysis process, it will be incorporated

'

into the corrosion model. Of course, subsequent extensions or altera-
tions to the radiolysis description will be considered as required. The
.radiolysis model1(including any modifications that may be required) will
be-included in the overall general-corrosion model during the next
quarter.

3.4.2 Pitting Corrosion

3.4.2.1 Pit-Generation Kinetics

To describe the kinetics 9f p)it generation on a waste-package overpack3surface, it was suggestedt .4 that the most profitable approach would
be to use an existing model(3.5) for the pitting induction time at an
" average" site and then use essentially empirical techniques to account
for a statistical distribution of induction times about that site. More
recently, the problem of selecting a statistical distribution that would
reasonably dgscribe gross features of pit-generation kinetics was

3discussedt .o). It was suggested that the Weibull distribution, which
I has long been used to describe statistically based m0terials phenomena,

_

would be adequate for this purpose.
.

Theimportgncg.]fSnowingthetime-dependentpit-generationratehasbeen.shownl . .71 to result from the fact that the time-dependent pit-3'

! depth distribution function is intimately related to the pit-generation
- rate. Thc pit-depth distribution provides a direct measure of the pit-

~

| ' ting damage to_a metal surface. Knowir.g the pit-generation rate and the
growth kinet cs of any given pit would be sufficient to. predict the4

evolution of the pit-depth distribution with time. The general subject,

of extracting quantitative information regarding pit-generation rates
from other measured properties of pit distribution was considered during

. the past quarter.
!

'
k

i

* Personal communication by'Digby D. Macdonald (Consultant), Menlo Park,-4

California.
'

i
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Because of the relationship that exists between the pit-depth frequency
distribution,'f(h,t), and the pit-generation rate, G(t), the form of
G(t) could be estimated by deriving G(t) information directly from
f(h t). Here f(h,t) is defined such that f(h,t) dh is the pit coricen-
tration on the metal surface at time t, having a depth within the inter-

val h to h +-dh. G(t) is then the rate at which pits are generated per
unit area of surface.

The simplest way to deduce the relationships between f(h,t) and G(t) is
to regard. individual pits as being " points" in a one-dimensional " pit-
depth" space. As a given pit grows, its characteristic " point" moves
along the one-dimensional space in the direction of increasing h. The
" flux", then, of such points crossing a given, fixed value of h at time
t must be equal to the rate at which those particular pits were gene-
rated at the time they were generated. This statement can be expressed
mathematically as follows, assuming that the rate, v, of increasing pit
size with time is an explicit function of h only:

v(h)f(h,t) = G t - (3-1).y

If pitting is assumed to begin at time t=0, then Equation 3-1 is valid
only for those values of h for which the argument of the G function is
greater than zero. For larger h values, f(h,t)=0 since no pits have yet
grown to these larger sizes. Thus, if v(h) is known, e.g., by direct
measurement of pit-growth kinetics for individual pits, and if f(h,t) is
measured at a given time t, then G(t), for times up to the given value,
t, can be estimated through appropriate application of Equation 3-1.

Deducing nucleation (or generation) rates from other measured properties
of a system is actually more generic than just this application to pit-
ting corrosion. Moreover, the subject has been of~ interest for many
years and is still under investigation. For example, more than four
decades ago Hull, et al,(3.8) described a method analogous to
Equation 3-1 for calculating the nucleation rate of pearlite from
austenite using size-distribution data. They considered the special
case for which the growth rate of the pearlite species is independent of
size.

These same authors (3.8) also reviewed another method which involved cal-
culating the nucleation rate from measurements of the total concentra-
' tion of pearlite species as a function of time. Indeed, an approach
analggouptochelatterhasrecentlybeensuggestedbyJanik-CzachorandIvest 71 for determining pit-generation rates. With this method, the
instantaneous pit concentration on a surface, n(t), is measured experi-
mentally and related to G(t) through the expression

G(t) = dn(t)/dt (3-2)..

.
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Equation 3-2.would have to be modified as.the area fraction of the con-
,

tainer surface covered by pits becomes appreciable. An ana}ogous modi-i

fication that was included in the treatment of Hull, et al,(3.8) applied
: 'to pearlite.

'

1

.The general ~ problem of estimating nucleation-and species growth rates
from measurements of more " global" properties continues to!
of. interest, e.g., in the recent work of Gokhale and Dehof(be a problem3.9),
Regarding pitting kinetics, it appears that sufficient information rela-
tive to pit-generation kinetics can be obtained from measurements of

I related quantities to provide a satisfactory description of gross pro-
perties of pit-generation kinetics.

3.4.2.2 Pit-Growth Kinetics
;

Preliminary steps have been taken to extend th'e simple
thatwasdevelopedatanearlierstageofthisprogram(itfrowthmodel.10 based on
the well-known binary-electrolyte theory. Two areas currently being,

investigated for incorporation into the model are (1) inclusion of film-
' growth kinetics at the pit base and (2) considerati.on of the effects of-

radiolytically produced species on pit-growth kinetics. Substantial
: progress in these areas is expected over the next quarter.

.

1 3.4.3 Mechanical Degradation

As a part of the corrosion studies, work is continuing toward identify-
ing parameters that could influence the stress-corrosion cracking,

behavior of low-' carbon steel overpack material to be used .in nuclear

wastedispoa1I)Someenviron1:entalfactorsthathavebeenidentified ( - as having an important effect are water chemistry,
temperature,' water-flow rate, :.1e Eh and pH of the solution, and radio-
lysis of'the groundwater.

At present, activity is focu m an identifyi.9 the mechanical stress
that the overpack will be exposed tu J:.' ring its manufacture and subse-

~

quent service conditions. This study w1.' aid in determining whether,

stress levels can be expected that, in comL' nation with expected envi-
ronmental conditions, would cause stress-corrs-ion c.scking of the,

j overpack..

Residual stresses from the fabrication process could ;' lay si important
role.in. determining the stress state of the container. Ss sm.h, the'
process used to manufacture the overpack should be optimied te minimize
these-stresses ~in the material. In addition, thermal stressys, hf ro-i
static and lithostatic stresses, and internal pressure due to ;c gne-
ration inside the overpack are expected during service. The int 1.'-.e-

of these stresses-on the stress-corrosion performance of.the rue.ial !s.

being evaluated. These. studies of the mechanical stresses wili i,e com-
.pleted during the next quarter.

|
!
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3.5 JAERI-NRC Program Support

A significant portion of the overpack-corrosion effort during the past
quarter was devoted to providing support for the JAERI-NRC joint pro-
gram. This support consisted of designing and preparing a proposed
experimental matrix, participating in the 2nd JAERI (Japan Atomic Energy
Research InsUtute)/NRC Technical Group meeting in Japan, and providing
follow up to the meeting. Two staff members from Battelle attended this
meeting during the week of June 17, 1985.

