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2.8 Corrosion Model Development
Input 'for corrosion model development was compiled and written by Joseph Farmer. Jia
song Huang contributed the section on stress corrosion cracking.

2.8.1 Introduction
A key component of the Engineered Barrier System <EBS)being designed for containment

of spent-fuel and high-level waste at the proposed geol~gicalrepository at Yucca Mountain,
Nevada is a two-layer canister. In this particular design, candidate inner-barrier corrosion
resistant materials (CRMs) are Alloy 825, 625, or C-22; candidate outer-barrier corrosion
allowance materials (CAMs), are AS16 Gr 55 or Alloy 400. Alloy C-22 and A516 Gr 55 are the
principal materials for the Viability Assessment (VA) design. This section presents integrated,

. mechanistically based degradation models. This work constitutes activities E-2Q-75 through
E-20-86 in the Metallic Barriers Scientific Investigation Plan (SIP).

2~8.1.1 Environment and Modes of Degradation
Initially, the containers will be hot and dry because of the heat generated by radioactive

decay. However, the temperature will eventually drop to levels where both humid-air and
aqueous-phase corrosion will be possible. As the outer barrier is penetrated, corrosion of the
underlying CRM will initiate, as shown in Figure 2.8-1. For Alloys 825, 625, and C-22, it is
believed that a crevice will have to form before significant penetration of the CRM could
occur. The crevice creates a localized environment with suppressed pH and elevated
chloride. Jones and Wilde have prepared solutions of FeClz, NiClz, andCrCl3 to simulate such
localized environments and measured substantial pH suppression Oones and Wilde, 1978).
Wang has made similar measurements with FeCl3 solutions, which are reported here. As
pointed out by McCoy, the measured pH in active, artificial crevices is 3.3 to 4.7 if the crevice
is formed with carbon steel, 2.4 to 4.0 if the crevice is formed with a Fe-Cr alloy, and S 2.3 if
the crevice isformed with a stainless steel (Szklarska-Smialowska, 1986, pp. 311-312). It must
be noted that crevice corrosion of candidate CRMs has been well documented. For example,
Lillard and Scully have induced crevice corrosion in Alloy 625 ~uring exposure to artificial
sea water (Lillard and Scully, 1994), though others have observed no significant localized
attack in less severe environments (Hack, 1983). Haynes International has published
corrosion rates of Alloys 625 and C-22 in artificial crevice solutions (5-10w~ FeCIt) at
various temperatures (25, SO, and 75OC) <Haynes International, Inc., 1987; Asphahani, 1980).
In this case, the observed rates for Alloy C-22 appear to be due to passive dissolution. It
appears that Alloy C-22 must be at an electrochemical potential above the repassivation .
potential to initiate localized corrosion (LC).

Figure 2.8-1. Conceptual representation of corrosive attack of horizontal high-level waste
container with ~uterbarrier made of corrosion-allowance material (CAM) and
inner wall made of corrosion-resistant material (CRM).

2.8.1.2 Select/on ofMaterials for Inner and Outer Barriers (CAM and CRM)
, From the standpoint of corrosion eilgirieenng, the current container design has several
. desirable'attributes. For example, the thick outer barrier (10 em of A516 Gr 55) enables

construction of a relatively low-cost, robust container that will provide substantial
mechanical integrity during emplacement. Furthermore, it will provide shielding, thereby
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2.8 Corrosion Model Development

reducing the effect of radiolysis products, such as H202#' on the electrochemical corrosion
potential (Ecorr) (Glass et aL, 1986). After penetration of the CAM, it will suppress the
electrochemical potential of the CRM at the point of penetration (crevice mouth). The
relatively thin inner barrier (2 em of Alloy C-22) then provides superior corrosion resistance.
Note that Ti-based alloys were considered for the inner barrier, but they are much more
susceptible to hydrogen embrittlement (HE). Others have expressed concern that galvanic
coupling of the inner barrier (CRM) to a less-noble outer barrier (CAM) could result in

.cathodic hydrogen charging of the CRM. Alloys 825 and 625 are more prone to localized
corrosion (LC) than Alloy C-22 (Haynes International, Inc., 1987; Asphahani, 1980). The
unusual LC resistance of Alloy C-22 is believed to be due to the additions of both Mo and W,
which stabilize the passive filrit at very low pH (Farmer, 1998b, Table 13). Consequently, this
material exhibits a very high repassivation potential (Epau), approaching the potential
required for O2 evolution (Gruss et al., 1998). Note that Epaa is accepted by most corrosion
scientists as the threshold for LC initiation. Furthermore, preliminary predictions made with
a modified pit-stifling criterion predict that the maximum pit depth, 4x,is less than the wall
thickness (2 em) over the range of pH extending from -1 to 10. In experiments with simulated
crevice solutions (to wt% FeCI,), very low (passive) corrosion rates are observed. Finally~ no
attack of Alloy C-22 was observed inCAM~RM crevices exposed to simulated acidified
water (SAW) for one year. These tests were conducted in the Long-Term Corrosion Test
Facility (LTCTF) at Lawrence Livermore National Laboratory (LLNL).

2.8.1.3 Ceramic Coating for Outer Barrier .
The CAM may be protected with a thermally sprayed, ceramic coating (Hopper, Farmer,

and Wilfinger, 1998). Unlike metallic alloys, the ceramic coating is an oxidized material,
thermodynamically stable against further oxidation. Such materials exhibit very slow rates of
dissolution, which was a primary consideration in the recent selection of a ceramic for
immobilization of plutonium. Porosities of less than 2% have been achieved with the high
velocity oxygenated fuel (HVOP) process; Samples coated with Al20 r Ti02 have shown no
corrosion at the ceramic-CAM interface after exposure to concentrated J-13 water at elevated
temperature for six months. It is assumed that the inhibition of corrosion is primarily due to
the impedance of O2 transport through the pores. Liquid-filled pores provide greater
impedance to O2 transport than gas-filled pores. It may be possible to completely eliminate
transport through the lise of inorganic sealants. These coatings have also proven to be
mechanically robust: Additional work on development of ceramic coatings is discussed in
Section 3.

2.8.1.4 Model Development
A variety of research at LLNL is being directed towards degradation of the CAM and

CRM. Corrosion modeling for Total System Performance Assessment (TSPA) is a key
component ofthis work. Models include simple correlations of experimental data (Farmer,
1998a), as well as detailed mechanistic models necessary for believable long-term predictions
(Farmer, 1997; Farmer and McCright, 1998). Several interactive modes of corrosion are shown
by Figure 2.8-2. This publication describes: (a) a corrosion-inhibition and spallation model to
account for the effects of the ceramic coating on CAM life; (bl a crevice corrosion model based
on mass transport and solution equih'bria for prediction of pH suppression and C.- elevation
in the crevice; (c) deterministic and probabilistic models for pit initiation; (d) deterministic .
models for pit growth and stifling; (e) a criterion for the initiation of stress corrosion cracking
(seC) at a pre-existing flaw such as a pit; and (f) a deterministic model for thermal
embrittlement of the CAM based on the diffusion of phosphorous to grain boundaries.
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2.8 Corrosion Model Development

Confirmatory testing to support these mechanistic models, such as the development of in situ
chemical sensors (pHmicroprobes), is also discussed.

Figure 2.8-2. Conceptual representation of interactive modes of corrosion and degradation in
CAM-eRM crevice.

2.8.1.5 Testing Program
Models are also supported by a variety of other corrosion tests. For example, atmospheric

corrosion is being investigated with humidity chambers, a thermogravimetric analyzer (TGA,
quartz microbalance), and a variety of surface analytical probes. Electrochemical testing

. includes both potentiostatic and cyclic polarization, as well as ac impedance spectroscopy.
Mechanical testing involves double-cantilever beam (DeB) experiments, slow-strain-rate
testing (SSRn, and other techniques.

The LTCTF appears to be the most complete source of corrosion data for Alloy C-22 in
environments relevant to the proposed high-level waste repository at Yucca Mountain. This
facility is equipped with an array of cubic fiberglass tanks (4 x 4 x 4 ft). Each tank has a total
volume of -2000 L and is filled with -1000 L of aqueous test solution. The solution in a
particular tank is controlled at either 60° or 90°C, purged with air flowing at approximately
150 em3/min, and agitated. The test environments used in the LTCTF are referred to as:
simulated dilute well (SOW) water; simulated concentrated well (SCW) water; simulated
acidified well (SAW) water; and simulated cement-modified water (SCMW). The descriptions
and compositions of these solutions are summarized in Table 28-1. Four generic types of
samples, U-bends, crevices, weight loss samples, and galvariic couples, are mounted on
insulating racks and placed in tanks. Approximately half of the samples are submersed, half
are in the saturated vapor above the aqueous phase, and a limited number at the water line. It
is important to note that condensed water can form on specimens located in the saturated
.vapor. In regard to Alloys 516 Gr 55IUNS KOI800i O.2C-o.5Mn~Fe(bal)] and C-22 IUNS
N06022i 21Cr-13Mo-4Fe-3W-2Co·:Ni(bal)), the rates of penetration observed in the LTCTF
during the first six months of testing are incll;lded in the analyses presented here. The loss in
weight and change in dimension were measured with electronic instruments calibrated to
traceable standards. Because all data were digitally transferred to computer, the possibility of
human key-punch error was minimized. Thus far, more than 16,000 samples have been
incorporated into tests. Additional discussion of the LTCTF is found in Section 22.
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(Eq.28-1a)

2.8 Corrosion Model Development

Table 2.8-1. Conditions in the long-term corrosion test facility at LLNL•..

Media Temp. pH Ca2+ Mg2+ K· Na· SI SO.I- cr NO,- r HCO,- Equlv. NaCi
(OC) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

SOW 60 9.5 3.5 1.2 36 430 17 170 68 62 14 720 112
SOW 90 9.9 3.4 NO 38 460 16 180 74 64 15 700 122

sew 60 9.2 16 29 4600 36000 18 13000 7400 7000 330 44000 12199
SCW 90 9.2 15 " 3.4 4500 44000 58 13000 7500 7200 1400 51000 12363

,

SAW 60 2.7· 58 52 4300 43000 30 41000 28000 23000 0 0 46157
SAW 90 2.7 58 53 4300 43000 50 40000 27000 24000 0 0 44508

SCMW 60" 7.8 400 4 85 10 10 1200 11 10 < 0~1 <1 18
SOW: Sunulated dilute well water (10 x }-13>.
sew: Simulated concentrated well water (1000 x }-13>.
SAW: Simulated acidified well water.
SCMW: Simulated cement-modified water.

2.&2 General Corrosion

2.8.2.1 Dry Oxidation of the Outer Barrier (CAM)

Degradation of the CAM is assumed to occur by abiotic processes that can be categorized \..J
as: (a) dry oxidation; (b) humid-air corrosion; (/:) aqueous-phase coq-osion; (d) stress .
corrosion cracking; or (e) thermal einbrittlement In the case of aqueous-phase corrosion,
attack can be general or localized. It is now assumed that general corrosion will occur below
pH 10, whereas pitting is assumed to occur under more alkaline conditions. Correlations of
data from the LTCfF and TGA are being developed to predict rates of generalized corrosion
in the simulated near-field environment (NFE) (SOW, sew, SAW, and SCMW>. CAM
corrosion is impeded by the presence of a thermally sprayed ceramic coating. Ultimately, the
impact of microbial influenced corrosion will also be quantified.

The model favored for dry oxidation of the CAM (A516 Gr 55) was developed by
Henshall <Henshall, 1996b). This model is represented by

xox (t)2 =xox (tO)2 +2kpf exp[-Q/RT(t)]dt ,
to

where

·2.8-4

and

2
kp =4.3xlO-5~ ,

S

Q=104 kI
I

'
mo

CEq.2.8-1b)

CEq. 2.8-1c)
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. r·R=8.314-
1

.
mo

where Xox is the oxide thickness, kp is a rate constant, Qis the apparent activa,tion energy, R is
the universal gas constant, T is the absolute telllperature, and t is time. This expression
predicts"an oxide thickness of only 6.24 J.lm after 1000 years of dry oxidation at a fixed
temperature of 150°C. Refer toEMeR, Vol. 3, Rev. 1, Section 2.10 for a more complete
discussion of the oxidation model.

'2.B.~.2 Corrosion of the Outer Barrier (CAM) In Aqueous and Vapor Phases
Data from the LTCfF ist>eing used as the basis of empirical corrosion models for the

aqueous and vapor phases:The following linear equation has been used to correlate the
penetration rate data for-A516 carbonsteel:· \ .

!

i
I

(Eq. 2.8-2a)

. ,

where Ap/ 4t is the apparent penetration rate (J.lm/yr), T is the temperature eC), and CNaOis
the equivalent concentration of NaO (wl%) (Farmer, 1998a). Note that the "equivalent NaCI
concentration" is used as an independent variable in correlations. This parameter is defined
in terms of the concentration of free chloride, as follows: ' .

(
22.98977)CNaO =CO - 1+ .35.453

(Eq.2.8-2b)

u

Time does not appear in Equation 2.8-2a as an independent variable. This omission is due
to the lack of data from the LTCfF at multiple points in time when the correlation was
performed. Only 6-month data was included. Equation 2.8-2a should not be interpreted as an
experimental determination of time-independent penetration rates.

Alternatively, the concentration of free chloride can be used, adjusting the coefficient bJ
accordingly. Within the bounds of experimental observations for A516 carbon steel, the
coefficients are defined as given in Table 2.8-2; the coefficients bi are defined'by Equation 2.8
2a. Six regression analyses were performed:

• Case 1: all data correlated together.
• Case 2: vapor phase, general corrosion from weight loss samples.
• Case 3: aqueous phase, weight loss samples.
• Case 4: vapor phase, crevice samples.
• Case 5: aqueous phase, crevice samples.
• Case 6: water line, general corrosion from weight loss samples.
These data are illustrated graphically in Figure 2.8-3. The specific data used for Cases 2

through 6 are given in Tables 2.8-3 through 2.8-7, respectively. In Cases 1,3,5, and 6, which
all pertain to aqueous phase exposures, the positive values of bl indicate that the penetration
rates decrease with increasing temperature. This surprising result may be due to either salt
deposition or decreased oxygen solubility. As will be seen in the subsequent section, the
correlation for Alloy C-22 indicates that rates increase with temperature, as would normally
be expected.
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2.8 Corrosion.Model· Development

Figure 2.8-3. General corrosion (penetration) rates of AS16 Gr 55 after 6 months of exposure in
the Long Term Corrosion Test Facility at LLNL.

Table 2.8-2. Summary of regression analysis of data for A516 car~onsteel.

Coefs. Case 1 Case 2 Case 3 ' Case 4 CaseS' .. Case 6
All data VP-WLS AP·WLS VP-CS

~ ...
AP-CS .WL·WLS

bo 290.25 -10.035 -47.709 -2.4360 -58.993 -91.805
b, 3.7598 ~.46570 8.1828 ~.49354 7.8535 10.720

bz 2.8092 1.5795 3.5555 0.83926 4.2052 6.8424

~ 1.0682 1.8258 0.50585 1.2022 0.69899 1.6803
b. ~24.34

be ~23.50

S.I12t...~ . ) 0.62425 0.071465 0.039343 0.057914 0.55798 0.031678

r."23...~ 0.31931 0.90761 0.95062 0.88171 0.94379 0.98847
VP ,. vapor phase; AP • aquous phase; WL ,. water line.
WLS • weight-toss sample; CS ,. crevice sample.
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Table 2.8-3. A516 carbon steel, vapor phase, general corrosion (Case 2).

J ypredieted ymeasured x, ~ ~
In(dpldf} , In(dp/df} 1000rr pH CIUCI
In(~mlyr) In(~mlyr) ~ )( 10' wtCk

1, 3.5918 3.3206 3.0030 9.5 0.01122
2 3.5918 3.0735 ' 3.0030 9.5 0.01122
3 3.5918 3.7363 3.0030 9.5 0.01122
4 3.5918 3.6678 3.0030 9.5 0.01122
5 3.5918 3.6138 3.0030 9.5 0.01122
6, 3.5918 4.1361 3.0030 9.5 0.01122
7 4.3409 4.2603 2.7548 9.9 0.01220
8 4.3409 4.0908 2.7548 9.9 0.01220
9 4.3409 4.1575 . 2.7548 9.9 0.01220
10 4.3409 4.3361 2.7548 9.9 0.01220
11 4.3409 4.5501 2.7548 9.9 0.01220
12 4.3409 4.6533 2.7548 9.9 0.01220
13 5.3247 5.2926 3.0030 9.2 1.2199
14 5.3247 5.5792, 3.0030 9.2 1.2199
15 5.3247 5.6870 3.0030 9.2 . 1.2199
16 5.3247 5.0902 3.0030 9.2 1.2199
17 5.3247 5.0400 3.0030 9.2 1.2199
18 5.3247 5.2625 3.0030 , 9.2 1.2199
19 5.4704 5.4882 2.7548 9.2 1.2363
20 5.4704 5.7735 2.7548 9.2 1.2363
21 5.4704 5.5528 2.7548 9.2 1.2363
22 5.4704 5.4728 2.7548 9.2 1.2363
23 5.4704 5.2742 2.7548 9.2 1.2363
24 5.4704 5.2576 2.7548 9.2 1.2363
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Table 2.8-4. A516 carbon steel, aqueous phase, general corrosion (Case 3).

/ ypredlcled ymeasured X1 x2 · x,
In(dpldj) In(dpldj) 1000lT pH CtaCI

In(J1m1yr) 1n(J1m/yr) Ie"' x 10' wt%

1 4.6398 4.6152 3.0030 9.5 0.01122
2 4.6398 4.6861 3.0030 9.5 0.01122
3 4.6398 4.6571 3.0030 9.5 0.01122
4 4.6398 4.4790 3.0030 9.5 0.01122
5 4.6398 4.6245 3.0030 9.5 0.Q1122

6 4.6398 4.noo 3.0030 9.5 0.01122
1 4.5281 4.4932 2.7548 9.9 0.01220
8 4.5281 4.2327 2.7548 9.9 0.01220

.
9 4.5281 4.4310 2.7548 9.9 0.01220

10 4.5281 4.4733 2.7548 9.9 0.01220
11 4.5281 4.6n1 2.7548 9.9 : . 0.01220
12 4.5281 4.86n 2.7548 9.9 0.01220
13 4.1845 3.9999 3.0030 9.2 1.2199
14 4.1845 4.0067 3.0030 9.2 1.2199
15 4.1845 3.9170 3.0030 9.2 1.2199
16 4.1845 4.2281 3.0030 9.2 1.2199
17 4.1845 0 4.4451 3.0030 9.2 1.2199
18 4.1845 4.5169 3.0030 9.2 1.2199
19 2.6585 2.5505 2.7548 9.2 1.2363
20 2.6585 2.6304 2.7548 9.2 1.2363
21 2.6585 2.3905 2.7548 9.2 1.2363
22 2.6585 2.9485 2.7548 9.2 1.2363
23 2.6585 2.6396 2.7548 9.2 . 1.2363
24 2.6585 2.7850 2.7548 9.2 1.2363
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Table 2.8-5. A516 carbon steel, vapor phase, crevice corrosion (Case 4).

J ypredieted ymeasured x, X2 x,
In(dpldt) In(dp/dt) 1000n- pH c...e.
In(JIIII/yr) In(~mlyr) ~ x10' wt%

1 4.0084 4.1469 3.0030 9.5 0.01122
2 4.0G84 3.9717 3.0030 9.5 0.01122
3 4.0G84 3.9004 3.0030 9.5 0.01122
4 I 4.0G84 3.9n4 3.0030'· 9.5 0.01122
5 4.0G84 4.1371 3.0030 9.5 0.01122
6 4.0G84 4.2759 3.0030 9.5 0.01122
7 ! 4.5278 4.9072 2.7548 9.9 0.01220
8 , 4.5278 4.8682 2.7548 9.9 0.01220
9 4.5278 4.5015 2;7548 9.9 0.01220
10 4.5278 4.1585 2.7548 9.9 0.01220
11 4.5278 4.1705 2.7548 . 9.9 0.01220
12 4.5278 4.5618 2.7548 9.9 0.01220
13 5.2696 4.8111 3.0030 9.2 1.2199
14 5.2696 5.1110 3.0030 9.2 1.2199
15 5.2696 5.3542 3.0030 9.2 1.2199
16 5.2696 5.3397' 3.0030 9.2 1.2199
17 5.2696 5.4520 3.0030 9.2 1.2199
18 5.2696 5.5509 3.0030 9.2 1.2199

- 19 5.4119 5.2229 2.7548 9.2 . 1.2363
20 5.4119 5.4306 ·2.7548 9.2 1.2363
21 5.4119 5.4295 2.7548 . 9.2 1.2363
22 5.4119 5.6223 2.7548 9.2 1.2363
23 5.4119 5.1697 2.7548 9.2 1.2363
24 5.4119 5.5952 2.7548 9.2 1.2363
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Table 2.8-6. A516 carbon steel, aqueous phase, crevice corrosion (Case 5).

J ypredleted ymeasured 11 1'2 -'2
In(dpldt) In(dpldt) 1000rr pH CtaCI

In(J1m1yr) In(J1m1yr) ~ )( 10' wt%

1 4.5482 4.4751 3.0030 9.5 0.01122

2 4.5482 4.4806 3.0030 9.5 0.01122

3 4.5482 4.3657 3.0030 9.5 0.01122

4· 4.5482 4.7226 3.0030 9.5 0.01122

5 4.5482 4.6365 3.0030 9.5 0.01122

6 4.5482 4.6025 3.0030 9.5 ; 0.01122

7 4.2818 4.3433 2.7548 9.9 0.01220

8 4.2818 4.2549 2.7548 9.9 0.01220

9 4.2818 4.3080 2.7548 9.9 0.01220

10 4.2818 5.1953 2.7548 9.9 0.01220

11 4.2818 4.0618 2.7548 9.9 0.01220

12 4.2818 4.0618 2.7548 9.9 0.01220

13 4.2818 4.0618 2.7548 9.9 0.01220

14 4.2818 4.0618 2.7548 9.9 0.01220

15 4.2818 4.1937 2.7548 9.9 0.01220

16 4.1314 4.1n3 3.0030 9.2 1.2199

17 4.1314 4.1793 3.0030 9.2 1.2199

18 4.1314 4.1434 3.0030 9.2 1.2199

19 4.1314 4.0610 3.0030 9.2 1.2199

20 4.1314 4.0971 3.0030 . 9.2 1.2199

21 4.1314 4.1354 3.0030 9.2 1.2199

22 2.1938 2.5044 2.7548 9.2 1.2363

23 2.1938 2.0852 2.7548 9.2 1.2363

24 2.1938 2.1587 2.7548 9.2 1.2363

25 2.1938 2.0001 2.7548 9.2 1.2363

26 2.1938 2.2103 2.7548 9.2 1.2363

27 2.1938 2.1995 2.7548 9.2 1.2363

\.J
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Table 2.8-7. AS16 carbon steel, water line, general corrosion (Case 6).

/ y predicted , ymeasured X,
~, ',' t

xa xa
In(dpld~ In(dpldf} 1000rr pH CHIC!

In(~mJyr) 1n(~mIyr), I\' X 10' wt%

1 5.4101 5.3912 3.0030 9.5 0.01122
2 5.4101 5.4296 3.0030 9.5 0.01122
3 5.4881 5.3679 2.7548' 9.9 0.01220
4 5.4881 5.60n 2.7548 9.9 0.01220
5 5.3642 . 5.28n 3.0030 9.2 1.2199
6 5.3642 '.' .'. 5.4398 3.0030 9.2 ,1.2199
7 2.7309 2.9382 2.7548 9.2 1.2363
8 2.7309 ~, 2.5243 2.7548 9.2 1.2363

2.8.2.3· Delay Mechanisms for Corrosion.of the Outer Barrier (CAM)

,Engineers are exPloring several mechanisms to delay corrosive attack of the CAM by
dripping water, including drip shields and ceramic coatings. Ceramic coatings deposited
with HVOF have exhibited a porosity of only 2% at a thickness of 0.15 em. A model has been
developed to account for the inhibition ofcorrosion by these coatings. ilt is assumed that the
overall mass-transfer resistance govemirig the corrosion rate is due to the combined
resistances of ceramic coating and interfacial corrosion products. Two porosity models
(simple cylinder and cylinder-sphere chain) are considered in estimation of the mass-transfer
resistance of the ceramic coating. It is evident that a substantial impeda~cetoO2 transport is
encountered if pores are filled with liquid water. It~ybe possible to,~ sealants to
eliminate porosity. Spallation ,(rupture) of the ceramic coating is assumed!tooccur if the
strain introduced by corrosion products at the ceramic-eAM interface exceeds fracture strain
of the coating (Hopper, Farmer, and Wilfinger, 1998). . '

In developing models to account for the inhibition of CAM corrosion by the ceramic
coating, it was assw.:ned that the CAM corrosion rate is linear with O2 concentration, and that
,the rate-limiting step is O2 transport to the ceramic-eAM interface. Without 0: or another
oxidant from the NFE, no cathodic process will occur at the sUrface tobalance the anodic
oxidation of the carbon steel. The only plausible benefit of any coating is to limit the access of
such oxidants. Such assumptions are consistent with the work of other experts in ,the field
(Marsh et aI., 1988; Hoch et al., 1997).

There is some possibility in the case of aqueous-phase corrosion at the ceramic-CAM
interface, that the anodic dissolution co\1ld be driven by reaction with Water. However, most
assume that the corrosion rate ofcarbon steel is limited by O2 availability (Marsh et aI., 1988;
Hoch et aI., 1996).

During the initial period of dry oxidation, any porosity in the ceramic coating is assumed
to be filled with gas. If the porosity is interconnected, the impedance to O2 transport and
oxidation is believed to be relatively insignificant. In such a case, a good approximation is to

.simply apply the dry oxidation rate provided by Henshall (Henshall, 1996b). The impact of
dry oxidation underneath the porous ceramic is believed to be relatively insignficant based
on preliminary calculations.
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During the period of humid-air corrosion (HAC), pores may be filled with either gas or
liquid. H porosityis interconnected thand gas-filled, the ceramic coatin

d
g may not significantly- V

impede the rate of HAC. However, e Kelvin effect can lead to con ensation in very small
pores. For example, at 100°C and 99% RB, O.07-J.UI\ pores would be expected to be liquid
filled. In such a case, the impedance to Oz transport and corrosion should be similar to that
for aqueous-phase corrosion. Additional work on HAC studies is described in Section 2.1.

During the aqueous-phase corrosion regime (RH ~ 80% and dripping conditions), pores ,
are expected to be completely filled with water. It is assumed that typical aqueous-phase :
corrosion rates apply at the ceramic-eAM interface (Hopper, Farmer, and Wilfinger, 1998).
Development of an 'appropriate model begins with consideration of the flux of oxygen NA

through multiple diffusion barriers, represented by subscripts P and Q (phases P and Q).

(Eq.2.8-3)

(Eq. 2.B-5a)

where kr is the mass-transfer coefficient of Oz in phase (layer) P, aPB is the chemical activity
(concentration) of Oz at the outer surface of phase (layer) P, and aPi is the chemical activity of
Oz at the interface between phases P and Q in the P phase;~ is the mass-transfer coefficient
of Oz in phase (layer) Q IZo is the chemical activity of Oz at the interface between phases P and
Q in the Q phase, and~ is the chemical activity (concentration) of Oz at the inner surface of
phase (layer) Q; and KA is the overall (combined) mass-transfer coefficient for both phases, P
andQ.

The overall mass-transfer coefficient is the coefficient of practical importance. In specific
regard to a ceramic coating over the CAM, phase P representS the porous ceramic, phase Q
represents the porous corrosion product accumulated at the interface, aPB represents the OZ 'J
concentration at the outer surface of the ceramic-coated WP, and ~. represents the Oz
concentration at the interface between the metallic CAM and the porous corrosion product.
The greatesfcorrosion rate possible, and therefore the most conservative estimate,
corresponds to the case where ~.=O. This is analogous to the limiting current defined in the
field of electrochemistry.

The overall mass-transfer coefficient (mass-transfer resistance) can be expressed in terms
of the indiVidual mass-transfer coefficients for phases P and Q (Sherwood, Pigford, and
Wilke, 1975, pp. 117-182). '

1 1 1-=-+- ~2~KA kp kQ

Pores are treated as long cylinders of length a.

NA =DA (aPB -aPi) .
6 .

.The average flux of oxygen per unit area of waste package is then

2.8-12

(Eq. 2.8-Sb)
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2.8 Corrosion Model Development

where 9 is the fraction of the CAM exposed to the aqueous phase at the ceramic-CAM
interface. This can be interpreted as porosity. Values of 0.02-0.03 have been routinely
achieved with HVOF. The overall mass-transfer coefficient is then

where

1111. 8-=-+-=-+- ,
K ko kI ko BDA

1
K= 1 8

-+--
ko Bf?A

CEq. 2.8-6a)

(Eq. 2.8-6b)

The factor used to correct the oxygen-limited corrosion rate for the presence of a porous
ceraIrrlc barrier is then

1

g
_ NA _ ko _ 1
-=- 1 8 - ko8 •

NA,O -+-- 1+--
ko BDA BDA

CEq. 2.8-7a)

,

This correction factor assumes simple cylindrical pores, which may be unrealistic. The
author believes that the pores in ceramic coatings can be better represented by an array of
chains, each link composed of a hollow sphere and a relatively narrow hollow cylinder
connected in series. In such a case, the analysis of porosity described by Hopper should be
used (R. Hopper, Ceramic Barrier Performance Model, Version 1.0, Description of Initial PA
Input, Memorandum, Lawrence Livermore National Laboratory, Livermore, CA, March 30,
1998). Specifically, the mass-transfer coefficient for the ceramic coating, k., should be reduced
by a factor fie)..):

(Eq. 2.8-9a)

where f(e,1..) is defined as

·CEq.2.8-9b)

· (Eq. 2.8-9c)

Here, the dimensionless parameters eand 1.. represent the geometry of the sphere-
'cylinder chain: .

£ =diameter of cylinder in chain
diameter of sphere in chain '

and

_. A. = length of cylinder in chain
diameter of sphere in chain

Engineered Materials Characterization Report
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2.8 Corrosion Model Development

Hopper has concluded that reasonable estimates for s range from 0.01 to 0.05, depending
on the actual microstructure. Similarly, he has concluded that reasonable estimates of Arange
from 5 to 10. Therefore, thej(s).) is estimated to be somwhere between 0.016 and 0.045. As an
average for now, we estimate j(s,A) to be approximately 0.03, which is mid-range. Given this
model for the interconnected porosity in a ceramic coating, the modified factor used to
correct the oxygen-limited corrosion rate for the presence of a porous ceramic barrier is then

gcorrected = ( k 6 IX 1 ) .
1+ e~A [(S,A)

(Eq.2.8-ge)

The following stoichiometry is assumed to exist between iron arid oxygen:

(Eq.2.8-10)

(Eq. 2.8-11a)

The relation between the oxygen flux in a single pore, NAI and the corrosion rate dpI dt can
be written as

3NA,0 =3ko(Coxygen)=4~: '

where the atomic weight (w) is 55.847 glmol and the density of iron (p) is 7.86 g/em3• A
. conservative value of the aqueous-phase corrosion rate is assumed as a basis for calculating
the apparent mass-transfer coefficient representing corrosion in the absence of a porous
ceramic barrier.

. .

dp == 300 J.lCD = 9.513 x 10-10~ .
dt y. s (Eq. 2.8-11b)

This corrosion rate is a conservative estimate based on 6-month data from the LTCI'F,
which is illustrated in Figure 2.8-3 (Farmer, 1998a). The concentration of oxygen dissolved in
water (equilibrium with air at ambient temperature and pressure, assumed to be 25°C and
1 atm) at the air-ceramic interface is .

-7 molCoxygen = 2.56 x 10 ~ •
em

(Eq. 2.8-11c)

(Eq. 2.B-ltd)

2.8-14

This solubility value was provided by Andresen and can be found in Farmer's input to
the Expert Elicitation Panel (Farmer, 1998b, Table 13). The solubility of oxygen is diminished
by the addition of salt. ' .

The flux of oxygen associated with this mass-transfer coefficient is

N 0 = (4) 7.86 x 9.513 x 10-
10

mol = 1.785 x 10-10 mol .
A, 3 55.847 em2s em2s

The mass-transfer coefficient in the absence of a ceramic barrier is then estimated as

Engineered Materials Characterization Report
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or

ko= 1 (!)1!.. dp
. Coxygen 3 w dt

mol
k = 1.785 x 10-

10
cm2s =6.973x10-4~ .

o 256 x 10-7 mol s
em3

2.8 Corrosion Model Development

(Eq. 2.8-11e)

<Eq.2.8-11f)

(Eq. 2.8-12b)

. . , ...
The factor needed for correction of the corrosion rate for the presence of a porous ceramic

coating is then

. , 0:02 x 0.03 x 10-5 em
2

gcorrected = ( 2) (s 2) = 5.736 x 10-
5

.(Eq. 2.8-12a)
0.02 x 0.03 x 10-5 a: + 0.15 em x 6.973 x 10-4 a: .- -

Therefore, the porous ceramic coating would lower the aqueous-phase corrosion rate from
approximately 300 J.U1l/yr to only 1.721 x 10-2 Jim/yr. " _ '

.dp = gcouected(dP) = 1.721 x 10-2 J.Iltl '.•.
dt dt 0 ' yr

An estimate of the time to fracture due,to the formation of corrosion products at the
ceramic-eAM interface can be estimated, provided that the mechanical properties of the
ceramic are known. Estimated properties for the ceramic coating are taken from a text on
engineering materials and are summarized in Table 28-8 (Thornton and Colangelo, 1985).
The range of fracture toughness values given for typical ceramics is given as

K1c = 3.3 to 5.8 MPaJiD = 3.0 to 5.3 ksi.Jiil .

Table 2.8-8. Mechanical properties of ceramic coatings.

(Eq.28-13)

Property Elastic modulus (£) Elastic modulus (f) Fracture strength (0' Fracture strength (o*)

Units MPa Mpsl MPa ,kpsl .

AJzOs 365.000 53 172 25
ZtOz - 144,900 21 55 8

Whereas these properties serve as a good starting place for TSPA-VA, handbook values
for mechanical properties of ceramics will probably need to be revised to better reflect those
ofactual coatings. Direct measurement of the elastic modulus is required.

The rate of expansion of the inner radius of the ceramic barrier coating is estimated from
the penetration rate, a~ounting for the expansioI,\ at the interface due to the density
difference between Fe20 3 and Fe:

.'Engineered Materials Characterization Report
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2.8 Corrosion Model Development

dR dp -2 JlIn . -8 m-=2-=2x1.721x10 -=3.442x10 
dt dt yr yr

CEq.2.8-14a)

If the inner radius of the ceramic coating (outer ra~us of the CAM) is assumed to be
approximately 1 meter (R ::= 1 m), the strain rate in the coating can be estimated with

de 1 dR -81-=-2n--=3.442x10 - .
dt 2n-R dt yr

The stress and strain are related through the elastic modulus:

a=E.xe •

(Eq.2.8-14b)

(Eq.2.8-14c)

CEq.2.8-14d)

CEq. 2.8-15)

CEq. 2.8-16a)

The fracture strain can then be estimated from the elastic modulus and the fracture stress:

.... =a· = 172MPa = 4.831 x 10-4 .
E. 356,000 MPa

The time required for the strain to reach the fracture strain determines the time to
fracture. This is the time required for formation of the first crack in the ceramic coating, but
does not necessarily imply failure of the c~ating.

fit =.-:..:. = 4.831 x 10-
4

= 14,037 .
dejdt 3.442 x 10-8 Y yr

The critical flaw size for crack initiation in the ceramic coating is estimated with

2· . 2a.=(KIC) .!=(3.3MPa..rm) .!=1.172x10-4m=117.2~ ,
a lt n- 172MPa· n-

where the fracture toughness is defined by

(Eq.2.8-16b)

, CEq. 2.8-17)

2.8-16

In addition to the contiguous coating assumed in the previous paragraphs; a variation of
the model has been developed for TSPA-VA. This variation assumes that the ceramic coating
spalls due to the formation of blisters, as shown in Figure 2.8-4. Each blister can be assumed
to have a diameter that is equivalent to the patch size assumed in the waste-package
degradation (WAPDEG) TSPA code. This specification is arbitrary. The blister variation of .
the model was developed under the specific guidance of the TSPA-VA group with the intent
of having the blisters assume the size of WAPDEG pataches. The volume of corrosion
product (Fe20J in the blister is defined as:

42·
Vblister =3 n-a b ,

where a and bdefine the dimensions of the oblate spheriod. After significant growth of the
blister, the surface area of the blister is

Engineered Materials Characterization Report
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where the parameter g is defined as

t>O ,

2.8 Corrosion Model Development

(Eq. 2.B-18a)

(Eq.2.B-18b)

Figure 2.8-4. Conceptual representation of degradation-mode model for ceramic coating.

In contrast, the area of the blister is essentially that of a flat disk at time zero.

(Eq~ 2.8-1&)

'The strain in the ceramic cOating covering the blister is then defined in terms of the
"exposed area of the blister after interfacial corrosion (I> 0) relative to the initial area (I =0):

e ~ Ab1ister(1 >0) -1 ..
Ablister(1 = 0) " .

The strain can be rewritten in terms of the blister dimensions:

The criterion for fracture (spallation) of the bli~ter is then.

e >elt ~ 4.831 x 10.....c '.

·(Eq.2.8.-19a)

(Eq.2.8-19b)

(Eq. 28~19c)

where e- is the fracture strain of the ceramic. The relation between the volume of corrosion
product (blister) and .the volume of oxidized iron is f

----

Vblister =3.6055 x Viron • (Eq. 2.B-20a)

(Eq.2.B-20b)

. This equation can be used to express the height of the blister in terms of the volume of
oxidized CAM, which isass~ to be essentially iron. . .

. b =7 3(' 3.6055 X~Viron J .
. 4 Iril' ..

The volume of oxidized CAM is time dependent and calculated from the corrosion rate at
the ceramic-CAM interface during three successive phases of corrosion: dry oxidation,
humid-air corrosion, and aqueous-phase corrosion. This is an approximation, assuming
growth of a cylindrical volume of oxide beneath a flat, circular disk. The flux of oxygen
driving the formation of corrosion product is assumed to be through the drcular-shaped disk
of oxide.
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,2.8 Corrosion Model Development

Viron := na2[rdrr gdry(ddP) dt + tHAt: gHAc(ddP). dt + tAN: gAPe(ddP) dt],. (Eq.2.8-20c) \ J
o t dry cdry t HAC cHAt: t APe '-"

Given these assumptions and the above equation, the time-dependent height of the blister
.can be calculated with

b:= 2704Jrdty gdry(dP) '. dt + tHAt: gHAc(ddP) dt +t APC gAPe(ddP) 'dt]. (Eq.2.8-20d)10 dt dry cdry t HAC cHAt: , ,t APe

This alternative model for impedance and spallation has been used to generate
predictions that seem plausible to the author. However, no experimental validation of this
model.has been done yet An effort to validate the model with data from the LTCTF, as well
as with ac impedance data, is underway. <

From prelimiriary calculations based upon Eqs. (2.8-3) through (2.8-16), it is believed that
, the existence of a slightly porous ceramic coating on the surface could significantly lengthen
the life of the container, adding an estimated 14,037 years to the life of the waste package
(Table 28-9). It should be possible to further increase life by taking steps to close
interconnected porosity in the coating. For example, Zn or AI coUld be deposited on the outer
surface of the ceramic, as well as inside near-surface pores. These deposits would oxidize in
air, thereby sealing porosity with the corresponding metal oxides. Both Zn and AI are
attractive candidates for sealing porosity because unoxidized metal would be sacrificial to the
A516 Gr 55 in galvanic couples. Other possible sealants have also been identified. The
modified g-factor presented here can be used as a practical means to adjust CAM corrosion
rates to account for the ceramic coating. '

Table 2.8-9. Extension of WP life with ceramic coating.
, .' Ute with ceramic Ute without ceramic

coatlngb' coaUng b')

Thermal pulse .. 1000 .. 1000
' .

Ceramic barrier > 14,037 "0
CAM'after exfoliation >333 >333

, Work is in progress at LLNL to verify the corrected g-factorthfough application of ac
impedance spectroscopy. A PAR Model 273 With a PAR Model 5610 dual-channel, lock-in
amplifier is now being used to determine the complex impedance of the electrolyte-filled
ceramic barrier over the frequency range extending from 0.001 to 100,000 Hz. Preliminary
data mdicate that a ceramic coating with 1 to 2% porosity can increase the interfacial electrical
impedance by approximately eight orders of magnitude (108

). With a well planned
experiment and proper interpretation of the data, insight into transport in the pores should
be possible. It should also be possible to develop some understanding of the layer of
corrosion products at the base of the pores; Note that de measurements have also been done.