The proposed experimental matrix. consists of SSR experiments to evaluate
the influence of a radiation field on SCC of carbon steel in simulated
basalt repository environments. The proposed SSR tests would be an
extension of the work being performed at Battelle and would consist of
tests in three environments with and without a radiation field: the
standard basalt groundwater, an established cracking environment where

~

the radiation field may move the electrochemical potential into the
cracking range, and an environment where the radiation field may gene-
rate species that will promote SCC. The latter two environments will be

selected on the basis of the results of the electrochemical task. As
proposed, triplicate experiments would be run at 90 C in the environ-
ments under freely corroding conditions with no radiation field and in a
radiation field of about 104 R/ hour.

The objectives of the meeting in Japan were to finali7e the experimental
plan and identify the best location for carrying out the experiments.
JAERI agreed to conduct experiments in a radiation field as part of the
JAERI-NRC research agreement. They also agreed upon the matrix of
experiments and a preliminary time schedule. However, the site location
and the specific radiation source were not agreed upon, and-the specific
designs for the test rig, test cell, and specimens were not finalized.
In addition, the type of carbon steel and environmental conditions for
testing were not agreed upon. JAERI expressed interest in evaluating a
Japanese steel and an appropriate simulated groundwater for a Japanese
high-level waste repository. Inclusion of' Japanese groundwaters or
steels into the matrix is potentially problematic since this may require
that electrochemical and SSR experiments be performed on these systems
at Battelle.

Upon returning to Battelle, a report on the meetings was prepared and
forwarded to NRC. Inaddition,meetingswery37 held with Battelle person-nel, and it was tentatively agreed that the .Cs source and facilities
at the Tokai site will be adequate for performing the experiments.
JAERI indicated that this is the most desirable site for them.

In the near future, Battelle will supply JAERI with information on the
recommended test sample dimensions, cell dimensions, and cell design.
During Fall, 1985, Battelle will supply JAERI with the desired test
environment specifications and procedures for their preparation, test
specimens, and detailed experimental procedures. It is anticipated that
one or possibly two add'itional trips to Japan will be required to suc-
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-cessfully complete this task; one trip when the cold experiments start
in' January, 1986, and a second when the hot (irradiation) experiments

. start in mid-1986.
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4.. INTEGRATED SYSTEM PERFORMANCE

Studies in the integrated system performance ~ task are designed to pro-
vide a better understanding of the phenomena that affect the long-term
performance of waste 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 the past .aarter, emphasis has been placed on water-chemistry
studies, the development of a mechanism for the radiolysis of solutions
containing chloride and ferric species, analytical simulations of sys- ,

tems containing chloride species, assessments of simple models for
groundwater radiolysis, and construction and further planning of the
integral experiments.

The water-chemistry studies will improve our understanding of the local
water chemistry in the vicinity of the waste package. This will provide
information on how the corrosion of the metallic barriers and the dis-
solution of the waste form alters the local water chemistry. Such
changes in the water chemistry in -turn may affect these processes of
corrosion and dissolution. The water-chemistry studies also will pro-
vide information on the chemical speciation of radionuclides released
from the waste form. This information will be useful for 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 pack-
age. These species may affect both the corrosion of the metallic
barriers and the chemical speciation of the radionuclides released from
the waste form. Such phenomena can influence the expected containment
period o'f for a waste package, as well as the release rate of radio-

,

nuclides from the waste package to the repository environment after the
containment is breached. These studies are also providing a means for
assessing the adequacy of simplified groundwater-radiolysis models being
considered for inclusion in the corrosion models under development in
the container-materials task of the program.

The integral experiments are being assembled to provide a means of
assessing'the relative importance of various combined-effects processes
that may affect the long-term performance of nuclear waste packages.
These experiments will also provide information on the performance of
spent-fuel waste forms in an environment approximating that of a poten-
tial repository. These experiments will also provide data which can be
used to benchmark the radiolysis and water-chemistry models that are
under development.

4.1 Water Chemistry

In addition.to supporting work on waste-form dissolution, water-
chemistry calculations during the past quarter demonstrated that the
water-chemistry computer program does give results that are physically
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reasonable. The results reported in this section were obtained with a
13-element water-chemistry program. The program is only slightly modi-
fled from the version used for calculating waste-form dissolution.

In Figures 4.1 and 4.2, pH is shown as a function of the molarity of K0H
and HC1, respectively. As expected, the pH is constant at about 7.0 for
very small concentrations of acid and base. For moderate concentra-
tions, the pH varies linearly with the logarithm of the concentration,
with a smooth transition to the constant value at low concentrations.
For relatively high concentrations (about 0.01 M), close inspection of
the pH curve shows that it deviates from linearity due to changes in the
activity coefficients.

The calculations reported in Figures 4.3 and 4.4 are basically titration
calculations. In Figure 4.3, pH is shown as a function of H 5042
molarity in a solution of 0.01 M NaOH. This calculation differs from a
standard titration only in that the Na0H does not beceme diluted as
H SO4 is.added. The curve has the sigmoid shape characteristic of2
strong-acid / strong-base titrations. Since H 504 becomes. doubly ionized2
in water, the endpoint is reached when the molarity of H SO4 is one-half2
that of Na0H.

Figure 4.4 gives the results of a similar titration calculation, but
here pH is a function of the Na0H molarity in a solution of 0.03 M
H CO . The starting solution is near the solubility limit of CO2 in2 3
water. The titration shows endpoints at 0.03 M and 0.06 M Na0H. The
first endpoint corresponds to essentially complete consumption of H 00 *2 3
the second corresponds to consumption of HCO -3

4.2 Groundwater-Radiolysis Studies

Radiolysis of groundwater in the vicinity of the waste package can alter
the local water chemistry, thereby affecting the long-term performance
of waste packages. Effects on the local water chemistry can include
changes in pH and oxygen potential, as well as the production of addi-
tional species which may have a deleterious effect on the waste-package
materials. As reported previously, other investigators have observed
that gamma radiation may adversely affect the time-t9-f ilure perfor-
mance measure for metal components exposed to water.t g)4

One objective of these studies is to develop a generalized model for
analyzing the radiolysis of unaltered groundwater systems and ground-
water systems whose composition has been altered by the presence of
other materials such as packing and corrosion products. This model will
provide concentration estimates of radiolysis products near the metallic
components of waste packages. This information will aid the container-
materials task of the program in selecting appropriate solution
compositions for the corrosion experiments. The model will also provide
a means of assessing abbreviated groundwater-radiolysis models to be
integrated into the general-corrosion model described in Section 3.4.

4-2

1



.

13

12 -

11 -

10 -

E
9 -

8 -

7

' ' ' ' ' ' ' ' '6
10'" 10 10 10 10

CONCENTRATION

- -- Figure 4.1. pH as a' function of K0H molarity.

7

, _.

6 -

i

! 5 -

R4 -

i

3 -

2 -

,

i e i e i e e i ig

10 " ' 10 10 10'' 10
~

CONCENTRATION

Figure 4.2. pH as a function of hcl molarity.
;

<

) 4-3
4

|

i

- , . . , . - , - , c,,__. _ . . , _ _ . _ _ . . . , , . _ . _ , . . . - . , . _ _ . , , . _ _ _ . , _ , . . _ . - - , . . . . _ - . . - _ _



-. .. .- - .. . .. .- . __ .. - . - -

,

12
i I

11 -
;

10 -,

9 -

i .a -

j I7 -

i
'

6 -

-5 -

4 -
,

4

3 -

'

i e i 1g
0 -0.002 0.004~ 0.006 0.008 0.01

CONCENTRATION

i Figure 4.3. -pH as a function of H SO4'molarity in a solution of2
i 0.01 M NaOH.

,

13
,

-

12 --
,

11 -

10 -

,

9 -

; i a -

7 -i

1

1
6 -

'

<

5
f

4, -

' ' ' ' '
| 3
|. 0 0.02 0.04 0.06 0.08 0.1 0.12

CONCENTRATION
Figure 4.4. 'pH as a function of Na0H molarity in a solution

of 0.03 M H CO .2 3

4-44

,

,

,s ,, - - -,- ,e-r-. ., ,,.n n., ,,-,-,,,.n --e. - . - , - , . , . , - - - - - , . . , - - , . . . . - - - , - .-



-_

.

In addition, the model will provide a vehicle for determining effective
rate constants for reactions included in the water-radiolysis component
of the corrosion model.

The approach taken in these studies was to first develop a description
for the radiolysis of pure water which might.contain hydrogen and/or
oxygen. This description is being extended to account 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 from the liter .
ature. As part of this. effort, gamma-energy deposition calculations-
were used to determine energy-deposition rates to groundwater and the
materials surrounding the spent fuel and commercial high-level waste

previously.(qsy)ts of these calculations have been reported
packages. .R l

4 3 . In these earlier studies, several mechanisms ^for the
radiolysis of water were evaluated on the basis of their ability to pre-
dict the behavior of water-radiolysis experiments described in the
liter 4ture. Of these, the mechanism presented by Rosinger ano
Dixonl4 2) was. chosen as the basis for developing a generalized
description of groundwater radiolysis.

Work this past quarter has been directed.toward further developing the
. mechanism for the radiolysis of solution containing chloride species.'

Also, a simplified model for the radiolysis of groundwater was assessed.
This model may become integrated into the general-corrosion model dis-
cussed in Section 3.4.

4.2.1' Radiolysis of Chloride ' Solutions
,

Last' quarter, a mechanism for the radiolysis of aqueous chloride solu-
tions was described. This mechanism consisted of ten elementary reac-
tions which augment the mechanism for
developed earlier in the program.(4.3)the radiolysis of groundwatersAlthough the mechanism accounted
for the production of HOC 1, it did not account for the reactivity of
H0Cl with other species. This past quarter, the mechanism for the u

radiolysis of aqueous solutions containing chlorides was extended to +

account for sources and sinks of HOCl and other species. The subset of
reactions for_ describing the behavior of chloride species in the
groundwater-radiolysismechanismisshowninIgbig4.1. In this table,
Reactions 1 to 10 were reported last quarter.L .31 Reactions 11 to 16

i :were added this past quarter and were taken from the literature.- The
-

! rate constants for these reactions were reported in'the literature and
! are shown in Table 4.2, along with their literature sources. The rate

constant for Reaction 15 was assumed to be the same as that for the
| related bromine. species shown in Reference 4.9. ~ Reaction 11, which con-
t tains OCl , was added for completeness to allow for future expansion of
j the model. At present, this reaction has no effect on the calculated
'

result since the model does not account for sources of OCl .
| Reactions 12 and 13 describe reaction pathways for HOC 1, and Reaction 15
) is an additional source reaction for H0C1. Reactions 14 to 16 describe
! the production and depletion of H 0Cl -2 2
|
.

'
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Table 4.1. Reactions to account for interactions between
radiolytic and chloride species.

Reaction
Identification

Number Reaction Reference'

1 H + Cl + hcl + e- 4.4
"

2 e + hcl + H + Cl- 4.4

3 H + hcl + Cl + H2 4.5

4- OH + hcl + H O + C1 4.62

5 H2 + Cl + hcl + H 4.7

! 6 C1 + Cl + C12 4.3

7 H + C12 + Cl + hcl 4.5

8 OH + C12 + Cl + H0C1 4.5
9 OH + Cl2 + C10 + hcl 4.5

10 . 0 + C10 + Cl + O2 4.5
11 H02 2 + OCl + H O + Cl + 02 4.82

12 H0 + HOCl + H O + Cl + O2 4.82 2

13 H0Cl + H+ + Cl + C12+HO 4.82

j 14 C1 '2 22 + H O + H 0Cl2 4.8
15 H 0C12 + H0Cl~+ H+ + Cl- 4.82,

16 H 0Cl2 + Cl2+HO 4.82 2

,

-

t
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Table 4.2. Rate constants for the reactions shown in Table 4.1.

.

Reaction -Rate Constant * Reference

1 3.9 x 108 4,4

2 2.1 x 109 4.4
3 2.65 x 107 4.5
4 4.86 x 108 4.6
5 1.59 x 103 4.8
6 1 x 1010 (estimated in Ref. 4.3)
7 1.2 x 1010- 4.5
8 '4.04 x 107 4.5
9 1.04 x 105 4.5

10 3 x 1010 4.5
11 3.4 x 103 4.8
12 4.4 x 107 4.8
13 1.8 x 104 4.8
14 11.0 4.9
15 5 x 109 (estimated from data in Ref. 4.9)
16 2 x 109 4.9

- *Unitsareliter/mc'e-sec,exceptReaction13whichhasuni{sof21 /mt-sec and Reactions 15 and 16 which have units of sec .