,2.8.2.4 Passive Corrosion of the Inner Barrier (eRM) .
The modes of corrosion that are believed to be relevant to the ultimate failure of the CRM \ J

include passive corrosion, crevice corrosion, pitting, and stress corrosion cracking. Passive .........."
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2.8 Corrosion Model Development

corrosion of the CRM is expected to occur on surfaces where the CAM has exfoliated, as well
as on surfaces that lie inside the CAM-eRM crevice, provided that environmental conditions
(pH, chloride, potentialiand temperature) are below the thresholds for localized attack. A
correlation of AlloyC-22 passive corrosion rates with temperature, pH, equivalent NaCI
concentration, and FeCl3 concentration has been developed (Farmer, 1998a). The rates used as
a basis of this correlation are from the LTCTF, Roy's electrochemical measurements (Roy,
Fleming, and Lum, 1997b, 1996, 1997a), and Haynes International (Haynes International, Inc.,
1987; Asphahani, 1980). These data are summarized in Tables 2.8-10 and 2.8-11, and
illustrated in Figure 2:8-5. The following linear equation was found to be adequate for the
correlation:

CEq. 2.8-21a)

where l1pI ~tis the apparent penetration rate (~/yr);T is the temperature (OC); CHaO is the
equivalent concentration of NaO (wt%); and CFeQ3 is theconcenti'ation of FeCl3 (wt%). Within
the bounds of 38 experiInental observations for Alloy C-22, the coefficients were determined
to be

bo=+13.409 ,
b1 =-5.5587 ,
b2 =-o.87409'~

b3 =+0.56965 ,
and

b4 =+0.60801 .

CEq. 2.B-21b-f)

Figure 2.8-5. Passive corrosion (penetration) rates of Alloy C·22 after 6 months of exposure in
the Long Term Corrosion Test Facility at LLNL
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2.8 Corrosion Model Development

Table 2.8-10. Passive corrosion rate data for Alloy C-22: basis of regression, LTCTF.

Comments Exposure dpldt Temp. pH NaCI FeCI, Air
(hours) (J1I11/Yr) (GC) (none) (wt%) (wt%) sat.

1 Long-term test: SAW . 4296 2.53 x 1~ 60 2.7 4.616 0 1
2 Long-term test: SAW 4296 5.07 x 1~ 60 2.1 4.616 . 0 1
3 Long-term test: SAW 4296 1.13 x 10-1 60 2.7 4.616 0 1
4 Long-term test: SAW: I' 4296 1.64 x 10-1 60 2.7 4.616 ' 0 1
5 Long-term test: SAW 4296 6.03 x 1~ 60 2.7 4.616 0 1
6 Long-term test: SAW 4296 3.45 x 1~ 60 2.1 4.616 0 1
1 Long-term test: SAW 4296 3.41 x 1o-a 60 2.7 4.616 0 1
15 Long-term test: SAW 4296 8.58 x 1o-a 60 2.7 4.616 0 1
18 Long-term test: SAW . 4296 1.13 x 10-' 60 2.7 4.616 0 1
17 Long-term test: SAW 4296 7.70 x 1o-a 60 2.7 4.618 0 1
18 Long-term test: SAW 4296 2.81 x 1o-a 60 2.7 4.616 0 1

19 Long-term test: SAW 4296 1.87 x 1o-a 60 2.7 4.616 0 1
20 Long-term test: SAW 4296 9.31 x 1ct4 60 2.7 4.618 0 1
21 Long-term test: SAW 4296 1.04 x 10-' 60 2.7 4.616 0 1
22 Long-term test: SAW 4296 8.11 x 1o-a 60 2.7 4.616 0 1
23 Long-term test: SAW 4296 1.17 x 10-' 60 2.7 4.616 0 1
24 Long-term test: SAW 4298 6.56 x 1o-a 60 2.7 4.616 0 1
25 Long-term test: SAW 4296 6.61 x 1o-a 60 2.7 4.616 0 1
26 Long-term test: SAW 4296 4.71 x 1o-a 60 2.7 4.616 0 1
27 Long~ermtest:SAW 4344 2.45 x 10-' 90 2.7 4.616 0 1

28 Long-term test: SAW 4344 7.31 x 10-1 90 2.7 ·4.618 0 1

29 Long-term test: SAW 4344 1.76 x 10-' 90 2.7 4.616 0 1

30 Long~ermtest:SAW 4344 4.16 x 1o-a 90 2.7 4.616 0 1
31 Long-term test: SAW 4344 1.07 x 10-' 90 2.7 4.616 0 1
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Table 2.8-1L Passive corrosion rate data for Alloy C-22: basis of regression, LTCTF.

Comments , Exposure ' dpldt Temp. , pH NaCI FeCla Air
(hours) blmlyr) (OCr' (none) (wt%) (wt%) sat.

a Cyclic polarization· NaCI -1 3.00 x 10"'" 60 2.69 1 0 1
9 Cyclic polarization· NaCI -1 3.00 x 1~ 60 6.53 5 0 1

10 Cyclic polarization· NaCI -1 2.01 x 1O-Z 90 6.53 5 0 1
11 Cyclic polarization· NaCI -1 3.02 x 1O-Z 90 6.83 10 0 1
12 ; Cyclic polarization· NaCI -1 2.01 x 10-' 90 2.69 1 0 0

...

2.01 X 10-' 90 ·2.6713 Cyclic polarization· NaCI -1 1 0 0
14 Cyclic polanzation • NaCI -1 2.01 x 10-' , 90 2.69 5 0 0
32 Cyclic polarization • FeC~ -1 3.00 x 1~ 90 2.14 0 0.61 0
33 Cyclic polarization • FeC~ -1 . 6.00 x 10-' 90 2.16 0 0.61 0
34 .Cyclic polarization • FeC~ -1 2.01 x 10-' 90 1.72 0 3.05 0
35 Cyclic polanzation • FeC~ -1 2.01 90 '1.72 0' 3.05 0
36 Haynes· FeCI, 100 2.50 25 0.7 0 10 1
37 Haynes· FeCI, 100 2.50 50 0.7 0 10 1
38 Haynes· FeCI, 100 12.7 75 0.7 0 10 1

"u
More specifically, the correlation for Alloy C-22 is

In(~)=13.409 - ( :~~~) - O.8;409(pH)+0.56965{CNaO)+O.6080~CFeCI3 ) . CEq. 2.8-21g)

(Eq.2.8-138-b)

Based on this correlation, it is concluded that the apparent activation energy is
approximately 12 kcal/mol, which is quite reasonable. The "standard error of estimate"
(5,/1234) and the "sample multiple variable regression coefficient" (r"we> are defined by Crow,
Davis and Maxfield (Crow, Davis, and Maxfield, 1960, pp. 147-149). The standard error of
estimate is a measure of the scatter of the observed penetration rates about the regression
plane. About 95% of the points in a large sample are expected to lie within ±2S,/123...k of the
plane, measured in the y direction. Values for the above correlation are "

5y/ 1'134 = 1.5092,
and

'r/1'134 = 0.65628 .

The multiple variable regression coefficient indicates a reaSonably good fit to the data set,
, given the large number of independent variables. As discussed in the literature, uncertainty
in a given model parameter, Pi' can be determined from the standard error of estimate, as
shown by Eqs. (23a) ,and (23b) (Crow,Davis, and Maxfield, 1960, pp. 147-1(9):
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(Eq. 2.8-24a)

(Eq.2.8-24b)

2.8 Corrosion Model Development

This simple correlation has been tested within the bounds of anticipated conditions (see
Figure 2.8-6 and Figure 2.8-7). The predictions appear to be reasonable for combinations of
inputparameters representative of the NFE; simulated dilute well (SOW), simulated
concentrated well (SCW), and simulated acidified well (SAW) waters; simulated cement
modified water (SCMW); the unusually harsh, simulated crevice corrosion test of Haynes
International (10 wt% FeCIJ (Haynes International, Inc., 1987; Asphahani, 1980); and the
conditions predicted during preliminary tests of the LLNL crevice transport model <Fanner,
1997; Fanner and McCright, 1998)~Theworst case within the bounds of the regression
analysis is the simulated crevice condition used by Haynes International (10 wt% FeCI). In

. the repository, the concentration of FeCI) is expected to be limited to much lower values by
the presence of carbonate, which precipitates iron. It must be noted that combinations of
input parameters that are clearly beyond the range of the data indudedin the correlation
cannot be used to generate reasonable predictions. Therefore, this correlation shouldnot be
used for saturated solutions of J-13 andI or FeCI). Within the limits of the experimental data, .
predictions are believed to be good representations of the observations.

; Figure 2.8-6. Comparison of predictions and measurements for Alloy C-22, exposed to SAW in
theLTcrF.

Figure 2.8-7. Comparison of predictions and measurements for Alloy C-22, exposed to
simulated crevice solution (10 wt% FeO,,).

The estimation of passive corrosion rates from Roy's cyclicpolarization measurements is
now explained (Farmer, 1998a; Roy, Fleming, and Lum, 1997b, 1996, 1997a). It is well known
that the corrosion (or penetration) rate of an alloy, dp/ dt, canbe calculated from the corrosion
current density, icorr, as follows:

dp icorr-= 'I

. dt paUoynaUoyF

where P~ is the density of the alloy, assumed to be approximately 8.4 g/cm), and F is
Faraday's constant. The number of gram equivalents per gram of alloy, nallov, is calculated

.with thefollowing equation:

naUoy =L(Ij~j) ,
. j aJ

where!J is the mass fraction of the jth alloying element in the material, n; are the number of
electrons involved in the anodic dissolution process, which is assumed to be congruent, and a,
is the atomic weight of the jth alloying element. These equations have been used to calculate
penetration rates for Alloy C-22 from apparent corrosion currents determined during cyclic
polarization measurements. In principle, such electrochemically determined rates should be
consistent with those observed in the LTCIF, although experience indicates that such
electrochemically determined rates are conservative (higher than those actually observed).

TSPA codes require that corrosion rates be represented by appropriate cummulative
probability distribution functions (COFs). In the case of passive corrosion of Alloy C-22 in
l000X J-13, COFs can be based on the above correlation, because the chloride concentrationis, 1
within the range of data included in the correlation (Farmer, 1998a). In the case of saturated '"-'
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2.8 Corrosion Model Development

J-13, estimates can be based on the article by Smailos, Schwarzkopf, and Koster (Smailos,
Schwarzkopf, and Koster, 1986), as interpreted by Shoesmith (1998). The data quoted by
Shoesmith is for Q-brine and Z-brine electrolytes, as shown in Table 2.8-12.

Table 2.8-12. Data for passive corrosion of Alloy C-4 in saturated brines (Smailos et al. 1986;
Shoesmith, 1998). ' .

Brine I pH NaCI KCI MgCI2 MgSO. H2O SlO°C rate 170°C rate pH
(VItOk) (wt%), (wt%) , (wt%) (wt%) (I!mJyr) (J1R1IYr) (Shoesmlth)

a 4.9 j 1.4 4.7 26.8 1.4 65.7 0.02 0.15-0.66 ..5
Z I 3.6. I 0.2 0.66 36.4' 0.87 61.9 10-14 ..2

Construction of CDFs for Alloy C-22 passive ~orrosionrates in l000X and saturated J-13
waters requires estimation of the means, as well as the width of the distributions at those
means. It is assumed that logarithimic rates are normally distributed.·To establish a CDF for
l000X )-13, the correlation CEq. 21g) is first used to estimate the logarithimic rate CEq. 25a) at
the sam percentile:

,Y=ln[:J .' CEq.2.8-25a)

~uations 2.8-25b through 2.8-25g are then used to estimate the logarithmic rates at the
5lh,95 ,1", and 99lh percentiles: . ". .

YS% == Ypredicted -Oya=O.05 == Ypredicted -fa=o.OSSy/l23...k ,

fa -O.05 ==1.70 ,

Yl% == Ypredicted -Oya=O.Ol == Ypredicted -fa =O.OlSy/123...k ,

Y99% == Ypredicted +Oya=O.Ol == Ypredicted +f~=O.OlSY/l23...k ,

fa-O.Ol == 2.46 .

(Eq.2.8-25b)

(Eq. 2.8-25C)

CEq. 2.8-25d)

CEq. 2.8-2Se)

(Eq.2.8-25f)

CEq.2.8-25g)

Equations 2.8-25h through 2.8-25kare used to constrllct CDFs in terms of actual rates.
, '.

'5% ,,[~]5% "exp[Y.,...uded ;1.70• ·y/12Lk1' (Eq.2.8-25h)
1,

u
." '95% ~ [~]95% ~ exp[Ypredicted +1.70 x Sy/l23...kl '
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2.8 CorrosIon Model Development

'1% =[~] := exp[Ypredicted -2.46 x Sy/l23...k] ,
1% .

(Eq.2.8-25j)

(Eq.2.8-25k)

Because no data for brines have been generated in the LTCTF, the CDFs for saturated J-13

are based on the measurements of Smailos et al., which are summarized in Table 2.8-12
(Smailos, Schwarzkopf, and Koster, 1986). The rate of 0.02 f,lm/yr for Alloy C-4 in Q-brine at

90°C (pH := 5) is interpreted as a "typical" value (taken here as the rate at the 50th percentile).

The rate of 10-14 f,lm/yr for Alloy C-4 inZ-brine at 900e (pH - 2) is interpret~d as. the
"maximum possible" value by Shoesmith (1998) (taken here as the rate at 99th percentile).

According to Smailos et al., "After three years of exposure until now Hastelloy C-4 has
'. remained resistant to pitting corrosion, and to stress corrosion cracking. At 90°C local crevice

corrosion attacks Occurred at single points at the metal/polytetrafluoroethylene (PfFE) and

metal/metal contact surfaces, with maxiumum depths of 250 f,lm (metal/PfFE) and 20-70 f.lm

(metal/metal), respectively." This translates into a maximum rate of 15-51 f.lm/yr~ It must be

noted that the rates from the Smailos et al. had to be scaled for pH and temperature so that all

.conditions of interest in this elicitation could be covered. While the base rate used was taken

from the Z-brine data, the activation energy used to scale the rate for temperature had to be

inferred from the Q-brine data. A reasonable value of the activation energy E. was
determined to be approximately 12 kcal/mol from"the correlation <Eq. 21g). The estimate was

made with the following equation, which is based on an Arrhenius-type rate expression:

(Eq. 2.8-26a)

At 170°C (T1), the observed penetration rates were given as 0.66 and 0.15 JlIfl/yr, which

..were averaged to give a single value of 0.4 f.lm/yr ('1)' At a lower temperature of 90°C (TJ,
the observed rate was given as 0.02 JJ,m/yr (12), Rates were scaled with the pH as implied by

the correlation (Eq. 21g), since no better means of estimating the response is available.
Therefore, the rates were assumed to obey the following empirical law:

.!l=exp[0.87409(pH2 -pHI)] . .
'2 '

<Eq.2.8-26b)

2.8-24

In this case, the standard deviation was estimated to be about 1.6228, the value of ".. _0.115

was assumed to be 1.645 and the value of ".. -o.ot was assumed to be 2326 (Farmer, 1998b,
Table 13). These CDF constructions are given in Table 2.8-13, which shows extrapolations to

pH 10 based on Equation 2.8-21g. The correlation represented by this equation only included

data with a range of pH values from 0.7 (estimated) to 6.53. Therefore, there is a high degree

of risk associated with estimates at pH 10 based on Equation 2.8-21g. This extrapolation was

motivated and driven by the specific conditions specified by those conducting the expert
elicitation process for the container materials (Coppersmith et al., 1998). Though it would

have been preferable to include data at pH 10 in conditions used for such extrapolations,

none was available at the time the regression analysiswas performed. If time and resources

allow, data should be obtained for pH 10.
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2.8 Corrosion Model Development

Table 2.8-13. Estimates of CDFs for passive corrosion rates of Alloy C-22 with dripping.

Data source Regression Regression Regression Smallos· .- ;Smallos ' Smallos Smallos
(Farmer) . '·(Farmer) (Farmer) (Shoesmlth") ($hoesmlth) (Shoesmlth) (Shoesmlth)

environment 1000XJ-13 1000XJ-13 1000XJ-13 Z-Brlne Z-Brlne Z-Brlne Z-Brlne

NaCI(wt%) 1.2 1.2 ·1.2 Saturated . Saturated Saturated Saturated
T(OC) 25 50 100 90 25 50 100

Percentile (%) pH j.lmlyr j.lm/yr j.lmlyr j.lmlyr j.lm/yr j.lrnlyr j.lm/yr

50 1 4.36 x 10-:' 1.85 x 1O-Z 1.86 X 10-' 6.60 x 10-' 1.71 x 1O-Z 8.29 x 1O-Z 1.03

50 2 1.82 x 10-:' 7.71 x 10-:' 7.74 x 1O-Z 2.75)( 10-' 7.13)( 10-:' 3.46 x 1O-Z 4.31 )( 10-'

50 3 7.59)( 1~ 3.22 )( 10-:' 3.23)( 1O-Z 1.15)( 10-' 2.98 )( 10-:' 1.44 x 1O-Z 1.80 x 10-'

50 5 1.32 x 1~ 5.60 x 1~ 5.62 )( 10-:' 2.00 )( 10-2 5.18 x 1~ 2.51 x 10-:' 3.13 )( 1O-Z

50 7 2.30 x 1~ 9.75 x 'I~ 9.79)( 1~ 3.48 )( 10-:' 9.02 x 1~ 4.38 )( 1~ 5.46 )( 10-:'

50 10 1.67)( 1~ 7.08)( 1~ 7.11 )( 10-' 2.53 )( 1~ 6.55)( 1~ 3.18 )( 1~ 3.96)( 1~

5 1 3.35 x 1~ 1.42 )( 10-:' 1.43)( 1O-Z 4.57 )( 1O-Z 1.18 x 10-:' 5.75 )( 10-:' 7.16 )( 1O-Z
5 2 1.40 x 1~ 5.93 x 1~ 5.95 x 10-:' 1.91 )( 1O-Z 4.94 x 1~ 2.40 x 10-:' 2.99 x 1O-Z
5 3 5.84 x 10-' 2.47 x1~ 2.48 )( 10-:' 7.96 )( 10-:' 2.06 x 1~' ,1.00 )( 10-:' 1.25 )( 1O-Z
5 5 1.02 )( 1~ 4.31 )( 1~ 4.32 )( 1~ 1.39 x 10-:' 3.59)( 1~ 1.74 x 1~ 2.17 x 10-:'
5 7 1.77 x 1~ 7.49 x 1~ 7.53)( 1~ 2.41 x 1~ 6.25 x 1~ 3.03 x 1~ 3.78 x 1~
5 10 1.29 )( 10-7 5.44 X 10-7 5.47 x 1~ 1.75 x 1~ 4.54 X 10-7 2.20 x 1~ 2.75 x 10-'
95 1 '5.67 x 1O-Z 2.40 X 10-' 2.41 9.52 2.47 x 10-' 1.20 14.9
95 2 2.37 x 1O-Z 1.00 X 10-' 1.01 3.97 1.03 )( 10-' . 4.99 )( 10-' 6.23
95 3 9.88 x 10-:' 4.19 )( 1<r2 4.20 )( 10-' 1.66 4.30 x 1O-Z 2.08 X 10-' 2.60
95 5 1.72 x 10-:' 7.29 x 10-:' 7.32 x 1O-Z 2.89 X 10-' 7.48 )( 10-:' 3.63 x 1O-Z 4.52 X 10-'
95 7 2.99 x 1~ 1.27 x 10-:' 1.27 )( 1O-Z 5.03 x 1O-Z 1.30 x 10-:' 6.31 x 10-:' 7.87 x 1O-Z
95 10 2.17 x 10-' 9.21 )( 10-' 9.25 x 1~ 3.65 )( 10-:' 9.46 x 10-& 4.59 x1~ 5.72 x 10-:'
1 1 1.06 )( 1~ 4.51 x 1~ 4.53 x 10-:' 1.51 x 1O-Z 3.92)( 1~ 1.90 )( 10-:' 2.37)( 1O-Z
1 . 2 4.44 x 10-' 1.88 x 1~ 1.89 x 10-:' 6.32 x 10-:' 1.64 x 1~ 7.94 • 1~ I 9.90. 10-:'
1 3 1.85 x 10-' 7.85 x 10-' 7.89 x 1~ 2.64 x 10-:' 6.83 )( 1(r5 3.31 • 1~ I 4.13. 10-:'
1 5 3.23 x 100t 1.37 )( 1~ 1.37 x 1~ 4.59)( 1~ 1.19 )( 1~ 5.77 )( 1(r5 I 7.19 • 1~
1 7 5.62)( 10-7 2.38 x100t 2.39 x 1(r5 7.99)( 1~ 2.07 x 100t 1.00 )( 1(r5 1.25 )( 1~
1 10 4.08 x 100t 1.73 )( 10-7 1.74)( 100t 5.80)( 100t 1.50 x 10-7 7.29 • 10-7 9.09 x 100t
99 1 1.79 )( 10-' 7.57 x 10-' 7.60 28.8 7.45 x 10-' 3.61 45.1
99 2 7.45)( 1O-Z 3.16)( 10-' 3.17 12.0 3.11 x 10-' 1.51 I 18.8
99 .. 3 3.11 )( 1O-Z 1.32 X 10-' 1.32 5.01 1.30 )( 10-' 6.29 x 10-' 7.84
99 5 5.41 )( 10-:' 2.29 x 1O-Z 2.30 x ur' 8.72 )( 10-' 2.26)( 1O-Z 1.10)( 10-' 1.37
99 7 9.43)( 1~ 3.99 )( 10-:' 4.01 x 1O-Z 1.52 X 10-' 3.93 x 10-:' 1.91 )( 1O-Z 2.38 )( 10-'
99 10 6.85 )( 1(r5 2.90 x 1~ 2.91 x 10-:' 1.10 x 1O-Z 2.86)( 1~ 1.39 )( 10-:' 1.73 x 1O-Z

a Smailos, Schwarzkopf, and Koster, 1986.
b Shoesmith,1998.
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2.8 Corrosion Model Development

2.8.2.5 Data Published by Haynes International

Data published by Haynes International (Haynes International, Inc., 1987; Asphahani, V
1980) and compiled by Gdowski (Gdowski, 1991) have also been used as the basis of the

following correlations for Alloys 825, 625, C-4, C-22, and C-276, respectively:

Alloy 825: In('I') ~ In(2.1164 x 10l )-S.9141 x 10~(T - To)2

-1.123S x 10-3(T - To) ,

and

Alloy 625: In('I') = In(4.3493 x 10-2)-2.4010 x 10-3(T - To)2

~2.3662 x 10-l (T - To), .

Alloy C-4: ·In('I') = In(8.6758x 10-3)-25403 x 10-3(T - To)2

-4.2970 x 10""2(T - To},

Alloy C- 22 :. in('I') =In(2.8539 x10-3) +1.2375 x10-3(T - To)2

-2.9369 x 10-2(T - To) ,

Alloy C-276: in('I') = In(S.8219 xlO-3)-1.S234 x 10-3(T - To)2

-3.7309 x 10-2(T - To) .

(Eq. 2.8-27b)

(Eq. 28-27c)

. CEq. 2.8-27d)

(Eq. 2.8-27e) .

where T is the absolute tempera~of the CRM, and To is the reference temperature of 298K.

The parameter 'I' is defined as follows: .

d'¥="Jt ' CEq. 2.8-27f)

2.8-26

where d is the penetration in microns (~) and t is the time in hours (h). Figure 28-8a shows

actual data published by Haynes International; Figure 28-8b is a graphical representation of

the above correlations CEqs. 27a through 27f), Figure 2.8-9a shows penetrations of the

candidate CRMs in a simulated crevice solution with 10 wt% FeCI) at 80°C, predicted with

the correlations. Predicted penetrations for Alloy C-22 at several temperature levels between

20 and 100°C are shown in Figure 2.8-9b. Such empirical models can be used as a basis of

materials selection, but they may not be adequate for predictions over extremely long periods

of time.

Engineered Materials Characterization.Report
UCRL·ID-119564 Vol. 3 Rev. 1.1



2.8 Corrosion Model Development

Figure 2.8-8. Corrosion data published by Haynes International (Asphahani, 1980) for exposure
of candidate CRMs to simulated crevice solutions (10 wto/Cl FeO). .

Figure 2.8-9. Extrapolations of corrosion data published by Haynes International (Asphahani,
1980) based on the analysis shown in Figure 2.8-8 (which assumes that d ='1',-112).

2.8.3 Crevice Corrosion Model

2.8.3.1 Introduction to Crevice Corrosion

Crevices will be formed between waste package and supports; beneath mineral
precipitates, corrosion products, dust, rocks, cement and biofilms; and between CAM and
CRM. It is well known that the crevice environment will be more severe than the NFE. The
hydrolysis of dissolved metal will lead to the accumulation of H+ and the corresponding
suppresion of pH. As previously discussed, Jones and Wilde have prepared solutions of
FeCIz, Nia21 and CrCl] to simulate such localized environments and measured substantial pH
suppression Oones and Wilde, 1978). Wang has made similar measurements with FeCI]
.solutions, which are reported here. As pointed out by McCoy, the measured pH in active,
artifidal crevices is 33 to 4.7 if the crevice is formed with carbon steel, 2.4 to 4.0 if the crevice
is formed with a Fe-Cr alloy, and S 2.3 if the crevice is formed with a stainless stee~ .
(Szklarska-Smialowska, 1986, pp. 311-312). These data and measurements are summarized in
Tables 2.8-14, 2.8-15, and 2.8-16. Field-driven electromigration of a- (and other anions) into
crevice must occur to balance cationic charge associated with H+ions. The exacerbated
conditions inside the crevice set the stage for subsequent attack of the CRM by passive
corrosion, pitting (initiation and propagation), stress corrosion cracking (initiation and
propagation), or other mechanisms. Oearly, the development of an adequate crevice
corrosion model for determination of the exact nature of the local environment is prudent.

Table 2.8-14. MeasUred pH of metal salt solutions at 25°C (Jones, 1996, p. 102).

Salt 1N 3N . Saturated

FeCI2 2.1 ·0.8 0.2
NiCI2 3.0 2.7 2.7
CrCt:, 1.1 -0.3 ~1.4

Table 2.8-15. Measured pH of FeO) solutions at 25°C

Conc.(wt%) pH

1 1.92
2 1.83
3 1.71

.

4 1.63
10 0.70
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2.8 Corrosion Model Development

Table 2.8-16. Transport-limited pH in crevice.

Source of Information pH

EEP (expected for WP) 2.5
Transport model·(Alloy 625) 2.8103.2
Artificial crevices (carbon steel) 3.3 to 4.7
Artificial crevices (Fe-Cr alloys) 2.4 to 4.0
Artificial crevices (stainless steels) s2.3

A detailed deterministic model has been developed to calculate the spatial distributions
of electrochemical potential and current density in the CAM-CRM crevice, as well as .
transient concentration profiles of dissolved metals and ions (Farmer, 1997; Farmer and
McCright, 1998). The local concentration of hydrogen cation is assumed to be limited by
either anion transport into the crevice or hydrogen ion production and. transport out of the
crevice. If the limitation is assumed to be due to anion transport, all hydrolysis reactions at
each point inside the crevice are assumed to instantaneously reach equih"brium. Furthermore,
it is assumed that electroneutrality is maintained at each point. In contrast, if the limitation is
assumed to be hydrogen ion production and transport, the local generation rate of hydrogen
ion must be known and is assumed to be proportional to the dissolution rates of dissolved
metalS, with proportionality constants being calculable from hydrolysis equilibrium
constants. Rate constants for the hydrolysis reactions are unknown; with experimental
determination being impractical. In this case, anion concentrations are calculated at each
point based on electroneutrality. This model can be used to estimate the extent of pH
suppression in the CAM-CRM crevice due to the simultaneous hydrolysis andtransport of
dissolved Fe, Ni, Cr, Mo, and W. It is assumed that crevice corrosion passes through two
phases. Dissolution of the CAM at a relatively low electrochemical potential is assumed to
occur during Phase 1. After anodic oxidation (consumption) of the accessible CAM, the
electrochemical potential of the CRM will increase to high levels. Dissolution of the CRM is
assumed to predominate during Phase 2. Lower pH values can be reached during Phase 2
crevice corrosion than during Phase 1 crevice corrosion, due primarily to the hydrolysis of
dissolved chromium. In the case of crevice corrosion of Alloy 625, the predicted pH inside the
crevice was 2.8 to 3.2, with a corresponding increase in chloride concentration. This
calculation assumed a temperature of 25°C, an electrochemical potential at the crevice mouth
that is 100 mV above the critical pitting potential, and a uniform crevice width (CAM-CRM
separation) of 0.075 mm. Tighter crevices should lead to lower pH and higher chloride. It is
also predicted that the electrochemical potential E will decrease with increasing depth.
Therefore, the potential should never be more severe (closer to the threshold for LC) than at
the crevice mouth.

Fluxes of ions in the crevice are calculated with the Nernst-Planck equation, which
governs electromigration,diffusion, and convective t:ranSpo~ (Newman, 1991). The current
density is then defined in terms of these fluxes. In cases with strong supporting electrolyte,
the electromigration term can be ignored. Transient concentrations can be determined from
the gradient of the flux. The concentration.of dissolved iron is assumed to include Fe2+, Fe3+,
Fe(OHr, and Fe(Om2

+. Similar assumptions are made for other dissolved metals. The partial
differential equations (POEs) that describe the transport of stich reactive species in the crevice
can be solved numerically. Both the Crank-Nicholson and the explicit methods have been
used (Jenson and Jeffreys, 1963, pp. 410-422; McCracken and Dam, 1964, pp. 377-385). The
assumed boundary conditions (BCs) imply that the concentrations of dissolved metals are
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2.8 Corrosion Model Development

zero at the crevice mouth <NFE), and that crevices are symmetric about a mirror plane where
the flux is zero. The BCs for H+ and dissolved Oz are slightly different in that nonzero
concentrations are ~ignedat the crevice mouth. The PDEs that define transient
concentrations in the p-evice require determination of the potential gradient, as well as the
(apparent) homogeneous rates. First, the axial current density along the length of the crevice
is calculated by integrating the wall current density. The electrode potential along the length
of the crevice can then be calculated from the axial current density. This technique is similar
to that employed in other models (Gartland, 1997; Xu and Pickering, 1993; Nystrom et aI.,
1994).

2~8.3.2 Crevice Chemistry

Dissolution of the CAM wall will produce iron ions, whereas dissolution of the CRM wall
will produce iron, nickel, chromium, molybdenum, and tungsten ions. As discussed by
Oldfield and Sutton, metal ions produced by anodic dissolution are assumed to undergo the
following hydrolysis reactions (Oldfield and Sutton, 1978):

and

0 3+ +H20 ( K ) Cr(OH)2+ +H+ ,
1.1

Cr(OH)2+ +H20( K )Cr(OH); +H+ .
1.Z

(Eq.2.8-28a)

(Eq.2.8-28b)

CEq. 2.8-2&)

CEq.2.8-28d)

CEq. 2.8-28e)

. Relevant equilibrium constants are defined as follows (Oldfield and Sutton, 1978):

,

,

CEq. 2.8-29a)

(Eq.2.8-29b)
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2.8 Corrosion Model Development

(Eq. 2.8-29d) v

(Eq.2.8-2ge)

and

ICr(OH); J[H+]
KI ,2 = [Cr(OH)2+] .

If the dissolved metals exceed the solubility limits, precipitation will occur:

Ni(OHh(s) (K ~ Ni2+ +20H- ,
5.3

and

Cr(OHh(s)( K .Cr3+ +30H- .
1.3

The corresponding solubility products are

K3,3 = [Fe2+][OH-t '
KS,3 =[Ni2

+][OH-t '
and

(Eq. 28-30a)

(Eq. 2.8-30b)

(Eq. 2.8-3Oc)

(Eq. 2.8-31a)

CEq. 2.8-31b)

(Eq.2.8-31c)

2.8-30

The effects of hexavalent chromium, molybdenum, and tungsten hydrolysis on pH have
been ignored in this preliminary version of the model, but they will be accounted for in the
future. If solubility limits are exceeded, Fe(OH>2I Ni(OH>2I Cr(OH)3I and Mo(OH)3 precipitates
are assumed to form. The hydrolysis equilibrium constants were found in the literature and
are summarized in Table 28-17 (Oldfield and Sutton, 1978; Cotton and Wilkinson, 1988,
pp. 679-755; Saleh, 1996). Better equilibrium data from the EQ3/6 code will be used in the
future, as has recently been done by others (Walton, Cragnolino, and Kalandros, 1996). The
EQ3/6 code was also developed by LLNL.
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Table 2.8-17. KIJ for alb species and jth reaction at 25°C.

Species I Ref. "1 ~ Ku ~. '" K..s
Cr(lII) 1 15.21 1.58 )( 10-' 6.31 )( Hr7 4.0)( 1~ 2.00)( 10' 3.16)( 10· 3.16 )( 103

Cr(VI) 2 21 6.92 )( ur" ~.

Fe(lI) 3 15 5.0 )( 10-' 7.9 )( 10-'5
Fe(lII) 4 13 1.84 )( 1<r3 unknown unknown
Niel!) 5 15 3.16 )( 10-' 1.35 )( 10-'5

2.8.3.3 Option 1 • L1mlt/atlon Due to Anion Transport

In this case, it is assumed that acidification of the crevice solution is limited by the
transport of Cl- into the crevice, instead ofbeing limited by H+ production and transport out
of the crevice. As discussed by Xu and Pickering (Xu and Pickering, 1993), Cl- will be driven
into the crevice by the potential gradient The corresponding concentration in the crevice is

CEq. 2.8-32)

where [Cna is the concentration at the crevice mouth, f!l(x) is the potential in the crevice
, relative to that at the mouth, and (x) is the distance from the crevice mouth. After the cr
concentration is established, the H+ concentration can be determined with the equation for
electroneutrality. The general expression is

(Eq. 2.8-33a)

where nj- is the molar concentration of the jth anion, zt is the charge of that anion, m. is the
total number of anionic species, nj+ is the molar concentration of the jth cation, Zj+ is the charge
of that cation, and me is the total number of cationic Species. nus can be written more
specifically in terms of anticipated species: .

[OH-]+[Cl-]+[F-]+[NOi]+[HCOi]+~SO~-]+~S2-]+2[Cr20 1-]=
[H+]+[Na+]+[K+]+2[Mg2+]+2[ea2+]+2[Mn2+]+~Ni2+]+[Ni(OHt]+

2[Fe2+]+[Fe{OHt]+3[Fe3+]+2[Fe(OH)2+]+[Fe(OH);]+

~Cr3+]+2[Cr(OH)2+]+[Cr(OH);] .

CEq.2.8-33b)

Here too, the concentrations of dissolved species are expressed in terms of the hydrogen
ion concentration, equihbrium constants for the hydrolysis reactions, solubilities of corrosion
products, and the dissociation constant for water. The resulting equation is a polynomial in
[H+] whose roots can be used determine the pH (Farmer, 1997; Farmer and McCright, 1998).
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2.8.3.4 Option 2· Llmitlatlon Based On Transport ofHydrogen Ion
An alternative strategy assumes that the accumtiIation of H+ ions (pHsuppression) in the 'J

crevice is limited by the overall production rate of H+ due to the hydrolysis of dissolved
metals, and the loss rate of H+ due to leakage from the crevice mouth. To quantify this effect,
the net mass balance for H+ ions must first be established:

[H+]-[H+] +[H+] +[H+] +[H+J- -[H+]•. -[H+]-, - Fe(n) Fe(m) Ni(n) cr(m)· H2 . Oz - •
(Eq. 2.8-34a)

In the present model, the effects of hexavalent chromium, moiybdenum, and tungsten on
pH are assumed to be insignificant. The quantity of hydrogen ions generated by the
hydrolysis of divalent iron ions produced duiing the dissolution of either the CAM or CRM
is .

(Eq. 2.8-34b)

The dissolved Fe2+can be converted to Fe3+ by microbial action, oxidation by naturally
occurring Mn02 or other oxidants, or anodic oxidation. 9nce formed, it is assumed that Fe3+
can also undergo hydrolysis. The quantity of hydrogen ions produced by this reaction is

(Eq. 2.8-34c)

Dissolution of the CRM will produce divalent nickel and trivalent chromium ions, in
addition to divalent iron ions. The equations for the divalent nickel are analogous to those for
the divalent iron:

CEq. 28-34d)

The equations for the trivalent chromium are similar to those for the trivalent iron:

CEq. 28-34e)

Hydrogen ions lost due to hydrogen evolution and the cathodic reduction of oxygen are
represented by

CEq. 28-340

and

(Eq. 2.8-34g)

2.8-32

Equations 2.8-34b through 28-34g are substituted into Equation 2.8-34a. The
concentrations of soluble hydrolysis products are then expressed in terms of [H+] and the
concentrations of unhydrolyzed metal ions. The result is then differentiated with respect to
time to yield the following H+ generationrate:0
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2.8 CorrosIon Model Development

The consumption of H+ by hydrogen evolution and cathodic oxygen reduction is
accounted for. Because the H+ generation rate approaches zero as [H+l and the concentrations
of unhydrolyzed metal ions approach infinity (large values), the extent of pH suppression in
the crevice is limited. If solubility limits are exceeded, Fe(OH)2J Ni(OH)2J and Cr(OH)3
precipitates are assumed to form. Under these conditions, the H+ generation rate is
proportional to the rates of precipitation, which are directly related to the rates of dissolution.
As previously discussed, the hydrolysis equilibrium constants can be found in the literature
(Oldfield and Sutton, 1978; Cotton and Wilkinson, 1988, pp. 679-755; Saleh, 1996).

2.8.3.5 Ion Transport In Crevice

Attention is now directed to the specific issue of ion transport in the crevice separating
the CAM and CRM. As discussed by Newman, fluxes of ions are estimated with the Nernst
Planck equation, which governs electromigration, diffusion, and convective transport
(Newman, 1991): .

N i =-ZiUiFci Vel> - DiVCi +Vci " (Eq. 2.8-35)

where N j is the flux, Zj ~ the charge,.U/ is the mobility~ c; is the concentration, and Vi is the
diffusivity of the ith ion; C1'is the potential in the electrolyte; and v is the convective velocity
of the electrolyte. The current density is then defined in termS of the flux:

- 2-'~ 2 ~"-i = -F V4>~Zi uici -F~%iViVCi •
ii,

(Eq. 2.8-36)

In cases with strong supporting electrolyte, the electromigration term can be ignored.
Transients in concentration can bedealt'with through application of Eq. (37):

, , , ; ~

'd;. --a' =-V·Ni+Ri , (Eq. 2.8-37)

u

where R; is the apparent local homogeneous rate (ALHR). In the simple one-dimensional (to)
problem, the ALHR for each dissolved metal is assumed to be proportional to the local
dissolution (corrosion) rate. TheALHR 'for H+ p~oduction is also assumed to be proportional
to the local d~solution rates, as illustrated by Eq. (34h). The concentration of dissolved iron is
assumed to include all dissolved species, inCluding Fe2+, Fe3+, Fe(OHr, and Fe(OH)2+. Similar
asSuInptions are made for other dissolved metals. The hyperbolic partial differential
equations (PDEs) that describe the 'transport of such reactive species in the crevice can be
solved numerically. Both the Crank-Nicholson and the explicit methods have been used

:(Jenson and Jeffreys, 1963, pp. 410-422; McCracken and Oem; 1964, pp. 377-385). The
assumed BCs imply that the concentrations are zero at the'crevice mouth'(NFE), and that
crevices are symmetric about a mirror plane where the flux is zero. The BCs for H+ and
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2.8 Corrosion Model Development

dissolved Oz are slightly different in that nonzero concentrations are assigned at the crevice
mouth.

2.8.3.6 Current and Potential
The POEs that define transient concentrations in. the crevice require determination of the

potential gradient, as well as the (apparent) homogeneous rates. First, the axial current
density along the length of the crevice, i:r(x), is calculated by integrating the wall current
density, i,(x):

. L. ... . Ix iy(x)dx
'x(x) = h(x) , (Eq. 2.8-38)

where Lis the maximum crevice depth, and h(x) is the separation between the two crevice
walls at position (x). The electrode potential along the length of the crevice, E(x), can then be
calculated from i:r(x): .

E(x) =J:p(x)ix(x)dx , . (Eq. 2.8-39)

where p(x) is the resistivity of the crevice solution at position (x). This technique is similar to
that employed in other published models (Gartland, 1997; Xu and Pickering, 1993; Nystrom
'et al, 1994).
. .