,

,
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4.2.2 Simple Groundwater-Radiolysis Model

The general-corrosion modeling effort in.th,e container-materials task
requires a simple model describing the effects of radiation on water
chemistry. A subroutine-type model (which can be programmed into a
larger code). for water radiolysis is necessary to develop a tractable
general-corrosion model. One possible water-radiolysis model is shown
in Table 4.3. The first three reactions in this model are known elemen-
tary reactions with measured rate constants. The fourth reaction, how-
ever, is complex in that it proceeds in several steps. In exercising
this model, the fourth reaction was used with a rate constant for a dif-
ferent H 022 decomposition reaction which is used in the Battelle ground-
water-radiolysis model. The model was first exercised using the set of
four reactions shown in Table 4.3 and the rate constants taken from the
Battelle model. This is referred to as Mechanism "A". Then, the
fourth reaction was replaced with the reaction

.

H02 2 + H+ + H0-
.

for the H 022 decomposition taken from the Battelle model. This is
referred to as Mechanism "B".

Table 4.3. Groundwater-radiolysis model under
consideration for inclusion in the
Battelle general-corrosion model.

1

No. Reaction

1 H + OH + H 02

2 H+H+H2
3 OH + OH + H 022

2 2 * H O + 1/2 02H04 2

- To assess Mechanisms A and B, simulations were performed using the
Battelle water-radiolysis model with and without the reactions describ-
ing the behavior of iron species. Since these mechanisms do not account
for reactions with dissolved oxygen, a single simulation was performed
with each mechanism.

4-8



.

Predicted concentrations from Mechanisms A and B are compared with the
concentrations of species calculated using the more complete Battelle

.

model for water and groundwater radiolysis at 3000 seconds in Table 4.4.
As can be seen in this table, the concentrations calculated with Mechan-
isms A and B are identical for OH, H.and Hs0 . Also, the concentrations2
of H+ and H2 are within two orders of magnitude. Mechanism A accounts
for the formation of H0j but not 0 , and Mechanism B accounts for the2
formation of 02 butnotH0j. Mechanism A does not account for any reac-
tion that removes Og from solutions. Therefore, the 02 concentration
calculated using this mechanism is the initial amount of 02 present in
the solution plus the amount generated as a result of H 022
decomposition.

When comparing the concentrations of species calculated with
Mechanisms A and.B to those calculated with the Battelle models, the-
agreement is variable. The amount of 02 in solution is in fair agree-
ment with that predicted by the Battelle model for Cases.1, 3, and 5.
However, the simulations in Cases 2 and 4 depart from agreement because
the reactions of the ferrous ion help remove Og from solution over the
long term. The H2 concentrations calculated with Mechanisms A and B are
within about one order of magnitude of all the Battelle simulations
shown in Table 4.4 at 3000 seconds. The H+, H, and H 02 2 concentrations
calculated with Mechanisms A and B are within about two orders of magni-
tudeofthosefortheothersimulationsshown,andtheH0jconcentration
calculated with Mechanism B is within about threr. Ctders of magnitude of
the other H0j concentrations.

In summary, Mechanism A is able to predict the concentrations of H2 and
02 on an order-of-magnitude basig for the triql simulations with initial
oxygen concentrations of 6 x 10-o and 6 x 10-4 mol/1. Mechanisms A and
B underpredict the H 02 2 concentrations calculated with the more complete
groundwater-radiolysis model by about two to three orders of magnitude.
Similar shortcomings were seen for some of the other species. The ade-
quacy of these simplified mechanisms thus depend upon which species are
important for the application, the initial water chemistry, and the
simulation time required for the model. A review and comparison of all
of the-data are necessary to show when the user's applications are met
by Mechanisms A and B for the particular system and conditions
simulated.

4.2.3 Near-Term Plans
'

In the second quarter, the MAKSIMA-CHEMIST code'will be modified to
handle more than 99 elementary reactions. This will allow radiolysis
simulations.of groundwater containing iron, chloride and other. species.

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

4-9



Table.4.4. Comparison of species concentrations-calculated using Mgchanisms A and
.B with the Battelle-model simulations at 3000 seconds (ai,

-

Initial Species Concentrations (mol/11ter)
Fe2+/C1- Dissolved

Model Case Reactions 02 (mol/1) H+ OH -H. H2 H022 H0j . 02

Mech. A 1.446 x 10-7 5.848 x 10-11 6.164 x 10-12 2.395 x 10-8 3.043 x 10-10 (b) (b)
Mech. 8 2.356 x 10-7 5.848 x 10-11 6.164 x 10-12 2.395 x 10-8 3.043 x 10-10 9.096 x 10-8 (b)
8atte11e(C) 1 No 6 x 10-11' 1.668 x 10-10 2.137 x 10-11 7.251 x 10-13 8.839 x 10-9 1.434 x 10-9 1.628 x 10-11 1.308 x 10-9

2 Yes 6 x 10-11 1.611 x 10-10 1.792 x 10-14 2.288 x 10-14 2.300 x 10-8 1.046 x 10-8 1.181 x 10-10 1.173 x 10-12
* ~

,

"
'

j ;3 No 6 x 10-8 1.897 x 1010 3.742 x 10-12 2.368 x 10-14 1.879 x 10-8 2.345 x 10-8 2.661 x 10-10 3.955 x 10-8
4 Yes 6'x 10-8 1.613 x 10-10 2.229 x 10-14 1.764 x 10-14 2.289 x 10-8 2.500 x 10-8 2.819 x 10-10 6.447 x 10-9

*

5 No 6 x 10-4 2.002 x 10-10 3.169 x 10-15 6.648 x 10-19 - 2.281 x 10-8 1.151 x 10-7 1.303 x 10-9 4.998 x 10-4
"

6 Yes 6 x 10-4 1.616 x 10-10 5.779 x 10-15 6.651 x 10-19 2.281 x 10-8 9.328 x 10-8 1.049 x 10-9 5.9% x 10-4
"

?
j 'y (a) For groundwater containing 4 x 10-10 mol/1 dissolved hydrogen at a pH of 9.82.

(b) Value not predicted by model.

(c) Battelle Water-Radiolysis Model.
,

.

.-

.
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; these studies in formulating a system description or in assessing
licensing applications, one must have some basis for determining whether'

, , any important combined-effects processes have been omitted from the pro -
cess. Thus..there is a need for a' test to provide investigators with a

.
r_easonably realistic view of the processes contributing to the degrada-

| tion of waste packages containing spent fuel. Such a test would help to
; confirm the importance of processes-believed to be important, and may

serve to identify others not previously considered. The result wouldi

. establish a technical basis'for identifying the level of detail neces-
sary in a system model as well as in a licensing application.

;.

; The primary purpose of the integral experiments is to provide scoping
' infermation that will help to identify potentially important combined
j effects. The secondary purpose of these experiments is to provide

-qualitative information on corrosion phenomena, release rates, and water,

j chemistry for. spent-fuel packages.

| .4.3.1 Apparatus
!

: The apparatus used in the experiments will consist of 29 parallel test
chambers placed in a hot cell. The radiation field about these chambers

; will be approximately 1,000 R/hr. Fluid will flow through these cham-
bers'in a once-through fashion, allowing the chemistry and radio-
chemistry samples to be collected without recirculating any fluids. A

| basic diagram of the apparatus is shown in Figure 4.5. -Simulated
| groundwater will be stored at room temperature in a stainless steel
! drum. The storage drum for the simulated _ basalt groundwater will flow
| from the stcrage containers, through a peristaltic pump, through a test
| chamber, and finally to a sample-collection reservoir. Each test
l' section will be fed with fluid supplied by a separate channel of a
| peristaltic pump to control the flow'through each test section.
:

{ 4.3.2 Matrix of Experiments
( Table 4.5 shows a matrix of 29 test sections which will contain samplest

for the spent fuel-integral tests. Test Sections.1 through 15 contain
spent-fuel samples with various amounts of cladding removed to simulate

| cladding-failure openings. The purpose of these test sections ~is to
' explore the effects of cladding failure on the release rates of radio-

nuclides from spent-fuel waste forms. Test.Section 1 contains an intact
spent-fuel rod segment which has been capped at the ends with press-fit
plugs. This sample has been included to establish a baseline for the

~ ~

,

L concentration levels to.be expected from cladding contamination and pon
! sible end-cap leakage. Sections 2 through_7 contain pressurized water

reactor (PWR)~ spent-fuel-rod segments with press-fit end caps. These
! samples have 1/16-inch holes. drilled through the cladding to simulate
! pitting perforations. The fractional area of the removed cladding
i varies from 0.5.to 10 percent as indicated. Sections 8 through 11 have
| bare spent-fuel fragments which have been removed frord spent-fuel rods.

Two of these sections will have a flow rate ten times that of the other
test sections in this series. Test Sections 14 and 15 have 1/32-inch,

!
I
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Table 4.5. Matrix of Integral Experiment
.

Flow Rate WaterTest Cladding !=1 m1/ day B= BasaltSection . Description Failure Area (1) 2=10. ml/ day T= Tuff

1 PWR intact fuel rod segment 0 1 B2 PWRdegradedfuelrodsegmentql/16-inchperforations 0.5 1 B
3 PWR degraded fuel rod segment Ll/16-inch perforations 0.5 1 B'

4 PWR degraded fuel rod segment (1/16-inch perforations 3 1 B
5 PWR degraded fuel rod segment (1/16-inch perforations 3 1 86 PWR degraded fuel rod segment (1/16-inch perforations 10 1- B
7 PWR degraded fuel rod segment [l/16-inch perforations) 10 1 88 PWR spent fuel fragments 10G 1 89 PWR spent fuel fragments 100 ~1 B -

10 PWR spent fuel fragments 100 2- B
11 PWR spent fuel fragments 100 2 B12 BWR spent fuel fragments 100 1, B
13 BWR spent fuel fragments 100 1 BA 14 PWRdegradedfuelrodsegment(1/32-inchperforations) 3 1 Bl 15 PWR degraded fuel rod segment'(1/32-inch perforations) 3 1 .B

,

w 16 BWR fuel rod section with in-service failure - 1 B17 BWR fuel rod section with in-service failure
18 BWR fuel rod section with in-service failure

- 1 B

19 BWR fuel rod section with in-service failure
- 1 B

.
20 PWR sections embedded in packing (2 prepared and 2 as-removed;

- 1 B

i 1/16-inch perforations)
. - 1 B

21 Defueled PWR cladding with perforation and slit embedded in packing 1 8-

22 Defueled PWR cladding with perforation and slit embedded in
simulated corrosion products - 1 8

23 PWR spent fuel rod section with 1/16-inch perforation '- 1 B24 PWR spent fuel rou section with slit machined in cladding - 1 B25 PWR fuel fragments
1 T (sat.)-

26 PWR fuel fragments - 1 T (sat.)27 PWR fuel fragments
1 T(cyclic)-

28 PWR fuel fragments
1 T (cycifc)-

29 Blank (control) - 1 B

t

i

t

1

- -
_ _ _ _
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holes comprising a 3 percent failure area to examine the effects of per-
foration size on release rates. Test sections 16 through 19 contain
boiling water reactor (BWR) fuel rod segments with in-service failures.
These samples will provide information on release rates of radionuclides
from disposed fuel with existing failures.

Section 20 contiains four PWR spent-fuel rod segments embedded in packing
material. Each sample will have a 1/16-inch drilled hole. Two samples.

will be cleaned to remove surface films, and two will~be emplaced with
existing cladding-surface films. Section 21 will contain defueled PWR
cladding with a perforation and a slit embedded in packing material.
Section 22 will contain defueled PWR cladding embedded in simulated cor-
rosion products. Sections 20 to 22 will provide information on the com-
bined-effects processes. The relatively low activity.of samples in
Sections 21 and 22 will facilitate surface analyses, and samples in
Section'20 will provide information on the influence of defueling on the
study of these effects. Sections 23 and 24 will provide information on
the effect of the geometry of machined openings on the measured release
rates of-radionuclides from defected spent fuel rod samples. Section 23,

contains a PWR spent-fuel rod section with a 1/16-inch circular opening. -

and Section 24,contains a spent-fuel rod section with a machined slit
epening. Sections 25 to 28 will provide information on the performance
of spent fuel in tuff environments. Sections 25 and 26 contain PWR
spent-fuel fragments exposed to flowing simulated tuff groundwater.
Sections 27 and 28 contain PWR spent-fuel fragments exposed to alternat-,

ing conditions of flowing simulated tuff groundwater and flowing air.:
'

Section 29 is a control blank that will contain flowing simulated basalt
groundwater.

4.3.3 Analysis
' On-line and post-test analyses will be' performed. The on-line analyses

will be performed on fluid effluents taken from individual test trains.
These specimens will be analyzed for radionuclides by gamma spectros-

i copy. General elemental analyses will be performed using inductively'

~ coupled argon-plasma (ICAP) spectroscopy and low-energy photon spectros-
copy. Uranium will be analyzed using laser-excited fluorescence. If
solid-phase reaction products are observed, the fluid can be filtered
with membrane filters and the residue examined by techniques such as
X-ray fluorescence and scanning electron microscopy (SEM). On selected
samples, total alpha activity will be measured, and some specific alpha-

'

emitting nuclides will be identified. The radionuclide-release data
based on the fluid effluent will be presented as total releases for each
-test section'and as releases normalized to the exposed surface area of
waste form in each test section. These data will be presented as cur-
rent concentrations and estimate' cumulative releases. At the conclu-
sion of-the experiments, attem N will be made to integrate the total
release from waste forms for selected test sections by summing the
inventories of radionuclides in the lines and adsorbed on materials.
The current concentrations will be presented as a direct function of,

'

time, and the cumulative releases will be presented as a function of
time and the square root of time.

i 4-14
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Following the experiments, post-test analyses will be performed on
samples of components, surfaces, and interfaces removed from the test
sections. These analyses will include gamma spectroscopy and a variety
of surface techniques including secondary ion mass spectrometry, Auger
electron spectroscopy, electron spectroscopy for chemical analysis, SEM,
and electron microprobe analysis.