2.8.3.7'·Simultaneous Numerical SolutIon of Transport Equations
, Actual calculation of the transient concentrations is described here. First, the terms for
electromigration in the Nemst-Planckequation are assumed to be insignificant, which is
valid iri cases involving a strong supporting electrolyte (Newman, 1991). A single; lumped
sum concentration is then used to represent each dissolved metal. For example, the lumped
sum concentration of dissolved iron includes contributions of Fez+, Fe3+, Fe(OHt, and
Fe(Omz

+. It is necessary to employ this concept of the concentration because rates of reaction
(apparent homogeneous rates) for individual species are unknown. An overall generation
rate for each dissolved metal can be calculated from the wall current density. Individual
species must be assumed to reach instantaneous equilibrium. EquilibriUm constants for
hydrolysis reactions are available; kinetic rate constants are nol The hyperbolic POEs that
describe the transport of reactive species in the crevice are solved numerically with either the
explicit method, or the Crank-Nicholson method Oenson and Jeffreys, 1963, pp. 410-422;
McCracken and Dom, 1964, pp. 377-385). The explicit method for solution of these POEs is
represented by the following algorithm:

Cm,n+t = A(Cm+1,n +Cm-t,n)+(1-2A)Cm,n +(dt)Rm,n , (Eq.2.8-40a)

. where C",,,, is the lumped-sum concentration at position mand time n; R",,,, is the
corresponding rate of generation or loss; A is the modulus of the equation; and dt is the time
step. The truncation error for the explicit method is

r.. ·s A(6A -1)M;" •m,n 12 . (Eq. 2.8-40b)
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The Crank-Nicholson method is represented by

. A. (" '," '. ) (I-A) ." ,
Cm,n+l = 2(1+A) Cm+l;n+l + Cm-l,n+l + (I+A) em,n

, A ( " ) (41)
+ 2(1+A) Cm+l,n +Cm-l,n + (I+A) Rm,n

where the truncation error is

A 4
Tm,n S 12Mh

The modulae for both algorithms'are identical and equivalent to

In cases involving dissolved metals, the following BCs apply:

CI,n =0 ,

and

Cm+l,n =Cm-l,n

"(Eq. 2.8-41a)

(Eq.2.8-41b)

(Eq. 2.8-42)

(Eq. 2.8-43a)

(Eq.2.8-43b)

These BCs imply that the concentrations are zero at the crevice mouth <NFE), and that
'crevices are symmetric about a mirror plane where the flux is zero. The BCs for H+ and
dissolved~ are slightly different in that nonzero concentrations are assigned at the crevice
mouth. Similar numerical techn;iques can be used for calculation of the current and potential.

2.8.3.8 Predicted Environment In Crevice
The Crank-Nicholson method was used to Calculate concentration and pH profiles

during Phase 1 crevice corrosion, as shown in Figures 2.8-10aand 2.8-10b, respectively.
Boundary conditions at the mouth of the crevice are evident from the figures. Soluble iron
species included in the calculation wer~.Fe2+, .FeS+,Fe(OH)2+, and Fe(OH)". All precipitated
iron is assumed tobe Fe(OH)2. Furthermore,it is assumed that: (a) the temperature is 90°C or

,363K; the potential at the mouth of the crevice is at ~10 mV relative to the corrosion potential
of A516 carbon steel, the assumed. CAM; the solution conductivity is 50,000 tJ5 em-I; and the
dIffusion coefficient of all dissolved species is approximately 1.Ox10-5 em2sec-I. Roy et at have
used cyclic p()larization to measure corr()sion, pitting and repassivation potentials for Alloys
516,825,625, and C-22 (Roy, Fleming, and Lum, 1997b, 1996, 1997a). , ,

Figure 2.8-10. Transient concentrations of dissolved iron and hydrogen ion (pH) as'fundions of
. crevice depth during phase 1 Crevice corrosion, which assumes preferential attack

of the CAM wall.

.The electrochemical potential assumed at the mouth of the creVice is approximately
1.03 V versus NHE, which is approximately 0.1 V more anodic than the assumed pitting
potential, as indicated subsequently in Figure 28-12a and b. The boundary condition at the
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crevice wall is based upon an abstraction of the voltage-current characteristic determined
from the cyclic polarization measurements. Specific parametric values can be found in
Farmer and McCright (1998, Appendix C). Since the original calculations, more sophisticated
models have been developed and applied to Alloy C-22 (for example, see Farmer, Bedrossian,
and McCright, 1998). Such process-level models can be used to make predictions outside the
range of human experience. Therein lies their advantage over empirical models. The author
plans to perform calculations and experiments that correspond to salt concentrations
equivalent to lOx J-13 well water.

.In Figure 2.8-10, results at 0, 600,1200,1800,2400, and 3000 seconds are presented, though
calculations were done at intervals of 1 second. The peak in the iron concentration near the
crevice mouth is due to the combined effects of a potential that decays with increasing crevice
depth (x), and the assumed BC of zero concentration at the crevice mouth. Results obtained
with the explicit method are identical.

Calculations for Phase 2 crevice corrosion of Alloy 625 are shown in Figures 2.8-11
through 2.8-13. Transients in the total concentration of dissolved iron are shown at 0, 600,
1200, 1800,2400,3000, and 3600 s. Dissolved metal sfecies included in the calculation are Fe2.,
Fe(OH)·, Fe3+, Fe(OH)2., Ni2., Ni(OH)·, C~, Cr(OH) ., Cr(OH)2·, and Mo3+. Precipitates are
assumed to be Fe(OH)21 Ni(OH)21 Cr(OH)31 and Mo(OH)3. It is further assumed that the
temperature is 90°C, or 363K; the potential at the mouth of the crevice is at +100 mV relative
to the pitting potential of Alloy 625, the assumed CRM; the solution conductivity is
1000 JJ5/cm; and the diffusion coefficient of all dissolved species is approximately 1.9 x 10-5
em2Is. Based on the work of Roy et al. (Roy, Fleming, and Lum, 1997b, 1996, 1997a), the
pitting potential is assumed to be +689 mV versus SCE. As shown in Figure 2.8-11, the
concentrations of dissolved metals rise sharply from zero at the crevice mouth to peak values
inside the crevice (-0.3 em). Recall that the concentrations are assumed to be zero at the
crevice mouth. At large distances into the crevice (-0.9 cm), the concentrations fall from the
peak values to plateaus. Because H· is generated by the hydrolysis of iron, nickel, and
chromium; and because it is transported in a similar fashion, its transient concentration
profiles (not shown) track those of the dissolved metals. Figure 2.8-12a shows the pH profiles
that correspond to Figure 2.8-11. In this particular case, it is concluded that reasonable pH
values for the crevice solution lie between 2.8 and 3.2 during Phase 2. The concentrations of
dissolved metal ions and ff are used to calculate cr concentration, as shown in

" Figure 2.8-12b. Alternatively, the 0- concentration could be calculated directly from the
potential, as suggested by Pickering and Frankenthal <Pickering .and Frankenthal, 1972), as
well as Galvele (Galvele, 1976). As shQwrt in Figure 2.8-13a, the potential drops to more
cathodic values as the distance into the crevice increases. The applied potential at the crevice
mouth is assumed to be +1,030 mV versuS normal hydrogen electrode (NHE) (+789 mV
versus saturated calomel electrode [SCE». At a depth of 1 em; the·predicted potential is
somewhere between +870 and +910 mV versus NHE (+630 and +670 mV versus SCE). The
oScillations in the potential profiles are. due to the antagonistic effects of ch1orideand·
potential on the anodic Current density at the crevice walL More specifically, the anodic
current due to localized attack is driven by the difference between the electrode potential E
and the pitting potential Em,• The pitting potential is assumed to obey the expression given by
Galvele (Galvele, 1976): .

"~

2.8-36

Eait =A -Bln[Cr], (Eq. 2.8-44)
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where A and B are constants. Note that B is given as -88 mV for Fe-l8Cr-8Ni in Naa
solutions. As the potential in the crevice decreases, the chloride concentration increases,
thereby driving the pitting potential to more cathodic levels (less stability). Thus, the anodic
current is simultane~usly driven by two opposed forces, increasing chloride and decreasing
potential. The axial and wall current densities also exhibitosci11ations, as shown in
Figure 2.8-13b. In the future, the data collected by Roy et ~. should be used to establish the
dependence of Eait on C'- concentration (Roy, Fleming, and Lum, 1997b, 1996,1997a).
Measurements of critical potentials are found in Section 2.3.

Figure 2.8-11. Transient concentrations of dissolved iron and nickel as functions of crevice
depth during phase 2 crevice corrosion (attack of CRM).
For Figures 2.8-11 through 2.8-13, it is assumed that the CRM is Alloy 625
and that electrochemical potential at the mouth of the crevice is
maintained 100 mV above the critical pitting po,tential. Results for other
metals not shown.

Figure 2.8-12. Transient pH and chloride anion concentration as functions of crevice depth
during phase 2 crevice corrosion (attack of CRM).

Figure 2.8-13. Transient potential and current density as functions of crevice depth during
phase 2 crevice corrosion (attack of CRM).

In most crevice-corrosion conditions, the oxygen-reduction reaction is occurring over a
large cathode, and thus the production of hydroxide is far removed from the crevice. it is not
clear if this will be the case in the crevices that will form on our WP. U the hydroxide is
produced at the crevice mouth, then the pH at the mouth may be elevated, providing a
stronger driving force for ff' migration out of the crevice and OH- migration into the crevice,
thus reducing the pH suppression within the crevice. U the electrolyte is strong, this effect
may be small, but if the electrolyte is weak, this effect may be important

2.8.3.9 Validation Experiments for the Crevice Corrosion Model
MicroSensors are being developed and used to map conditions in crevice. Ultirilately,

fiber optic microprobes should enable in situ determination of pH, Fe(ll)/Fe(ill), Ni(ll),
Cr(ill)/CrM), and other species. Figure 2.8-14 shows preliminary data obtained with a new
pH microprobe specifically developed by LLNL for validationof the crevice corrosion model.
The 48B-nm line from an argon ion laser is used to induce pH-dependent fluorescence in a dy
adsorbed at the tip of a fiber optic. The small peak at 514.5 nm is residual output from the
laser; the broad band at 535 nm is the florescence. It should also be possible to use
microelectrodes to determine local electrochemical potential, 02/ C'-, N03- and sot, as well
as Fe(ll)/Fe(lll), Ni(ID Cr(Ill)/CrM), and other species. It may be possible to determine pH,
a-, N03-, sot by other techniques such as minature ion-selective electrodes (lSEs). Other
techniques such as Raman spectroscopy could provide valuable insight into processes
occuring inside the crevice. Post-test examination of crevice walls with scanning confocal and
electron microscopes should provide detailed understanding of the distribution of
penetration depth inside the crevice region. This work is further described in Section 27. .

Figure 2.8-14. Results from new pH microprobe developed by LLNL for validation of the crevice
corrosion modeL
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2.a4 Pitting Models

2.8.4.1 Published Models .

Crevice corrosion will result in acidification of the electrolyte and a corresponding
elevation in 0- concentration. This~afsh localized enviromnent may cause pitting, as well as
intergranular corrosion. Several pitting models have been reviewed in detail by Farmer
(Farmer, 1991). Those for pit initiation include the halide 'nuclei theory by Okada (Okada,
1984b, 1984a); the point-defect model by Chao, Lin, and McDonald (Chao, Lin, and
McDonald, 1981); the electrostriction model by Sato (Sato, 1971); and the stochastic
probability model by Shibata (Shibata and Takeyama, 1977; Shibata, 1996). Models for pit
propagation include the Pickering-Frankenthal model (Pickering and Frankenthal, 1972),
which assumeS passive walls.and an active base; the Galvele modification of the Pickering
Frankenthal model (Galvele, 1976), which accounts for the effects of metal ion hydrolysis on
pH suppression; and the Beck-Alkire model, which deals with a hemispherical pit covered
by a thin, resistive halide film (Beck and Alkire, 1979). Henshall was the first to apply
probabilistic pitting models to the performance assessment of high-level waste containers
(Henshall, 1992, 1994, 1996a).

2.8.4.2 Probabilistic Pitting Model
A probabilistic model has been developed for pitting of the CRM in the harsh crevice

environment <Farmer, 1997; Farmer and McCright, 1998). This model divides the container
surface into a two-dimensional (20) array of hypothetical cells, where probabilities for the
transition from one pitting state to another can be assigned. As described by Shibata (Shibata

.and Takeyama, 1977; Shibata, 1996), nucleation or death of a pit embryo is determined by
comparing random numbers to an environment-dependent birth or death probability,
respectively. Random numbers are generated by a power residue method. After a pit embryo
reaches a critical age, it is assumed to become a stable pit. This approach has already been
explored for modeling pit initiation and growth on high-level waste containers by Henshall
<Henshall, 1992,1994, 1996a). However, the approach employed by Henshall required
additional work to enable it to deal with important environmental parameters, such as pH.
Furthermore, that approach used functions for calculating the birth and death probabilities
could have values much greater than unity (»1), though the code limited the values to one
(SI). It is better to use probability expressions where 'all calculated values lie between zero
and one, as done by Shibata. This feature has now been incorporated into the probabilistic
pitting model described here <Farmer, 1997; Farmer and McCright, 1998):

From empirical observations regarding the roles ofcr and E-Ecril on pit initiation (birth),
as well as empirical observations regarding the roles of OH- and E-Epua on repassivation
(death), the following equations are assumed for the rates of embryo birth and death:

(Eq. 2.8-45)

and

2.8-38

(Eq. 2.8-46)

Engineered Materials Characterization Report
UCRL-ID-1,19564 Vol. 3 Rev. 1.1

<.......,,1



. (Eq.2.8-47)

(Eq. 2.8-48)

2.8 Corrosion Model Development

. where 10-) is the concentration of the chloride anion; IOH-) is the concentration of the
hydroxyl anion; F is Faraday's constant; R is the universalgas constant; Tis the absolute
temperature; E is the electrochemical potential applied to the surface; Eail is the critical pitting
potential; Epass is th~ repassivation potential; «I.. and~ are constants; and~ and fJo are
intrinsic rate constants for the birth and death of embryos, respectively. It is evident that the
proposed model involves competitive adsorption ofcr and OH-, which is consistent with the
discussion by Strehblow and others (Strehblow, 1995, pp. 201-237). This approach introduces
the needed dependence on pH. The rate of converting an embryo into a stable pit is defined
here as the transition rate Yt.This conversion process is assumed to be thermally activated
and governed by the Arrhenius rate law.

Yt=ro~-~~) .
where Ay is the apparent activation energy, and Yo is the intrinsic rate constant. In lieu of a

, , transitionrate, an induction or incubation time can be used. The induction time tt is the age
that an embryo must reach before it can become a stable pit. This quantity is also assumed to

.obey an Arrhenius-like expression

'1 = '0 exp(-~~) ,
where At is the apparent activation energy, and to is the intrinsic induction time. As described
by Sluoata (Eqns. 63 & 64, (Shibata, 1996», the birth probability in a single cell (0 < ~ < 1) is
calculated from the rate as follows:

(Eq.2.8-49)

The death and transition probabilities are cclIculated in a similar manner .

(Eq.2.8-5O)

~and

<Eq. 2.8-51)

At a given time step, an embryo will be born in a ·vacant cell if the following criteria are
met:

RNDs;., , <Eq.2.8-52)

where RND is a random number. The random number embodies the stochastic nature of
pitting events on the surface. Similarly, an existing embryo will die if

RNDs J.l • (Eq. 2.8-53)

An embryo will become a stable pit ifone of the following criteria are met:
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RNDSy ,

or

(Eq. 2.8-54)

(Eq. 2.8-55)

where t age is the age of the embryo under consideration. It was recognized by Henshall that it
is necessary to let the birth probability decay with time to obtain a symmetric distribution of
pits centered at the mean pit depth (Henshall,1996a). However, model parameters, such as
the birth probability, should be time invariant An expression for the birth probability is
proposed that accomplishes the same end as Henshall's formulation, and avoids explicit use
of time as an independent variable.

(Eq. 2.8-56)

where A and B are constants, 9, is the fractional coverage of the surface by stable pits, and n is
the exponent of 9,. The ability of such "shape factors" to mimic observed pit distributions
may be related to implicit memory effects recognized by Scully and others (Scully, 1997).'
More desirable alternatives to Eq. (56) should be explored in the future.

2.8.4.3 Simulations Based On Probabilistic Model 01 Pit Initiation

Figure 2.8-15a shows the calculated pit distribution, which is typical of those obtained
with the stochastic pitting model with time-invariant probabilities. Distinguishing
characteristics include a peak near the maximum pit depth and a long tail. Figure 2.8-15b
shows the corresponding pit density (cells or number per 100 cm~ as a function of time,
based on the probabilistic model. As expected, the number of vacancies (unpitted area)
decreases with time, whereas the number of stable pits increases. Initially, the number of pit
embryos increases rapidly with time. However, the embryo density reaches a maximum and
begins to fall at the point where the rate of embryo conversion to stable pits exceeds the rate
of embryo births. The overall pit-generation rate is proportional to the embryo density, and
also passes through a maximum. Calculations were performed with parametric values shown
in Table 2.8-18. These values enabled the model to mimic the experimental pit distribution
data for Alloy 825 that was collected by Roy and published by Henshall (Henshall~1996a). In
Roy's experiment, samples were exposed to 5 wt% NaCI solution at a pH of 2.57 and a
temperature of 90°C for 240 minutes. A total of 68 pits were observed in an area of
approximately 1 cm1

• The mean depth was 0.345 mm, with a maximum pit depth of
0.505 mm. These data are used asa benchmark for model development.

Figure 2.8-15. Use of probabilistic pit-initiation model to simulate the distributions of pit depth
observed during experiments with Alloy 825 (data of Ajit Roy). .
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Table 2.8-18•. Parameter values used in probabilistic pitting model.

Parameter Units Assumed value.

Ao min-1 6.7572 x 10-2

a 1 none '0.5

~ mV versus SCE +86

J.Io min-' 2.2137 x 10'2

none 0.5
,

a~

~.. mV versus SCE +1

Yo .< min-1 5.0 x 102

A, J mole-1 3.0 x 10·,

To min 1.0
A, J mole-1 3.0 x 10·
A none 9.0
B none 3.0

. N none .' , 1.0

~ em2 L mole-1 sec-1 V-' 4.4106540 x 10--

The effect of pH suppression on pitting of the CRM was investigated with the
probabilistic model. These calCulations were also performed with the parametric values given
in Table 2.8-18. Figure 2.8-16 shows transients in the vacancy, embryo, and stable-pit
densities (cells) that were predicted for two cases, dir~t exposure to the NFE, and exposure
to the low-pH crevice solution. In theNFE case~ the aSsumed environment is a 1100 ppm
NaCI solution ilt pH -7 and 60°C. The CRM is assumed ~o be polarized at a level slightly
above the pitting potential, a.pproximately +90 mV versus SCE. In the crevice case, the
assumed environment is a 2000 ppm NaO solution at pH -3anel 60°C. Here too the potential
is assumed to be approximately +90 mV versUs SCE. The number of vacancies (cells without
embryos or stable pits) decreases with time in both cases, whereas the number of stable pits
increases. Initially, the number of pit embryos increases rapidly with tiine. A maximum is
reached at the point where the rate of embryo conversion to stable pits (losS) exceeds the rate
of embryo births (generation). The overall pit-generation rate is proportional to the embryo
density and passes through a maximum. Oearly, suppressed pH increases the rate of pit
generation',' which is consistent with experience. The effect of pola~tiorion the pitting of
the inner barrier is shown in Figure 2.8-17. Case A assumes a 1000 ppm TDS NaCI solution at
pH"'7, a temperature of 60°C, and an applieclpotential of -712 mV versus SCE, which
corresponds roughly to the corrosion potential of the CAM. Case B assumes a 2000 ppm TDS
NaCI solution'at pH-3,a temperature of60°C, and a potential of +90 mV versus SCE, which
corresponds roughly to the pitting potential of the CRM. Whereas rapid pitting of the CRM is
predicted for Case B, no pitting is predicted in Case A. The model predicts that the corrosion

. potential of the CAM provides some protection for the inner barrier.

Figure 2.8-16. Application of the probabilistic pit-initiation model to predict transients in the
density of vacancies, embryos, and stable pits during the polarization of Alloy 825
near the critical pitting potential.
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Figure 2.8-17. Application of the probabilistic pit:'initiation model to predict transients in the
density of vacancies, embryos, and stable pits at 60°C. Predictions for two \J
assumed cases are compared.

2.8.4.4 Deterministic Model of Pit Initiation

A deterministic model has been formulated by Farmer, and can also be used to predict
the transients in vacancy, embryo, and stable pit density (Farmer, 1997; Farmer and
McCright, 1998). This model gives results comparable to the sfuchastie:-pitting model
proposed by Slubata (Shibata and Takeyama, 1977; Slubata, 1996), but promises to be more
computationally efficient. It was motivated by the similarity between adsorption kinetics and.
the transition probabilities for birth and death presented by Shibata (Slubata,1996). The
fractions of the surface covered by vacanci~,embryos, and stable pits must sum to one

i. <Eq. 2.8-57)

where~ is the fraction of the surface covered by embryos, 9v is the fraction of the surface
that remains vacant, and 9p is the fraction of the surface covered by stable pits. The
accumulation rate of pit embryos on the surface is determined by the difference in birth and
death rates '.

<Eq. 2.8-58)

CEq. 2.8-59)

.where~ is analogous to i..v kdealh is, analogoU$ to J.1t, and~ is analogous to 'Yl~ Consistent
With experience, ct is assumed to promote formation of pit embryos, whereasOH- is; 0

.assumed to promote.repassivation and embryo death. It is evident that this proposed model
involves competitive adsorption of a- and Off, which is also consistent with the discussion
by Strehblow and others (Strehblow, 1995, pp. 201-237). There is no induction time per se.
The accumulation rate of stable pits on the surface is then proportional to the fractional
coverage of the surface by embryoS. .' .

dlJp
-d = kpit9£t .

This rate expression asSumes that a stable pit evolves from a single embryo. In reality,
several embryos may coalesce to form a pit Thus, the dependence of the pit generation rate

. on 9t may not be first order. CoalesCence of nembryos would give rise to an nth order rate
expression. These two first-order, ordinary differential equations can be solved' .
simultaneously by numeric integration with a fourth-order Runge-Kutta algorithm.

2.8.4.5 Dependence of the Pit Generation Rate on Electr~chemlcal Potential... .
The probability of initiating localized corrosion is based on the stochastic probability

theory of pit initiation, as discussed by Baroux (Baroux, 1995, pp. 265-309). First, the
. ~Xpression for the survival probability is

2.8-42

Ol's = 1-m x oS , (Eq.28-60)

Engineered Materials Characterization Report
UCRL-JD·119564 Vol. 3 Rev. 1.1



2.8 Corrosion Model Development

where ap is the survival probability (probability of no pitting) of an infinitesimal area as on a
sample of area S. The survival probability of the entire surface S is then

s
Ps =[I-CO x OS]6S • (Eq.2.8-61)

(Eq.2.8~2)

The pit-generation rate PGR is .then defined in terms of the time derivative of the
elementary pitting probability

dco-=g=PGR ,
dt

where

- r'W =Jo(PGR)dt . (Eq. 2.8-63)

We then make the following simplification by assuming that PGR is independent of time
and that as - S. Although it would be better to avoid such gross over simplification, it does
provide sOlne degree of insight into the expected dependence of the survival probability, and
the probability of pit initiation, on electrochemical potential. This insight is needed to address
the question regarding probability ofpitting

Ps =l-PGRxtxS .

The probability of pitting" Qocalized corrosion, LO is then assumed to be

li.c =PGRxtxS .

It is observed empirically that

Therefore,

We can estimate the empirical constant f3 as

f3 = In(lt.c,t/Pr.c,2) ,
(£1 -£2) -

(Eq. 2.8-64)

(Eq.2.8-65)

(Eq.2.8-66a)

(Eq. 2.8-66b)

(Eq. 2.8-66c)

For the purpose of illustration, consider a hypothetical case where the repassivation
potential is assumed to be the point at which there is a 5% chance of initiating localized
corrosion. Furthermore, assume that the average repassivation potential is BOO mV versus
standard hydrogen electrode (SHE), and that the observed scatter around the average
± 50 mY. The probability of initiating localized corrosion at BOO mV versus SHE is assumed to

Engineered Materials Characterization Report
UCRL-ID-119564 Vol. 3 Rev. 1.1

2.8-43



2.8 Corrosion Model Development

be 5%, and the probability of initiating localized corrosion at 800 ± 50 mV versus SHE is
assumed to be,1%. In this hypothetical case,

fJ = In(5/1) := 0.032 mV-1
(800 mV -750 mY)

CEq. 2.8-66d)

Based on these assumptions, the maximum probability of pitting is calculated to be less
than 15% at the 99th percentile, with typical values of 0.01 to 2.12% at the 50th percentile.

2.8.4.6 Electrochemical Potential
It is believed that the electrochemical potential at the mouth of the crevice will be

somewhere between the mixed potential of A516 Gr 55 and Alloy C-ll, in either concentrated
J-13 or a representative crevice solution (10 wt% FeClJ. In the absence of FeCl31 the greatest

. mixed potential at 90°C is expected to be somewhere between -520 and -24 mV versus SHE.
With 10 wt% FeCI31 potentials as high as +714 mV versus SHE have been observed <Table 2.8
19). Since the observed mixed potential has never exceeded the pitting or repassivation
potentials, localized attack is not expected. Several candidate CRMs were anodically
polarized in 5 wt% NaO at pH 2.7, as illustrated by Figure 28-18. Severe pitting was
observed in Alloy 825 at 600 mV versus Ag/AgO (E:> Epasa). In contrast, no pitting was
observed in Alloy C-22 at the same potential (E < Epas). Data summarized in Table 2.8-20 also
indicates no localized attack of Alloy C-ll at potentials below the repasSivation potential
(£ < £pua)'

Figure 2.8-18. Photographs of candidate CRM materialssubjected to severe polarization in acid
chloride solutions (LLNL data collected by Ajit Roy). <J

Table 2.8-19. Expected electrochemical potentials in repository, based on measurements of
AS16 Gr 12 (CAM) and Alloy C·22 (CRM).

Case A B C 0 E

T("C) 90 90 90 90 90
NaCl (wt%) 10 1 0 0 5
FeC~ (wt%) 0 0 0.6 3.1. 0
PH 6.8 2.7 2.14 1.72 2.7
Radlolysis No No No No No
Deaerated No Yes Yes Yes No
Ecorr (mV versus SHE): A516 Gr 55 -520
E".",(mV versus SHE): e-22 -24 -29 +661 +714
E..i (mV versus SHE): C-22 +442 +758 +905 +889 >+730
E".. (mV versus SHE); C-22 +550 +793 +857 +896 >+730
Above threshold potential No No No No No
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Table 2.8-20. Potentiostatic polarization of Alloy C-22 in acidic salt solutions at LLNL (Roy).

T NaCI FeCI~ pH E-, E;.... Duration Observation 10#
(OC) (wt%) (wt%) (mVversus (mVversus (hours)

AgfAgCI) E-,)

30 5 0 2.6-2.7 -31 681 167 No attack OG2797C1.PS
30 5 0 2.6-2.7 In 423 167 No attack 041497C1.PS
30 5 0 2.6-2.7 155 545 167 No attack 041497C2.PS
60 5 0 2.6-2.7 -147 847 167 Slight crevice 042197C2.PS

90 5 0 2.6-2.7 247 600 26.5 No attack 112097Cl.PS

90 0 3.05 1;68 447 880 167 Slight crevice 110697C1.PS

From'transport modeling of corrosion in theCAM-eRM crevice, it is.known that the
electrochemical potential inside the crevice is less anodic Oess severe) than the potential
established or applied at the mouth of the crevice (Farmer, 1997; Farmer and McCright, 1998).
This is due to ohmic drop along the length of the crevice. Consequently, any estimate of
corrosion rate based on the electrochemical potential at the crevice mouth, coupled with the
assumption of suppressed pH and elevated chloride inside the crevice, should be
conservative.

Smailos, Schwarzkopf, and Koster state (Smailos, Schwarzkopf, and Koster, 1986):
"Hastelloy C-4 has also resisted pitting corrosion and stress corrosion cracking, in the absence
of irradiation, and its corrosion rate has been low at all testing temperatures « 1 f.lII\/yr), but
it has been attacked by crevice corrosion." However, they go on to state that when it is
exposed to gamma irradiation at-l05 rcid/hr, pitting corrosion was observed. This pitting
corrosion is believed by several inveStigators in the field to be due to the formation of
oxidants such as Hz0 21 which shift the corrosion potential in the anodic direction, closer to the

. pitting and repassivation potential. Glass performed definitive radiolysis experiments at
LLNL showing that the corrosion potential of 316L stainless steel in 0.018 M NaCI at 30°C
shifted from approximately -100 mV versus SCE to approximately +100 mV versus SCE
when exposed to gamma irradiation (3.3 x 106 rad/hr) from a Co-6O source (Glass et al.,
1986). The level of radiation expected at the outer surface ofthe CRM at the instant of CAM
penetration is estimated to be several orders of magnitude less than these exposures (l05
106 rad/hr). Note that radiolysis could also form other oxidants. However, such effects are
not expected to be great at low levels ofradiation.

2.8.4.7 Growth and Stifling ofStable Pits

Propagation of a stable pit requires that the local electrochemical potential remain above a
threshold (E > Epass). If this condition is met, propagation occurs at a rate that is depth
dependent The depth can be calculated from the age of the pit. As the pit becomes deeper,
the rate becomes slower due to mass-traIlsport limitations. The maximum possible depth can
then be estimated with an appropriate stifling criterion, which is based on a limiting mass
flux.

Determination of the distribution of pit depths requires calculation of the pit penetration
d, which is a function of pit age Tage• The corresponding penetration rate can be assumed to be
limited by either diffusion orelectromigration. Both cases yield a square-root dependence of
the pit depth on time. piffusion-limited penetration willbe discussed briefly in the following
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section: Here, for the sake ofillustration, the penetration is assumed to obey the following
empirical expression: V

d =~2KTage. '

where the rate constant K is defined as

CEq. 2.8-67a)

(Eq.2.8-67b)

(Eq. 2.8-68)

where Ko isa constant, Iff] is the hydrogen ion concentration, E is the applied voltage, and
Eait is the critical pitting potential. It should be noted that this expression implies growth
driven by the electric field. Future pitting calculations should use assumptions that are more
consistentwith those implicifin the crevice model, such~ the assumption of a strong
supporting electrolyte.

In principle, a pit will cease to grow (die) if the depth beComes so great that the current
density at the base of the pit falls below the passive current density. The importance of
"stifling" has also been pointed out by Marsh <Marsh, Taylor, and Sooi, 1988). In the case of
pit propagation in carbon steel, Marsh gives the following criterion based on the passive
current density and the diffusive flux of dissolved oxygen:

ipass S _Da:(x,tll. .,
4F. iJx %=0

where ipau is the passive current density at the base of the pit, F is Faraday's constant, D and C \ j
are the diffusivity and concentration of dissolved oxygen, respectively, x is the distance into \....".,/
the pit from the mouth of the pit, and t is time. It was noted that careful measurements of ipua
are required for any theoretical analysis. The critical concentration gradient across the pit is
estimated to be

(Eq. 2.8-69)

Alternatively, given a maximum possible differential concentration of dissolved oxygen,
the maximum possible pit depth at stifling (death) can be calculated.

AxS- 4:D6C .
. 'pass

(Eq. 2.8-70a)

(Eq.2.8-70b)

2.8-46

The largest critical pit depth occurs when the dissolved oxygen is saturated at the mouth
of the pit, and entirely depleted at the base of the pit (6C == 0 - Cut).

"..... 4FDCsat
UoAo S. .

'pass

Estimates of the Critical pit depth, based on the diffusion-limited current density
assOciated with oxygenredtiction are summarized in Table 2.8-21~ The following ..
assumptions were made: F =9.64846 x 10· C equiv-t

; D % lW cri\zIs; and~=4 X 10-6 AIcmz.
The oxygen solubilites were given by Andresen (Andresen, 1998, p. 12).
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(Eq.2.8-71b)

2.8 Corrosion Model Development

Table 2.8-21. .Pit-stifling criterion based on flux of dissolved oxygen at 25°C

NaCI(wt%) ... , '. O2 (ppm) .. O2 (~OIl~~3) AX (em)

0 8.2 2.56 x 10-7 0.25

3.5 .6.8 2.13 x 10-7 0.20

5 6.0, 1.88 X .10-7 0.18

16 2.9 9.06 x.10-' 0.09

Satd. <2.0 <6.25)( 10-' <0.06

An alternative criterion for pit stifling can be formulated based on the diffusion-limited
flux of dissolved metal inside the pit. In the case of a multicomponent material, such as Alloy
C-22, the modified stifling criterion can be expressed in terms of the total concentration
gradient of the ith dissolved metal (Fe, Ni, Cr, Mo, or W):. . .

I1Cj I Ii ipass .- ~--,
l1x critical nj FDj

where Cj is the total concentration of the ith dissolvedmetaI, x is the distance from the mouth
of the pit,f,is the mole fraction of the passive current producing the ith dissolved metal,~ is
the p'assive current density at the base of the pit, ni is the the number of electrons involved in
the anodic dissolution of the ith dissolved metal, F is Faraday's constant, and D; is the
apparent or overall diffusivity of the ith dissolved metal. To transport dissolved metal out of
the pit without accumulation, precipitation, passivation, and stifling, this critical
concentration gradient must be maintained. Ifone assumesf; = 0.01, ipua =4 x 1()-6 A/cm2

,

n/ =6, F =9.64846 X 10· C/equiv, Dj -1<r cm2/s and l1x =2 an, the critical differential
concentration,I1Cj , is estimated to be 1.38 X 10-8 mol/g (1.38 x 10'" mol/kg). Values of the
mole fractionf, are given in Table 2.8-22. Note that the solubility of W03 is only _10-10 mol/kg
at pH - 2. Ifany dissolved species at the base of the pit haS a solubility less than this limiting
value, the pit will die before wall penetration is achieved. Alternatively, given a maximum
possible differential concentration, 'the maximum possible pit depth at stifling (death) can be

; calc:U1ated.

, n·FD·I1C·
l1x:S ~ • r r •

Ii'pass

The largest differential concentration and the largest critical pit depth occur when the
solution at the base of the pit is.~turated and \\Then the concentration at the mouth of the pit
is zero.
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Table 2.8-22. Alloy composition assumed for congruent dissolution of Alloy C-22, required by
modified pit-stifling criterion.

Component Wt. fract. MW mol/gram mol fract. (fJ
Fe 0.04 55.847 0.000716243 0.043879444
Co 0.02 58.9332 0.000339367 0.020790788
Cr 0.21 51.996 0.OO4038n2 0.24742885
W 0.03 183.85 - 0.OOO1631n - 0.009996745
Me) 0.13 .~ . "_. 95.94 0.001355014 0.083012714
Ni 0.57 58.7. 0.009710392 0.594891456

Total 1 1

The solubilities of various oxides and hydroxides believed tobe formed during
dissolution of Alloy C-22 are given by Pourbaix <pourbaix, 1966). From the solubility versus
pH curves given by Pourbaix, it appears that the following empirical relation is obeyed over
limited ranges of pH:

CEq. 2.8-72)

where Csat,i is the concentration of the ith dissolved metal at saturation (mol/kg), mj is 'the
slope, and bi is the intercept. Values of the slope and intercept were estimated from the curves
of Pourbaix and are also given in Table 2.8-23. This abstracted model for solubility was used
to estimate the logarithims ofsolubilities given in Table 2.8-24. .

Table 2.8-23. SolUbilities given by Pourbaix for various compounds responsible for passivation
.of Alloy C-22. -

Film species log(~J pH. log(~ PHt ~ ~ Ref.

Fe(OH)2 -2.5 8 -6.5 10 -2 : 13.5 Pourbaix p. 311
Fe(OH)~ -1 2 -3 3 -2.00 3.00 Pourbaix p. 311
Fe20~ -1 0 -8 2.5 -2.80 -1.00 Pourbaix p. 311
Ni(OH)a -1 6.5 -8 10 -2.00 12.00 Pourbaix p. 336
Cr(OH)3 -3 2.5 -12 5.7 -2.81 4.03 Pourbaix p. 268

CroP.. -3 3.7 -9.5 6 -2.83 7.46 Pourbaix p. 268
Cr(OH)~-nH20 0 4 -4 6 -2.00 8.00 Pourbaix p. 268

MoO~
.. -3.7 ·0' , 1 4.7 ,1.00 -3.70 Pourbaix p. 276

We, -8 3 0 7 2.00 -14.00 Pourbaix p. 283

\J
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Table 2.8-24. Predicted logarithims of solubilities at various pH values based on slopes and
intercepts in Table 2.8-23.

pH Fe(OH)2 Fe(OH)s Fe20 S NI(OHh Cr(OH)s ct20 S Cr(OH)rnHP MoOs WOs
-1 15.50 5.00 1.80 14.00 6.84 10.29 10.00 -4.70 -16.00
0 13.50 3.00 -1.00 12.00 4.03 7.46 8.00 -3.70 -14.00
1 11.50 1.00 -3.80 10.00 1.22 4.63 6.00 -2.70 -12.00
2 9.50 -1.00 ~.60 8.00 -1.59 1.80 4.00 -1.70 -10.00
3 7.50 -3.00 -9.40 6.00 -4.40 -1.03 2.00 -0.70 -8.00
4 5.50 -5.00 -12.20 4.00 -7.21 -3.86 0.00 0.30 ~.OO

5 3.50 -7.00 -15.00 2.00 -10.02 ~.69 -2.00 1.30 -4.00
6 1.50 -9.00 -17.80 0.00 -12.83 -9.52 -4.00 2.30 -2.00
7 -0.50 -11.00 -20.60 ·-2.00 -15.64 -12.35 ~.OO 3.30 0.00
8 -2.50 -13.00 . -23.40 -4.00 -18.45 -15.18 -8.00 4.30 2.00
9 -4.50 -15.00 -26.20 ~.OO -21.26 -18.01 -10.00 5.30 4.00
10 ~.50 -17.00 -29.00 -8.00 -24.07 -20.84 -12.00 6.30 6.00 ,

Based on the estimated solubilites given in Table 2.8-24, the critical pit depths were
calculated and are given in Table 2.8-25. Ranges of pH where localized corrosion is stiffled by
a particular film-forming compound are in boldface type. The pit depth is limited to a
different extent by each oxide or hydroxide. At low pH, Mo03and W03 appear to be
primarily responsible for the superior corrosion performance of Alloy C-22. Based on this
calculation, one would expect the localized corrosion of Alloy C-22 to be stifled over the
entire range of pH, extending from -1 to 10. This is consistent with observations in acidic
media of interest <simulated crevice solution of 10 wt% FeCIJ. There are unusual acidic
environments where corrOsion is known to occur. Both experience and calculation appear to
indicate that pits should not propagate in Alloy C-22 during exposure to crevice conditions.
Soluble oxych1orides have not been considered in the initial calculation, but should be
included in future calculations. Specifically, a geochemical code such as EQ 3/6 should be
used.
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Table 2.8-25. Maximum possible pit depths (ax/em) in Alloy C-22 predicted with modified
stifling criterion, assuming dC -100'ro, CUll and i p_ - 4 ~cmz.

,pH Fe(OH~ Fe(OH), FetO, NiCOH), Cr(OH), CrtO, Cr(OH)rnHP MoO, WO,

, -1 3.48)( 10" 1.65)( 1(1 1.04 )( 1(1 8.11 I( 1(pl 2.02)( 10'° 5.70)( 10'3 2.92 I( 10" 3.481( 10-' 1.45 I( 10-"
0 3.48 I( 10'1 1.65)( 1(' 1.65 )( 10' 8.11 I( 1(7· 3.13)( 1()1 8.43 I( 1()l° 2.92 I( 10" 3.48 1.45 I( 10-'

: 1 3.48 I( l()ls 1.65 )( 10' 2.61 8.11 )( l()lt 4.85 )( 10' 1.25)( 1(1 2.92)( 1(1 3.48)( 10' 1.45)( 1Q"1
2 3.48 I( 1()l3 1.65 )( lot 4.14 I( 10"' 8.11)( 1(70 7.52)( 1()l 1.85 )( 1(11 2.92)( 1()1 3.48 )(1(1 1.45)( 10-'

: 3 3.48 I( 1()l' 1.65 )( 1()1 8.57)( 10-' 8.11 )( 1(1 1.18)( 10-' 2.73)( 111 2.92)( 1(11 3.48)( lot 1.45 )( 10"'
4 3.48)( 1(1 1.65)( la' 1.04)( 10-' 8.11 )( 1(1 1.80)( 10-' 4.04)( 11t' 2.92)( lot 3.48)( 10' 1.45 I( 10-'
5 3.48 )( 1()1 1.65 )( 11t' 1.65)( 10-" 8.11 )( 10' 2.79)( 10-1 5.97)( 10-' 2.92)( 10' 3.48 )( 1(11 1.45 I( 10'
6 3.48 )(1(11 1.65 )( 10" 2.61)( 10-14 ·8.11 )( 111 4.33 )( 10-" 8.83)( 10-1 2.92)( 11t' 3.48)( 1(1 1.45)( 10'
7 3.48)( 10' 1.65 I( 1Q"1 4.14 I( 10-11 8.11 6.70 )( 10-" 1.31 )( 10-' 2.92 I( 10"' 3.48 )( 1()7 1.45 I( 1(11

8 3.48 )(10' 1.65 )( 10-' 6.57)( 10-» 8.11 )( 10"' 1.Q4 )( 10-" 1.93)( 10-" 2.92)( 11t' 3.48)( 1(1 1.45 I( 1()1
9 3.48 I( 10-' 1.65 )( 10-" 1.04)( 11t" 8.11)( 10-' 1.61 I( 10-11 2.88 )( 10-'1 2.92)( 10-' 3.48)( 1(1 1.45 I( 1(1

10 . 3.48 I( 104 1.65)( 10-" 1.65)( 11)"21 8.11 )( 11t' 2.49)( 10-" 4.23)( 10-11 2.92)( 1lt' 3.48 )( 1()l° 1.45 I( 10"
Notes:
1. Ranges of pH where localized corrosion is stiffled by a particular film-forming compound are in boldface type.
2. At low pH, Mo03and WO, appear to be primarily responsible for the superior corrosion perfonnance of AUoy C-22.
3. Localized corrosion should be stiffled aver the entire range of pH, extending from -1 to 10.
4. This is consistent with observations in relevant (anticipated) acidic media.
5. Soluble oxychlorides have not been included in initial calcu1ation. but will be included in the future.