~4.3.4 Status of Experiments

The apparatus has been constructed and is ready for installation in the
hot cell and for sample loading. Sample selection and preparation is
under way, and the deionized water to be used in the simulated ground-
water solutions has been analyzed. The basalt used in these experiments
was acquired from the Cohassett Flow at the Hanford Site by collecting
rotary drilling chips during a well-drilling operation.

After construction, the apparatus was degreased by filling it with water
containing a low-metal, low-organic, and low-phosphate detergent for
48 hours at room temperature. This was followed by flushing with
deionized water for 30 minutes. After flushing, water was left in the
system'so that all internal surfaces would remain wet. This procedure
eliminates the need to add a wetting agent to facilitate flow when oper-
ation of the apparatus is started.

All of the.PWR fuel-rod samples have been sectioned from two Turkey
Point * spent-fuel rods. Burnup analyses have been completed for
selected locations in the rod as part of the characterization of the
spent-fuel rod samples. Determination of the radionuclide composition
of.the samples chosen for burnup analysis is under way.

Spent fuel-red specimens for test Section 2 to 7 and'14 to 15 require
drilling a number of 1/16- and 1/32-inch holes to attain an exposed sur-
face area of 0.5 to 10 percent of the cladding geometric surface area.
A jig is being constructed to aid in drilling the holes through the
cladding while the fuel-rod sections are in the hot cell.

BWR spent fuel-rod samples with existing failures are being selected.
Eddy-current testing was performed on such rods to locate possible sites
of existing cladding failures. An example of an eddy-current trace
showing a possible failure site is given in Figure 4.6. The abscissa in
each trace represents the axial location along the rod. The presence of
a peak on each trace is an indication of the position of a possible
cladding defect.

The deionized water to be used in the simulated groundwater solutions
was analyzed for cations and anions. The cation analysis was performed
using ICAP spectroscopy. Cation concentrations determined from these *

* Turkey Point Plant, Florida Power and Light Co.

4-15
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- analyses are shown in Table 4.6 for two water samples. The anion com-
position was determined by the ICAP spectroscopy, atomic absorption, and
ion chromotography methods. Measured anion concentrations are shown in
Table'4.7, and a basalt-groundwater composition reported in the litera-
ture is given in Table 4.8. The concentrations of most of the cations
and anions is lower in the source deionized water than the concentra-
tions shown in Table 4.8. The exceptions were. magnesium and bicarbon-
ate, where the basalt groundwater compositions reported in the litera-
ture were 0.032 mg/l and 1.82 meq/l, respectively. The concentrations
of these species measured in the deionized water samples were 0.08 mg/l
and 3.4 meq/1, respectively.

Basalt chips were obtained from four depth ranges of the Cohassett Flow
at the Hanford site. These depth ranges are 3054 to 3118 ft, 3182 to
3246 ft, 3118 to 3182 ft, and 2990 to 3054 ft. A small sample from each
range.was removed for X-ray diffraction and energy dispersive X-ray
(EDX) analyses. Analyses of the X-ray diffractometer data are presented
in Tables 4.9 to 4.12. The tables list the possible chemical composi-
tions and corresponding analysis reliability' factors for the various
basalt samples. An EDX spectrum of a typical sample is shown in Figure
4.7, and results of the semiquantitative elemental analyses of the EDX
data are given in Tables 4.13 to 4.16. These data are currently being
evaluated.

4.3.5 Near-Term Plans
.

In the second quarter, samples will be prepared arid loaded into the
apparatus. Following this, the apparatus will be moved into the hot
cell for final assembly, and the tests will be started. X-ray diffrac-
tion data will also be interpreted.

4.4 References for Section 4

(4.1) "Long-Term Performance of Materials Used for High-Level Waste
Packaging", D. Stahl and N. E. Miller (Compilers).
NUREG/CR-3427, Vol. 4 BMI-2113 (June 1984), Section 4.

.(4.2) E.L.J. Rosinger and R. S. Dixon, " Mathematical Modeling of Water
Radiolysis: A Discussion of Various Methods", AECL-5958 (1977).

(4.3) "Long-Term Performance of Materials Used for High-Level Waste
Packaging". D. Stahl and N. E. Miller (Compilers), ,

NUREG/CR-3900, Vol. 4, BMI-2127 (July 1985), Section 4.

(4.4) H. F. Calcote and D. E. Jensen, " Reactions in Flames", in Ion
Molecule Reactions, R. F. Gould, Ed., American Chemical SocTe'ty,
pp. 311-2 (1966)

(4.5) L. M. Lowenstein and J. G. Anderson, " Rate and Product Measure-
ments for the Reactions of OH with Cl , Br2, and BrC1 at 298 K.2
Trend Interpretations", J. Phys. Chem. 88, 6277-86 (1984).
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Table 4.6. Concentrations of cations in'the detonized
water that will be used to prepare the

{ simulated groundwater.,

!

Concentrations (mq/ liter)
Species Sample 1 Sample 2

T1 < 0.01 < 0.01 -

As < 0.01 < 0.01
Se < 0.01 < 0.01
Cr < 0.001- < 0.001
Sb < 0.01 < 0.01

| B < 0.01 < 0.01.

'

Zr' O.14 0.16
'

Pb 0.005 0.005
Cd < 0.01 < 0.01
Ni 0.01 0.01
Ba < 0.01 < 0.01

*

Co < 0.01 < 0.01'
Mn < 0.01 < 0.01
Fe 0.03 0.03
Mg 0.08 0.08

; Al < 0.01 < 0.01
~

V < 0.01 < 0.01
Be < 0.001 < 0.0014

Ca 0.4- 0.4
Cu 0.008 0.008
As < 0.001 < 0.001';

Ti < 0.01 < 0.01
Na < 0.5 < 0.5

|
K < 0.5 < 0.5

!
:

.

,

a

;

4

I
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Table 4.7. Concentration of anions in the
deionized water that will be

groundwater.lig)thesimulated
used to prepqr-

J. ;

e

,

Species Concentration (ppmv)

:
,

0.01F- <

) Cl- 0.10

SOf 2.6

Br- < 0.1,

)
.

j N0j < 0.25 :

N0j < 0.20 :

| CO|- nil
,

HC0j 61

,

i >

|
i
-l

1

j .

:

|
4

.

.
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4

i
I
I
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Table 4.8. Composition of basalt grouncjwiter
4

lj reported in the literature.l u)
t

I
!
' Concentration i

I Species (mg/ liter)- (meq/ liter)'

;
-

,

Na+ 363 15.8

K+ 3.43 0.0877

Ca2+' 2.76 0.138,

2Mg + 'O.032 3.1 x 10-4.

-Total Cations 16.00 i

Cl- 310 8.75

2-
SO 173 3.6044

'

F- 33.4 1.76,

Alkalinity (HC0j)
(9.03 x 10 d mol/l i

1 82

inorganic carbon)
'

Total Anions 16.06
.

4

'

.

t

I,

t

9

,

d

i
,

|
i

'
.
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Table 4.9. Composition analysis of basalt sample from 3054 to 3118
feet depth range comparing X-ray diffractometer scans
with JCPDS* chemical file data.

JCPDS Unknown Standard Reliability
Card No. Peaks Peaks Chemical Formula Fa: tor **

310261 15 18 Ca7S106 18(CO )2 2 1603 H
290712 4 6 Fe5 7(0H)4 2HO 1480

210920 6 11 Fe2 3 1130

240030 8 12 CACO 3 102

310038 14 17 (NH ) pal (C10 )5 984 4

120286 9 12 K oCa5A1 Si'2 806 3 0 C1 18H 0 97l 6 2

100447 11 18 Ca2(Alfe)3Si 0311(OH)2 89

180988 12 18 K A1 Si 0 3.8H 0 892 2 28 2

230124 11 18 Ca3Si 027 87

* Joint Committee on Powder Diffraction Standards.

** Reliability factor is an indication of how closely JCPDS file data matches
sample scans. Perfect match equals a reliability factor of 500.

!
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Table 4.10. Composition analysis of basalt sample from 3182 to 3246
feet depth range comparing X-ray diffractometer scans
with JCPOS* chemical file data.

JCPDS Unknown Standard Reliability
Card No. Peaks Peaks Chemical Formula Factor **

290042 17 18 A1 13 e4 286F

200867 14 18 K Ca2(SO )3 1712 4

200847 15 18 KA1C14 164

310249 14 18 CaA1 SiO6 1412

221117 4 7 Fe2 3 1.2H O 1330 2

310247 11 18 CaA1 Si 028 1152

110658 15 18 K50225 100

251202 12 18 (CaK)4(Si,A1)S 11(SO )2(C0 )2 970 4 3

10563 4 6 A1 (Sif )3 972 6

* Joint Committee on Powder Diffraction Standards.

** Reliability factor is an indication of how closely JCPDS file data matches
sample scans. Perfect match equals a reliability factor of 500.

.

|
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j Table 4.11. Composition analysis of basalt sample from 3118 to 3182
i feet depth range comparing X-ray diffractometer scans

.

F with JCPOS* chemical file data. |

i

! i

j JCPDS Unknown Standard Reliability
Card No. Peaks Peaks Chemical Formula Factor ** !;

!.

j 10962 9 9 CaC2 485

! 50678 9 13 AlTi' '169

j 30498 7 8 Ca(C10 )2'3H O 168 '.4 2 ;
.

| 20344 13 18 '(K,Al,C)-(N.Si,0)*** 163
;

A1(SO )3 H SO4 163 !80231 12 15 4 2.

30713 9 15 Ca(0C1)2 2Ca(OH)2 120 f
'

t

30378 9 13 Ca(C10)2 1194 r

I 20802 8 12 K Fe2 4 1122 0

J 10864 16 18 KHS03 108.

1

| 10726 14 18 A1 523 107 |
j !
! !

L

| * Joint Committee on Powder Diffraction Standards. 1
i

i

{ ** Reliability facter is an indication of how closely JC005 file data matches
j sample scans. Perfect match equals a reliability factor of 500,
i

*** Composition could not be exactly determined. |
!

|
i !
l .

1 i

! !

i :

!
1 .

i
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.
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Table 4.12. Composition analysis of basalt sample from 2990 to 3054
feet depth range comparing X-ray diffractometer scans
with JCPDS* chemical file data.

ReliabilityJCPDS Unknown Standard -

Card No. Peaks Peaks Chemical Formula Factor **

..

"330988 15 18 KAISiO4 213

10917 16 18 CaC2 205

310300 16 18 CaSiO3 204

Ca5 2H Si 06 18 6H 0 196100416 5 7 2
-

120708 9 11 SiO2 195

150615 16 18 Fe2 3 1840

190207 15 18 CaAl 5106 1842

* Joint Committee on Powder Offfraction Standards.

** Reliability factor is an indication of how closely JCPDS file data matches
sample scans. Perfect match equals a reliability factor of 500.
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Table 4.13. Element concentration analysis of basalt sample
from 3054 to 3115 feet depth range.

Atom Weight
Element K Z A F ZAF Percent Percent

A1 0.107 0.955 2.067 0.983 1.942 17.98 13.90

Si 0.291 0.931 2.086 0.997 1.939 46.72 37.46

K 0.040 1.009 1.321 0.971 1.295 3.13 3.49

Ca 0.175 0.993 1.252 0.986 1.227 12.50 14.32

Ti 0.048 1.100 1.208 '0.976 1.299 3.03 4.17

Fe 0.335 1.126 1.063 1.000 1.197 16.63 26.67

K = Specimen counts F = Fluorescence
Z = Atomic number ZAF = Combined correction factor
A = Absorption

Table 4.14. Element concentration analysis of basalt sample
- from 3182 to 3246 feet depth range.

Atom Weight
Element K Z A F ZAF Percent Percent

Al 0.095 0.957 2.091 0.980 1.964 15.75 12.32

51 0.348 0.933 2.047 0.998 1.909 54.11 43.88
K 0.003 1.009 1.349 0.975 1.327 0.29 0.33
Ca 0.148 0.995 1.245 0.987 1.224 10.35 11.99

Ti 0.009 1.103 1.189 0.970 1.273 0.60 0.84
Fe 0.393 1.128 1.046 1.000 1.181 18.90 30.65

K = Specimen counts F = Fluorescence
Z = Atomic number ZAF = Combined correction factor
A = Absorption

.
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Table 4.15. Element concentration analysis of basalt sample1

from 3118 to 3182 feet depth range.
.