2.a5 Stress Corrosion Cracking

2.8.5. t Criterion for sec
. For stress corrosion cracking (sec) to occur, three factors have to exist: stress, a flaw

(crack-initation site), and a material-specific corrosive environment. Flaws can either pre-exist
due to poor manufacturing practices or be initiated at locations where high stress
concentration exists, such as grooves and corrosion pits. Stress can exist due to welding
residual stress, shrink-fit stress, or weight stress. These contributions to stress are illustrated
in Figure 2.8-19 and are summarized in Table 2.8-26. Fracture mechanics is, by far, the best
approach to assess the tendency for sec to occur. Once a crack is initiated, the crack will
grow by sec when the applied stress intensity factor K is equal to or larger than sec
resistance parameter KISCO as follows:

CEq. 2.8-73)

Figure 2.8-19. Three contributions to the overall stress in an unperturbed, horizontally placed
high-level waste container that could promote stress corrosion cracking (SeC):
weight stress, the weld stress, and the shrink-fit stress.
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Table 2.8-26. Three contributions to stress in unperturbed waste package.

Quantity Weight stress Shrink-fit stress Maximum residual Maximum total
(MPa) (MPa) weld stress stress

(MPa) (MPa)

A516Gr55 0.46 40 205 245

AlloyC-22 2.6 0 407 409.6
Alloy 625 2.6 0 483 485.6

. ,

KN"C, is a material- and environment-dependent property that can be obtained through
fracture mechanics testing of the materials in the specified environment. The stress intensity
factor can be calculated with the following fracture mechanics formula:

(Eq. 2.8-74)

, where p is a geometry factor dependent on the shape of the crack. For a surface elliptical
crack with depth (a) and length (2c) under tensile loading, J3 depends upon the aspect ratio
(a/2c). The solutions,for J3 are readily available in typical fracture mechanics textbooks such
as the one written by Anderson (Anderson, 1995), and will not be duplicated here.
Equation 2.8-74 applies only to an ideal crack. For a corrosion pit, a small crack must be
initiated at the base of the pit before it can grow by sec. A crack can be initiated in several
ways such as over-load induced tearing, grain boundary sensitization, or breakage of a near
by inclusion. To determine exactly when a small crack will beiniticited is a difficult task. In
our analysis, we assume that a crack fissure with the length of &z is readily developed along
the base of the pit on the plane normal to the applied stress direction. It is further assumed
that & is determined by the size of one grain, which is estimated to be approximately 40 JlIll
(0.0015 inches). An idealized crack initiation site is illustrated in Figure 2.8-20. Under this
sitUation, the criteria for, this crack to continue to grow by sec can be expressed by the
following formula: '

(Eq. 2.8-75)

where api' is the depth of the pit, J3 is a geometry factor dependent on the depth and aspect
ratio of the pit (as described in Equation 2.8-74), and a is another geometry factor that
accounts for the fact that the pit and crack fissure do not constitute an ideal crack. The
solution for a has been derived by Newman in graphical form (Newman, 1991). It should be
noted that for the asymptotic situation, where the crack fissure size is much less than the
depth of the corrosion pit (& « Rp,), the applied stress intensity factor can be expressed as

(Eq. 2.8-76)

where ~ is the elastic stresS concentratio~ factor at the tip of the pit and is calculated as

2aKt =1+. C
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Figure 2.8-20. Conceptual representation of the ideal flaw (pit or other imperfection) that was.
used as the basis for calculating the critical flaw size for initiation of stress \J
corrosion cracking (SCC).

2.8.5.2 Stress Analysis
sec of A516 Gr 55, Alloy 625, or Alloy C-22 can initiate at a pre-existing flaw orpit of

critical size, provided that there is adequate stress. It is assumed that there are three
contributions to the stress of an unperturbed high-level waste container: weight stress,
shrink-fit stress, and weld stress. In the base metals of containers, the only stresses that exist
are the weight stress and shrink-fit stress. '

2.8.5.3 Weight Stress
The weight stress can be calculated by the elasticity theory of a beam, which is given as

M,a=T .
where the the stress along the longitudinal direction of the container is G, and the distance of
any location of interest away from the center-axis of the container is T. The moment of inertia
of the cross section of the container is I

CEq. 2.8-77c)

CEq. 2.8-77d)

CEq. 2.8-77e)

where,o and'i are the outer and inner radius of the cylinder container. For the,analysis of the
outer barrier, To is taken as 0.825 m (32.48 in), and Tlis taken as 0.725 m(28.54'inches). For the
analysis of the inner barrier, To is taken as 0.725 m (28.54 inches), and Tlis taken as 0.705 m
(27.75 inches). Eq. 2.8-77d is used to calculate Min Eq. 2.8-73b: '

1
M=--2 '

8pL

where L is the length of the container between base supports of the container, and p is the
uniformly distributed weight along the length of the container. In our analysis, L is taken as
half of the total container length (L =2.67 m). The weight of the package W is estimated to be
50,423 kg. Then p can be calculated as

Wp=
2L

Based on the above equations, the maximum weight stresses calculated for the container,
system are 0.46 MPa in the~AM (A516 Gr 55) and 2.6 MPa in the CRM (Alloy 625 or C-22).

2.8.5.4 Shrlnk·fit Stress

The stresses due to the shrink fitting of two cylinders are treated by Shigley and Mischke
(Shigley and Mischke, 1989, pp. 62-63). At the outer surface of the CAM, the tangential
shrink-fit stress can be calculated as
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(Eq.2.8-77f)

At the CAM-eRM interface, the maximum tangential stress in the iilnercylinder (CRM)
can be calculated as

(Eq. 2.8-78)

·(Eq.2.8-79)

where ro is the outer radius of the DAM, taken as 0.825 m (32.48 in), Ris the inner radius of
the outer container, taken as 0.725 m (28.54 inches), and rl is the inner radius of the inner
container, taken as 0.705 m (27.75 inches). The contact pressure on the CAM-eRM int~rface

'due to the slight over-size of the outer radius of the CRM relative to the inner radius of the
CAM is

p+ EB[('~-R2XR2_'l)]' ,
, R2R2(r; _rj2)

", where the oversize is quantified through'the radial interference cS, which is assumed to be
0.89 mm (0.035 incheS). The elastic modulusE of both the CAM and CRM was assumed to be
approximately 207,000 MPa (30,000 ksi) in this preliminary analysis. Based on'the above
equations, the contact pressure is calculated as 5.85 MFa' (847.5 psi), the 'shrink-fit stress at the
outer surface of the CAM is calculated as 40 MFa (5,742 psi), and the maximum shrink-fit
stress for the"CRM is calcUlated as -207 Mpa (30,199 psi), w~ch is a compressive stress. It is
noted that the maXimum shrink-fit stress of theCRM will approach ~ero as the CAM
undergoes' corrosive dissolutio~Therefore, the shrink-fit stress in the CRM is'as~Umed to be
zero.

2.8.5.5 :Weld Stress
In the welds, the welding residual stiesshas to be corisideied. In the fabrication of the

waste package containers, the welds will be mostly stress relieved except the final closure
. weld, which has not been specified to be relieved. In this case, the welding residual stress can
be as high as the yield strength of the material. The yield strength is 205 MPa for A516 Gr 55;
407 Mfa for Alloy C-22; and 483 MPa for Alloy 625 (Huang, 1998).

2.8.5.6 seeResistance
Fracture mechanics sec testing has been performed on Alloys 625 and C-22 by Roy (Roy,

Fleming, and Lum, 1998). Preliminary measured values of KISCC are 30 MPa m1/2 for Alloy
C-22 and 33 MPa m1

/2 for Alloy 625. These values are summarized in Table 2.8-27 and were
used in this preliminary analysis to determine whether or not sec will occur in flaws or
corrosion pits developed in these alloys. Also refer to Section 2.4 for more information on
sec measurements.

For carbon steel, a correlation between KISCC and Vicker hardness has been reported for
aqueous solutions of NaCI (3.5 wt%) (Davis, 1996, p. 349). Because the Vicker hardness for
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A516 Gr 55 carbon steel is typically 120, the XISCC of this material is estimated to be
approximately 71 MPa m1lz•

Table 2.8-27. Measured values of KISCC (Roy).

Material I<;scc (MPa m1~ .

A516 Gr 55 ·71
Alloy 625 ·33
AlloyC·22 ·30

2.8.5.7. Results of see Analysis

. Corrosion pits can be developed at weldS and base metals of waste package containers
after. long exposure to the environment. These act as stress risers to initiate crack fissures at
the bases of the pits. sec can be initiated at these pits when the applied stress intensity
factors are equal to or larger than XISCC" Using the expression for X given as Eq. (75) and the
XI"CC data from the previous section, the critical flaw size for initiation can be defined
(X = Xrscc>. These critical flaw sizes have been calculated and are given in Table 2.8-28 as a
function of aspect ratio (a/2£) at various stress levels. Note that the critical flaw sizes for sec
initiation is always larger than the thickness of the respective barriers, except at extremely
high aspect ratio (a/2£-5). At this very high aspect ratio C/l/2£-5), the critical flaw sizes for
sec initiation in unannealed welds of Alloys 625 and C-22 are 1.2 em and 1.4 cm,
respectively. Because these values are somewhat less than the wall thickness (2 em), sec may
be possible in the unannealeci closure weld. Because stresses in the base metals are expected
to be much lower than that in the corresponding, unannealed welds, it is concluded that sec \J

'. should not occur in the base metals. Even though theweld residual stress can be very high, it
has been observed by Henshall and Roy that the aspect ratio of corrosion pits in Alloy 825
seldom exceeds one (a/2£<1) (Henshall, 1996a). Such pits are shown in Figure 2.8-18. The

. results in Table 2.8-28 suggest that sec will not occur at corrosion pits at weldS, even if the
welds are not stress relieved. . '.

The current analysis is based on linear elastic fracture mechanics. When the stress applied
on a crack or corrosion pit is close to or beyond yield stress, there is a possibility that the

, linear elastic fracture overestimates the critical flaw size for initiation of seC. Under this
situation, elastic-plastic frac~emechaiucs based on the I-integral approach should be used.
To use this elastic-plastic fracture mechanics approach, accurate stress-strain curves for each
material are neededto,characterize its strain-hardening behavior. We will pUrsue such data
and conduct elastic-plastic fracture mechanics analysis in the future. In the interim stage, we
recommend that the maximum stress on the welds be relieved to less than 75% of the yield
strength of the material.
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Table 2.8-28•. Critical flaw size required to initiate stress corrosion cracking.

.B!2c= 0.25 tJ!2c= 0.5 8J2c= 1 B12c=2 B!2c=5

A516 Gr 55 (t· 100 mm)
245MPa >t >t >t >t >t
153.8 MPa >t >t >t >t >t .
102.5 MPa >t >t >t >t >t

Alloy 625 ( t • 20 mm)
485.6MPa >t. >t >t >t 12mm
362.3 MPa >t >t >t >t >t
241.5 MPa >t >t >t >t >t

Alloy C-22 ( t· 20 mm)
409.6MPa >t >t >t >t 14mm
305.3MPa >t >t >t >t >t
203.5MPa >t >t >t >t >t

Values greater than the wan thickness t will not lead to seC.

2.8.6 Thermal Embrlttlement

2.8.6.1 Background on Thermal Embrltllemenl

In the current repository design, the temperature of high-level waste containers loaded
with 10-year spent nuclear fuel (SNF) is expected to reach a peak temperature of 200°C after
10 years of emplacement. The waste package will require approximately 1000 years to cool to
100OC. This extended period at elevated temperature has lead to concern regarding the
possibility of thermal embrittlement (I'E), which is also known as temper embrittlement. It is
well known that fracture toughness in steels, especially in low-alloy steels, is severly reduced
by isothermal aging or slow cooling in the 350° to 575°C range. It is also recognized that the
segregation 'of impurities, such as Sb, P, Sn, and As at grain boundaries, is the main cause of
TE. The most potent embrittling elements, in order of decreasing potency, are As,Sn, P, and
As. However, Sb, Sn, and As are not generally present in steels. Thus, phosphorous poses the
greatestthreat of TE in materials such as A516. McMahon has concluded in his review that
plain carbon steels containing less than 0.5 wt% Mn are not susceptible to TE <McMahon,
1968, pp. 127-167). However, higher levels ofMn may enhanceP-induced TE. It is apparent
that not enough data exist on the long-term aging of carbon steels to completely disregard the
possibility of TE, especially in the case of high-Mn steels.

2.8.6.2 TE Predictive Model

To address this issue, we have analyzed the segregation of P in steels after both a typical
thermal embrittlement cycle at 350 to 575OC, and a typical temperature cycle expected in a
high-level waste container. The~ two profiles are shown in Table 2.8-29.
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Table 2.8-29. Predicted segregation of phosphorous at grain boundaries of carbon steeL

. Temperature (OC) Time (days) Segregation of P

Typical thermal embrittlement cycle in steels
575 0.04 0.84
538 0.08 0.88
524 0.5 0.89
496 2 0.91
468 3 0.93
350 5 0.97

Expected waste-package temperature cycle
200 1,825 0.005
180 36,500 0.011
140 365,000 0.012
80 3,650,000 0.012

Estimates of the extent of TE rely on both thermodynamics, kinetics, and transport
phenomena. Mclean developed a theory of grain-boundary segregation using statistical
thermodynamics <Mclean, 1957). His expression [Eq. (80)] is used to calculate the segregation
of P at grain boundaries after thermodynamic equilibrium is reached:

(Eq. 2.8-80)

where Xtt is the equilibrium fraction of grain boundary being covered with a monolayer of the
impurity of concern, Xc is the solubility of the impurity in the matrix, and SG is the Gibbs free
energy of segregation. For phosporous segregation in steel, Bruce and his coworkers have
derived SG as a function of temperature Tbased on experimental data (Druce, Gage, and
Jordan, 1986). This is represented by

c5G(J/mol) = -63000 +21.0)(T(K) .. CEq. 2.8-81)

The solubility of P in steels, Xc, can be estimated by inspection of the Fe-P phase diagram
CMassalski, 1986). Two data points, one at 400°C and another at443°C, were obtained and fit
to an the Arrhenius expression

(Eq. i8-82)

where T is in Kelvin. McClean also developed a theory for the kinetics of grain-boundary
segregation. The fraction of grain boundary coverage (Xb(t» at a given time t and temperature
T is given as .

(Eq. 2.8-83)
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(Eq. 2.8-85)
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where D is the di~ioncoeffidentof the solute (phosphorous), and ~ is the grain-boundary
enrichment ratio (XblXc). The remaining parameterfis defined as

a3
f="2b

where aand bare the atomic sizes of the matrix and impurity elements, respectively. For
phosphorous in steels, i~ is assumed that a and bare 1.24 and 1.0 A, respectively. Bruce
developed the following expressing for the diffusion coefficient:

D=025exp[ ~~DIOI)]

2.8.6.3 TE AnalysIs

Equations 2.8-80 through 2.8-85 were used to calculate segregation in steel (the fraction of
grain boundary being covered with a monolayer of P).after the typical TE cycle in steels and
the expected waste package temperature cycle. The results are shown in Table 2.8-29 and
indicate that the total grain-boundary.segregation of P after the typical TE cycle is 0.97,
whereas that for the expected waste package temperature cycle is only 0.012. The segregation
expected for the waste package is only about 1.2% of that for the typical TE cycle in steels.
Therefore, we conclude that TE in the CAM is very unlikely.

2.8.7 Microbiologically Influenced Corrosion (MIC)
The possible acceleration of abiotic corrosion processes by microbial growth has also been

a concern. Bacteria and fungi alter local environment in biofilm. For example, H+ is known to
be generated by bacterial isolates from Yucca Mountain (Hom et aI., 1998). Furthermore,
thiobacdlus ferrooXidans·oxidize Fez+, while geobacter metallireducens reduce Fe3+. Other
microbes can reduce sotand produce S2-. In the future, we hope to caltulate concentration
transients in biofilms with a relatively simple bioreactor model. Also refer to Section 2.5 for
additional work or MIC evaluation in Yucca Mountain. . .

2.8.8 Summary
Concentration profiles inside the CAM-eRM crevice have been calculated, first during

corrosive attack of the CAM wall, then during corrosive attack of the CRM wall. A peak is
predicted in the iron concentration near the crevice mouth due to the combined effects of a
potential that decays with increasing crevice depth, and the assumed BC of zero
concentration at the crevice mouth. Calculations for corrosive attack of the CRM wall have
also been performed. The predicted concentrations of dissolved metals rise sharply from zero
at the crevice mouth to peak values inside the crevice. At large distances into the ~r~vice, the
predicted concentrations fall from the peak values to plateaus. Because H+ is gene~ated by the
hydrolysis of dissolved metals, and it is ;transported in a similar fashion, its predicted
·concentration profiles track those of the dissolved metals. In general, the pH is found to
approach an asymptotic value (pH It: 3). Such representative values can be used as i;nput for

" predictive pitting models.
In simulations, the number of vacancies (unpitted area) decreases with time, whereas the

number of stable pits increases. Initially, the number of pit embryos increases rapidly. The
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embryo density evenutally reaches a maximum and begins to fall at the point where the rate
of embryo conversion to stable pits exceeds the rate of embryo births. The overall pit- \,J
generation rate is proportional to the embryo density and passes through a maximum. The
effect of pH suppression and imposed potential on pitting of the CRM has also been
simulated. The predicted rate of pit generation is enhanced by pH suppression, which is .
consistent with experimental observation. These models predict that the corrosion potential
of the CAM provides some protection for the CRM within the crevice.

Propagation of a stable pit requires that the local electrochemical potential remain above a
threshold (E > Epa.)' If this condition is met, propagation occurs at a rate that is depth
dependent. The depth can be calculated from the age ofthe pit. As the pit becomes deeper,
the rate becomes slower due to mass-transport limitations. The maximum possible depth can
then be estimated with an appropriate stifling criterion, which is based on a limiting mass
flux.

Corrosion pits can be developed at welds and base metals of waste package containers
after long exposure to the environment. These act as stress risers to initiate crack fissures at
the baSes of the pits. sec can be initiated at these pits when the applied stress mtensity
factors are equal to or larger than KISCC' The critical flaw size for initiation ofsec can be
defined by equating Kand KISCC' These critical flaw sizes have been calculated as a function of
aspect ratio (a/2c) atvarlous stress levels. The critical flaw sizes for sec initiation is always
larger than the thickness of the respective barriers, except at extremely high aspect ratio
(a/2c-5). At this very high aspect ratio (fz/2c-5), the critical flaw sizes for sec initiation in
unannealed welds of Alloys 625 and C-22 are 12 cm and 1.4 cm, respectively. Because these
values are somewhat less than the waIl thickness (2 em), sec may be possible in the weld.
Because stresses in the base metals are expected to be much lower than that in the

•corresponding, unannealed welds, it is concluded that sec should not occur in the base
metals. Even though the weld residUal stress can be very high, it has been observed by
Henshall and Roy that the aspect ratio of corrosion pits in Alloy 825 seldom exceeds one
(a/2c<l). Preliminary results suggest that sec will not occur at corrosion pits at welds, even
if the welds are not stress relieved.

The current analysis is based on linear elastic fracture mechanics. When the stress applied
on a crack or corrosion pit is close to or beyond yield stress, there is a possibility that the
linear elastic fracture overestimates the critical flaw size for initiation of sec. Under this
situation, elastic-plastic fracture mechanics based on the J-integral approach should be used
(Anderson, 1995). To use this elastic-plastic fracture mechanics approach, accurate stress
strain curves for each material are needed to characterize its strain-hardening behavior. We
will pursue such such data and conduct elastk:-plastic fracture mechanics analysis in the
future. In the interim stage, we recommend that the maximum stress on the welds be relieved

. to less than 75% of the yield strength of the material.
Estimates of the extent of TE rely on thermodYnamics, kinetics, and transport

phenomena. Such models have been used to calculate segregation in steel (the fraction of
grain boundary being covered with a monolayer of P) after the typical TE cycle in steels and
the expected waste package temperature cycle. Preliminary results indicate that the total
grain~boundarysegregation of Pafter the typical TE cycle is 0.97, whereas that for the
expected waste package temperature cycle is only 0.012. The segregation expected for the
waste package is only about 1.2% of that for the typical TE cycle in steels. Therefore, we ,
conclude that TE in the CAM is very unlikely.
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The models presented in this section embody both the mechanistic processes currently
believed to be operable in each respective mode of degradation and equations that govern
fundamental physical prOcesses, such as these taken from. the field of transport phenomena.
Such process-level models are necessary to enable scientists and engineers to make
predictions beyond the realm of human experience. Simple empirical correlations cannot be
defended when used for predictions that extend well beyond recorded history, because time
will always be an independent variable in the determination of rates of WP degradation.
Mechanistic models provide a means of overcoming ·the severe limitations of empirical
model abstractions, such as those currently.used in the WAPDEG code. Clearly, it is difficult
to argue that CDFs based on opinions can be used for valid predktio~a~ 10,000 to
40,000 years. A better approach is needed.' .

The crevice-corrosion model, as presented in this report, provides a rational; technically
defensible means of estimating and thereby bounding local environmental conditions with
the crevices inherent in all WP designs. The low pH and high'cr iIi such occluded regions are
known to accelerate general and localized corrosion of Alloy C-22, the material primarily
responsible' for providing reasonable repository performance. The most severe attack on
Alloy C-22 has been observed in crevices or in simUlated crevice environments.

In regard to the pitting models, Figure 2.8-14 and Figure 2.8-15 illustrate clearly how data
from an accelerated test (90°C, 5% NaQ, pH 2.57,0.1608 V versus SCE, 240 min) can be used
to make reasonable predictions at longer times and more realistic, less severe conditions.
Though thiS model may be oflimiteduse for rruiterialssuch as Alloy C-22, that are well
below their repassivation, it will be essential for estimating the time to failure of stainless
steel 316L structural components included in more recent alternative designs. Also, pits can
serve as stress concentrations for stress-corrosion cracking, which can be catastrophic in
poorlydesigned systems. To develop a crechble license application for the repository, it is
prudent to develop process-level models. Such models should provide bounds for reasonable
50th-percentile predictions by other means; These tools also provide insight to planning
eXposure tests. . . .

Future Work'
The stability ofthe passive film formed on Alloy C-22 should be determined with the

scanning tunneling microScope (STM) and the atomic force microscope (AFM). These
techniques provide means of generating in situ high-resolution images of the alloy surface. In
the case of STM, atomic resolution may be possible, provided that the passive film is
sufficiently conductive CBedrossian, 1994, 1995a, 1995b; Golovchenko, 1986).

Microsensors and in situ optical techniques should be employed to actually measure the
localized environment inside the~-eRMcrevice. Fiber opticmicroprobes (fluorescence,
absorption, and inelastic Raman sCattering) should be used to determine pH, as well as the
concentrations of dissolved metals and anions. MiaoeleCtrodes should be used-to establish
potential profiles within the crevice. Such measurements will eliminate much ofthe need for.
speculation about the crevice environment. Such sensors have already been demonstrated at
LLNL and will be applied to this important problem in the future, provjded that funding is

. maintained. In specific regard to Alloy C-22, it may be possible to use interferometry and
other reflection techniques (ellipsometry) to quantify the very small penetration rates
anticipated in crevices. For example, an artificial crevice could be formed beneath a quartz
optical window, with FeCl3 additions to simulate the dissolved CAM.
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Thin-film corrosion sensors should be fabricated and deployed in the drifts at Yucca
. Mountain (ESF) to continuously monitor corrosion rates of A516 Gr~ 12, Alloy C-22, and other
metallic alloys of interest. Such films can be deposited on piezoelectric crystals so that mass
change due to corrosion can be measured. Alternatively, the resistance through a sputtered
thin film of the material can also be monitored. Such atmospheric corrosion studies are now
being conducted at LLNL to study the impact of various ga&'-phase impurities on the tarnish
rate of unprotected metallic mirrors in the National Ignition Facility. Phase stability could be
studied with sputtered multilayers (well-defined, calibrated microstructure).

Proces&'-level (mechanistic) models for pitting and crevice corrosion sho\l1d be further
developed and improved so thatexperiinental data can be used for reliable predictions on the
repository time frame. The CAM-CRM crevice transportmodel should be enhanced to
include: .

. . ,

• toe,allied concentration- and temperature-dependent solution conductivity.
• Terms to account for electromigration at low ioiuc stren8ths.
• Equations to account for sulfate, nitr~te, carbonate, and other anions.
• An appropriate activity coefficient model.
• .Improved computationally efficient model of solution equilibria, including proper

, hydrolysis equilibrium constants. ,
• ' Ability to deal with variable width crevice. .
• Ability to account for localized breakdown of the passive film within the crevice.
• A rigorous criterion for cessation of localized attack. .

.Imp~ovements are also needed in the stochastic pitting model, as previously discussed.

The correlations presented here are viewed as a startirig point, and they require
continuous improvement and updating. More appropriate, nonlinear functional forms
should be explored. Such functional forms will enableTSPA to interpret coefficients as
activation energies, orders of reaction, and related kinetic parameters. MOdification of the
existing test matrix should be considered. By adding additional test conditions as needed
(tanks), it may be possible to achieve the advantages of a factorial design.

All cyclic polarization measurements should be accompanied by microscopic
. photographs, and perhaps even images generated by a scanning electron microscope (SEM),

to substantiate the absence of localized corrosion below threshold potentials (repassivation
potential, etc.), This approach has been successfully employed with great success by others
(Gruss et aI., 1998)j and should be emulated by LLNL. "

It is believed that uncertainty regarding the waste package environment is the largest
source of uncertainty on corrosion modeling. Significant effort must be expended by the
entire program to reduce the uncertainty and to provide those involved in TSPA and
materials testing with well-specified anticipated environments.
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2.8. Figures

Dripping water
from repositoryI / Zone 1. Oxygenated crevice solution with suppressed pH

+ / ZOne 2. Oxygen reduction 8I1d depletion with suppressed pH

/ Zone 3. Oxygen-depleted zone with suppressed pH

Stages of crevice corrosion:
Phase 1 • anodic dissolution of CAM
Phase 2 • attack of CRM after consumption of CAM

Outer barrier (CAM)

Figure 2.8-L Conceptual representation of corrosive attack of horizontal high-level waste container with
outer barrier made of corrosion-allowance material (CAM) and inner wall made of corrosion resistant
material (CRM).
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Figure 2.8-2. Conceptual representation of interactive modes of corrosion and degradation in CAM-CRM
crevice.
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Figure 2.8-3. General corrosion (penetration) rates of A516 Gr 55 after 6 months of exposure in the Long Term
Corrosion Test Facility at LLNL. Data are for tests with simulated dilute well water (SDW), simulated concen
trated well water (SCW), and simulated acidified well water. Samples were placed in the aqueous phase (AQ),
the vapor phase (VP), and at the water line (WL). The maximum observed rate was about 300 pm/yr.
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Figure 2.84. Conceptual representation of degradation-mode model for ceramic coating.
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Figure 2.8-5. Passive corrosion (penetration) rates ofAlloy C-22 after 6 months of exposure in the Long Term
Corrosion Test Facility at LLNL. These data are for simulated acidified well water (SAW). Samples were
placed in the aqueous phase (AQ), the vapor phase (VP), and at the water line (WL). Rates were less than
1 pm/yr.
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)K Vapor phase - weight loss - 1 year
t:1 Liquid phase - weight loss - 1 year
• Water line - weight loss - 1 year
o Vapor phase - weIght loss - 6 months
+ Liquid phase - weIght loss - 6 months

Water line - weight loss - 6 months
A Vapor phase - crevice - 6 months
£i Liquid phase - crevice - 6 months
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Temperature eC)

Figure 2.8-6. Comparison of predictions and measurements for Alloy C-22, exposed to SAW in the LTCfF.
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• Haynes International data
(10 wt.% & pH 0.7)

+ Corrosion Current data
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Figure 2.8-7. Comparison of predictions and measurements for Alloy C-22, exposed to simulated crevice
solution (10 wt% FeC1J>.
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(a) Asphahanl data: simulated crevice solution
(10 wt% FeCI~

102 ~......--.--..---r---"-"~""'-~_-"-_

(b) Fit of Sand equation to Asphahanl data:
simulated crevice solution (10 wt% Fecl~
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Figure 2.8-8. Corrosion data published by Haynes International (Asphahani, 1980) for exposure of candidate
CRMs to simulated crevice solutions (10 st% FeClJ>.

(a) Crevice corrosion of Inner barrier
In 10 wt% FeCI3 at BOoC

102 _ Alloy 825 _ Alloy 625
_ Alloy c-4 _ Alloy C-22
--- Alloy C-276 - Inner barrier
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(b) Crevice corrosion of Alloy C-22
In 10 wr'k FeCI3
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Inner barrier wall- 2 em

100 -- 200C__ 4QOC
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10-1 __ 1000C
-Inner
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Figure 2.8-9. Extrapolations of corrosion data published by Haynes International (Asphahani, 1980) based on
the analysis shown in Figure 2.8-6 (which assumes that d ='Pt- 1I2).

2.8F-6 Engineered Materials Characterization Report
UCRL-ID-119564 Vol. 3 Rev. 1.1



2.8. Figures

u (a) Early predictions of dissolved Iron for
Initial stage of Phase I crevice corrosion
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Figure 2.8-10. 'Ii'ansient concentrations of dissolved iron and hydrogen ion (pH) as functions of crevice depth
during phase 1 crevice corrosion, which assumes preferential attack of the CAM wall.

oL..............-...........::====~~-1
o 0.1 0.2 0.30.4 0.50.6 0.70.8 0.9 1

Crevice depth (cm)

6.0 ,---------------,
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Figure 2.8-11. Transient concentrations of dissolved iron and nickel as functions of crevice depth during
phase 2 crevice corrosion (attack of CRM). It is assumed that the CRM is Alloy 625 and that electrochemical
potential at the mouth of the crevice is maintained 100 mV above the critical pitting potential. Results for
other metals not shown.
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Figure 2.8-12. Transient pH and chloride anion concentration as functions of crevice depth during phase 2
crevice corrosion (attack of CRM). It is assumed that the CRM is Alloy 625 and that electrochemical potential
at the mouth of the crevice is maintained 100 mV above the critical pitting potential.
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Figure 2.8-13. Transient potential and current density as functions of crevice depth during phase 2 crevice
corrosion (attack of CRM). In this case it is assymed that the CRM is Alloy 625 and that electrochemical
potential at the mouth of the crevice is maintained 100 mV above the critical pitting potential.
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Figure 2.8-14. Results from new pH microprobe developed by LLNL for validation of the crevice corrosion
model. The 488-nm line from an argon ion laser is used to induce pH-dependent fluorescence in a dye
adsorbed at the tip of a fiber optic. The small peak at 514.5 nm is residual output from the laser; the broad
band centered at 535 nm is the fluorescence.u (a) Simulation of AJit Roy's measured

distribution of pit depths for Alloy 825
(b) Simulation of AJit Roy's measured

distribution of pit depths for Alloy 825
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Figure 2.8-15. Use of probabilistic pit-initiation model to simulate the distributions of pit depth observed
during experiments with Alloy 825 (data of Ajit Roy). Parameters in the model were adjusted so that the frac
tional coverage of the surface by stable pits, the average pit depth, and the maximum pit depth could be accu
rately predicted.
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Figure 2.8-16. Application of the probabilistic pit-initiation model to predict transients in the density of vacan
cies, embryos, and stable pits during the polarization ofAlloy 825 near the critical pitting potential Predictions
for two assumed cases are compared: 1100 ppm TDS and pH 7, assumed NFE; 2000 ppm TDS and pH 3,
assumed crevice condition.
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Figure 2.8-17. Application of the probabilistic pit-initiation model to predict transients in the density of vacan
cies, embryos, and stable pits at rocc. Predictions for two assumed cases are compared. Case A: 1000 ppm TDS,
pH 7, and -712 mV SCE (the corrosion potential of CAM); Case B: 2000 ppm TDS, pH3, and +90 mV vs SCE
(pitting potential of CRM).
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Figure 2.8-18. Photographs of candidate CRM materials subjected to severe polarization in acid chloride
solutions (LLNL data collected by Ajit Roy). Alloy 825 is much more prone to pitting than Alloy C-22. It is
believed that no pitting ofAlloy C-22 has been observed below the repassivation potential, which is
assumed to be the threshold for localized corrosion.
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Figure 2.8-19. There appear to be three contributions to the overall stress in an unperturbed, horizontally
placed high-level waste container that could promote stress corrosion cracking (SCC). 'These are the weight
stress, the weld stress, and the shrink-fit stress. Note that '0 is the outer radius of the outer barrier (CAM), 'i is
the outer radius of the inner barrier, R is the inner radius of the outer barrier, L is the length of the container
between supports, and E is the modulus (CAM or CRM).

Figure 2.8-20. Conceptual representation of the ideal flaw (pit or other imperfection) that was used as the
basis for calculating the critical flaw size for initiation of stress corrosion cracking (SCC).
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3. Ceramic Materials Testing and Modeling
by Keith R. Willinger, with contributions by Joseph c. Farmer on the performance model

3.1 Introduction
Certain refractory ceramics, notably oxides, have properties suitable for the construction

of ceramic waste containers for long-term use in nuclear waste disposal applications. In
particular, oxide ceramics are far less prone to environmental corrosion than metals under
realistic repository conditions. The aqueous corrosion rates ofoxides, such as magnesium
aluminate spinel (MgAl20.) and ~lumina (AI20 3), fall in the range of a few millimeters per
million years. Oxide ceramics are also unlikely to be subject to microbiologically influenced
corrosion, which apparently can attack most, if not alI, of the available engineering metals.

. Ceramics have a reputatiori for poor mechanical performance, and large, impermeable
objects are not easily fabricated by most current fabrication methods. As a result, the most
promisingapproach for incorporating ceramics in large waste packages (WPs) appears to be
the application of a high-density ceramic coating to a supporting metallic structure. Ceramic
coatings applied by a thermal-spray technique can be made effectively seamless and provide
a method for final closure of the WP while maintaining low average temperatures for the
entire assembly. The corrosion resistance of the ceramic should prevent or delay water
penetration to the underlying metal, which will, in tum, provide most of the mechanical
strength and toughness required by the application. In this way, the major concerns
regarding a ceramic coating are centered on three issues: ensuring that the coating is
impervious to moisture, that it adheres to underlying metal, and that it remains resistant to
mechanical stresses during handling or from rock fall in the repository. Without water,

. electrochemical corrosion and microbiologically influenced corrosion processes are
considered to be impossible, so a complete coating should protect the metal vessels for far
longer than the current design requirements. Even an imperfect coating should extend the life
of the package, delaying the onset and reducing the severity of corrosion by. limiting the
transport of water and oxygen to the ceramic-metal interface.

3.1.1 Thermal-Spray Processes
Thermal-spray techniques for ceramic coating of metallic structures are currently being

explored. The mechanics of thermal spray resembles spray painting in many respects,
allowing large surfaces and contours. to be covered smoothly. All of the relevant thermal- _
spray processes use a high-energy input to melt or partially melt a powdered oxide material,
along with a high':velocity gas to impinge the molten droplets onto a substrate where they
conform, quench, solidify, and adhere.mechanically. The energy input can be an arc
generated plasma, an oxygen-fuel flame, or an explosion.,The appropriate feed material and
resulting coating morphologieS vary with technique and With application parameters. To
date, several versions of arc-plasma systems, a detonation coating system, and two variations
of high-velocity oxygenated-fuel (HVOF)-fired processes have been investigated using
several different ceramic materials. . . '.' . .

For any given material, the.choice of process, initialparticle size, and process parameters
is largely a heat-transfer issue. Particle size is important because particles that are too coarse
may not melt in the short time available for heat transfer, whereas particles that are too fine
may bounce off the spray plume'and not reach their melting temperatures. Either type can
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3. Ceramic Materials Testing and Modeling

still become entrained in the coating, leading to defects and porosity. Semi-molten particles
can quench without fully conforming to the site of impact. Shadowing effects arising from J
uneven coating build rates, uneven gas streams, and so forth, can also contribute defects.

Thermal spray of ceramics requires that a balance be maintained betWeen dropletS that
are too hot and those that are too cold. Droplets that remain significantly above the melting
temperature may rebound upon impact prior to solidification or simply vaporize; those that
are too cold are not molten. The various spray techniques are simply, different methods for
gettii1g more particles to the correct state to deposit high-density coatings With maximum
efficiency and minimum defects. Detonation spraying uses explosive gas velocity for great
impact energies but (relatively) low particle temperatures, counting on mechanical
deformation to help achieve high coating density. High-power plasmas heat the particles at
very high currents under the premise that the higher the local energy density, the more
particles will be heated to the correct temperature. Axial-injection plasma systems introduce
particulates to the center of the flame, preventing them from bouncing off the plume and
-increasing dwell time in the flame. HVOF systems use high flame temperatures and high
velocities to achieve performance. Each spray technique has an optimum particle size for
each material being sprayed. Available powders are not necessarily identical, and _
unfortunately not all materials are readily available in appropriate particle sizes. Some
control of spray conditions is possible to allow for variations in particle size and composition,
but good coatings do not generally result from a random pairing of powder and process.

3.1.2 CoatIng Modeling
A model was developed to account for corroSion protection of steel by a thermal-sprayed

ceramic. This model accourits for increased impedance to oxygen transport due to aporous
ceramic coating and a consequentreduction in corrosion rate. As part of this model, a
quantity g is defined to account for pore -geometries and pore fractions. The model-also
accounts for expansion (strain) of the coating due to the accumulation of corrosion products
at the ceramic-metal interface to predict the onset of cracking'required for spallation. It does
not predict the ultimate degree of the potential spallation or its specific location. The model
has been documented <Hopper, 1998) and is discussed in Section 3.5.

Important considerations in this model are as follows:
• The substrate corrosion mechanisms are not changed by the presence of the coating,

only slowed by reduced transport rates. Ifa substantial portion of a coating simply
disappeared, the sitUation would be no worse than it would have been without a
coating. The metallic corrosion modeling presently being done would apply, but over
a limited region that can be treated statistically.

• In the calculation presented in Section 3.5, aqueous corrosion rates at the substrate are
reduced from 300 J,lm/yr to 8.6 x 10-2 JIm/yr. The model treats the ceramic coating as
an isotropic continuum and treats the WP in its entirety to predict the .onset of the first
crack in the coating. Such an approach allows a conservative estimate of an additional
14,000 years of life for the corrosion-allowance material (CAM) in a saturated
environment. The formation of a single crack would not constitute total failure and
removal of the coating, although it would tend to relieve stresses that might lead to
further cracking.

• The uncorrected g-factor is an estimate applied to compensate for the effect of a
porous coating on the transport of oxygen to the metallic substrate. If the oxygen
,transport is impeded, the corrosion rate will decrease. The uncorrected g-factor is \.J
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based on the presumption of a simple, cylindrical-pore geometry. The corrected g
factor accounts for the influence of more realistic pores. An idealized version of a real
pore geometry consists of a series of spheres, which dominates the total pore fraction,

, and a series of smaller interconnecting cylinders, which dominates the impedance to
oxygen transport. 'In describing the pores mathematically, regular forms are a
convenient fiction, just as they are in particle-size measurement. Particle-size
distributions are reported in terms of "equivalent spherical diameter" because it is
mathematically intractable to describe each of the billions of particles exactly, nor is it
necessary when describing an average behavior. The same applies to pores and
channels that are uniformly distributed throughout a coating. The model calculation
is highly sensitive to the values assigned to the pore parameters, especially the
cylinder diameters. The example pore dimensions used to illustrate the model were
not rigorously determined, so the explicit results cannot yet be trusted for accuracy.
Ukewise, the value of elastic modulus used in the failure calculation was taken from
the literature. Each of these quantities will need to, be determined experimentally.

• The impedance to oxygen transport imposed by a porous coating depends on whether
the pores are filled with liquid, gas, or an appropriate sealant To be conservative, the
g-factor for dry oxidation was assumed to be unity due to unsealed, gas-filled
porosity. Effectively, the ceramic was ignored for purposes of calculating dry
oxidation, even though about 980/0 of the substrate surface is covered and the
remainder is exposed only through long, convoluted, and narrow channels. The g
factOr for aqueous-phase corrosion will necessarily be much smaller than this, due to
reduced diffusion rates of oxygen through liquid-filled pores. The g-factor for the

, humid-air corrosion regime is the largest source of uncertainty and is simply assumed
to lie somewhere between the g-factor for dry oxidation and that for aqueous-phase
corrosion. In the absence of conclusive experimental data, the uncertainty in the g
factor for~ regime could easily be several orders of magnitude.

Test Design

3.2.1 Materials Under Test
After a prior literature and vendor study (Wilfinger, 1995), the coating materials initially

selected for experimental tests were magnesium aluminate spinel (MgAI20.), aluminum
oxide (A120 3), titanium dioxide (Ti02), and a few combinations of these materials.
Combinations of materials are reported to result in improved toughness when the materials
are cosprayed; otherwise, their chemical and structural properties resemble those of the pure
oxides. Each ceramic being considered is a chemically stable oxide with good corrosion
resistance, naturally occurring analogs, and no glassy component. Each melts at about 2150°C
or less. Alu~a andtitania were Chosen because of solubility studies performed in Sweden
during the late 1970s, which suggested that either material is likely to survive more or less
iridefinitely in contact with water underground (Swedish Corrosion Institute, 1980). Their
dissolution 'rates in aqueous corrosion are on the order of a few millimeters per million years.
The spinel was originally chosen because of its extreme radiation tolerance, chemical
resistance, and similarity to alumina in working properties. Stabilized zirconia (Zr02) is
another ceramic that has been considered as an additional option, although it is not actively
being pursued in the current work because of the increased difficulty'of producing dense
coatings with such a refractory material (melting point >2700°C).
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Of the materials being tested, alumina is the most common commercially and is

somewhat stronger than the others, but its thermal-sprayed form is subject to a phase \ J

transition that could possibly cause cracking over time. As part of the initial experimental '-"

work at LLNL, the tendency for this transformation to take place over long times at

moderately elevated temperatures was verified during a year-long thermal treatment study.

As a result, we eventually concluded that spinel offers the best combination of physical

.. properties, because it does not have a metastable form that might transform after spraying.

3.2.2 Test Methods
The major analytical methods used in this assessment are:

• Metallography to evaluate coating structures, total porosity and corrosion behavior.

• Adhesive/cohesive bond-strength measurements.

• Impact testing to simulate rock fall..
• Alternating-eurrent (ac) impedance spectroscopy to estimate the resistance to oxygen

transport through a porous ceramic coating. .

Additional analytical techniques were x-ray diffraction (XRD), scanning electron

microscopy (SEM), and die-penetrant exammations.

3.2.3 Sample Types
Three general configurations of ceramic-coated, carbon-steel samples have been used in

the work done to date. Flat-plate samples (various sizes) are examined using die penetrants

and sectioned to evaluate the structures of the ceramic coatings. Larger versions are used for

impact studies. Smaller versions are used for XRD and heat-treatment studies. Flat-ended,

bond-strength coupons (2.5 em diameter) conforming to American Society for Testing and \.."."I
Materials (ASTM) C633-79 are used to measure the adhesive/cohesive strength of the

coatings on their substrates. Corrosion test coupons (15 cm long by 25 cm diameter) are

cross-sectioned following exposure to various environmental conditions to locate and

measure corrosion products at the ceramic-metal interface. Some of these samples are

deliberately damaged by slicing with a diamond saw prior to corrosion testing to expose a

portion of the substrate. The same sample type is sectioned for ac impedance measurements

and allows a modified version of the adhesive/cohesive bond-strength test to be conducted

following corrosion testing.

3.2.4 Process Evaluation'and Characterization

For this study, samples of conventional arc-plasma-generated alumina coatings on steel

were produced at LLNL. Other samples of various materials were supplied by Vartec Inc., a

commercial coating service. More recently, samples of spinel were provided by the Idaho

National Engineering and Environmental Laboratory (INEEL). The work at INEEL was

contracted directly by the M&O. Samples of HVOF alumina-titania and spinel coatings

produced using hydrogen as a fuel were purchased from Vartec. Detonation-sprayed

samples of alumina, titania, and spinel were purchased from Demeton America Inc., an

equipment manufacturer. Samples of various materials produced using an axial-injection,

plasma-spray technique have been ordered from Northwest Mettech, another equipment

manufacturer. The Center for Thermal Spray Research at Stony Brook declined to provide

samples coated using a water-stabilized plasma system on the grounds that coatings

produced by that technique can be manufactured quickly but are not partiCularly high in

density.
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3.2.5 Status of Ordered Samples
U ' Allsamples order:edfrom Vartec and Demeton, as of April 30, 1998, have been delivered

and are being tested. These orders did not include ASTM-style test coupons. One full set of
plasma-sprayed spinel Samples ~th no bond coat was delivered by INEEL, out of six
different sets originally requested. The corrosion-style coupons they delivered were uncoated
at the ends. As part of a subcontract with INEEL, subcontractorTAFA has delivered two full
sets of cylindrical specimens (with and without bond coat) produced using a high-power
plasma ("Plazjet") system. These samples also have uncoated ends. TAFA has not yet
delivered any flat-plate or mechanical test specimens. Because they usedpropylen~as a fuel,.
TAFA tried but was unable to coat any specimens with spinel using their HVOF system, also
as part of work subcontracted by INEEL. INEEL issued a final report (Wright, 1998) based on
their own development work and the work at TAFA.

3.2.6 Bond Coats
Some coating samples were applied over a bond coat of a nickel-based alloy resembling

Alloy c-n. This was done to determine whether improved adhesion might result and
possibly to limit an expansion-upon-rusting failure issue that was·raised regarding the
corrosion products generated by oxidation of steel. A counterargument has been suggested:
that an inadvertent mechanical penetration of the coating and the thin nickel-alloy bond coat
could lead to the formation of an undesirable electrochemical potential, possibly accelerating
local corrosion of the carbon-steel CAM.

The presence of a bond coat also complicates~e issues 'of package closure and rework
following any mechanical damage. H the patch is improperly prepared or executed, a
situation could arise where a new portion of the bond coat would be applied over a portion
of the undamaged ceramic. Such an overlap might or might not be dangeroUs, but is'
undesirable because it represents an unpredictable physical discontinuity. Similar objections
can be raised regarding graded coatings because it is always difficu1tto blend the old with
,the new perfectly. If the limiting factor is the cohesive strength of the ceranlic rather than the
adhesive strength of the ~nd,bond coats and gr~d~coatings may be superfluous.",

Test Types'

3.3.1 MetaUography
Optical and SEM metallography of sample cross sections demonstrate the morphology of

the various coating types received. Image 'analysis was used to estimate the total fraction of
porosity. Polishing reveals overlapping splat patterns quite well. There is usually a contrast
.difference between adjacent grains, which may be due to variations in polishing along
different crystallographic axes. There is also some tendency for relief polishing to occur at the
boundaries J?etween grains. A few representative micrographs are included in this section.

.Figure 3.3-1 shows an optical micrograph of a low-densit}r (-19% porous) coating made via
conventional plasma spray. The coating shown has been corrosion tested, but the
microstructure is unchanged. '

Figure 3.3-1. Porous plasma-sprayed a1umiria coating after 6 months in lOx concentrated,
simulated }-13 water at 90°C.
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Figure 3.3-2 is an example SEM micrograph showing the pore structure of a conventional
plasma coating. For low-density coatings in particular, large numbers of circular and J
elongated (sausag~like)pores are Visible between the flattened plates makingup the coating. '
As woul~ be expected, these elongated pores run more or less parallel to the substrate surface
along the grain edges. Many of the apparently circular pores might be the elongated type
revealed in cross section. The lines of grains appear to undulate, probably due to each splat
falling only partially over the others, and to varying grain size. In places, there are radial
separations (micr6cracks or pores), which appear to be submicron in thickness and a few
microns long (as long as the grains are thick), running between layers. Other interesting
features include rounded inclusions (particles that apparently had melted but. resolidified
before striking the surface) and sharp-edged inclusions (particles that apparently had never
melted but were merely trapped mthe coating>. .

Figure 3.3-2. SEM micrograph showing the structure of a plasma-sprayed coating.

_In high-density coatings (i.e., HVOF), the splats are less obvious but still visible at high
magnification due to contrast differences. An optical cross section of an HVOF-type coating is

. shown in Figure 3;3-3. Figure 3.34 is an SEM image showing the finer grain and pore
structures in an HVOF coating. There are still pores in evidence but far fewer and with less
obvious links between them. Many of the pores appear to be equiaxed (sphere-like). There is
still some evidence of inclusions but far more of the rounded variety than the sharp ones.

Figure 3.3-3. Dense HVOF-sprayed alumina-titania coating after 6 months in lOx concentrated,
simulated}-13 water at 90°C.

, ..' .

Figure 3.3-4. SEM micrograph showing the stnu:ture of an HVOF-sprayed coating.
I·. '. . •

. .1 Figw.e3.3-5 shows an optical micrograph provided by 1NEEL representing the structure
. of a conventionally plasma~sprayedspinel coating produced at their facility. Figure 3.3-3 is an
optical micrograph also pl'<?vided by INEEL showing a high-density coating produced at
TAFA using their Plazjet high-power coating system. In both caSes, INEEL reports porosities
(measured optically) of less than 1%. These results are comparable to the 2% porosity
estimated for Vartec HVOF coatings and, in the case of the conventional plasma, are quite
unexpected. Porosity estimates made on the INEEL and TAPA samples at LLNL are slightly
higher (about 2%). Regardless of the exact number, this work has demonstrated that very

. high-density ceramic coatings can be fabricated by several different thermal-spray methods,
without recourse to unconventional methOds or diagnostic devices.

Figure 3.3-5. Optical micrograph of spinel coating deposited using Metco 9MB torch (lNEEL).

Figure 3.3-6. Optical micrograph of spinel coating deposited using TAPA Plazjet (INEEL).

\.J

3.3.2 Corrosion Testing
Corrosion testing of ceramic-coated coupons is being carried out under various

conditions but especially in the LLNL Long-Term Corrosion Test Facility (LTCTF). Initially,
sets of six coupons coated with plasma-sprayed alumina and an HVOF-sprayed alumina
titania composite were placed in one of the tanks containing lOx concentrated, simulated J-13
well water at 90°C (total dissolved solids -1500 ppm, pH between 10.0 and 10.2). The samples '0
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straddled the water lirie, exposing them to water, oxygen, and deposited salts due to
evaporation, which should be the most corrosive conditions likely to occur. Six of each type
of.sample were put in\yhole, and six of each were deliberately slotted in two places (above
and below the water line) to induce corrosion damage underneath the coatings. Figure 3.3-1
and Figure 3.3-3 show samples that have undergone testing for six months in this
environment. .

At various intervals and as they become available, additional sample materials applied
via the various thermal-spray techniques have been placed in the corrosiontank described
above as well as in a tank containing water acidified to pH 2.7 using organic acids. The later
samples have primarily been coated with spinel, although given the long lead times involved
in ordering large numberS of small coated parts, some samples that have yet to arrive will
still be coated with other materials. Humid-air corrosion (HAC) tests are planned in humidity

. ': chambers curTently being used to evaluate HAC of uncoated metals. Samples of several
different types are available for this purp~.As of April 30, 1998, the racks ordered to
support the samples have not been delivered.

Samples have been withdraWn from the corrosion baths at intervals for examination.
Prior to sectioning, the slotted regions are filled with epoxy to trap any corrosion products
that might be present. They are then sectioned across the slot and polished. The substrates are
etched with Nitol to reveal the grain structure. Metallography of 10 ceramic coated samples,
tested for periods of 3 and. 6 months in lOx concentrated, simulated J-13 water, was
completed on April 28, 1998. Cross sections of several of these samples are shown in
Figure 3.3-1, Figure 3.3-3, Figure 3.3-7, and Figure 3.3-8.

Figure 3.3-7. Optical micrographs showing 190/" porous plasma-sprayed alumina and 20/"
porous HVOF-sprayed alumina-titania ~ter6 months in lOx concentrated,
simulated J-13 water at ~)Q°C (slotted samples).

Figure 3.3-8. Detonation-sprayed alumina coatings with and withoutNi bond coat. Tested for
3 months in lOx concentrated, simulated J-13 water at 90°C.

As might be expected, highly porous.coatings (-19% porosity) afforded incomplete
corrosion protection. As shown in Figure 3.3-7a, these coatiilgs were subject to spallation near
the slot. In some places away from the slot, it appeared that the substrate was not corroded at
all, although there were also places in unslotted samples where the corrosion was relatively
thick (>0.1 mm), as shown in Figure 3.3-1. This corrosion is comparable to the thickness of the

> corrosion actually observed inside the slot, which was unprotected. The corrosion adjacent to
one side of the slot was thick enough to cause spallation and appeared to penetrate quite
deeply along the interface (>1 em). On the other side of the slot, the corrosion layer was
thinner (-0.05 mm) and did not penetrate as far along the interface (-03 mm). This corrosion
outcome suggests that the coating properties were highly variable or that the coating was
stressed and partly separated from the substrate by the slotting operation before corrosion
testing.

Dense HVOF (-2% porous) and detonation (...6% porous) coatings are shown in
Figure 3'3-7band Figure 3.3-8. One of the detonation coatings has a nickel-based bond coat.
All three of these coatings gave significant corrosion protection, with no apparent corrosion
of the substrates detected, except where they had been deliberately exposed by slotting.
'There was significantly more corrosion apparent in the sample with the bond coat than
without, possibly resulting from an electrochemical interaction. There was no apparent
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undercutting of any of the dense coatings by corrosion, suggesting that penetration of oxygen
beneath a properly applied, dense coating is very slow. '

Corrosion products seemed to accumulate in the slots (;"0.3 nun wide) on several
samples, apparently causinga plugging effect Such an effect suggests that minor defects in
otherwise high-quality coatings might be self-limiting to some degree, as long as no
mechanism is available to remove the corrosion products.

3.3.3 Contact Conductivity and AC Impedance Spectroscopy .
Using a millivolt source, simple contact conductivity (DC resistance) measurements were

made on high-porOSity plasma (-19% porous) and low-porosity HVOF (-2% porous) coated
samples immersed in ~istilledwater.When the electrodes were applied to a dry coating, the
DC resistance was effectively infinite in both cases. Upon the addition of water, the more
porous coating achieved a minimum resistance of several tens of ohms, which increased
within minutes to a few hundred thousand ohms. The denser coating offered a minimum
resistance of a few hundred thousand ohms, which increased over a slightly longer'time to
several megaohms. The behavior was the same regardless of polarity. There was considerable
difference in the time of response and the low and high, resistance values achieved. Although
a conductive pathway to the substrate was established quickly in each case, it was not clear
from this simplistic test whether the increase in apparent resistance was the result of
polarization, nor how much of the substrate surface was actually exposed.

AC impedance spectroscopy was then camed out Using a potentiostat on several
variations of thermal-sprayed samples, following a technique described by Farmer (1985).
Measurements were made on samples with no coating, -2% porous coatings, -6% porous
coatings, and -19% porous coatings. All were ilIUriersed in concentrated, simulated J-13
water (-130,000 ppm dissolved solids). Some variability in the exposed sample size for these
initial tests made it difficult to distinguish quantitatively between the two high-density
coated samples, but a standard preparation method has now been selected to eliminate such
experimental variability from future tests. A graph of the experimental results is shown in
Figure 3.3-9.

Figure 3.3-9. AC impedance measurements of ceramic coatings made by various thermal-spray
techniques

.The impedance of the denser coatings was approximately 8 orders of magnitude greater
than that of the bare substrate at low frequencies and 4 orders of magnitude greater at high
frequencies. The highly porous coating behaved much like the bare substrate, which was not
surprising because metallography of this type coating clearly shows large-scale
interconnected porosity. A 6% porosity is the normally accepted division point between
interconnected and fully isolated porosity. This is a rule of thumb regarding isotropic
sintered materials rather than highly oriented materials produced by other methods, but the
rule is accurate enough for use with most ceramics.

Because electrical conductivity through liquid-filled channels is directly related to the
ease with which various species (including dissolved oxygen) can pass through the channels,
the electrical impedance measured at low frequencies should correspond directly.to the
impedance of oxygen transport from the outside to the substrate. An increase in impedance
of 8 orders of magnitude corresponds to a reduction in oxygen-transport rate by 8 orders of
magnitude, and therefore represents a similar reduction in corrosion rate compared to the
uncoated condition. These results are in agreement with the physical observations of the lack
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of corrosion detected beneath dense coatings in the long-term test At high ac frequencies,
there is still electrical conductivity due to charge transfer, but one can picture the ions
themselves merely OScillating in place, so that there would still be reduced net transport of
oxygen to the substrate.

3.3.4 Impact Studies
Because of the possibility of p()int loads dUI'irtg handling and as a result of rock falls, the

robustness of coatings on waste containers was evaluated qualitatively using drop tests on
alumina-coated steel substrates. Various 10-cm-thick steel blocks, which were plasma-coated
with 0.02 in. or more of alumina, were struck from a height of up to 2.5 IIi using a 100-kg
load. This would be equivalent to a rock slightly larger than 0.027 m3 in size falling from a
similar distance. Rounded and pointed impactors were used to simUlate the most likely
extremes of shapes to be encountered during a rock fall: Metallic impactors were deemed
unsuitable because their elastic and fracture response would be quite different from those of
.the natural rock. Instead, porcelain-tipped impactors that closely match the average
chemistry and physical behavior of the Yucca Mountain welded tuff were used.

Surrogates were needed because of the Wide variability in the physical properties of the
natural material, combined with the expense of producing specific shapes by machining of
rock. The impactors were cylinders 5 em in diameter by 11 em long, with shaped ends.
Whereas the chemical composition is relatively easy to reproduce using a porcelain body
(clay, flint, and feldspar), obtaining a matching load-unload pulse during impact is more
difficult A reasonable match to the pressure pulse caused by impact of the natural material
was achieved by varying firing conditions to control the total porosity of the porcelain
impactors.

The nose configuration of the impactor plays a major role in determiriing whether ·the
coating will maintain its integrity under impact As might be expected, a pointed nose
appears to be the worst Case, causing chipping of the coating under relatively low kinetic
energies. Any impact that permanently deformed the underlying substrate caused the coating
to fracture over the deformed area. Most fractures penetrated only part way into the coating,
leaving some protection, although a few actually exposed bare metal. No extended cracking
or collateral damage of the coating outside the impact zone was observed and there did not .
seem to be any difference in behavior when impacts were repeated on adjacent areas of
samples previously tested.

3.3.5 Mechanical Test
ASTM test procedure C633-79 measures the adhesive/cohesive strength of the coatings.

This procedure is being used to establish a baseline for the bond strength of coatings prior to
corrosion testing. A modified pull test, using pins with somewhat smaller dimensions than
those called for in the standard, is be~ng used on corrosion-style coupons to determine the
bond strength after exposure. This test is being calibrated against the ASTM configuration. To
date, only HVOF samples from Vartec and plasma coatings generated at LLNL have been
mechanically tested. As of April 30, 1998, one set of ASTM-style samples with no bond coat
had been delivered by INEEL, although that organization reported a bond strength of
approximately 1900 psi with and without a bond coat during their internal testing. This result
has not yet been confirmed by LLNLbecause comparable samples with a bond coat have not
been shipped-neither have additional samples that INEEL subcontracted to TAFA nor
others being fabricated by Northwest Mettech.
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The open literature reports that, for spinel, a nickel-based bond improves the overall
strength measured on steel substrates. In reality, failure occurs at the weakest link in the
chain being tested. This link can be the metal-to-metal bond (where a bond coat is used), the
ceramic-to-metal bond, the adhesive bond used to attach the test fixture, or within one of the
layers. To date, the samples tested in this study have almost all failed at the glue bond (up to
about SOOO psi), leaving the coating intact. The only exception was a case where the pull pin
was inadvertently bent sideways as it was pulled, in which case a portion of the coating
adhered to the pull pin and separated from the sample in shear. Only a few layers of particles
adhered to the pin; the coating did not fail down to bare metal. There was no separate bond
coat in this case. .

A possible implication of the lone discrepancy (although not proven) is that the bond
between either metal phase and the ceramic will be stronger than the interparticle bonds
within the ceramic coating. If this is true in all cases, then for thick coatings in particular, the
measured strength will always be limited by the ceramic cohesion rather than the adhesion (if
not by the adhesive used in the test). This isa logical assumption because, unlike ceramics;
metals are able to deform plastically even when spray conditions are not ideal, producing
more complete conformance to previous layers. It may not be necessary to worry about the
strength of the ceramic to metal bond, as long as it is stronger than the strength of the coating
itself. '

The adhesive used in most of the testing done to date is not one of the specific filled
epoxy products listed in ASTM test procedure C633-79. None of the listed products was
available. The manufacturers of the nearest equivalents list their average tensile strength at
2300 psi, which is only about half 'of what the standard suggests they should be. This seems
to be an inconsistency in the standard, although it is possible that fresh batches of the filled
adhesive actually match the performance cited by the ASTM. A pure resin system based on
Epon 815 was substituted, resulting in stronger adhesion, but there is,some concern that the
unfilled adhesive could penetra~eporous coatings and skew the results. Newer filled epoxy
adhesives, with a reported adhesive strength of about 12 to 15 kpsi are on order from
Masterbond Adhesives.

3.3.6 Thermal Cycling
Coated corrosion-style coupons were rapidly cycled five times between ambient

temperature and 400°C at a rate of about 100°C/hr with no apparent effect on the coatings.
This is a higher temperature and far more rapid cycling than could take place in the
repository, which is expected to heat and cool over a span of years. Samples were thermal
shockte,sted by heating to temperatures as high as 600°C and quenching into either room
temperature or boiling water, againwith no discernible effect. This result is consistent with
(and far more severe than) thermal-stress modeling results (Plinski, 1997), which suggest that
residual stresses in ceramic coatings due to heating by emplaced waste should be insufficient
to materially affect the bond strength; even at the large sizes projected for the WPs.

3.4 Test Analysis

.3.4.1 Interim Conclusions
HVOF using hydrogen as the fuel source has provided the most successful thermal

sprayed ceramic coatings tested to date. Metallography of INEEL plasma and TAPA P1azjet
samples shows that these techniques are also capable ofproducing high-density coatings. 0

3·10 Engineered Materials Characterization Report
UCRL-ID-119564 Vol. 3 Rev. 1.1
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Detonation-coated samples are slightly lower in density, but offer similar impedance to
oxygen transport. c ... ,

A model has been developed to account for reduced corrosion of metallic substrates by
porous ceramic coatings. Predictions of significantly increased corrosion lifetimes are

. supported by preliminary corrosion test results and by ac impedance spectroscopy, whicJ:t.
demonstrates an increase in impedance by8 orders of magnitude, corresponding to an 8
order-of-magnitude decrease in oxygen transport through low-porosity coatings.

Nickel-based bond coats may actually degrade corrosion protection of steel substrates
due to electrochemical effects if thecoa:tirig and bond coat are inadvertently damaged.

3.4.2 ,Future Work
Immediate futUre goals of this project are to complete the planned evaluations onthe

various purchased samples as they arrive. More extensive ac impedance measurements will
be made, including measurements of materials that have been sealed using various inorganic
and metallic sealant materials. Hthe corrosion work continues to be as promising as early
results indicate, we will shift toward use of larger samples to demonstrate that high-density
coatings can be applied to larger surfaces more cloSely resembling the proposed WP designs.
An attempt will be made to apply nondestructive evaluation techniques to larger coated
surfaces and determine the size and severity of flaws that may be buried in the coatings.
Various methods will be used to artificially implant flaws of various sizes in known locations.
Possible artificial flaws include:

• Overcoating materials glued onto the substrate or onto a partially complete coating.
• Rubbing solder onto a partially complete coating with a hot iron.
• Striking the coating with a center pun~h prior to spraying over with a final coat.
• Dehberate~yfonriing a heavy rust scale on a portionof the substrate.
• Rubbing areas with a refractory cement prior to coating.
• Drilling holes in the substrate parallel to the coating.

3.5 Model of Inhibition of CAM Corrosion by Porous Ceramic Coating
A model is being developed to deteimine corrosion rates of the substrate under a ceramic

coating. Additional discussion of this model is in Section 2.8.2.3.
Corrosion occurs during five characteristic periods or regimes.

3.5.1 Regime I: Initial Period of Dry Oxidation
The impedance to gas-phase mass transport is relatively insignificant. A good

approximation is to simply apply the dry oxidation rate provided by Henshall (1996):

(3.5-1)

where kp = 4.3 X 10.5 em2/s, Q = 104 kJ/mol,and R= 8.314 J/mol. The ratio of m~tal
penetration to oxide thickness, p, is 0.48. Note that Eq. 3.1-1 predicts an oxide thickness of
approximately 6.24 J!m after 1000 years of dry oxidation at a fixed temperature of 150°C.
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3.5.2 Regime lIa: Pores Partially Filled with Moisture
During this period, the corrosion rate is assumed to be limited solely 'by oxygen transport

through gas-filled pores. Impedance of the corrosion rate by the oxide formed at the air
CAM interface during Regime I is ignored. In this specific case, the estimated corrosion rate is
unrealistically high. Although this hypothetical scenario (regime) was considered, we do not
believe that it is relevant to actual WP performance and Total System Performance
Assessment-Viability Assessment (TSPA-VA). '

3.5.3 Reglm~ lib: Pores Partially Filled with Moisture,
The corrosion rate is assumed to be limited by the corrosion layer formed at the air-CAM

interface <located at the base of pores). Typical HAC rates apply (60% < RH < 80% and no
dripping condition). The gas-filled pores do not significantly impede the rate of, HAC.
Assurt'l;ing a penetration rate of only 10 JUIl/yr, it will take several thousand years to reach
the fracture strain. The system should transition to Regime ill-IV (80% < RH and dripping
condition) long before fracture occurs. _,

3.5.4 Regime III-1V: Pores Completely Filled with Moisture
Typical aqueous-phase corrosion rates apply at the ceramic-CAM interface (80% < RH

and dripping condition). In this case, development of an appropriate model begins with
consideration of the flux of oxygen NA through multiple diffusion barriers, represented by
subscripts P and Q (phases P and Q): ,-

, -

NA =kp(apB -api)=kQ(aQi -tlQB)=k~(a~B,-aQBl. (3.5-2)

The overall mass-transfer coefficient (mass-transfer resistance) can be expressed in terms V
of the individual mass-transfer coefficients for phases P and Q ~Sherwood, 1975, pp. 178-182):

11 1-=-+-.
KA kp kQ.

Pores are treated as long cylinders of length a, where

NA = D: (aPB -aPi)'

The average flux of oxygen per unit area of WP is then

--: 9' ,
NA =aDA(aPB-aPi)'

(3.5-3)

(3.5-4)

-(3.5-5)

where 9 is the fraction of the CAM exposed to the aqueous phase at the ceramic-CAM
interface. This fraction 9 can be interpreted as porosity. Values of 0.02-0.03 have been
achieved with HVOF. The overall mass-transfer coefficient is then

3-12

or

111 1 a-=-+-=-+-,K ko kI ko eDA
(3.5-6)
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(3.5-7)

The factor used to correct the oxygen-limited corrosion rate for the presence of a porous
ceramic barrier is then '

1

g= NA = ko _ 1
NA,O 1 8 - k 8 .-=__ 1+_0 _

ko BDA BDA

(3.5-8)

This correction factor assumes simple cylindrical pores, which is unrealistic. The pores in
ceramic coatings can be better represented by an array of chains, each link being composed of
a hollow sphere and a relatively narrow hollow cylinder, connected in series. In such a case, a
more detailed analysis of porosity should be used. Specifically, the mass-transfer coefficient
for the ceramic coating, kl , should be reduced by a factor fie.)..), thus: kLcomcted =fie.)..) x kll' Here
fie.)..) is defined as

2
!(e,)..) = 3 (1+),,) e2.

. 2 "').. ,
(3.5-9)

Here the dimensionless parameters eand ).. represent the geometry of the sphere-cylinder
chain: '

diameter of cylinder in chaine= .
diameter of sphere in chain '

, ).. = length of cylirider in chain
diameter of sphere in chain .

(3.5-10a) "

(3.5-l0b)

Reasonable estimates for e based on actual microstructures vary from a low of 0.01 or 0.03
(a good guess) to a high of 0.05 (the upper limit or worst case). Reasonable estimates for )..
based on actual microstructures range from a minimum of 5 to a maximum of 30, with 10
considered the best guess. A range offiO.03.10) =0.016 tofiO.05,10) =0.045 is therefore
considered reasonable.

As an average for now, we'estimate fie.)..) to be approximately 0.03, which is mid-range.
Given this model for the interconnected porosity in the ceramic coating, the modified factor
used to correct'the oxygen-limited corrosion rate for the presence of a porous ceramic barrier
is then

1
gcorrected = ( k 81 1 ).

1+ B~A !(e,)..)

The following stoichiometry is assumed to exist between iron and oxygen:
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(3.5-12)

(3.5-13)

The relation between the oxygen flux in a single pore, NAI and the corrosion rate dp/dt can
be written as

( )
pdp

3NA,O = 3ko Coxygen = 4; dt '

where w is the atomic weight of iron (w = 55.847 g . morl
) and p is the density of iron (p =

7.86 g . em-3).

A very conservative value of the aqueous-phase corrosion rate is assumed as a basis for
calculating the apparent mass-transfer coefficient representing corrosion in the absence of a
porous ceramic barrier: .

dp :::IS 300 J.!ffl = 300 xlO.... em = 9.513 xlO-IO em.
dt yr 365 x 24 x 3600 s s

(3.5-14)

(3.5-15)

This corrosion rate is six-month data from the LTCTF at LLNL and is documented by
Farmer (1998). The concentration of oxygen dissolved in water (equilibrium with ambient air)
at the air-ceramic interface is Coxygen =2.56 X 10-7 mol/eml • This solubility is lowered with the
addition of salt. This value can be found in Farmer's input to the Expert Elicitation Panel
(1998, Table 13).

The flux of oxygen associated with thiS mass-transfer coefficient is then

NAO = (4)7.86 x 9.513 x 10-
10

mol = (4\.339 x 10-10 mol = 1.785 x 10-10 mol.
, . 3 55.847 em2s 3t cm2s .. cm2s

The mass-transfer coefficient in the absence of a ceramic barrier is then estimated as

or

kO = 1 (!)p dp
Coxygen .3 w dt '

mol
k = 1.785 x 10-

10
cm2s =6.973x10-4~.

o 2.56 x 10-7 mol. . S

em3

(3.5-16)

(3.5-17)

(3.5-18)

3-14

The factor needed to correct the corrosion rate for the presence of a porous ceramic
coating is then

gconected = ( 1 ) =5.136.10-5.
(0.15cm) 6.973 x 10-4~

1+ (0.02\10-5 c:2fO•03)
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'3.'ceramlc Materials Testing and Modeling

. Therefore, the porous ceramic coating would lower the aqueous-phase corrosion rate
from approximately 300 J,lm/yr to only 8.602 x 10-z~/yr:

dp =gcorrected(dP) =1.721 x 10-2 J.lIIl.:
dt dt oyr

An estimate of the time to fracture due to the formation of corrosion products at the
ceramic-CAM interface can be estimated, provided that the mechanical properties of the
ceramic are known. Estimated properties for the ceramic coating are taken from a text on
engineering materials (Thornton, 1985) and are summarized in Table 3.5-1.

Table 3.5-1. Mechanical properties of ceramic coatings.

Property Elastic Elastic Fracture Fracture
modulus(f) modulus(f) strength (~ strength(~

Units - MPa Mpsf MPa kpsl

AlzO. , 365,000 53 172 ·25

ZrOz 144.900 21 55 8

The range of fracture toughness values observed for typical ceramics is given as K,c = 3.3
to 5.8 MPa ·m1lz =3.0 to 5.3 kpsi ·in1lz•

Although these properties serve as"a good starting place for TSPA-VA, handbook values
for mechanical properties of ceramics will probably rieed to be revised to better reflect those
of actual coatings. Direct measurement of the elastic modulus is required.

The rate of expansion of the inner radius of the ceramic barrier coating is estimated from
the penetration rate, accounting for the expansion at the interface due to the density
difference between Fez0 3 and Fe:

dR = 2 dp = 2 x 1.721 X 10-2 J.lIIl = 3.442 X 10-2 J.lIIl = 3.442 X 1O-8~. (3.5-20)
dt dt " yr yr yr

Given the inner radius, R~ 1 m, the strain rate in the cer~miccoating can be estimated as

de IdR -8 I- =.-2,,- = 3.442 x 10-·.dt 2rrR. dt . yr (3.5-21)

The relation between the stress and strain must be noted: CT == E x e. The fracture strain can
then be estimated from the elastic modulus and the fracture stress:

"'_ CT'" _ 172MPa -4831 10-4 'e - - -. x •E 356,000 MPa
(3.5-22)

(3.5-23)

The time required for the strain to reach the fracture strain determines the time to fracture:

T* =~ = 4.831 X 10-4 yr = 14037 yr.
deJdt 3.442 x 10-8 '
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This is the time required for formation of the first crack in the ceramic coating, but it does not
necessarily imply failure of the coating.

The critical flaw size for crack initiation is estimated as

a" =:I (KIC )2 .!. =(3.3 MPa .Jm)2 .!. =1.172 x 10-4m ~ 117.2 JlIn,
(7" rr 172 MPa rr

where the fracture toughness is defined as KIC =(7. (mz)1I2 'f(a,W),

3.5.5 Regime V: Corrosion Due to Excessive Carbon Dioxide in Gas Phase
This type of corrosion is considered unlikely.

(3.5-24)

3.5.6 Summary: Regimes I-V
The existence of a slightly porous ceramic coating on the surface will significantly

lengthen the life of the container, adding an estimated minimum of 14,037 years to the life of
the WP (Table 3.5-2). It is more likely that considerably more time would be added.
Additionallife can be added by taking steps to close interconnected porosity in the porous
ceramic coating. For example, the surface could be impregnated with silicate based coatings,
with or without fine metal particles, which would oxidize, thereby filling the pores. Both Zn
and AI are possible candidates for closing porosity because they would be sacrificial to the
A516 Gr 55 in possible galvanic couples. The modified g-factor presented here can be used as
a practical means to adjust CAM corrosion rates to account for thecerainic coating.

Table 3.5-2.: Extension of WP life with ceramic coating.

.Life with ceramic coating (yr) Life without ceramic coating (yr)

Thermal pulse -1.000 -1.000
Ceramic barrier > 14.037 0
CAM after exfoliation >333 >333

Work is in progress at LLNL to verify the correctedg-factor through application of ac
impedance spectrosCopy. This technique has been applied to a variety of other practical
problems over the past 15 years by one of the authors <Farmer, 1985). A PAR Model 273 with
either a Solaritron frequency-response analyzer or a dual-channellock-in amplifier will be
used to determine the complex impedance of the electrolyte-filled ceramic barrier over the
frequency range extending from 0.001 Hz to 500 kHz. With a well-planned experiment and
proper interpretation of the data, insight into transport in the pores should be possible. It
should also be possible to develop some understanding of the layer of corrosion products at
the base of the pores.
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3. Figures.

Coating thickness 0.5 mm

Figure 3.3-1. Porous plasma-sprayed alumina coating after 6 months in lOx concentrated, simulated J-13
waterat~C. .
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3. FIgures

Figure 3.3-2. SEM micrograph showing the structure of a plasma-sprayed coating.
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3. Figures

Coating thickness 1.1 mm

Figure 3.3-3. Dense HVOF-sprayed alumina-titania coating after 6 months in lOx concentrated, simulated
J-13 water at 9O"C. '
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3. Figures

Figure 3.3-4. SEM micrograph showing the structure of an HVOF-sprayed coating.
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3. Figures

Figure 3.3-5. Optical micrograph of spinel coating deposited using Metco 9MB torch (INEEL).
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Figure 3.3-6. Optical micrograph of spinel coating deposited using TAFA Plazjet (lNEEL).
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3. Figures

(a)

Slot width 0.3 mm

(b)

.Plasma

Slot width 0.3 mm HVOF

Figure 3.3-7. Optical micrographs showing 19% porous plasma-sprayed alumina and 2% porous HVOF
sprayed alumina-titania after 6 months in lOx concentrated, simulated }-13 water at 9O"C (slotted samples).
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3. Figures

Width of slot 0.3 mm
No Bond Coat

(b)

Width of slot 0.3 mm
With Bond Coat

Figure 3.3-8. Detonation-sprayed alumina coatings with and without Ni bond coat. Tested for 3 months in
lOx concentrated, simulated J-13 water at 9QOC.
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3. FIgures

Figure 3.3-9. AC impedance measurements of ceramic coatings made by various thermal-spray techniques.
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4. Basket Materials Testing and Modeling
by R. Daniel McCright (prepared in the absence of R. Van Konynenburg, P.I.)

The ViabilitY Assessment (VA) designs for spent-nuclear-fuel waste packages (WPs),
which were described in Section 1.0, consist of several internal elements that offer structural
support to the fuel-rod assemblies, allow heat conduction from the fuel to the container, and
provide nuclear criticality control. Criticality control becomes important after the double
barrier container wall has been breached and water is allowed entry and contact with the
spl'nt fuel, so studies are being made of the performance of structural materials with neutron
absorbing additions.

These designs incorporate a "basket" assembly into which the spent-fuel assemblies are to
be inserted (see Figures 1-1 and 1-2 in the Introductionsection). Because these basket
...s~mblies will be required to contribute to nuclear criticality control over an extended
period of time, they will need to successfully withstand corrosion and dissolution in the
llpl'rating environment inSide the eventually breached WPs.

A scoping study of possible candidate basket materials was discussed previously
(McCright, 1997). Additional materials have since been tested under the same conditions.

-

4.1 Completion of Basket Material Survey Test
. - .

The additional materials tested in the scopingstudies were sPecimens of anodized Boral,
furnished by AAR Advanced Structures. Boral is a trademarked aluminum-boron carbide
composite material. The anodized material was reportedly developed for improved corrosion
resistance. Because the anodized layer could potentially become scratched; both unscratched
and intentionally scratched anodized Boral samples were tested to determinewhether surface
defects have a significant effect on corrosion performance. The test environment was:

,
0.01 M formic acid (HCOOH),
0.01 M sodium formate (NaCOOH),
0.02 M sodium oxalate (NazCzOJ,
O.OIM nitric acid (HNOJ, .

. 0.01 M sodium chloride (NaCl),
0.01 M hydrogen peroxide (HzOz),
in distilled water.

The environment simulates a highly radiolyzed aqueous solution that might develop
inside the WP; selected results of these studies are presented in Table 4.1-1. The carboxylic
acids would be formed from radiolysis of COzand water; nitric acid, from radiolysis of N2
and water vapor; and hydrogen peroxide, from radiolysis of water. The initial pH of the test
environment was 3.89. The tests were conducted at 90°C for 96 hr. Specimens were weighed
before and after test, and the weight loss was converted into an annualized corrosion rate.
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Table 4.1-1. Selected corrosion and pH results from the candidate basket material scoping test.

Sample Number' Sample Mass Loss (g) Corrosion Rate Final pH
(mmlyr)·

3 Boral 0.061 1.8 7.32
29 Anodized Bora! 0.010 0.26 6.52
30" Anodized Bora! 0.118 3.0 6.57
31 Anodized Bora! : 0.084 2.2 6.65
33" Anodized Boral 0.545 16.6 6.35
34 Anodized Boral 0.133 3.5 6.52
36· Anodized Bora! 0.229 6.2 6.52
32 Control - - 3.89

• PItting was observed. Rates do not represent unifonn COrrosIOn.
Intentionally scratched specimens. .

The anodized Boral did not perform better than as-processed Boral. Pitting was not
observed on the anodized specimens, but, for most anodiZed samples, .corrosion rates were
higher. There is some scatter in the corrosion rates in Table 4.1-1; we believe this scatter is due
to the enamel applied to the edges of the anodized Boral specimens. In some.cases, the
enamel was difficult to remo~e, leading to errors in the final weight of the corroded
specimens. However, scratching the surface apparently did increase the corrosion rate. A
recent report (Van Konynenburg et al., 1998) includes the results from the anodized Boral
specimens and all of th~ previous candidate materials.

4.2 Corrosion ,Testing of Boron Stainless Steels
Interest in criticality-control materials has largely focused on 300-series types of austenitic

stainless steels containing boron as the neutron absorber. Results from the scopmg testing on
these materials in the simulated radiolysis environments (Van Kon}rnenburg et al., 1998)
indicated that these materials should perform adequately. Stainless steel has other attributes
favorable for construction of the basket partitions. The basket would be formed from
interlocking plates of the boron stainless steel and would not b~ welded. Previous results
from the survey test showed intense corrosionin the welded areas, and the welded area
would be expected to be brittle because of the high boron content. .