:

!

Atom Weight
| Element K Z A F ZAF Percent Percent ;
, -

1

Al 0.122 0.961 1.975 0.981 1.864 18.83 14.91

Si 0.325 0.937 2.059 0.997 1.927 49.87 40.95
K 0.027 1.015 1.338 0.972 1.322 2.08 2.38 -; ,

,

!
j Ca 0.178 0.999 1.254 0.988 1.239 12.30 14.42

; T1 0.031 1.107 1.210 0.977 1.311 1.89 2.66
j Fe 0.314 1.133 1.059 1.000 1.200 15.02 24.67
i

i K = Specimen counts F = Fluorescence
; Z = Atomic number ZAF = Combined correction factor
i A = Absorption
I

Table 4.16. E'lement concentration analysis of basalt sample
from 2')30 to 3054 feet depth range. L

!,

.; <

i

Atom Weight'

Element K Z A F ZAF Percent Percent

Al 0.093 0.955 2.123 0.982 1.992 16.16 12.47

) 51 0.314 0.931 2.075 0.997 1.929 50.38 40.33
K 0.009 1.006 1.332 0.971 1.302 0.74 0.83

i Ca 0.181 0.993 1.237 0.987, 1.214 12.80 14.64

j Ti 0.012 1.100 1.202 0.971 1.285 0.78 1.07

| Fe 0.388 1.126 1.051 1.000 1.184 19.14 30.65 ;

|

! K = Specimen counts F = Fluorescence
' Z = Atomic number ZAF = Combined correction factor

,

-

A = Absorption

!
,

;

i
}
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5. QUALITY ASSURANCE

Quality assurance surveillance of the various program activities con-
tinues. No new procedures were prepared during this past quarter,
leaving a total of 36 approved QA procedures and 2 approved work
instructions for the program.

A summary of the procedures which are being used to conduct the experi-
mental 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 this quarter.
Procedures will be revised and new ones prepared as necessary to meet
program requirements.

I

.

e

a

f
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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 0 Waste Form System Model Development

I WF-PP-5 Procedures for Record Keeping and Documentation for Approved
Revision 0 Separate Effects Model Development

WF-PP-10 Laboratory Procedure for Preparation of Glasses for NRC Approved
Revision 0 Waste Form Project

WF-PP-11 Laboratory Procedures for Preparation of Teflon-Leach Approved
'

,

Revision 1 Containers,

i WF-PP-14 Laboratory Procedure for Leaching Glass Sanples Approved
ui Revision 1
a

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 0 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,

i Revision 0 Test Specimens
.

WF-PP-26.1 Procedure for Preparation of Hydrogen-Embrittlement Approved
Revision 0 Test Specimens from Steel or Iron Samples

,

t

i .
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Table 5.1. Continued.

Procedure No. Title Status-
.

i
I

WF-PP-27 Procedure for J-Testing Compact Tension Specimens Approved
Revision 4;

WF-PP-27.1 Procedures for Performing Subcritical-Crack-Growth Tests Approved
Revision 1 with Compact Tension Specimens

WF-PP-28 Procedure for Performing Tension Tests of Steel Specimens Approved
Revision 1 ,

i WF-PP-29 Procedure for Conducting Hydrogen-Absorption Experiments Approved
Revision 0

WF-PP-30 Laboratory Procedure for Preparation, Cleaning, and Approvedy,
} Revision 0 Evaluation of Titanium Grade-12 Specimens for Corrosion=

'"
Studies of the Overpack Performance for the NRC Waste.

Packaging Program, <

WF-PP-31 Laboratory Procedure for Preparation, Cleaning, and Approved.

! Revision 0 Evaluation of Cast and Wrought Carbon Steel Specimens
for Cctrosion Studies of the Overpack Performance for
the NRC Waste Packaging Program .

WF-PP-32 Procedure for Preparation of Brine A for Corrosion Testing Approved
Revision 0 Under Simulated Repository Conditions

,

WF-PP-33 Procedure for Preparation of Simulated Basalt Groundwater Approved,

Revision 0 Solution'

;

r

WF-PP-33.1 Procedure for Preparation of Basalt Rock for Use in Approved t

|
Revision 0 Corrosion Studies for the NRC Waste Packaging Program

e

,

f

;

. _ _ - _
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Table 5.1. Continued.

Procedure No. Title Status

WF-PP-34 Procedure for Preparation of Simulated Tuff Groundwater To be
Revision'0 Solutions Written

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 0 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
Y' Revision 0 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 Determination 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 0 for Stress Corrosion Studies of Overpack Materials for the

NRC Waste Packaging Project

WF-PP-38.1 Procedure for Performing and Evaluating 3 Point Bend Beam Approved
Revision 0 Specimens for Stress Corrosion Studies of Overpack Materials

for NRC Waste Package Program
WF-PP-39 Procedure for Preparing, Testing and Evaluating Crevice Approved
Revision 0 Corrosion Specimens of Titanium Grade-12 and Cast Steel

.

_.:
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| Table 5.1. Continued.
!
2

'

1
Procedure No. Title Status

.i

WF-PP-40 Laboratory Procedures for Preparation, Cleaning, and ' Approved
Revision 0 Evaluation of Thermoaalvanic and Heat-Transfer Specimens

WF-PP-41 Laboratory Procedures for Determination of Corrosion Rates Approved
Revision 0 Under Heat-Transfer-Conditions

WF-PP-42 Laboratory Procedure for Determination of Thermogalvanic Approved
Revision 0 -Corrosion Rates,

*

WF-PP-43 Procedure for Welding Titanium Grade-12 Plate for Use in Approved,

' Revision 0 Corrosion Studies of Overpack Materials for NRC Waste
:

; Isolation Project '

.
WF-PP-44 Procedure for Welding Cast and Wrought Steel Specimens To be

ui

> ui Revision 0 Written

| WF-PP-45 Laboratory Procedure for Preparing'and Evaluating Slow Approved.
4 Revision 0 Strain-Rate Specimens and for Performing Slow Strain-

Rate Tests
,! t

1 WF-PP-45.1 Laboratory Procedures for Performing Slow Strain-Rate Approved
Revision 0 Tests Under Potentiostated Conditions i,

; WF-PP-46 Procedure for Preparation of Titanium Grade-12 Corrosion Approved
j Revision 0 Specimens with Metallic Iron Embedded in the Surface-

i

WF-PP-47 Procedure for Preparing Specimens and Performing' Electro- Approved
'

Revision 0 chemical Pit Propogation Experiments on Carbon Steel "
,

I t

: ,

.
t

|

t
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