Boron stainless steels have been introduced into the Long-Term Corrosion Test Facility.
The content analyses, provided by the material suppliers, of the five materials presently
under test is presented in Table 4.2-1.
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Table 4.2-1. Chemical analysis (wt%) of stainless steels under long-term corrosion test.

Material Neutronit A978, Neutronlt A978, Neutrosorb PLUS Austenitic Austenitic
heat tlN156129 heat tlE084295 Type 304 Type 316

Supplier B6hler-Bleche B6hler-Bleche Carpenter Metal samples, Metal samples,
of Austria of Austria Technology Inc. Inc.

Type wrought alloy wrought alloy powder metallurgy standard standard
boron-eontalnlng boron-contalnlng boron-containing stainless steel stainless steel

C 0.02 0.05 0.08 max 0.07 0.04
Si 0.5 0.83 0.75 max 0.49 0.57
Mn 1.08 1.44 2.0 max 1.85 1.78
P 0.022 0.017 0.045 max 0.028 0.025
S 0.004 0.015 0.03 max 0.001 0.0004
Cr 17.26 16.21 18-20 18.26 16.13
Mo 2.08 2.1 0.15 2.1
Ni 13.07 12.31 12-15 8.16 10.42
Co 0.051 0.039
B 1.62 1.38 1.75
N 0.1 max 0.07
Cu 0.4 0.2

Two standard stainless steels were included to provide material for comparison. Previous
electrochemical· testing, in which specimens were subjected to a range of anodically polarized
potentials, indicated that there was preferential dissolution of the austenitic matrix, leaving
behind the boride phase. Preferential dissolution of one of the phases mayor may not occur
in the long-term corrosion test environment, because these specimens are maintained at the
open-circuit corrosion potential. The pattern of corrosion attack on the boron-eontaining
specimens will be noted.

Available for testing were 27 specimens ofeach of the five materials. In March, 1998, they
were emplaced in three vessels, all maintained at 90°C: Vessel 26, containing high ionic
strength water (-I000x J-13 well water); Vessel 28, containing acidified high ionic strength
water (pH -2.7); and Vessel 32, containing concrete-conditioned water. Specimens will be
withdrawn for examination after six months; details about the vessels, test solutions, and test
procedures can be found in Section 2.2. Additional analytical results on the composition of
these materials and documentation of their microstructures are being acquired.

4.3 References for Section 4
McCright, R. D. (1997). Engineered Materials Characterization Report. Milestone report for the

CRWMS Management and Operating Contractor, U.s. Department of Energy.
<TR251FB9, Rev. 1) Uvermore, CA: Lawrence Uvermore National Laboratory.
(Also UCRL-1O-119564, Rev. 1) lMOL.19980105.0616l

Van Konynenburg, R. A., P. G. Curtis, and T. S. E. Summers (1998). Scoping Corrosion Tests on
Candidate Waste Paclazge Basket Materials for the Yucca Mountain Project. CUCRL
10-130386) March, 1998. Uvermore, CA: Lawrence Uvermore National
Laboratory.
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by Annemarie Meike

Introduction
The chemical composition of high-level radioactive-waste emplacement drifts at the

potential ,Yucca Mountain (YM) site is expected to be extremely heterogeneous and
significantly different than the surrounding rock. The presence of a large volume of .
construction materials introduces chemistry and even some processes that are outside of
those normally considered in· geological arena. However, much of the characterization work
can be accomplished using well-developed geological concepts and principles. In fact, we are
describing the low-grade metamorphism of construction materials. The purpose of this work
has been to interact with design effort to identify materials and design options that might
jeopardize the long-term robustness of a high-level radioactive-waste repository and to
develop the basis for the selection of alternatives. We examine the chemical and physical
evolution of construction materials, the interaction of these materials with water, and ways in
which these materials may be explicitly engineered to obtain chemistry and physical
properties that are desirable for the waste-package (WP) environment.

This section reviews the main categories of relevant materials and processes. We then
focus on the Engineered Barrier System (EBS) materials that presently represent the largest
volume of introduced material and the mechanical support for the drift and vehicles.
Material options presently under consideration for mechanical support of the drift are steel
sets, preCast concrete liners and cast-in-place concrete. Invert materials under consideration
are concrete, crushed material (tufO, or other material, possibly including an agent to
engineer a chemical or physical conditioning effect. Currently, the preferred option is to
construct 95-98% of the drifts in precast concrete and the·remaining 2-5%, which require
geological mapping, in steel sets. Calculations of bulk volumes and compositions per meter
of repository tunnel are presented mthis section.

Construction Materials of Interest
Ten years ago, a report by West (1988) pointed out that a wide range of materials is

normally introduced into an underground-tunnel construction site. A point that was less
clear was that .materials in an underground high-level radioactive-waste repository may be
present in combinations, exposed to conditions (e.g., temperature), and required to be tracked
over periods of time that are not heretofore within the common experience of the engineers
designing it. Therefore, the construction of a high-level radioactive-waste repository may
require design restrictions and construction methods that are beyond the normal construction
practice. Since the inception of the Introduced Materials effort, our goal has been to predict
and quantify materials usage, to predict the evolution of those materials over time as a
function of repository conditions, and to determine whether their presence affects repository
processes.

Our preliminary attempts to estimate materials usage are outlined in Meike (1996).
Introduced materials include those used for excayation, mechanical support and stabilization,
transportation, mucking, ~d dust control. In the absence of much specific compositional
information on the repository design itself, we relied heavily on the construction of the
ExPloratory Studies Facility (EsF) as an analog for standard quality-assured construction

-Engineered Materials.Characterization .Report
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practices. Those observations have led us to useful conclusions regarding normal
construction activities-the necessary deviations from and inherent flexibility in a \,J
construction design, auxiliary and implicit materials, and accidental spills, all resulting in the
use of materials that may not be included in design drawings. These observations will be
used to develop more realistic estimates of material usage than can be obtained from the
design drawings.

Since the publication of the synthesis report, additional information (Tang, 1997) has
allowed us to estimate bulk volumes and chemical compositions of the basic eleIrtents of the
base-case repository design. However, in some cases we have relied on detailed construction
drawings from the ESFas representative ofstandard modem construction practice, in the
absence of equivalent detail on the repository design. This information is presented below.
Recent information from repository design (Appendix A) appears to validate our first
estimates as conservative but reasonable. ,

The chemical composition and design of two standard types of mechanical ground
support presently under consideration, steel sets and concrete liners, were obtained from
Tang (1997). Using this and other relevant information we have calculated bulk oxide
compositions per meter of tunnel. We will incorporate relevant modifications from later
revisions of the Tang report into our work as they appear.

5.2.1 Metal Alloys
Metals that are introduced into a repository environment as a result of construction are

used for many different functions and are composed of almost as many different alloys. Thus,
the concerns of the introduced"materials studies are far different from those of studies to
select a material for the WP. Many of the high-tech alloys considered for waste-packaging
mat~rials are not used widely in construction. Conversely, the alloys that are used in
construction are the more common and cheaper.metals that may not make the best WP.
Fortunately, most of the metals used in construction have been used for many years and
provide a foundation of knowledge in this area. In addition, the corrosion of carbon steel is
receiving attention in other activities (see Section 2). For that reason, we restrict our
discussion to calculations of volumes and chemical compositions of the EBS materials.

Steel Set Calculations
We have used the following statements from the Tang (1997) report to guide OUf

calculations: .
• "The outer barrier material of the waste packages is carbon steel, ~hich is '·ery similar

to the material for the steel sets." (p. 15) .
• Grade and specification of carbon steel has not yet been determined (p. boU.
• Use steel conforming to American Society for Testing and Materials (ASTM) standard

A36(p.63). .
• Keep carbon content low. Steel with 0.11% carbon is six times tougher than steel with

0.88% carbon (p. 63).
• There will be no protective coatings on the steel sets (p. 65).
We have used the following aSsumptions and baseline data:
• Quantities of items per meter were based on as-built usage in the ESF. The total

numbers of the items were obtained from reports by the engineering firm Kiewitt. The
most complete info~tion we have.is for the section of £SF betWeen 58 and 800 m 'J'

Engineered Materials Characterization Report
UCRL-JD-119564 Vol. 3 Rev. 1.1



u

5.·Engineered Barrier System Materia's

into the tunnel. We have arrived at a per-meter usage by dividing by the total number
of meters (742 m). '

• The diameter of the ESF is 7.62 m (the diameter of the tunnel-boring machine) and the
diameter of th~ emplacement drift is 5.5 m (Tang, 1997), so the radius of the
emplacement drift will be 72.2% of the radius of the ESF.

• Calculations ofquantity of steel did not include quantities of rock bolts and wire
mesh.

• Bolts are the same composition as the carbon steel used for steel sets.
• Final volume and mass of the steel in the emplacement drift was obtained by

summing the volume and mass of steel in a linear meter of ESF tunnel and calculating
72.2% of those amounts. In reality, different scalingconsiderations will apply.

• Schedule 40 steel-pipe dimensions are from Lawrence Uvermore National Laboratory
(LLNL) Engineering Standard Reference FSC No. 47, "Pipe and Tube."

• Drawings show1hat one shim pack is available for each steel set. A shim pack
contains 7 shims: two 0.125-in., two O.25-in., two 0.5-in., and one 1.0-in. The width of
the total shim pack is 2.75 in. We do not have data on which size was used and
assumed that the O.5-in. size was used. .

• Bolt length for O.S-in.- and 1.Q-in.-diameter bolts ,is 3.0 in.
• Nuts and washers were not included in these calculations. Bolt volumes are calculated

as cylinders.
• We did not calculate a volume or mass for steel wedges. Their use is optional, and the

quantity of steel is insignificant compared to other steel set'components.
• Steel mass was calculated by multiplying the volume of steel by 7.86 g/cm3

, the
density of carbon steel.

• Insert length is variable <Heiner, 1994, note 4). We assumed that the average length is
7.0 in. (maximum inside length is -7.75 in.).

• When correlating Kiewitt reports to drawings, we assume the following nomenClature
translations:
- Top component =crown segment.
- Side component =wall segment.
- Dutchman =insert.
- Bottom component =foot plate.

Where possible, actual usage was calculated. Quantities of the various components used
per meter of ESF are tabulated in Table 52-1. Quantities of items not shown in Table 5.2-:-1 are
based on estimates. Estimates were madefrom engineering drawings. For example, a
drawing indicates that there are four bolts between each top component and side component.
Quantities were calculated as a ratio of number of the items per steel set, multiplied by the
number of steel sets, divided by 742 m.

.Engineered Materials Characterization Report
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Table 5.2-1. Quantities of steel set components used in the ESF.
,

Steel set Distance Into ESF tunnel (m)

component 58-200 200-400 400-600 ' 600-800 Total Quantity per m

Top component 116 83 132 135 '466 0.63
Bottom 232 166 264 270 932 1.26
component
Shims and 232 166 264 270 932 1.26
dutchmen
Side components 232 166 264 270 932 1.26
Shims 486 835 1879 1325 ' 4525 6.1
Lagging 3521 3567 6017 6973 20,078 27.1
Tie rods 1276 891 1430 1485 5082 6.85

In the absence of more specific information, our calculations used the composition of
carbon steel (density =7.86 g/em') (see Table 5.2-2) that is being tested for use in the
outermost layer of the WP (McCright, 1996; Van Konynenburg et al., 1997). 'The alloy
composition, provided by the. mill that fabricated the product, apparently conforms to ASTM
A516 for grade 55 carbon steel. Thesevalues can now be compared to our present
compositional information provided by repository design reports (prater and Bhattacharyya,
1998). For the calculation of chemical composition, see Table 5.2-3..

. ,.
Table 5.2-2. Comparison of the composition of experimental carbon steel (A516) used for these

preliminary calculations, compared to steel set (A36) and Swellex Rock Bolt
compositions.·

Element Waste package (A516) wt% Steel sets (A36) wt% ' Swellex bolts- (F32-95) wt%

C 0.14 0.26 0.79
Mn 0.72 - -
SI 0.25 0.40 -
Cr 0.04 - ,-
Mo 0.01 ,- -
N 0.047 - -
P 0.01 0.04 ,- 0.058
Cu 0.04 - -
Ni 0.02 - -
AI - - -
Cd 0.0001 - -
S 0.021 0.05 0.13
V 0.02 - -
Fe 98.68 99.25 99.02. .• ComposItion of washer, plate, and shell not mcluded m this table•

5-4 Engineered Materials'Characterization Report
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Table 5.2-3. Mass calculation for emplacement drift steel sets.

Steel set component Avg." Max. Vol. of Vol. of Max. Yol. Massof Mass of Max. Vol.ln Max. vol. Massln Max.
perm , per steel steel steel steel steel mass empl.drlft (cm'/m empl. mass

m (cm'lftem) (cm'lm (cm'lm ,.. (kglltern) (kg,", steel (cm'1m ESF) (kg/m (kglm
ESF) ESF) ESF) (kg,", ESF) ESF) ESF)

ESF)

Top component (1) 0.63 34,980 21,969 274 172 15,861 15.861 124 124

Bottom component 1.26 6,978 8,765 54.8 68.9 6,328 6,328 49.7 49.7
(2) ,

Dutchmen (2) 1.26 2,499 3.138 19.6 24.7 2,265 2,265 17.8 17.8

Side components (2) 1.26 34,980 43,937 274 345 31,722 31,722 24~ 248

Shims 6.10 396 2,417 3.12 19.0 1,745 1,745 13.7 13.7

lagging (xl m 27.06 79 2,181 59,016 172299 17.1 463 1354 42,609 124,399 334 9n
lengths) "

,

Tie rods (xl m 6.85 22 285 1,952 6270 2.24 15.3 49.3 1,409 4,526 11.1 35.6
lengths) c

Steel pipe 6.85 22 516 3,533 11347 4.05 27.8 89.2 2,550 8,192 20.0 64.4
(x 1 mlengths) , -

End plates (6) 3.n 726 2,736 5.71 21.5 1,975 1,975 15.5 15.5

Bolts 1 In. dia, x 3 In. 15.07 38.6 582 0.3 4.57 420 420 3.30 3.30

Bolts 0.5 In. dla. x 3 54.12 99 9.65 522 957 0.08 4.11 7.53 3n 691 2.96 5.44
In.

Bolts O.75 In. dia, x 2.51 4.07 10.2 0.03 0.08 7.39 7.39 0.058 0.06
2.25 In.

lagging plates 54.12 99 96.8 5,239 9605 0.76 41.2 75.5· 3,782 6,935, 29.7 54.5

lagging plates 54.12 99 145 7,842 14378 1.14 61.6 113 5,661 10,381 44.5 81.6'

Steel wedges ?
Total 161,658 1,270 116,717 215,454 917 1,692

Calculation check: total volume per hnear meter of emplacement dnft multiphed by denSity of carbon steel =917.40.
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5.2.2 Concrete and Cement
The standard concrete utilized in underground construction is manufactured using

Ordinary Portland Cement (OPC). A number of formulations are available, depending on the
engineering needs. The variations in the formulations are aimed primarily toward controlling
the amount of silicon, aluminum, and sulfur (see Table 5.2-4), but are found to represent a
range of compositions not fully realized from Table 52-4. A number of additives are used to
obtain desired emplacement or cure characteristics. These additives are organic and inorganic
compounds and can be present in extremely variable percentages of the whole material. In
addition, concrete contains aggregate, which is often specified primarily by size, not chemical
composition. Thus, while a number of general expectations can be stated for the long-term
impact of concrete such as the potential for increasing the pH of water, the inherent
uncertainty of this calculation is quite large due to the potential variability of the formulation.
An explicit prediction of the long-term degradation of concrete and its impacts on aqueous,
mechanical, and biotic processes depends to some extent on the original formulation. Further
comments regarding the impact of the original formulation are in Section 5.8.4. Conversely, if
the potential long-term impacts of various aspects of concrete are made clear, it is possible
that formulations can be modified somewhat to control or avert some negative impacts.

u

Table 5.2-4. Typical compositions of portland cements (Kosmatka and Panarese, 1994).

I"
i

Typesot General chemical composition (oxide wt%)'

portland cement CaO SIO. AIaO. Fe.O. SO. MgO
(Ope)'

"

I 64.4 20.9 5.2 2.3 2.9 2.8
II 63.6 21.7 4.7 3.6 2.4 2.9
III 64.9 21.3 5.1 2.3 3.1 3.0
IV 62.3 24.3 4.3 4.1 1.9 1.8
V 64.4 25.0 3.4 2.8 1.6 .1.9..• Note that these are modal composItions and do not represent the nuneral phases present

. 11 OPe types are developed for specific purposes and that the latitude in chemical composition can vary from
the general composition listed in this table. In addition, the amount of control over any particular component
may vary, even within .one grout type.

It is clear from our examination of the use of cementitious materials in the ESF (e.g.,
Meike, 1996) that grout, shotcrete, and precast concrete are all standard materials of
considerable utility, from rock bolt emplacement to invert material to cast-in-place
mechanical support. All of these materials are under consideration in the latest repository
design documents as of this report.

Concrete Liner Calculations
Considerations regarding the concrete formulation for an emplacement-drift environment

are discussed on pp. 16-53 of Tang (1997). The estimates of quantities of concrete components
per linear meter of lining were calculated using the estimated weights of material per linear
meter taken from p. 30 of Tang (1991) and the following assumptions and caveats: ..

• Silica fume wt% used corresponds to the silicon metal variety (Tang, 1997, p. 39).
• No wt%information for other concrete components: water-reducing admixture,

superplasticizer, steel fiber. .

5-6 Engineered Materials Characterization Report
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• Wt% for aggregate has been calculated water-free, as shown in Table 5.2.5, using the
following assumptions: .
- Fine aggregate: 3% moisture content: 0.03 x 2990 kg = 89.7 kg (90 kg), so dry

weight == 2900 kg. .
- Coarse aggregate: 1% moisture content: 0.01 x 3864 kg = 38.64 kg (39 kg), so dry

weight == 3825 kg.
• Steel fiber composition is similar to that used in Fibercrete™ emplaced in the ESF.

Composition is from Meike (1996). "
The coarse and fine aggregate are given the composition of dry tuff. Because of the

volume and mass contribution of aggregate to the concrete liner, variations or modifications.
in the aggregate will significantly affect the chemical signature of the concrete liner. Also,
aggregate sources vary in composition. It cannot be assumed, without explicit specification, .
for example, that fine aggregate consists of quartz sand. Aggregate compositions are also
expected to vary with time.

-,
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Table 5.2-5. Estimate of quantities of concrete components per meter of lining.

r.a.• reduc. admIX; superplas =superplasllcJZ.er.
• Cation only (not oxide) calculated in alloy composition.
b Undetennined organic compounds and water.

eemenllypeV Coarse Fine aggregate H2O SlUcatume Steel tiber H2O SUper. Total
aggregate r.a. pIas. (kg) WI. (kg)

wl% WL wt% WL(kg) wI% WI. (kg) WI% WL(kg) wl% WI. wt%8 Wt.
(kg) (kg) (kg)

5iOz 25 382 78.7 2,994 78.7 2,270 95 215 5,863

AlzO. 3.4 52.0 12.2 465 12.2 352 0.7 1.59 872
Fez0 3 2.8 42.8 0.996 38.1 1.0 28.9 0.3 0.68 110
(Fe)· 99.8 149 149

CaO 64.4 985 0.474 18.1 0.47 13.7 0.3 0.68 1,017
MgO 1.9 29.1 0.123 4.70 0.12 3.57 0.2 0.45 37.8
TiOz 0 0.101 3.86 0.10 2.93 0 6.79

NazO 0 4.08 156 4.08 118 0.3 0.68
.,

275

KzO 0 3.28 125 3.28 95.1 0.3 0.68 221

Pzos 0 0.02 o.n 0.02 0.58 0 1.35
(P)· 0.04 0.06 0.06
MnO 0 0.052 2.0 0.05 1.51 0 3.50
(Mn)8 0.075 0.11 .. 0.11

503 1.6 24.5 0.8 1.82 26.3
(5)· 0.05 0.08 0.08
C (inorganic) 0 1.3 2.95 0.02 0.03 2.98

Organic b 11 27 38
Hp 0 100 617 617

Total 99.1 1516 99.6 3809 99.6 2888 100 617 99.2 225 150 11 27 9,244. .
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5.2.3 Backfill
Interest in backfill :material comes from a number of areas. First and primary Interest has

been for mechanical support. However, engineered backfill has been proposed in a number
of plans to improve or stabilize certain desired hydrological or chemical conditioning effects.
Glassleyand Meike (1997) conducted a simulation study of a backfill composed of quart

.sand, lime and an iron phase.

A review wa~ conducted of a range of solid phases that may act aspotential pH and
redox buffers in backfill material'(Glassley arid Meike, 1997). The approach taken was to
consideronly metals, oxides, hydroxides, carbonates, sulfides and sulfates. These compounds
were chosen for consideration because their chemistries are relatively simple, their reaction
.rates are often well established, and their thermodynamic properties are usually better
known than those of more complex compounds. .

5.2.4 Microbes
Native microorganisms reside within the potential repository environment. Microbial

communities have been characterized from a variety of deepsubsurface environments, and
ongoing work haS already identified some of the native microbiota in the YMregion' (Russell
et al., 1994). In addition, microbes will be introduced dUring the construction and monitoring
period of the potential repository. Native and introduced bacteria can alter chemical,
radionuclide transport, and hydrological properties of the surrounding engineered and rock
barriers. Studies to assess potential impacts of microbial activity on the YM repository are
focused on determining the significant microbial processes, to provide bounds for both the
effects of microbial activity (rates, biomass, material substrates, and products) and for the
conditions under which microbial activities will occur. Our laboratory studies are intended to
determine bounding conditions for various miCrobially mediated reactions. We focus on the
ehemical and hydrological impacts ofentire microbial communities rather than the microbes
themselves, and this sometimes leads us in directions that are outside the scope of traditional
microbiology. These studies are conducted primarily using YM-derived microbial isolates
(representative of both native and introduced populations), although carefully chosen analog
studies also supplement characterization of in situ reaction rates to best predict long-term
microbial effects. . .

. Biomass can act as colloidal particles or can modify fracture characteristics and thus
hydrological flow paths: Even the prediction ofthe chemical impacts of microbes is

·predicated on the abilitY to predict biomass. Preliminary deterinination of growth rates of
·~hole YM microbialcommunities under varyingcond~tionshasbeen undertaken to support
modeling efforts. Our preliniinary findings demonstrate that microbes present at the YM site
are capable of survival and growth under conditionS approachfng those anticipated after

)waste deposition (see, e.g., Meike, 1996; Hom and Meike, 1995). Single bacterial strains were
isolated both aerobically and anae,robically frOm whole and aseptically crushed (1.7-2.4 nun)
rock samples at room temperature. Identified and preserved YM bacterial isolates included
representatives of the following genera: Bacillus, Arthrobactet:~ Cellulomonas, Corynebacterium,
Pseudomonas, Staphylococcus, Xanthomonas, and Flavobacterium. These bacterial classes .
collectively contain members that are d.pable of forming spores, producing acids, degrading

·a Wide variety oforganic compounds, and remaining active under both aerobic and
anaerobic conditions. Some examined microbes can grow in the absence of oxygen and at
temperatures of at least 50°e. Growth rates are measurable at ambient and elevated
temperatures, and probable spore-forming organisms are even capable of surviving repeated

Engineered Materials Characterization Report
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exposure to 120°C. Further in vitro determinations will aid in determining in situ rates of
growth, which can then be correlated with hydrologic flow rates. Depleted nutrient \. j
conditions favor the growth of only a select group of microbes, but these are capable of .........",

. reaching highcell de~ities under aerobic conditions, even at 50°C.. '..

5.2.5 Water
Introduced water comes from a number of construction sources, including dust-control

and mucking operations. The preferred rheology of the cement at the time of emplacement
dictates the quantity of water added to the dry cement mix and usually exceeds that required
for complete hydration. Therefore, extrawater is expected anywhere that wet grout is
emplaced. During the construction of the ESF, much of the introduced water was labeled
with a LiBr tracer. The water ''bleeding'' from cast-in-place grout and shotcrete, however,
was not labeled, because UBr accelerated curing, so it has been difficult to deterlnine the
si~nificanceof water from cast-in-place cementitious material in the ESF.

5.2.6 Organic Materials
Our examination of potential chemical effects of organic materials has been conducted

,with two very different goals. The first goal is to assess the potential contamination of studies
. conducted. in the ESP byintroduced materials. The second goal is to examine organic

materials in the context ola radioactive-waste repository, whether they may react with the
surrounding rocks, causing changes in repository porosity, and whether they may react with
the WP or waste form and enhance the. mobility of radionuclide species. .

5.2.6.1 Polymers
Organic compounds take many forms, but perhaps the one class of compounds that is

pervasive and deserves the most detailed scrutiny is polymers. Polymers are pervasive in the
construction industry. For many polymers, temperatures within the range of potential
repository conditions produce significant degradation, sometimes within hours rather than
the thousands of years for which the repository must contain the waste. Because of a number
of potential thermal degradation effects, epoxy resins should not be included in the -.
permanent structure, without detailed long-term tests. The chemical significance and usage
requirements of polymer resins need to be assessed and established on a case-by-case basis.
Even. then, some care will need to betaken because the very-long-term effects (e.g., thousands
of years) are outSide our ability to observe betweeI\ now and the time that a repository is
needed. Therefore, it may be important to include the effects of polymer degradation in some
mOdelirig scenarios. For polymerS that degrade over short periods oftime, much of the

. chemical modeling of long~termchemicaleffects on the near-field.enviromrient (NFE) may be
conducted With. the final products of the polymer degradation as reactants. The final products
of most polymers are known; the majority are monomer hydrocarborisand some volatile
products such as. toluene, xylene, and cresol. For further discussion of polymers, see Meike
(1996). . . . .

J •••

5.2.6.2' OrganIc Content ofConcrete.
Formulations for concrete and grout sometimes contain additives that improve the

workability, curing time, or other characteristics of the concrete. Some of these additives (e.g.,
superplasticizers) are organic.
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5.2.6.3 Diesel Fuel and Exhaust

Two studies have been conducted on different aspects of diesel fuel contamination. The
first was conducted primarily to assess the potential impact of diesel operation on
geochemical studies conducted in the ESF. The other stUdy was orierited toward:
understanding the significant long-term degradation processes at elevated temperature.
Chemical isotope studies of selected introduced Iriaterials were conducted in the ESF in
support of geochemical tests to determine what the potential effect of contamination would
be to those geochemical stUdies (Meike, 1996). One effect is the potential contamination of I~C

from a number of sources. A'preliminary interpretation of these results is that any possible
contamination of geologic samples taken from ESF by diesel fuels would result in apparent
I~C ages older than their real ages. The extent of mixing of carbon indigenous to ESF geologic
samples with fuel-derived carbon can be assessed; however, this task is beyond the seopeof
this preliminary report It is significant that apparently young I~C ages from ESF materials
could not have been produced by contamination with fuel or exhaust from diesel fuel.

The second study, an investigation of long-term diesel exhaust effects was conducted
using N-Tunnel (Nevada Test Site) as a historical analog (Meike et aI., 1995). The study
represents a broad approach to material degradation that aimed first to assess the rate
determining processes before embarking on the detailed experiments. Biotic and abiotic

; processes were considered, and organic and inorganic materials were analyzed.

5.2.6.4 Miscellaneous Organics
Our observation ofconstruction in the ESF makes it clear that certain stabilization and

other needs may be met by the use of cellulose materials. These include excelsior (wood
shavings) and rags.' .

5.3 Phase and Chemical Stability: Material and Fluid Evolution with Time and
Environment

5.3.1 Range of Processes
The product phases of material evolution, disintegration, biodegradation. and corrosion

may include oxides of metals, sulfides, chlorides, carbonates, and silicates, as well as organic
compounds, alkali metals, and halogen elements. These materials have the potential to alter
the pH, ionic strength and composition of water that may be present at some time in the
lifetime of the repository. In ~~ditiont~ aging, gamma-radiation effects must be considered
in the WP environment, as discussed in Van Konynenburg (1984). The chemical effects of
gamma radiation on man-made materials remain largelyuninvestigated, even though
aggressive substances, such as nitric acid, can bea product of such processes.

We distinguish between those 'chemical processes that are biotic, or mediated by living
organisms, from .those U:¥tt are abiotic, or independent of living organisms. As ,*-ill be
discussed, most of our predictive chemical-modeling capabilities are abiotic. Thus, to use that
modeling capability without explicit recognition of biotic chemical processes implicitly
assumes that they are insignificant compared to abiotic processes. Clearly, this is untrue for
some materials, such as some organic compounds, over long periods of time in natural
environments. In addition, given the potential confusion in terminology, we define at the
outset "organic chemistry"-those processes that involve organic compounds-as distinct
from ''biotic chemistry," which involves a living intermediary, such as a colony of microbes.
Microbially mediated (biotic) processes do not necessarily depend on the presence of organic
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compounds (e.g., hydrocarbons) and can significantly affect inorganic chemistry (see
discussions in Hardin et al., 1998; Meike, 1996; and Hom and Meike, 1995).

5.3.2 Evolution of Materials at Elevated Temperature
A unique aspect of the'Yucca Mountain (YM) strategy relative to other high-level

radioactive-waste strategies around the world is that water will not contact the repository
materials until after these materials have been exposed to elevated temperatures (>100°C) for
an extended period of time (>150 years)..Thus, the mineralogical composition of many of
these materials is expected to evolve, and the subsequent material-water interaction may be
quite different than with the original material.

v

5.3.2.1 Evolution 01 Metals· .
Metals that may be introduced into the WPenvironment for construction purposes will

be primarily iron and iron alloys, which can degrade through several mechanisms. Oxidation
is one common degradation process. Such processes depend strongly upon the Eh and pH of
the environment within which oxidation occurs. According to corrosion test results (see
Section 2) there will be a mixture of oxides that form from carbon steel. If conditions are very
oxidizing, primarily hematite is expected. If the conditions are less extremely oxidizing then
the various FeOOH phases are expected. Under even less oxidizing conditions, magnetite is
expected. According to abiotic corrosion studies (see Section 2), hydrated oxide, FezOl·xHzO,
is also to be expected. Although FePl·xHzO may account for only a small fraction of the total
oxide weight percent, the hydrated oxide has a much lower density, and thus may be
significant with respect to volume changes during corrosion. At present, this aspect of
corrosion and its relation to relative humidity are being pursued (see Section 2). However,
even a simple calculation, assuming that all of the iron (917.401 kg/Ill, calculatedinV
Table 5.2-3) is converted to hematite (FezOJ, indicates that a major increase in volume is
associated with the oxidation, thus: .

(917 kg/m alloy)(0.9868 wt%) = 905,291 g Fe per linear meter of drift
= 16,210.2 moles/m Fe (55.85 gram-molecular wt.)
= 8,105.1 moles/m FeZOl (2 moles Fe/mole FezOJ
= 1,294.3 kg/m FeZOl (159.69 gram-molecular wt)

= 0.245 ml/m (density of FezOlis 5.28209 g/eml).
This represents an h1crease in volume of 0.12 ml per linear meter of tunnel, or 109%. Iron,

if present in largevolwries, has the potential to consume large quantities of oxygen during its
oxidation and to influence the atmospheric chemistry around WPs if the environment is
sealed or semi-permeable to gas. Another simple calculation; using the assumption that all
iron is converted to hematite, indicates that at 25OC,

8,105.1 moles/m FeZOl requires 24,315.3 moles of oxygen
,= 12,157.65 moles Oz
= (l05 V>/(298.15}(8.314510) (ideal gas equation)

and V= 301.4 ~l of oxygen gas per meter of drift.~beconsumedduririg the complete
oxidation of this iron. ..
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Experimental studieS of copper corrosion in sea water and in the presence of sulfide ions
(Mor and Beccaria, 1975) indicate that a variety of copper sulfides can form that also depend
on pH. The specific conductivity and resistance to corrosion of the metal depend on the
corrosion product, which is pH-dependent. In general, the rate at which metal ions are added
'to the water, and thUs contnbute to the water chemistry, depends on the corrosion products.

5.3.2.2 Evolution of Cementltlous Materials

5.3.2.2.1 Previous Studies
Reactions known to occur in cementitious materials, over time and at room temperature,

are expected to contnbute to alterations in the mineral assemblage and to their degradation
and reduction of mechanical strength. These reactions 'are chloride attack, the alkali-silica
reaction, and delayed ettringite formation (DEF). Chloride attack works by the ingress of
chloride-bearing water through permeable grout or cracks to contact and corrode the metal

. reinforcement (rebar). Expansion of the rebar due to corrosion causes the cementitious
materials to crack and spall. One source of chloride attack for the present application is the
use of aggregate, from desert climates, that may contain evaporated salts (Taylor, 1990).
Alkali silica reaction occurs when silica-bearing aggregate reacts with alkali impurities in the
cement paste: As with chloride attack, expansion occurs due to formation of the product
phases, causing cracking (Taylor, 1990). DEF is also acracking process due to the late
formation of sulfate-bearing phases (Taylor, 1990). There is still much debate about the causes
of DEF. However, some significant DEF has been related to the heat-curing of sulfate-bearing
cements. A phenomenon similar to DEF may also occur through the formation of thaumasite,
a sulfate-carbonate mineral.

Roy and Langton (1983, 1989) have studied ancient concretes to ascertain mineral
stabilities and instabilities that may be applicable to modem portland cements. The ancient
concretes,which were made from lime fon;riulations, are not completely analogous to
modem concretes, which are formed from more reactive alite and belitephases that require
higher temperatures for manufacture. Although made with unknown processes as well as
varying starting materials, and mixed using unknown water-cement ratios, ancient Roman
concretes often incorporated pyroclastics, including tuffaceous material. A main conclusion
that Roy and Langton draw from examination of ancient materials is that low-permeability

. cements, and particularly pozzolanic cements, have the greatest durability. A study of
, 'mortars from the Byzantine basilica of Hagia Sophia, Istanbul, suggests that a calcium

silicate-hydrate phase is present. The degree of crystallinity is not well constrained,however,
and the mortar appears to be dominated by a calcium carbonate phase (Livingston et aI.,
,1992). A cursory examination of a portland cement that had been submerged in water for
~ years at near room temperature (Rhoderick, 1981) suggested no "significant effect" on
either composition or microstructure. The relevant experimental literature has been
summarized in a synthesis report (Meike, 1996).

Portlandite and many of the Ca-Si·H20 phas~ are unstable when in contact with CO2 gas.
Over time~ excess portlandite in concrete converts to Caco3t usually in the form of calcite.
Crystalline Ca-Si-l~Ophases, e.g., tobermorite (see discussion in Hardin et aI., 1998), also
react with CO2 gas,"forming CaC03 and Si02• Unknown, however, are the relations between
temperatUre, CO2 fugacity, relative hWnidity and phase stability that would allow us to
predict, fOf a given environmental scenario, the identity of the mineral assemblages making
up the evolving material and the composition of water in contact with that material.
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Notably scarce are detailed studies of cementitious materials that have been exposed to
elevated temperatures for the extended periods of tim~ required to obtain even'the relations
between temperature and phase stability. Elevated temperatures will cause changes in
composition, phase and microstructure, which would ultimately affect the chemistry of the
water in contact with the material, as well as its structural integrity; It is likely that the
cementitious materials will dehydrate and transform to a more crystalline mineral
assemblage. Many phases in the crystalline Ca-S·HzO system can develop in cement exposed
over long periods of time to temperatures above 25°C. The phases themselves are found both
naturally and in synthetic systems.

5.3.2.2.2 Hydrothermal Alteration of Concrete: Pressure Vessel ExPrriments
Experiments were designed to provide data for a quick engineering assessment of the

microstructural, mineralogical, and (to a lesser extent) mechanical changes in hydrothermally
;. altered concrete and changes in associated water chemistry (Meike et at, 1997bi Myers and

Meike, 1997). In emplacement drifts, concrete will be subjected to elevated temperatures of at
least 150°-200°C, and perhaps even greater temperature if backfill is used. , .

In oUr experiments, we used two types'ofcementitious material-invert concrete and
shotcrete-both from the Exploratory Studies Facility (ESP). Our analyses reveal that the
invert concrete is composed primarily ofcarbonate aggregate, especially within the larger
size fraction. The shotcrete aggregate is composed primarily of quartz and other silicate
minerals.

Three experimental suites of progressively longer duration were performed and
analyzed. Each suite consisted of a vapor (invert and shotcrete) and an aqueous (invert only)
1 M NaCI treatment and 1 M NaHC03 treatment, and a dry treatment in which an aqueous
solution (deionized water) was added only for the last 2 weeks of the longest (8-month)
experiment. In the future, we intend to compare the aqueoUs and the mineralogical results
'from these experiments with chemical-modeling simulations to asSess the adequacy of our
thermodynamic and kinetic'data (Clodicand Meike, 1997).' '

.The results demonstrate that concrete alterationin an aqueous environment can be very
different from alteration taking place in a vapor-phase environment We expect, based on
these and other studies, that alteration in the vapor phase can depend on the composition of
the gas phase. In the vapor-phase oxygen-rich alteration case, hydrous minerals are formed,
which can shrink and swell as a function of humidity, affecting the strength. In contrast,
vapor-phase alteration in a CO2-rich environment will favor the formation of carbonates.

We expected the chemistry of the original aqueous solutions to be modified by the sample
coupon (invert material) that was inserted in the aqueous solution. The samples exposed to
the vapor phase ,on top of the platform were not expected to affect the solution chemistry.
The pH of the NaHC03 solution increased with time to a value of 9.50 at the end of 8 months.
The solution had achieved a steady state with respect to the concrete sample, at the
conditions of the experiment, within 6.weeks (the duration of Batch 1). The pH of the NaO

,solution increased to a value of nearly n.s.This solution achieved a steadystatewith the
concrete sample, at the conditions of the experiment, within 4 months (the duration of CN-3,
which represents Batch 2). We suspect that the Batch 1 aqueous solution achieved a pH of

, nearly 11.5 rather rapidly, consistent with the NaHC03 solution results and with the high pH
of dry Batch 3 (8-month) samples. In the latter experiment, deionized water was added before
the last 2 weeks of thermal treatment (90°C) and was measured at a value of 11.84 pH units.
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Thin-section and SEM evidence indicates that secondary calcite is precipitated in many of
these experiments. The relative magnitude of secondary-calcite formation is not
straightforward and will require further work to deterinine. However, preliminary work
suggests that secondary calcite formation is more predominant in the vapor-phase samples of
the NaHCOJsolution than in the vapor-phase samples of the NaQ solution or in the dry
samples. This suggests some influence of a higher partial pressure of COJ gas in the NaHC03
pressure vessel. Secondary calcite is found in all of the aqueous-phase samples, which are all
of invert composition, containing a large quantity of carbonate aggregate (calcite and
dolomite). Clearly, the presence of carbonate minerals in the original aggregate affects the
character of secondary mineralization in the aqueous phase. '

An abundance of secondary crystalline Ca-Si-hydrate phases was observed in the vapor
phase samples. The secondary mineralization on the vapor-phase samples was extremely
heterogeneOusly distributed, due to the localized nature of the vapor-phase reactions. The
signal of these phases is so weak as to be overcome by the signal of other minerals in x-ray
diffraction. Thus, some of these minerals have not yet been uniquely identified. Much of the
reaction was located at the boundary between the aggregate and the grout, suggesting
possible mechanical consequences. The aqueous-phase samples exhibit far less heterogeneous
distribution of secondary phases, and far fewer total phases. Scawtite, a Ca-Si-carbonate
hydrate, and kilalite, a Ca-Si-hydrate, were observed consistently in the long-term NaCl
experiments. Neither of these phases is represented in our thermodynamic data bases;
therefore, it will not be possible to incorporate them into simulations that ar~ ~ttempted in
the near future. ','

We are able to link thefonnation of analcime directly to the aqueous NaHCOJ treatment,
demonstrating the chemical truth that the formation of a particular phase is a complex
combination depending not only on the concentration of the constituent ions in solution, but
also the solution's pH. We Will be particularly interested in our ability to simulate the
precipitation of analdme from solution using our models and the new cement data (Clodic
and Meike, 1997). .

, ,

The results of the mechanical tests exhibit extreme variability, and interpretation is
deferred until the magnitude of the error has been firmly established. The trend, however,
appears to be ~oward increased mechanical strength in the,samples that have experienced
secondary-carbonate formation, especially those samples subjected to NaHCO i treatment.
This interpretation is at least consistent with industry practice, in which pJ'l"Cast concfetc is
carbonated for increased strength (Rubin et aI., 1997). All treatments may im'oh'c morc than
,atmospheric CO2 because of the presence of large amounts of limestone in thc aAArl'gatc. The
sensitivity of tobermorite and other crystalline Ca-Si-hydrates that may exist in ordinary
portland cement to the partial pressure of CO2 suggests that, in a repository en\'ironment,
much of the cementitious material could evolve into CaCOJphases, such as calcite and
vateriteand other carbonates (e.g., scawtite). ' ,

The consequences to the pH are significant. Whereas a young cement-water system could
register pH values of nor 12, a system dominated by calcite-water would have a
significantly lower pH~ We have found that alteration in an aqueous environment leads to a
far mor~ homogeneous ~ondarymineral assemblage than alteration in the vapor phase.
This observation iscorisistent with expectations, because aqueous-phase alteration is
expected to be in equilibrium with the aqueous solution. These observations, however, have
provided the gro\lnds for a more explicit description of solids as the repository evolves.
Specific repreSentative mineral assemblages are calculated below.
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Mechanically samples exposed to the bicarbonate treatments appear to be the strongest
overall. The dry samples appear to increase markedly in strength over time. The relation J
between these experiments, conducted at vapor pressure at 200oe, and the atmospheric- \~
pressure thermal treatment expected in a high-level nuclear-waste repository, will be

,discussed in the final report for the hydrothermal alteration of concrete experiments (see also
Myers and Meike, 1997). Further comparisons will be drawn to ESF concrete emplaced in the

,Large-Block Test (LBn, the Single-Heater Test (SHT), and the Drift-ScaleTest (OSn.These
field tests are described briefly in Section 1.3.

5.3.2.3 Evolution of Organics

5.3.2.3.1 Diesel Fuel and Other Hydrocarbons
If abiotic degradation were the only mechanism then the hydrocarbons would' remain

indefinitely (see discussion in Meike,,1996). However, microbial activity can significantly
alter that rate of degradation (see discussions in Meike et al., 1995, and Hom and Meike,
1995).

5.3.2.3.2 Polymers

At present ou~data base for modeling aqueouS chemistry includes some possible
degradation products, but our modeling capabilities are limited, as is our capability to predict
the thennal evolution of the solids over long periods of time. The primary modes of
degradation for synthetic polymers are thermal degradation, oxidation, and
photodegradation and biodegradation. The degradation of a polymer cannot be followed by
observing the behavior ofa similar but simpler molecule. Modelshave been developed to
predict spedfic degradation processes over times significant to a radioactive-waste repository
(Bumay, 1990); however, most models are for normal lifetimes and under normal service
conditions,(Kenny et al., 1993). An activation energy, which can be derived from thermal
analysis, must be reached before degradation begins <Ravanetti and Zini, 1992). The
Arrhenius equation is often used to predict the half-lives of materials (Barr-Kumarakulasighe,
1994). It has been found that thermal-degradation rates are increased by higher temperatures,
the presence of a radiation flux, oxidative agentS, soDie chemical contaminants, and light In
addition, many polymers can exhibit dose-rate effects or synergism between radiation and
temperature or Chemical contamination (Bumay, 1990).

, .
There are two types of thermal degradation. The first, depolymerization, involves the

breaking of the main polymer-chain backbone so that at any intermediate stage, the monomer
units can be recognized (Grassie and Scott, 1985). This is common for polymers that have
high values of chain scission at ambient temperature (Garrett et al., 1990). The second,
substitution reaction, involves a change in the chemical nature of the substituents attached to
the backbone of the polymer molecules, even though the chain structure may remain intact.
In this case, volatile products will differ from the monomer (Grassie and Scott, 1985),

Specific: materials of interest to construction inc:ludeepoxy resins. Leedy and Watters
(1994) found, that rock bolt epoxy degrades at temperatures as low as saoeand should thus
not be used for long-term mechanical support in areas that will be exposed to eleyated
temperature. However, a variation in degradation behavior exists that probably depends on
the epoxy. At 125°e, the primary degradation mechanism fo~epoxyresins is initiated by
oxygen attacks rather than by a free-radical mechanism. Many epoxy-resirt'systems manifest
significant oxidative degradation in air at temperatures as low as lOOoe (Burton, 1993). A
change in mass begins just below 250°C. '
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5.3.3 Radiation Effects on Polymers
The effect of radiation on polymeric materials has been studied since the construction of

-the first nuclear power plants in the 195Os. When exposed to high-energy radiation,
polymeric materials undergo chemical changes. The energy from the radiation excites the
polymer molecules, leading to chemical change. Most energy is deposited in the substrate by
Compton scattering, whereby the ejection of a valence electron is accompanied by deflection
of the incident photon by the electron cloud around the atom. At lower energies, the incident
photon is completely absorbed by the substrate atom to produce ionization. Radiation
degradation can be measured from changes in the molecular weight, from which the degree
of cross-linking and scission can be determined. After irradiation, polymers continue to
undergo changes. For example, irradiation in air leads to the formation of peroxides, and
these compounds have characteristic rate-versus-temperature relations for decomposition,
usually with significant rates in the range 50°-150°C (O'Donnell, 1990).

Radiation enhances degradation, especially thermal effects, which often occur in parallel
wit~ radiation exposure. As energy is added to a system, the temperature is raised. The
reaction rates are often quite different in a glass and rubber of a given polymer and undergo
changes at the transition temperatures. The deterioration .in the properties of polymers may
be markedly increased by relatively small rises in temperature (Garrett et al., 1990). This
tends to be the case with most chemical reactions .due to the energy provided by an increase
in temperature. An increase in temperature, when combined with radiation, leads to an
increase in chain scission. Radical reaction kinetics depend on the polymer morphology,
crystallinity, molecular weight distribution, and the main chain stability as well as its higher
structure (morpholOgy) (Kaplan, 1991). Time-temperature-dose-rate models ha\te been
developed to predict the long-term aging of polymers exposed. to radiation (Gillen and
Clough, 1989). -

The surface effects of radiation tend to be much greater than the effects to the core of a
sample, due to greater exposure of the surface. As a result of energy transfer, molecular
components that are present in only small amounts may be the main sites of chemical change
(O'Donnell, 1990). In addition, hydrogen atoms are often yielded due to radiation, which can
lead to cross-linking. The penetration of low-molecular-weight liquids into polymers leads
many to a decrease in the radiation yield of cross-linking (Smimovand Dubova, 1992). Some
correlations can be made between photodegradation and gamma radiation. Because
absorption of radiation is an essential first step to photodegradation, strongly absorbed
radiation will be attenuated as it passes through the polymer and reaction will be
concentrated in the surface layers. Thus, photolysis is often identified by the evolution of
hydrogen, the development of insolubility, and discoloration. In addition, ultraviolet
radiation often initiates oxidation. Photodegradation cannot readily be predicted from the
chemical structure due to small impurities and abnormalities often present in polymer chains.
It must be tested experimentally..

Thermosets have much more stability to irradiation than thermoplastics.
Counterintuitively, perhaps, thermosets exposed to radiation in air degrade more the lower
the dose rate, because of the oxygen concentration in the interior of samples. The dissolved
oxygen reacts with the radiation-induced radicals and builds peroxides. Thus, the thermoset
becomes unstable and slowly decays by chain scission. The longer the irradiation time, the
more complete is the breakdown of the peroxides and the damage to the material (Wilski, .
1990).
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5.3.4 Solid-State Response as a Function of RH

As part of an experimental and modeling program to characterize the effect that cement V
will have on the water budget at the potential YM repository, water sorption studies of

crystalline calcium-silicate-hydrate phases are being performed. These experiments (Martin

et al., 1996) demonstrate that many of the crystalline phases expected to form in concrete at

elevated temperature are sensitive to changes in relative humidity, RH. That is, they shrink

and swell, sometimes within an hour in response to a RH change of 10%. This characteristic

has potential significance for the mechanical stability of concrete after the thermal pulse.

5.3.5 Water Stored In Solids '
The potential for concrete to act as a reservoir for large amounts of water has not

previously been adequately discussed. The identity of the concrete constituents has

implications for water retention in repository materials and water availability as a function of

temperature, T, in the repository.

Water will be conserved in a number of ways within concrete as a function of thermal

evolution and of age. Water can be present in liquid form within concrete pores. It can be

present in solid minerals with varying levels of binding energy-that is, different amounts of

energy are required to release that water. For example, if we consider the two sulfate-bearing

phases used in these calculations, ettringite begins to lose water rapidly at around sooe
(Taylor, 1990), and thaumasite begins rapid weight loss at llO°C (Taylor, 1990). Other phases

also hold water ina different manner.,C-~H is an amorphous structure and holds its water

loosely, unlike the higher-temperature crystalline Ca-Si-hydrate phases (such as tobermorite).

According to Lea (1971), tobermorite is stable between approximately 100°C arid 180°C;

beyond that, xonotlite is stable. For our purpose, we allow tobermorite to experience slow,

linear dehydration between 100° and 180°C. Tobermorite will lose water reversibly to a

certain extent with increasing T and decreasingRH. Based on this information we have

constructed five cumulative water-loss scenarios (see discussion in Meike, 1996) as a,function

of T for concretes with the idealized mineral assemblages.

5.3.6 Water-Materlallnteractlon
It is clear that the addition of introduced materials to the NFE may modify the chemical

environment and influence the geochemical reactions that may occur. The most significant of

these interactions, basedon pure volume of material used, appear to be the effects of cements

and metals.

5.3.6.1 Metals

Much of our understanding of the long-term chemical processes involVing metals that'

may be used in a radioactive-waste repository will be based on a firm understanding of

historical analogs. Studies of metal artifacts from a varietyof ages demonstrate that some

phases that form cannot be predicted from oUr present knowledge of material degradation.

Some products of these introduced materials rarely occur naturally and are therefore not

necessarily predictable from a geochemical data base. Botallac~te,a rare hydroxide of copper

Chloride, for example, has been observed associated with the corrosion of a copper object

exposed to chloride ion (Pollardet al., 1989). Stability fields and reactive sequences of the

basic copper (II) chlorides have only recently been proposed (Pollard et al., 1989),

extrapolated from this and other historical data as a complement to experimental data, where

experimental data alone has previously failed. That diffusion-controlled phenomena should '0
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be expected over time periods of at least 2,000 years is apparent from investigations of
corrosion phenomena in ancient bronzes (Scott, 1985). Development of some phases appears
to be mediated by the activity of microorganisms (McNeilet al., 1990). In addition, some
information on the long-term corrosion of materials has been assembled from the New
Zealand analog site (Bruton et aI., 1995; Meike, 1996). In the respect that these data represent
materials and methods that are more similar to present construction, and more is known
about the current environment, some of these data may be more useful to chemical model
assessment than much older archaeological artifacts.

5.3.6.2 cementitious Materials
According to the present repository design, concrete may be one of the most prevalent

introduced materials in the proposed YM repository, as a liner providing mechanical support
in most of the emplacement drifts and as invert under the WPs providing support for the
transportation system. The present discussion of aqueous chemistry is focused on concrete,
which, given its large volume in the present repositorydesign and its ability to modify pH
(depending on formulation and age), could be the single most significant material
conditioning aqueous chemistry in the repository. Concrete is certainly a major source of
uncertainty in the aqueous chemistry, due to the variability in its impact as a function of the
original engineered formulation and its evolution through the lifetime of the repository. Our
ability to predict the chemistry of water in contact with concrete has made progreSs in both
the creation of a more precise conceptual statement of the model arid in the expansion of the
thermodynamic data base to include phases that must be represented to adequately simulate
interactions between water and phases found in concrete. Both of these aspects of our work
are descnbed in more detail in Hardin et al. (1998). --

Concrete is a major source of calcium and silicate chemical species and, depending on the
formulation, sulfate and chloride. Organic components, used to condition the wet concrete
paste before it is cured, ar~ usually present in very small qua.ntities. At low temperatures,
they may be a minor source of nutrients for microbes, which may convert these components
to other organic compounds or to water and carbon dioxide (Haveman et al., 1996). During a
thermal pulse, however, it ispossible that the organic components will volatilize and
redistribute or even difhiseaway from the emplacement drift.

The presence of cementitious material may greatly alter the chemistry of water in the
proposed repository, and adds a major uncertainty in the prediction of the aqueous
chemistry. These materials provide a large reservoir of unstable Ca-silicate phases, which
will dissolve and reprecipitate at the rock-water interface. Chemical interactions between
water and non-thermally-treated grout at 2O°-6Q°C may be dominated by the dissolution
kinetics of the unstable amorphous and crystalline phases and precipitation kinetics of the
metastable or stable phases (see, e.g., Atkins et aI., 1991). Tobermorite (14-A) forms in water
at temperatures below 80°C, but begins to lose interlayer water at 70°C in dry CO2-free air to

. yield ll-A-tobermorite. This type of low-temperature interaction has received much attention
internationally and can be found in the radioactive-waste-disposalliterature (see the
discussionin Meike, 1996).

The pH of water in contact with relatively young cement can be relatively high (10-12).
Disintegration and dissolution of cementitious materials may change the pH of water to
values as high as 11.5, even at 100°-200°C <e.g., Myers and Meike, 1997). Ca(OH)

-' (portlandite) and alkali hydroxides are responsible for this chemical phenomenon.
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Tests in which concretes were leached at 100o-200OC with either distilled water or
Standard Canadian Shield Saline Solution in contact with a sodium-bentonite, a waste-glass,
or a silica-fume additive, have indicated that the identity and concentration of species in
solution is time-dependent (Khomarneni and Roy, 1983; Bumettet al., 1985;Heimann and
Hooton 1986; Heimann, 1988a and b). The fate of C-5-H and the cement minerals, and their
interaction with the aggregate, are a function of time, temperature, solid and aqueous
solution compositions, and the aVailability of water. Of particular concern to the degradation
of concrete is whether the concrete is exposed to air, COz, or water; the aluminate and ferrite
content of the cement; and the activities of carbonate and sulfate content of the water.

to some extent, physical properties that can regulate the rate of, and the long-term
susceptibility to, chemical attack are determined by the initial formulation. One such
property, interconnected porosity, is affected by initial water-cement ratios and thus
potentially by the method of emplacement. Leaching will preferentially dissolve some
minerals, such as portlandite, from the set material and thus can increase permeability, which
will influence the rate of degradation. Sufficiently high activities of sulfate orC~ can react
with concrete. At elevated temperatures, residual portlandite reacts with carbonates to form
calcite <Milestoneet al., 1987).

With regard to the potential survival of concrete, we recognize an important distinction
between performance lifetime, which is linked to the mechanical stability of the structure,
and chemical lifetime, which represents the duration of the chemical effects of the material
long after the material has ceased to perform its function. It will be important to explicitly
specify the mechanical performance lifetime required of the cements by the design, because it
may be possible to obtain modem high-performance formulations that will perform a
mechanical function throughout the retrieval period, and perhaps stretching into some of the
period after closure. However, it may not be necessary (or even possible) to engineer (or
prove the stability 00 a cement with a performance lifetime of thousands of years.

It is highly likely that,long after the mechanical "performance lifetime" of the
cementitious materials, has ended, these materials could perform chemical functions such as
sorbing radionuclides, ·~pecially if. the cement formulation were to contain zeolites as
aggregate or pozzolana. In fact, at the point in the evolution of the repository where sorption
is required, an invert that has disintegrated, and thus increased surface area, may be an asset,
because large surface areas predominantly determine the effectiveness of a sorbcnt. Thus. a
cementitious material that becomes greatly fractured or disaggregated increases the
effectiveness of the constituenfsorbant materials.

5.3.6.3 Backfill
The results of EQ3/6 and OS3D/GIMRT simulations (Glassley and Meike. lQq7)

demonstrated that quartz and magnetite are not significantly affected for the duration of the
simulation and that changes in porosity depend on lime consumption and on calcite and
'portlandite generation. This is true of both ventilated and unventilated cases. The movement
of a reaction front through the system as a function of time is clear from the longitudinal
profiles of pH, mineral assemblage and aqueous speciation.

These simulations demonstrate that a backfill composed of quartz sand, magnetite and
. lime will not control oxygen fugacity or pH unless the drifts are completely sealed. Even

then, the chemical-conditioning effects would be minor. A candidate backfill should be
further tested over prolonged periods of time and various temperature gradients. However,
the simulations conducted here are sufficient to demonstrate that this backfill option would
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'not provide long-term chemical alteration to the repository environment. All of the chemical
evolution shown here, including the desired chemical conditioning, takes place within a
matter of decades, a time frame which is insignificant With respect to the lifetime of the
repository. Given the other potential effects of backfill in general and material-specific
coupled effects in this case, it is possible that addition of the iron-lime-sand backfill may not
add any beneficial effects but may, by adding complexity to the system, increase uncertainty.

Similar to the case of the pH conditioning, ,the desired Eh-conditioning effect (reducing
environment) is achieved only in the case of the closed system. In the open system, the Eh
remains positive. Although at the end of the OS3D/GIMRT simulations (2-3 years) the
amourit of magnetite in the system appears unaffected because only a small amount of
reactant phase (hematite)is generated, it is clear from the EQ3/6simulations that the Eh
conditioning effect is transient. Given that the effect is only achieved in a closed system and
that it would be very difficwt to achieve or prove the existence of a pneumatically sealed
environment over the time period in question, the extended simulations that would be
reqUired to determine the duration of the conditioning effects (Eh or pH) were not carried
out.

A few engineering considerations become clear from these resUlts. First, fundamental to
en~eeringdesign is the observation that, in the open system, pH is maximized during the
transient period, that is,.while the system is evolving but has not achieved equilibrium. In the
closed system, pH is maximized during the transient state but remains elevated during the
steady-state condition in which lime is present. Once lime is consumed, the pH decreases.
The iron phase only affects oxygen availability in the (airtight> dosed system, and even then
the effect is transient. Given the hydrological scenario associated ,with the backfill case, in
which water will be driven away from the WPs as a result of elevatedtemperatui'es, we
suggest that the system will probably have evolved to a hematite + portlandite + quartz
assemblage before significant,water infiltration occurs. , ' '. .

Other considerations that are not explicitly evaluated in these simulations bear
examination. It is clear from reaction processes that alteration will first occur along grain
surfaces, resulting in the formation of a secondary mineral preopitation on and between the
original backfill grains. Given the movement of fluids asa reac~on front, it is possible that a
solidified crust could format the point of water entry into the backfill or at depth. This type
of process is well knoWn and is responsible for the formatio~ of lateritic and bauxitic crusts in
tropic~climates.Inan extreme case, the result could profoundly modify asSumed

, hydrological prpperties ofthe ba~kfill, including the possible development of fast flow paths
toa container surface, and needs careful evaluation. In addition, reaction rate is a function of
grain ,size and water availability, which remained constant for these simulations.
Completeness of the reaction may be a function of grain size (passivation may occur in larger
grains). Our simulations are c,?nducted assuming that the reaction is complete.

5.3.6.4 Organics: Hydrous Pyrolysis ofDiesel Fuel
Although diesel fuel spills, if present, will be located below the WP and are therefore of

-limited interest to prediction the lifetime of the WP, the application of the general conclusion
. of this work to hydrocarbons that may be used above the WP may be useful. The potential

thermal degradation of diesel fuel in the presence of water was studied at elevated
temperatures <Meike, 1996). These experiments were carried out at 200° and 315°C, to directly
determine the rate and products of diesel fuel degradation within a 2- to 3-month laboratory
experiment. They thus provide an upper limit for the rate of abiotic degradation within the
chemical system studied. It was found that thermal degradation of diesel fuel is not enhanced

'. Engineered Materials Characterization Report
UCRL·/D-119564 Vol.· 3 Rev.··1.1

5-21



5. Engineered Barrier System Materials

in the presence of cementitious material or at alkalme pH. Given the very slow nature of the
abiotic reaction, microbial metabolism of these materials may be the most significant rate
determining processes to incorporate into a long-term chemical model for repository
performance.

5.3.6.5" Microbial Processes

5.3.6.5.1 Microbially Mediated Chemistry
Microbes vary widely in their types of metabolic activities, and the consequent alterations

to the surrounding environment that they can facilitate (Hom and Meike, 1995). Historically,
bacteria (and ArcheQ; which are closely related) have been classified according to their
individual metabolic types. The potential reactions actually performed by bacteria are
dictated both by innate metabolic ability and by the conditions to which they are exposed.
The types of metabolic activities that are possible are govemed by the availability of
substrates. The demands of establishing boundary conditions for microbial activity in the
context of a radioactive-waste repository extend beyond the information that is presently
available in the literature.. '.

We have conducted traditional biochemical-assay techniques that can be supplemented
with more advanced molecular techniques to better predict the impact of microbial affects on
geochemistry and repository components.

Organisms collected from the ESF have been culturedand aSsembled into a Yucca
Mo~tain Site Characterization Project (YMP) library. These microbes were grown in low
nutrient media With various amendments and screened for various actiVities of significance
to the long-term chemical and hydrological properties of the NFE~Corrosion-spedfic V
bacteria, acid-producing bacteria, sulfide-producing bacteria, and slime-producing bacteria
have all been isolated (see discussion in Section 2.5 as well as in Hom and Meike, 1995), and
thus those processes may be identified as significant processes to model.

5.3.6.5.2 Biodegradation of Polymers
While natural polymers are readily broken down by microbes, synthetic polymers are .

more resistant. One reason for this is that a mairi Source of energy for microorganisms is the
breaking of the carbon-hydrogen bonds, which releases energy. Another'reason is that the
enzymes required to break down these synthetic polymers are not found in nature. The
biodegradation of polymers also depends on the intrinsic viscosity and the prOduct structure;
for example, a flexible foam will degrade faster than a rigid foam, which in tUrn will degrade
faster than a solid produn A last reason is that the most important type of enzymatic
polymer-cleavage reaction is hydrolysis, which occurs exclUsively inside microbial cells.
Thus, high-molecular-mass polymers would need to entetthe cytoplasm before
depolymerization. It would seem that by copolyme~inga synthetic polymer with a natural
polymer, degradation could be achieved. However, studies in which starch is incorporated
into the polymer structure have shown that, although the starch components degrade, the
synthetic polymer structure only collapses into smaller pieces that still resist degradation.

. However, many degradation products of polymers are biodegradable (see discussion in
Meike,1996).
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5.3.6.5.3 Umiting Factors: Water and Nutrients
It is clear from the discussion above that microbial ~iota are integral to environmental

mass transfer. Thus,microbIaI contributions to overall environmental chemistry cannot and
should not be ignored in prediction of the long-term aqueous processes. A review of the
microbiol~gicalliteraturemakes it clear that the impact and the character,even the very
processes, of microbial activity depend on nutrient conditions (see, e.g., Hom and Meike,
1995, and Meike, 1996). Microbes are capable of utilizing a wide range oforganic compounds
to serve as sources of carbon. Autotrophic organisms are capable of carbon-dioxide fixation
to satisfy carbon r~quiren:tents for synthesis of cellular materials~Energycan be derived from
either reduced organic or inorganic compounds. Hydrogen gas, nitrogen, ammonia, nitrite,
ferrous iron, and reduced-sulfur compounds, for example, can all be used as energy sources
by various microbial groups. Similarly, oxygen or a wide array of inorganic compounds may
be utilized as a terminal electron sink. Nutrient supply, rate of nutrient transport, and the
compositionof the repository community will govern the specific types of metabolic
activities that occur. Because little literature is available on the variability of chemical impact
as a function of microbial activity, weare perfoiming experiments to provide the needed
modeling information. ",

Iri these flow-through experiments a basic growth medium is modified so that the
macronutrient (C, N, P, S) concentrations are varied to represent all possible combinations of
a maximwn,midrange, and minimum value of each. These trials are conducted at room
temperature and at sooC. The bioreactor is inoculated with YM tuff that contains native
microbes and microbes introduced by construction activities. Samples of efflux solution are
collected on a regular basis and analyzed chemically until a steady state has been achieved.
The results of these experiments are being used in modeling efforts descnbed in Hardin et al.
(1998).

SA Implications for Modeling
. Our ability t<? predict the Chemistry of water in contact with materials introduced into a

high-level radioactive-waste repository at YM is beset by the ~me environmental
uncertainties as oui' ability to predict the geochemistry of water in contact with rock. That is,
chemistry depends on temperature and gas-composition evolution, which are uncertain. In
addition, there is variability in the uncertainty of our predictions, and even the type of
prediction that can be made (e.g., uncertainty envelope, sensitivity analysis, or process-level
scenario simulation) depending on the material and the type of process that is considered.
The reason for this variability is discussed in greater detail in Hardin et al. (1998).

Currently we canrtot integrate the prediction of water chemistry based on biotic processes
with that of abiotic processes because our understanding and our ability to describe these
processes are not at the same conceptual level. Whereas the ability to simulate -abiotic
chemistry, which is firmly rooted in a framework of constitutive equations, is limited by the
availability of energetic data (e.g., free energies of formation, heat capacities and solubilities),
the ability to simulate microbially mediated chemistry, for which appropriate constitutive
equations have not been developed, is in a far more infantile stage. We are merely able to
provide the broadest of bounding conditions for the potential effects of microbial activity

,and, therefore, the inclusion of these processes greatly increases the uncertainty of any
prediction. Eventuallywe expect to be able to reduce that uncertainty as we are able to
simulate integrated abiotic and biotic processes.'
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The water<onditioning effect of concrete in normal construction environmentS is known,
and simulations have been attempted at 25°C and slightly elevated temperatures. The major
impact is a significant increase in pH. We have examples of microbial activity reducing pH
through the neutral range and even into the addlc range, but at present our ability to

, incorporate these processes into a simulation is just beginning to show progress. In the
balance of this section we will discuss strictly abiotic ~imulations, keeping in mind that
microbial activity within any of these scenarios will extenda range'oftincertainty toward the
acidic end ofthe pH scale, resulting in consequent changes to the fluid chemistry. In other
words, we do not expect that the result of microbial activity will result in an increase in pH,
and thus the abiotic simulation represents an upper bound to the pHEor any given
simulation.

5.5 Predictive Capabilities and Modeling Resources
Successful prediction of the evolution of the proposedYucca Mountain repository will

fl"'luir~ th~ development and integration of models and simulations at a number of different
S('.11l-S .1nd with a number of different purposes. Where poSsible, and where the appropriate
constituti\·~ laws are understood, we are gathering fundamental data' and conStructing the
data bases that are required to simulate process level scenarios of interest to theYMP. On a
larger scale, we are demonstrating feasibility of models that will be required to integrate
concepts from more than one process. Where constitutive laws are not understood, we are
conducting the experiments, literature searches, and analog studies that will allow sensitivity
analyses to be produced. Also, for topics in which great progress is possible through a
transition from sensitivity analysis to a process-level model, we are conducting optimization
studies to understand and demonstrate the most significant processes.

5.5.1 Drift-Scale Thermochemical Models
Our intent is to integrate drift-scale chemistry into repository-scale; and ultimately

mountain-scale, models, by progressively establishing those spatial and temporal
characteristics that need to be transferred to the next larger scale. Thus, we have not chosen a
software program that provides easy initial rendering of the engineered features. Rather, we
have worked closely with a software company (DynaIriic Graphics, Inc.) to push the limits of
a geological modelmg program <EarthVisionTN) in its ability to render engineering details.

The purpose of this work was to determine whether it would be possible to represent
repository design features at an appropriate level of detail within the EarthVision™ software
modeling framework. The various features that are shown in these models were produced by
routines that wer~ originally formulated to produce geological features. Therefore, all of the
physical features were produced by combinations of faultirig, deposition; erosion, and
drilling wells, which would not be worthwhile if they were only intended as graphic,
representations. However, once built, the potential ultimate benefits are great because they

.are directly integrable with the mountain-scale geological model.
Our goal is to use these representations for drift-, repository-, and mountain-scale

hydrological and chemical modeling that include modifications due to construction. The
advantage of this software is that physical attributes can be assigned to the various forms,

,these attributes can be used to visualize the evolution of complex chemical, hydrological and
coupled chemical-hydrologicalmodels. An additional intention is to locate materials,
calculate volumes with ease, and locate the interfaces between materials of interest. Various ,J
aspects of spatial heterogeneity and interfaces between materials that are fundamental to \....J
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understanding the environment within emplacement and access drifts will be addressed with
this model (see Hardin~ al., 1998; Meike, 1996).

:" . ~

5.5.2 Abiotic Models
Currently two modeling packages form the foundation of the chemical modeling efforts

in this area. One code, EQ3NR/6 is a chemical-modeling package. The other, OS3D/GIMRT
is a reactive-transport code. . .

5.5.2.1 EQ3/6

The EQ3/6 geochemical-modeling package (e.g., Wolery, 1992a a~d b; Woleryand
Daveler, 1992) uses process-level algorithms and a data base of fundamental thermodynamic
parameters and user-supplied reaction-rate parameters to simulate the chemical evolution of
a system. The EQ3NR/EQ6 software package is composed of three executable programs
(EQPT, EQ3NR and EQ6) and a number of data bases that are used at the modeler's
discretion. EQPT formats data bases to be readable by EQ3NR and EQ6. The input file for
EQ3NR contains the analytical composition of the solution (including total concentrations of
dissolved components, pH, Eh, and oxygen fugacity). The code calculates the distribution of
chemical species, using thermodynamic data located in the selected data base. The output
consists of an output and a pickup file, which is used to initialize the EQ6 input file. EQ6
models the reaction of the aqueous solution with a set of minerals and gases, as well as fluid
mixing and temperature changes.

The output'of the simulations are pH, Eh, mineral assemblages, and water chemistry
(chemical speciation) as a function of time (reaction progress). These simulations provide
important information to establish: .'. .

• The mechanisms responsible for contrasts in chemical properties of different systems
(e.g., why pH differences are observed between fixed and unfixed gas phase (fC02
and/02) cases).

• Steady-state conditions between the water chemistry and solid-phase assemblage,
which represents an endpoint for the evolution of the system.

• Whether desired chemical conditioning is achieved during an approach to steady
state transient, or equilibrium, conditions.

The results of the EQ3/6 simulations are used to select the significant chemICal properties
of the system. These properties are then used in the OS3D/GIMRT reacti\'e transport code.
which has reduced the maximum number of chemical species that can be im'ol\'ed in a
simulation to streamline the simulations.

5.5.2.2 OS3D/GIMRT

The OS3D/GIMRT reactive-transport package is a first-principles reaeti\'e-transport code
(Steefel and Lasaga, 1994; Steefel and Yabusaki, 1995) that simulates chemical changes in an
aqueous fluid as the fluid moves through a porous medium. OS3D/GIMRT also determines
the evolution of mineralogy and porosity as the aqueous fluid reacts with the porous
medium, thus providing a model of the time-dependent evolution of the physical framework
of the flow field. As mentioned previously, the simulations rely on first-principles chemical
modeling (e.g., EQ3/6) for the selection of appropriate input parameters. The output of the
simulations shows spatial and temporal chemical and mineralogical changes due to the
reactive transport of water through a saturated permeable material. Spatial simulation shows
reaction fronts and time-sequence evolution as a function of flow rate, thermal gradient, and
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water chemistry. Although the precipitation of solids is simulated, the formation of an
impermeable layer, or crust, is not part of the simulation. Nevertheless, the formation of a \J
crust may have a great impact on hydrology and depends on grain size, ratio of the
components and reaction rates. The formation and impact of such a crust will be evaluated at
a later date. .

5.5.2.3 Thermochemical Data Bases

5.5.2.3.1 Standard Geochemical Data Bases
. Five data bases are usually supplied with the EQ3/6 modeling package. Three of these
(COM, SUP and NEA)may be used with either the Davies equation, or the B-dot equation to
calculate the activity coefficients. Their use is restricted torather dilute solutions (ionic
strength less than that of sea water (i.e., -0.7 molal) (Garrels and Christ, 1965). The two other
data files (HMW, pm use Pitzer's equations (Pitzer, 1979) and are suitable for the modeling
of high concentrations solutions. These data bases are outlined below.
, • ,SUP data base. 06igned entirely hom the SUPCRT92 program Oohnson et al., 1992),

this data base has a high level of internal consistency. The data baSe covers a wide
range of chemical species. However, for the purpose of drift-scale chemical modeling,
it does not contain necessary data related to caldum-silicate-hydrate species that
might be formed in cements at temperatures between 60° and 300°C.

• NEA data base. This data base was produced by the Data Bank of the Nuclear Energy
Agency of the European Community, (Grenthe et al., 1992) and is specifically tailored
to conduct uranium studies.

• HMW data base. This data base is founded on the use of Pitzer's activity coefficient
expressions, which were used by Harvie, Moller and Weare (Harvie, 1980; Harvie et
al., 1984). HMW can be applied to both dilute solutions and concentrated brines, at
25°C. It has also a very high degree of internal consistency but it only treats the
components present in the sea-salt-water system. lmportantelements for the
modeling of cement in a geologic repository, such as aluminum and silicon, are not
included in this data base.

• PIT database. This data base is designed primarily from data summarized by Pitzer
(1979). This data file can also be applied to concentrated brines between 25° and
100°C. P'IT covers a larger set of species than the HMW data base, but it does not
address the silica and inorganic carbon species that are necessary to model cement in
a geologic repository. In addition, it has the same attributes and limitations as HMW.
More details of the HMW and PIT data bases are provided by Jackson (1988) and
Jackson and Wolery (1985).

• COM data base. This data set represents a melange of data found in the SUP and NEA
data sets, as well as data from the HMW data set. Other data in COM have been
obtained by correlation or interpolation. This set therefore offers the least assurance of
internal consistency. However, it is the only means available to model problems with
a high degree of compositional complexity.

5.5.2.3.2 Data AvaUability for ModelingCementitious Materials
. To predi~tchemical properties over a long period of time, we need models that are based

on the fundamental properties of the appropriate materials. These kinds of models are well
developed in geology, where long periods of time are frequently addressed. Similarly, the ,j

. i . . fundamental properties are often better known for geological materials, because the interest "'-/
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in very-long-term chemical prediction has existed for decades. An interest in the long-term
degradation of fabricated materials is relatively recent and is most common in relation to
radioactive-waste-diSpdsal efforts. Previous efforts in the area of fabricated materials have
focused on optimizing fabrication conditions, which is unnecessary for predicting processes
in which the environment will not be controlled. Therefore, users of an application-driven
program find themselves in need of generating fundamental data.

. Examination of the ability to model aqueous s~temsof interest to the YMP repository
has revealed that, historically, there has been a deficit in the ability to model complex water
materials systems that contain ordinary portland cement (OPC) (e.g., Bruton et aI., 1994;
Meike et aI., 1994). The ability to conduct this kind of modeling has become more critical as
repository designers begin to consider the incorporation of OPC materials in the
emplacement drifts. The YMP is unique among the high-level radioactive-waste repository
projects in the world in the need to understand and predict processes in excess of 100°C.

Much emphasis in the concrete literature is placed on the hydration of the wet cement
paste into the cured solid product. These data are not useful to the YMP because they either
represent an insignificant amount oftime (in the case of cast-in-place concrete) or are
irrelevant (in the case of precast concrete). Our goal is different We wish to model the
interaction between water and well-cured concretes, which may have undergone extensive
transformation in the solid state due to a thermal pulse. . .

1 . _.. •

Most of the hydrous phases of cured cement and the anhydrous and hydrous solid
.solutions lack calorimetric data. Calcium-silicate hydrate (or C-S-H)is the major constituent
of a cement paste and is characteristically poorly crystalline or nearly amorphous in a young
cement paste. C-5-H can also be synthesized by reaction between Ca(OH)z and silicic acid, or
between solutions of sodium silicate and a soluble calcium salt. In thismanner, quasi
crystalline varieties can.be· obtained; two of them, known as C-5-H(I) (0.8 < Ca/Si < 1.3] and
C-5-H(ll) (Ca/Si > 1.5] can be compared structurally to tobermorite and jennite, respectively.
The somewhat variable structure and composition of C-5-H gel and its relation to
thermodynamics, solubility, and aging of the material are summarized in Clodic and Meike
(1997) and Hardin et a1. (1998). "

The kinetics of transformation of C-5-H into other phases at its upper temperature limit is
significant to predictions of cement behavior in the repository, which will stay at 80° to 120°C
for an extended time. Of prime importance for 25°C performance modeling are calorimetric
data for ettringite and tobermorite and well-characterized solid solutions of these phases. The
prediction of chemical reactions at greater temperatures"requires more data than are
presently available. Geochemical codes are also useful, in the absence of these data, for
conducting a sensitivity analysis to determine the solid solutions or end-member phases that
are critical for calorimetry. The ot;iginal MI of formation (20°C) from CaO and silica-gel
thermodynamic data for all Ca~i04 phases are evaluated by Haas et a1. (1981). Qualitative
rate information has been obtained for ettringite components (Majling et aI., 1985). Except for
an enthalpy of dehydration <Maycock et aI., 1974) and heat-capacity data (Ederova and
Satava, 1979) obtained over the range of 273 to 333 K, thermochemical data for ettringite are
calculated (Sarker et aI., 1982; Babushkin et al., 1985). The only experimental data for
monosulfate (C.ASHl2I or AFm) located so far date is heat-capadty data from 273 to 353 K
(Ederova and Satava, 1979). As discussed previously, the kinetics of the relevant reactions are
even less well understood.

Comparisons ofcement leachates with calculations performed using available data and
standard thermochemical tables (Barnes and Roy, 1983) suggest the best agreement with the
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solutions buffered by tobermorite and possibly gyrolite. The most successful chemical models
to date have been'achieved by working with a limited number of equations that include
C-5-H solid solutions, monosulfate solid solution, and ferrite solid solution. Glasser et aI.
(1985) analyze a simplified cement system as the ternary CaO-SiOz·HzO. Barret and
Bertrandie (1986) make a similar analysis of the system Cao-Alz0 3-COz·Hp. Incorporation
of aggregate into repository concrete will increase the complexity of geochemical modeling.
Calculations that include portland cement, special cements, and concretes that incorporate
blast-furnace slag, fly ash, and silica fume (Berner, 1987) have achieved some success for
equilibrium-solid-phase and pore-solution-composition data obtained from experiment, but
they do not readily take reaction progress into accoUnt.

The use of numerical simulations to integrate the effects of the variables complements
experimental and historical investigations. EventUally, coupled chemical effects that are
difficult or inaccessible through experiment can be examined. However, even the present
chemical data base (Sarker et al., 1982; Babushkin et al., 1985), although limited, can be
manipulated to obtain insight into some effects that may be expected due to man':'made
materials. Conversely, the data baSe will be ~ancedover time by incorporation of new
thermodynamic data from the experimental and historical inveStigations.

5.5.2.4 Development ofa Data 8ase Dedicated to Modeling Concrete Dissolution at 25°C
The set of thermodynamic data we usually use (and discussed in Section 5.5.2.3.2) has

been developed to study natural rock-groundwater interaction and does not contain some of
the thermodynamic information neCessary for modeling the cementitious systems in a natural
environment (e.g., Bruton et al, 1994; Meike et aI., 1994). Our aim has been to develop this
capability in the area of aqueous chemistry. In addition to acquiring new thermodynamic
data, we have incorporated extant data bases for cement systems (Read, 1991; Atkins et al.,
1992; Berner, 1987,1988,1990) into one of the standard geologic,data bases. Qodie and Meike
(1997) describe the construction of the data base CEM.R27, which was accomplished by
starting with a simple three-component system and building progressively more complex
chemical systems from data in the literature (primarily CEMCHEM), with additional single
component increments. CEMCOMP.R28 contains the thermodynamic data from COM.R27
and the data from CEM.R27.

As a cons~uence of working in this area, it has been necessary to be conversant in the
symbolism of both cement chemistry and standard chemistry. The symbolism of both fields is
used in this report. For a lexicon of cement chemistry notation, refer to Taylor (1990).

5.5.2.5 Cement-Water Interaction Models
The data bases, codes and sources of models for cement-water interaction (Berner, 1987,

1988, 1990; Glasser et aI., 1987; Atkins et al; 1992; Bennett et aI.,' 1992) are discussed further in
Clodic and Meike (1997). The data bases for these models and simulations encompass a
restricted chemical system and include phases found in young concreteS. The simulations are
oriented toward modeling concrete under normal conditions, at lower temperatures, and for
younger, non-thermaIly-treated concrete than the present purpose.

v
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5.5.2.6 Generation ofNew Data for Data Bases .

5.5.2.6.1 Measurement
The work that. has been conduct.ed in generating more thermodynamic data has focused

on phases that. are expected to be part: of the drift~alechemical system at elevated
temperatures if OPe is a major element of drift construction. As described by Meike (1996),
much of the data required for long-term modeling of the same quality that presently allows
Us to predict the chemical interactions of the natural system is unavailable. A program was
begun to obtain that data. Synthesis of Ca-SHizO phases had been completed and
measurement of thermodynamic data had just begun when the program was halted in
November,1995. Heat<apacity and entropy measurements were obtained for
l1-A-tobermorite using heat.-pulse calorimetry, but the data has not yet been analyzed. Plans'
are in progress to reinitiate thermochemical experiments.

5.5.2.6.2 Calculation of Thermodynamic Data from First Principles
Given the difficulties inherent in direct measurement of the thermodynamic parameters

of these phases, we have undertaken a set of first-principles electronic-structure calculations.
To provide a means of verifying experimental data, and ultimately ofdevelopirig a means to
calculate necessary thermodynamic parameters and better understand the relation between
relative humidity and the stability ofCa-Si·~Ophases, a program was initiated to conduct
electronic structure calculations of Ca-Si-hydrates (Sterne and Meike, 1995).

. The goal of this modeling effort was to det.ermine the energetics of hydration for
crystalline Ca-Si-hydratephases. The work performed to date represents an initial st.ep in
this direction. The initial results for the first phases undertaken for phases representing the
water-poor end-members, wollastonite (CaSiOJ and xonotlite (CC454017(OH)2)' The results,
reported in Sterne and Meike (1995), are summarized below.

The calculated ground-state properties of wollast.onite and xonotlite agree with
experiment, and provide equilibrium lattice parameters within 1-1.4% of the experimentally

.reported values. The roles of the different types of oxygen atoms, which are fundamental to
understanding the energetics of crystalline Ca-Si-hydrates, examined in terms of their
electronic-state densities, appear to agree with experiment for the lattice parameters and
internally consistent. when comparisons are drawn between the two structures. The exercise,
completed with wollastonite and xonotlite, demonstrates the applicability ofthese electronic
structure methods in calculating the fundament.al properties of these phases. The electronic
structure calculation methods are demonstrated to give reliable results, even for the relatively
large wollastonite and xonotlite unit. cells. Thus, the application of this new approach to the
study of calcium--silicate hydrates appears to be fruitful not only in terms of the ability to
calculate heats of formation, but also by virtue of the insight that it can provide into the
nature of hydration and dehydration.

5.5.2.6.3 Generation of Kinetic Data from Multicomponent Experiments
The need for kinetic data is similar to that described above for thermodynamic data, but

measurement of this data was also halted in November 1995. However, in the process of
conducting the diesel-fuel experiments described above, we have obtained some data
regarding the degradation of cementitious material, specifically Fibercrete™.1n all
experiments containing Fibercrete™ <DF3, DF4, and DF6), ll-A-tobermorite formed. Thus,
11-A-tobermorite appears to be a stable, or at least metastable, phase at 200°C. As is observed
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in experiment DF6, the precipitation of 11-A-tobermorite, calcite and cristobalite may control
geochemistry and effect porosity and permeability for waters contacting both cements and
Topopah Spring tuff. The importance in the dissolution and precipitation kinetics can be seen
in the slow changes in solution pH anddissolved-silica concentrations and in the small
fraction of the initial starting material dissolved to form secondary precipitates at the
Fibercrete™ and Topopah Spring tuff surfaces. In the absence of Fibercrete™, cristobalite
appears to be the dominant secondary mineral formed in Topopah Spring tuff experiments,
in agreement with previous studies (Knauss et aI., 1985; Knauss and Peifer, 1986; Knauss et
aI., 1987). .

Calculations using the current data base appear to be contradictory. Aqueous chemical
modeling results suggest that mesolite should precipitate from the solution. They predict that
the chemical system is saturated with respect to quartz and calcite after 20 days of reaction
and undersaturated with respect to ll-A-tobermorite. Zeolites were not detected in any of the
experiments, suggesting either that the thermodynamic data is not correct, that zeolite
nucleation from solution has a very large activation energy, or that zeolite precipitate rates
are very slow even in very supersaturated solutions. Given the lack of thermodynamic and
kinetic data pertinent aqueous degradation of Ca-Si·HzO phases, the first option is very likely.
Thermodynamic data for Ca-Si·HzO phases are sparse and contradictory <Vieillard and
Rassineux, 1992; Bruton et al, 1994; Meike et al., 1994). The constant ll-A-tobermorite

.saturation index after 40 daYs of reaction and the identification of 11-A-tobermorite in the
final solid material indicate that the solubility of ll-A-tobermorite is overestimated in the
current data base. PreVious experimentS that have investigated the stability of various phases
typically lasted only a couple of dayS (Lea, 1971). Atkins et aI. (1991) determined the
solubility of cement-hydrate phases after four weeks of reaction at 25OC. Clearly, longer
reaction periods are required for the crystalline phaSes to reaCh equilibrium. \J

From the present ~ork, it is possible to calculate a ll-A-tobermorite solubility constant K
at 200°C to be 1039.7(±O.6), using the experimental ion activity product lAP for the following
solubility expression for each aqueous sample after 20 days of reaction:

(5.5-1)

and

assuming aH20 = 1 and unit activity of the solid phase. This simplifying assumption is also
taken: that only crystalline tobermorite of pure composition is involved in the chemical
reaction. In the absence of other data, this lAP may prove to be a useful guide. Howc\·cr. the .
derivation does not allow for the interaction of complexes or other amorphous or crystalline
Ca-Si·HzO phases that are known to precipitate under these conditions. This calculation thus
requires verification using independent checks for internal consistency.

5.5.3 Biotic Models
To model the impact of microbes, we need to establish two types of parameters. First, we

need to establish the boundary conditions within which microbes operate (for example, water
availability and temperature). These conditions we consider to be the "on and off switches"
for microbial processes in the model. The second type of parameter relates to processes :'0
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impacted by microbial activity. Our purpose is to determine whether these metabolic
activities are ongoing in both perturbed and unperturbed microbial communities, to assess
the magnitude and rates of those reactions, and to establish boundary conditions for
microbial survival and activity. Approaches to modeling microbially mediated processes are
summarized in Hardin et al. (1998).

Modeling Plan: Simulations of the Interaction between Water and
Mechanical Support Material .

Previous publications (Glassley and Meike, 1997; Van Konynenburg et aI., 1997;
McCri~ht, 1996) have touched on the chemical impact of iron alloys and our ability to predict
their chemical impact, primarily that of carbon steel. Should steel sets be selected for
mechanical support in the emplacement drifts, our analysis would be developed similarly to
the discussion of the iron component of the backfill in those reports. In the previous analysis,
we established that hematite (for which adequate data exists for modeling) represented the
most sigriificant solid phase in contact with water over geologically significant periods of
time (see Section 2.1) and examined the chemical conditioning effects of hematite on water in
01 dosc.'<i and an open system. We demonstrated that the greatest chemical impact is observed
in a closed environment, where the further degradation of the iron phase can deplete oxygen
in the atmosphere. In an open environment, there is little significant impact on the water
chemistry, although these mate~lsare recognized as a significant potential sourCe of colloids
(see discussion in Hardin et al.; 1998).

In the present report, we focus on concrete, which represents a potentially more complex
evolution of the solid material and potentially more sensitivity to important variables in the
evolution of the repository. . . .

Our modeling efforts are organized in three phases. In our preliminary phase, we
outlined a method for representing both the evolution of the solid concrete and various
possible chemical scenarios. This preliminary set of simulations was also conducted to
provide a foundation for large-scale corrosion tests. The next phase is another purely
chemical-modeling step in which we use the same strategy on a complete matrix of solid
assemblages representing three possible evolutions as a result of different gas chemistries. In
the last phase, we.will attempt to incorporate the inherent heterogeneity of the drift
environment by using reactive-transport models. In each of these phases, we define reactant
compositions as a function of time and construction materials. For example, we expect the
characteristics of a concrete immediately after closure of the repoSitory to be different than
that of a concrete exposed to a thermal pulse and a large volume fraction of CO2 gas. We
tailor our reactants to be idealized representations (mineral assemblages) of the materials at
significant pointS in their evolution. With each of these original reactants, we have used
EQ3/6 and the time-appropriate waterchemistries to simulate time- and material-specific
steady-state chemistries. The steady-state chemistry is important because it represents a
chemical bounding condition with respect to flow rate. Given that the flow rate of water
entering the repository is not exactly known, the extent to which water will react with the
materials it contacts is not clear. Thus, we will provide bounding calculations. The extent of
the water-solid reactions will be inversely related to the flow rate. If the flow is slow enough,
the water can achieve a steady state (i.e., no further chemical change) with respect to the
material with which it is in contact. Our calculations represent that slow-flow bounding .
condition. The other bound, which represents a flow rate fast enough that water composition
is subject to no significant chemical effect, of course, is the composition of the water itself.
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5.6.1 Preliminary Calculations of Water-Grout InteractIon

Steady-state chemical simulations have been completed for the determination of a water

chemistry to use in the large scale corrosion test (McCright, 1996). During this preliminary

phase, we used a QA-approved GEMBOCHS data base, COM.R27 with EQ3/6 to simulate

the reaction between representative minerals that might evolve from a cured and thermally

treated grout (without additives or aggregate) and water to obtain the chemical composition

of a water. The purpose was to develop a formulationfor water that could be used in the '

large-scale corrosion tests (see Section 2.2) and that might represent a somewhat thermally

evolved concrete.

The simulations were conducted using J-13 well water (see Section 5.6.2.2) and

mineralogies representative of thermally treated grouts that also could be found in a data

base that is in standard usage within YMP (COM.R27>. Although the original reactants could

differ from those in the data base (as long as the dissolution laws are defined), the

precipitated phases are only those that are present in the data base. We chose to conduct all of

our work within the framework of the data base. We derived two mineralogies, the "old

carbonated cement" file described in Table 5.6-1 and the "old sulfate-rich cement" file

described in Table 5.6-2. The reactant compositions were derived from a bulk compositional

analysis of type ngrout from Taylor (1990). This analysis was converted into a set of soluble

solid phases, primarily ettringite, a silica phase, and calcite, which are expected to be major

components of a grout exposed to an atmosphere rich in carbon dioxide. CO2 was used for

charge balance, and amorphous silica was chosen as the silica phase to provide a relatively

high concentration (conservative) of silica to the simulated solution (see Table 5.6-1). A

sulfate-rich composition was formulated similarly from the high-sulfate composition

provided by Taylor (1990) (compare Table 5.6-2).

Table 5.6-1. Calculation for carbonated, thermally treated grout.

From Taylor g mol Contribution to mol

(1990) phases

NazO 0.2 .00322 thermonatrite .00322

MgO 1.2 .0298 brucite .0298

Alzo, 5.6 .110 ettringite .0216
gibbsite .0882

SiOz 21.0 .349 amorphous silica .349

So, 2.6 .0325 ettringite .0108

KzO 0.4 .00425 potassium .00425
carbonate hydrate ,

CaO 65.4 1.17 ettringite .0649
calcite , 1.10

TiOz . 0.3 .00376 ilmenite .00376

FezOs 3.1 .048 ilmenite .00375
goethite 3.51

COz 0.7 .016 calcite
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Table 5.6-2. Calculation for sulfate-rich, thermally treated grout.

From, Taylor g' " mol ContributiOn to mol
(1990) phases

MgO 2.7 .067 brucite .067

Alz0 3 8.4 .0824 ettringite .0516
gibbsite .0417

,,'

SiOz 14.6 .243 amorphous silica .243

S~ 12.4 :155 ettringite ,.0516

cao 57.6 ; ·1.03 ettringite .31
-- calcite .n1

FeZ0 3 1.6 ~01 goethite .02

For the simulation exercise, it was necessary to use the QA-approved data base, due to
the nature of the experiments that would use these simulations as a basis for a water
chemistry. This data base is more limited than the subsequently developed data base, and
therefore the scope of the calculations were limited, as were the minerals that could be
formed in the simulation. The resUlts are's11D\Il\arized in Hardin et a1. (1998).

As steady state was approached in the simulations '(see Hardin et aI., 1998), the pH of the
solution approaChed a value below that which' might be expected of a young grout that
contained excess portlandite and alkali hydroxides. This result reflects the preconversion of

, the reactants for the simulation, the Ca and alkali hydroxides, to carbonates or other
minerals. This type of solid~tateconversion is expected to Occur over a long period of time in
the'proposed repository setting. Hydrothermal experiments, field experiments and analog
studies, ~uch as those described in section 5.3, will help us to represent those evolved solid
phases, with increasingac~cy. ' , ,

Reducing uncertainty related to the pH of water in contact with concrete is discussed
further in Section5.8.4.' '

5.6.2 Chemical Modeling of Water-Concrete Interaction
To represent concrete in our simulations requires an additional level of complexity over

the preliminary simulations because it contains aggregate and additive components as well
as the grout. For this phase of simulations, newly constructed data bases (CEM.R27 and
CEMCOMP.R28) have been used. The assembly of these data bases and their advantages
over COM.R27 are discussed in aodie and Meike (1997) and Hardin et a1. (1998). In addition,
a more detailed suite of ~dealizedmineral assemblages have. been developed to represent
varioUs environmentally determined factorS. The results presented in this section are from
simulations representative of part of that matrix. '

. . \ ,. .

5.6.2.1 DataBase'
The process by which thermodynamic data available ,from the literature has been

incorporated into a data base that can be utilized by EQ3/6, the geochemical-modeling code,
is described in Section 5.5.2.3. Three data bases were constructed. The first, CEM.R27,
represents a data used in a model dedicated strictly to simulating cement water iilteraction at

i 25°C. CEMCOMP.R28 contains additional phases selected from the COM data base (for
EQ3/6) that belong to the cement mineral system. These two data bases are used to test the
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internal robustness ofthe more limited Ca-Si-Al~S03'HzOchemical system that represents.the
most significant phases found in Portland cement The data base used in the calculations \ j
below, is CEMCOMP.R28, which incorporates the CEM.R27 data base with the COM data ........"
base to facilitate the modeling of a much larger chemical system. Because it is new, the
CEMCOMP.R28 data base has not undergone the rigorous testing of the standard set of
EQ3/6 data bases. It will be necessary to test the results of this data base against experimental
and historical analog results to understand its limitations and utility. The simulations
presented here represent the initiation of this assessment·

5.6.2.2 E03 Calculations: Speciation of Incoming Water and Additional Constraints

During anyone simulation, the incoming water chemistry is prepared (the chemistry is
actually distributed into the appropriate aqueous species) by EQ3. The incoming water
chosen for these simulations is a J-13 well-water chemistry by Harrar et a!. (1990) that has
been used historically as the point of departure for simulations of rock-water interaction at
YM. Recently, there has been some discussion about the accuracy of some details of this
water composition (e.g., the actual pH ofJ-13 water may differ by one pH Unit). However, for

. the purpose of the present simulations, because we are interested in a steady-state· product of
the interaction of the water with the concrete, and because the incoming J-13 water is quite
dilute and near-neutral, other choices in the set-up of this simulation are far more crucial to
the outcome than the chemistry of tl1e J-13 water. .

The modeler chooses a temperature for the EQ3 part of the simulation and also chooses
other constraints that apply to the entire EQ3/6 simulation. In the present simulations, we
have chosen to precondition the water at the temperature of the EQ6 simulation to maintain a
consistent simulation methodology throughout the set of simulations that span a.temperature
range from 250 to 1500~. All elements that will appear in the simulation must be represented
in the input J-13 chemistry in at least trace quantities. For the purpose of the present
simulations, the addition of trace species was not necesSary. However, if the water-chemistry
results of this simulation were reacted with a waste form that contains a different group of
elements, the J-13 water would need to bepreconditioned to contain very trace quantities of
these elements.

The input files for all of the runs in this set of simulations were identical with the
exception of the selected temperature. .

5.6.2.3 EQ6:·lnteractlon of Water with Solid Phases

5.6.2.3.1 Calculation of the Evolving Concrete Solids
A high-level radioactive-waste repOsitory is outside the realm of normal construction

experience, due to the elevated temperatures, evolving gas chemistry and long period of time
during which the·chemistry of water in contact with concrete needs to be understood and
predicted. We do know that the conditions of the repOSitory are similarto those that have
been characterized in geology as low-grade metamorphism. During low-grade .,
metamorphism, metastable phases evolve by processes such as phase transformation (a solid-
~stateprocess in which one mineral transforms into another, such as graphite into diamond),

. dissolution and precipitation, and the addition and subtraction of water from crystal
structures (contributing to or subtracting from the overall liquid- and vapor-water budget).
Those solid phases that are metastable with respect to each other evolve into a more stable
assemblage (Figure 5.6-1). With this concept in mind, we have developed five mineral
assemblages that are intended to represent the solid concrete at different points in its
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, evolution and Under different chemical conditions. The basis for the chemical composition is
described in more detail in Section 5.3.~'

,I ..-..
Figure 5.6-1. Conditions under which solid minerals develop from a grout in response to a

thermal pulse and a range of gas compositions. .

The difference between the two concretes before the thermal pulse is in the representation
of the sulfate-bearing phase. In the case of young concrete, this phase is represented as
ettriitgite. In the case of AFm concrete, it is represented as monosulphate (AFm). During the
present simulation, the impact of this distinction is small, because relative rates are being
used (see subsequent sections). However, as the input data is improved and we develop a
basis for distinctionS in solubilities, this maygovem the concentration of sulfur species in
solution.

As our understanding o'f thermally treated concrete improves with experiment and the
examination of historical analogs, the representation of these mineral assemblages will
become more accurate. However, given the present unde~tandingof these minerals, a more
accurate representation of the mineralogy will not improve the p~dictionof water chemistry.
Because the dissolution rates of the important minerals are not known, they must be chosen
somewhat arbitrarily based'on the best guess and scientific insights of the modeler. Thus, at
present, our simulations are conducted in titration mode, and the mineralogical input is a
vehicle for getting the solid components into the water (see Section 5.6.2.3.3 for a description

,of the various test modes). The real work of the simulation is to determine, based on the
, information in the ~ata base, which minerals are supersaturated and therefore should be
precipitated, and the resultant ~hemistryof the solution.

5.6.2.3.2 Idealized Mineral Assemblages Representative of Grout Evolution
The calculation ofconaete-reactant files is more complex than the preliminary exercises

for several reasons. First, we are representing a concrete, which has components in addition
to grout, and we must represent each of these components in appropriate proportionality to
each other. Second, in the Total System Performance Assessment we are calculating
mineralogical formulations for three distinct materials that may evolve from the original
precast concrete as a result of repository conditions.

, Using information from the literature and our hydrothermal experiments and the
repository-design specifications, we calculate a composition for one young grout and two
old, thermally treated grouts. Each of the old grout formulations represents a material that
has been exposed to one of two different gas enVironments that represent extremes in
concrete vapor-phase alteration: the oxygen-rich case and the CO2-rich case. Ultimately, the
simulations will use a full concrete formulation that will include the grout assemblages
described below, the appropriate aggregate, and the appropriate additives.

A first approximation of the quantity of cementitious material in the repository drift per
linear meter is given by Tang (1997). Our calculations use, as a basis for the original chemical
composition of the grout, the Type V (Table 5.6-3) composition supplied by Tang (1997). The
chemical composition of the grout is given as charge-balanced oxides of the analyzed cation;
it is therefore not necessary to conserve oxygen in our calculations. We note that important
compositional aspects of the concrete, such as sulfate, can vary from type to type (Table 52-4)
and to a lesser extent between formulations that fit the classification of a single type.
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Table 5.6-3. Calculation of the chemical composition of starting materials: grout per meter.

Type V wt%dry wt.(lb) Amount per meter

grout Ib kg- Molec. wt Cation (mol)

Si02 25 3.380 845 383 60.1 6.378
A120 3 3.4 3.380 114 52.1 102 1.022
Fe20~ 2.8 3.380 94.6 42.9 . 160 538
CaO 64.4 3.380 . 2176 987 56.1 17.603
MgO 1~9' 3.380 ' 64.2 29.1· 40.3 723
s~ 1.6 3.380 54.1' 24.5 80.1 306
Total 2.135 60.805

• The difference between thIS calculation and those In Table 52-liS due to rounding difference between total
weight given in pounds.(used as the basis of calculation in Table 5.2-2) and in kg (used as the basis of
calculation in Table 52~l). '. .

5-36

In the calculation of the young grout compositibn (Table 5.6-4), all water is'conse~ed
either as liqui4 or solid form. We also conserve moisture from the aggregate:. The calculation
thus derived may possibly overestimate the amount of liquid water in the pores, because
some small portion of the water is expected to be lostdue to "bleeding" during the hydration
of the concrete~For the case of precast concrete segments, the water lost in this way would
not be present in the repository. However, this is not the case for cast-in-place concrete,
which would lose water to'the repository rock. During the c<?nstruction of the ESF,much of
the introduced water was labeled with a LiBrtracer; because the LiBr tracer caused
accelerated setting in the Fibercrete™ and concrete, the tracer was not added to the water in
these materials. Therefore, it is not possible to distinguish water derived from the "bleeding"
of cementitious materials and natural water in the ESF at this time. In these calculations, we
assume that 50% of the silicon from the silica fume is available for the formation ofC-~Hgel.

The calculation of the t:h.reJ old-concrete compbsitions only conserves water bound in
solid phases. We assume that pore water would be driven from the material during the
thermal pulse. In these calculations, we assume ,that 100% of thesilicon from the silica fume is
available for the formation ofC-~Hgel.

Young Grout
The formulation was balanced first on the available sulfate. In the first calculation

(Table 5.6-4a), all available sulfate is accounted for in ettringite, and, in the second calculation
(Table 5.6-4b), it is accounted for in monosulfate (an AFm phase). The remaining aluminum is
accounted for in hydrogamet. Iron is also accounted for in a hydrogamet phase. These are
tabulated separately; in reality, the aluminum and iron hydrogamets would probably be
present as a solid solution. The available silicon from the grout and half the silicon from the
silica fume is calculated into C-~H gel. The chosen representative C-~H composition is

. 1.7Ca: Si: 2HiO. Portlandite is formed from the remaining calcium, and magnesium
hydroxide is formed from the remaining magnesium~ . . '
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Table 5.6-4. Calculation of mineral assemblage per meter in young grout.
a. Ettrlngite as ~ulfate phase.

ConstitUent kg/m Molec. Phase tiP ca AI H2O
wt. (mol) (mol) (mol) (mol) (wt%)

c-S-Hgel Ca-Si·H2O 5.496 86.2 6,3n • 12.756 10.842 33.79

Ettringite (Ca3A1(OH).·12HzOMSO.)3·2H20 1.282 1.255 102 2.655 613 204 7.03

Hydrogamet Ca3(A1(OH)Jz 1.547 378 409 409 1.227 818 1.08

Hydrogamet Ca3(Fe(OH)J2 1.179 436 269 269 806

Portlandite Ca(OH)2 790 74.1 1.067 1,067 1.067 2.83

Mg(OH)z 421 58.3 723 ' 723 ,.

Total grout hydration 10.709

C·S-H gel contribution from silica fume 1.545 86.2 1793 3585 3.047
(excess CaOH. surface reaction)

Total dry components 12.254
liquid water Hp 2.301 18.0 12.n2 12.n2

liquid water add H20 from aggregate 1.458
Totat liquid water 3.759 55.27

, ,

Total 31.768 100.00

b. AFm as sulfate phase.

,Constituent kg/m Molec. Phase HzO ca AI Fe
WI (mol) (mot) (mol) (mol) (mol)

e-:s-Hgel 1.7Ca·Si·2H2O 5.496 86.2 6.3n 1.276 10.842

AFm(C.ASH) Ca3AI(OH).Ca(SOJ·12H2()1 1.843 601 306 4.595 503 306
Hydrogamet

,
Ca3(A1(OH)J2 1,354 379 358 2.148 1.074 716

Hydrogamet Ca3{Fe(OH).]z 1,172 436 269 1.613 807 538

Ca(OH)z 985 74.1 1.330 1.330 1.330
Mg(OH)z 421 58.3 . 723 ,,723

Totat grout hydration 11:02 23.164 14.555 1.022 538
e-S-Hgel contribution from silica fume 1,545 86.2 1,793 3.585 3.047

(excess CaOH, surface reaction)1I

Total dry components 12.817 26.749 17.603 1.022 538
Liquid water Hp 1.349 18.0 7.487 7.487
Liquid water . add HzO from aggregate 1.458 18.0

Total liquid water 2.807 18.0
Mg 15 accounted for as solid solution m AFm phase.

II . 'Destruction of SO wt%.
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Thermally Treated Grout
Oxygen-Rich Environment: This formulation is composed assuming the reactive gas \..J

composition is close to atmospheric (Table 5.6-5). The formulation was balanced first on the
available sulfate. All available sulfate is accounted for in ettringite. The remaining aluminum
is accounted for in gehlenite hydrate. The available silicon is converted to tobermorite.
Magnesium is accounted for as solid solutions in tobermorite. Iron is not included in this .
calculation, but could also be included in the tobermorite solid solution. The remaining
calcium is converted to calcite.

Table 5.6-5. Calculation of mineral assemblage per meter in thermally treated concrete: Oz-rich
environment (Oz close to or above atmospheric).

Constituent kglm Molee. Phase . 1\0 Ca
wt (mol) (mol) (mol)

51
(mol)

AI
(mol)

920

102Enrtnglte • [~~1~I(OH)a"12H20lz(SO.)32H20 125 1.228 102 2.655 306

TObermortte__ .J~..!-_(.:.:S-=.i,O~',:,lIH....:z}:..:.]ca,;;,.:.;..·4_H..:.zo-~ __-+-....;1._38_2-+_7_27--.---:'._90_'-+-_9..;..5_0_3+-_8..;...7_80-+-_9..;...50_3-+-_---1
GehleMe . CazA'zSiO, 8HzO 192 418 460 3,681 920 460
hydrate

Calcite CaCo,

·Structural" HP

Total

760

285

100 . 7.596
18.0

15.839

7596

17.603 9.963 1.022
• Mg IS accounted for as sobd solution m tobermonte.

. Carbon-Dioxide-Rich Environment: This formulation is composed assuming that the
. reactive gas contains more CO2 than the normal atmospheric composition <Table 5.6-6). In
this calculation, the sulfate is accounted for in the carbonate phase, thaumasite. The
aluminum is converted into hemicarboaluminate. The silicon is converted into tobermorite,

. and includes magnesium in solid solution. Iron is not included in this calculation, but could
also be included in the tobermorite solid solution. The remaiI'ling calcium is converted into
calcite.

Table 5.6-6. Calculation of mineral assemblage per meter in thermally treated concrete: COz
rich environment (COzabove atmospheric).

Constituent kglm Morec. Phase H,C) Ca 51 AI
wt. (mol) (mol) (mol) (mol) (mol)

Thaumasite [Ca,Si(OH).·12HzO](SOJ(COJ 191 622 306 4,595 919 306

Hemicarbo- Ca,sAlzC. /'flOO,. 318 623 511 5.111 1.789 1.022
aluminate

Calcite CaCO, 597 100 5.961 5,961

Tobermorite [Cas(SisO,.Hz}lCa·4Hzo- 1,404 727 1.931 1.931 8.934 9,657

·Structural" Hp 210 18.0

Total 11.638 17.603 9.963 1.022
• Mg is accounted for as sobd solution 10 tobermonte.
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Carbon·Dioxide-Ri~Environment (COzOnly): This formulation is composed assuming
that the only reactive gas present is CO2 (fable 5.6-7). In this calculation, the sulfate is
accounted for in the catbonate phase, thaumasite. The alWninum is converted into
tricarboaluminate. Silicon is converted into an Si02 phase, either chalcedony or
microcrystalline quartz. The remaining iron and magnesium are converted to carbonates.

Table 5.6-7. Calculation of mineral assemblage per meter in thermally treated concrete: COz
rich environment (C02 only).

.COnstituent kglm Malec• Phase ~ Ca 51 AI.. wt (mol) (mol). (mol) (mol) (mol)

Thaumasite [Ca3Si(OHk12HzO](SOJ(COJ 190 622 306 4.595 919 306
Tricarbo-· caIAlz~HICO~ 568 1.111 511 15.334 3.067 1.022
aluminate
Calcite caC03' 1.363 100 13.616 13.617

Chalcedony SiOzll 580 60.0 9.656 9.657
Siderite FeCO,
MagneSite Mg~'

·Structural" Hp 359 18.0
Total 19.929 17.603. 9.963 1.022

• Use as solid solution m modeling (moles (CaCO, + MgCO,) • moles high-Mg calote).
.. Or microcrystalline quartz.

Other Additives
.The chemical compOsitions of all concrete components listed in Table 5.2-5 (excerpted

.from Meike et al., 1997a) were based on the information given by Tang (1997) where possible.
For example, the aggregate, both coarse and fine, is specified as tuff, which is given an
average composition based on a previous report (Wilder, 1996) (fable 5.6-8). A comparable
steel-fiber composition was obtained from manufacturer's specifications for steel fibers used
in Fibercrete™ in the FSF <Meike 1996).

Table 5.6-8. Calculation of the chemiCal composition of additives per meter.

Additive wt% WL (lb) Ib kg Molec. HzO% I HzO CationL I i

dry wt. (kg) ! (mol)

liquid HlO 1.360 1,360 . 617 18.0 I I 34.235l

Silica fume (SiOJ 500
;

·95 475 215 60.1 : 3.585
Water-reducing agent 25 i ,

,

Superplasticizer 60

Steel fiber 330
Fine aggregate 8.520 256 116 3.0 3.5
Coarse aggregate 6.600 66 29.9 1.0 0.3

Aggregate: A concrete differs from a grout in the addition of aggregate, usually in two
sizes, fine and coarse. Our simulations use a formulation of tuff as the aggregate. We diverge
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from the standard tuff formulation that is found in the EQ3/6library to incorporate the
mineralogy given in the Tang (1997) report. Comparison of the two shows some differences,
but they are probably insignificant to the present simulation. Coarse and fine aggregate are
not distinguished by mmeralogy, but rather by grain size. This difference in grain size
translates in the simulation to a difference in surface area, which should be reflected in
reaction rate (see next subsection). Although it would be preferable to simulate this physical
difference directly in the simulation, it bears no impact on the present result because relative
rates must be imposed on the grout mineralogy. In the future, when the grout mineralogy can
be more adequately characterized, it will make sense to represent the two grain sizes more
accurately. At present we have included a single representative of each mineral with the
intention that the contribution of both mineral sizes to the water chemistry will be
represented by an average relative dissolution fate.

Silica Fume and Other Additives: Of the other additives to the original concrete
formulations, only silica fume is represented. It is assumed, for the sake of the simulation, "
that only part of the silica fume is consumed in the curing of young and AFm concrete. The
silica is thus incorporated in other minerals in that assemblage, and the remaining silica fume
is represented as amorphous silica. It is assumed that all of the silica fume is reacted in the
thermally treated mineral assemblages, and thus that all of the silica is incorporated into. f

other minerals. Superplasticizers and other additives are not represented in this simulation
and will need to be incorporated, as determined to be appropriate in future simulations.

Dissolution Rates
Real time cannot be simulated in the present exercise, because only the dissolution rates

of some the mineral phases represented are known. As a consequence, it is not useful to
include the real reaction rates of any of the phases in the simulation. We have therefore
represented the dissolution of the minerals as relative rates. For these preliminary

.simulations we have made a gross approximation that the grout components dissolve twice
as fast as the aggregate components. .

Resultant Reactant Files
The mineral assemblages discussed in the previoUs sections, and detailed in Tables 5.6-3

through 5.6-7, have been modified slightly to reflect phases that are actually present in the
data base. The actual reactants used are presented in Table 5.6-9. This choice was intended to
simplify the present discussion. However," the mineral assemblages presented previously can
be used as input. Those'minerals that are not represented in the data base can be incorporated
(and dissolved) as special reactants. The more fundamental problem is that phases that are
not represented in the data base cannot be precipitated in the simulation. Thus, all solid
phases that are expected to be a significant part of the chemical process must be represented
in the data base.
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Table 5.6-9. Solidreac:tants used in EQ6 simulations at 2S°C(by nmJflle name). Identical
simulations have been conducted at 60° and lSOoC•

. '

Constituent Amount (moleslm)

25_ 25_ 25_ 25_ 25_
Young Young Thermal Thermal Thermal

AFm Oa Oa/COa COa

CSH1.7gel 1.7Ca-Si·2HaO 5,970 6,020 i
t
I

Tobermorite [Cas(SisO,.HJ]Ca·4HaO 1,990 1,970 !
Ettringtte [~AI(OH).·12HzO]z(SO.)3·2HzO 102 102 102 102

Monosulfate Ca3AI(OH).ca(SOJ·12HzO 306

Gehlenlte hydrate C8aAlzSiO,'8HzO 409 358

Hydrogamet C8:IJzO.·6HzO 409

Hematrte Fez03 269 269 269

Portlandlte -Ca(OHh 3.990 3,400 3,810 1,680

Brucite Mg(OH)z 723 723 723

calcite CaC~ 1,680 14,200

Hemicarboaluminate C8u AlzCo.sCHz O,.) 511

Tricarboaluminate ca.AlzCliIQOE 511

Hydromagnesite Mgs(CO~.(OH)z·4HzO
,

145
--

Minite M9zCO,3HzO 361

Hematite Fez~ 134

Siderite FeC~ 269 538
Chalcedony SiOz or microcrystalline quartz 9,860

Silica Fume 1/3 113 100% 100% . 100%
reacted reacted reacted reacted reacted

Silica fume SiOz 1790 1790 0 0 0

"Aggregate. Fine"

Annite 17.0 17.0 17.0 17.0 17.0

Phlogopite 7.87 7.87 7.87 7.87 7.87

sanidine-high .4,120 4,120 4.120 4,120 4,120

Albite n4 n4 n4 n4 n4
Anorthite 334 334 334 334 334

Pyrophyllite 105 105 105 105 105

Ouartz 7,290 7,290 7,290 7,290 7,290

Cristobalite 16,200 16,200 16,200 16.200 16,200

"Aggregate. Coarse"
Annite 22.2 22.2 22.2 22.2 22.2

Phlogopite 10.3 10.3 10.3 10.3 10.3
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Constituent Amount (moleslm)
25_ 25_ 25_ 25_ 25_

Young Young Thermal Thermal Thermal
AFm O. OaiCO. CO.

sanidine-high 5,380 5,380 5,380 5.380 5.380

Albite 1,010 1,010 1,010 1.010 1,010

Anorthite 436 436 436 436 436

Pyrophyllite 137 137 137 137 137

Quartz 9.530 9,530 9,530 9.530 9,530

Cristobalite 21,100 21,100 21,100 21,100 21,100

5.6.2.3.3 Gas Constraints: Modeling the Emplacement-Drift Gas Environment
Physically, the exposure of the WPs to oxygen and other atmospheric gases is limited by

two possibilities. Either the drifts are ventilated by an engineered ventilation system or by
natural rock fractures, or the drifts are unventilated. The implication of this distinction is
profound because it means the distinction between a system in which the gas composition
and fugacities remain constant over time, and a system in which the gas composition evolves.
These physicalpossibilities are simulated by setting two modeling options. First, the system
parameters are set using the terminology "open," "closed," "titration," or "flow-through,"
which determine the means by which reactants and precipitated phases enter and leave the
system, and the duration for which the phases can react with the aqueous phases. All
simulations in the present study were conducted in titration mode, implying that aliquots of
reactants are added to 1 kg of water and allowed to react and that precipitated minerals
remain in the system arid continue to be potential reactan.ts with the aqueous phase. Second,
the gas-fugacity parameters are set as either fixed, which means the fugacity remains
constant throughout the simulation (equivalent to a ventilated system) or unfixed, which
allows the fugacities to evolve over time. In these simulations, the fugacities for the fixed case
were set at atmospheric values.

Three cases are examined for each mineral assemblage. In the first case, O2 and CO2
fugacities are fixed at an approximation of atmospheric values. In the second case, CO2 and
O2 values are fixed, but CO2 is set at a value far below atmospheric. In the third case, the gas
composition is not fixed. Because it is necessary to set a value for the maximum volume of
gas in the simulation (the "gas reservoir'') and because reaction rates are not well
constrained, CO2 is consumed to form calcite and, in all cases, CO2 is eventually depleted.

5.6.2.3.4 Redox Conditions
These preliminary simulations have been conducted without a control on the redox state

other than the atmospheric conditions (note the production of pyrite in the unfixed-gas case).
Because the contribution of iron to the composition of the water is so small (less than 10-9 in
most of the simulations), we have not judged such control to be necessary in this phase of the
simulations. It will, however be included in future simulations. In the simulations in
Section 5.7, the amount of product hematite is constant throughout the simulation.

·5-42 Engineered Materials Characterization Report
UCRL-ID-119564 Vol. 3 Rev. 1.1



5. Engineered Barrier System Materials'

5.6.2.3.5 Temperature Conditions
Simulationswere.conducted at 25°,60° arid 150°C.,We stress that the 60° and 1500e

simulations require'additional interpretation and examirultion because in some cases the new
data is only applicable at 25°C.

5.6.2.3.6 Suppressed Phases.
The EQ3 part of the simulation allows the modeler the opportunity to suppress the

precipitation of minerals that would not be expected to form under the temperature
conditions of the simulation. It is quite common to suppress the precipitation of quartz, for
example, at low temperatures. The present simulations have been conducted with the intent
to judge the simulation capabilities provided by the data base. Our preliminary assessment
included th~progressivesuppression of mineral phases until some of the newly introduced
phases began to precipitate. The intent is to provide a somewhat independent test of .the
relation among the newly added phases and between the new and the old phases, by testing
the sensitivity of the simulation to eoz(gas), a relation that is not implicit in the
thermodynamic input The following phases '.Vere suppressed: maximum microcline, low
albite, k-feldspar, ordered dolomite, grossular gamet, prehnite, muscovite, paragonite,
dolomite, talc, epidote, ordered epidote, high albite, andradite, tremolite diopside and
wollastonite. Quartz was not suppressed because it is a reactant phase in the EQ6 run.
Instead, the precipitation rate was ,set toa very low value. .

5.7 Modeling Results and Discussion
We have presented a conceptual model for the prediction of the chemistry of water in

contact with concrete during the evolution of a potential repository at YM. Our approach is to
select representative points in time for which mineral assemblages representing the evolving
solid concrete can be descnbed. Thus a complete simulation represents various aspects of a
short duration over which many of the parameters do not change..

We have also presented a specific case and modeling scenarios as a point of departure
from which modifications and improvements will be made as our understanding of
environmental factors and their impact on the evolution of solids in concrete improves.
Because of the need for brevity in this report, only three of the many simulation rt'Sults at
600e and two at 25°C have been selected for discussion (Figures 5.7-1 through 5.i·5). the
complete matrix of simulations tested is shown in Table,5.7-1. For the sake of emphaSizing
the new data base, we concentrate on the. young concrete results.
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Table 5.7-1. Matrix of chemical simulations of water-concrete interaction. Figure numbers
designate plots of simulations selected for presentation in this report. X's
designate simulations that have been conducted but are not presented in this
report.

Conditions Reactant file

Gas condition Temp Young concrete Young Thermal Thermal Thermal
(OC) AFm concrete COIOI COl

concrete

Unfixed 25 Figure5.7-2a,b X X X X

CO2 fixed normal 25 X X X X X

CO2 fixed low 25 Figure 5.7-1 a,b X X X' X

Unfixed 60 Figure 5.7-5 a,b X X X X

CO2 fixed normal 60 Figure 5.7-3 a,b X X X X

CO2 fixed low 60 Figure 5.7-4 a,b X X, X X

Unfixed 150 X X X X X

CO2 fixed normal 150 X X X X X
CO2 fixed low 150 X X X X Xc

Figure 5.7-1. 25°C, fixed low COl"
a. Reaction progress versus mineral precipitation.
b. Reaction progress versus elemental concentration.

Figure 5.7-2. 25°C, unfixed gas.
a.Reaction progress versus mineral precipitation.
b. Reaction progress versus elemental concentration.

Figure 5.7-3. 60°C, fixed atmospheric COl"
a. Reaction progress versus mineral precipitation.
b. Reaction progress versus elemental concentration.

Figure 5.7-4. 60°C, fixed low COl"
a. Reaction progress versus mineral precipitation.
b. Reaction progress versus elemental concentration.

Figure 5.7-5. 60°C, unfixed gas.
a. Reaction progress versus mineral precipitation.
b. Reaction progress versus elemental concentration.

For each scenario two plots are presented. One is a plot of reaction progress versus
elemental concentration in the aqueous phase. The other plot presents the precipitation of

\...J
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solid phases as a function of reaction progress (and Within the precipitation constraints
defined by th.e model). The precipitated minerals are presented to allow the reader to identify
the reactions controlling the water chemistry. With respect to the fixed-gas composition cases,
an increase in pH represents the point at which the gas reseI'Yoir of the model has been
depleted:At the moment, we do not give any physical significance to the depletion of the
model's gas reservoir, and only note that a significant shift occurs in the identity of the
precipitated phases and some of the aqueous species with the change in pH. For the purpose
of determining bounding conditions for the concentration of aqueous species, it is
appropriate to consider only the pa.rt of the fixed-gas scenarios that occur before the
d~pl~tion of the CO2 gas.

EolCh of these scenarlos(fixed at atmospheric values, fixed at low CO2 values and unfixed)
can be related to a physical situation. The fixed ,cases represent open drifts in which the
evolution of the solids have no impact on the gas composition. Given that our strategy has
bl'Cn to select representative points in time to condllct simulations (which is different from
the ~\'olutionarycontext that is being used in most of the modeling strategies), it is logical to
,hoose,a fixed-gas scenario. The unfixed case relates to the evolution ofa gas-impermeable
emplac~mentdrift. This is the only case in which the evolution of the gas composition might
be treated as a part of a time-dependent physical model.' '

Generally, it is clear thc!t the aqueous chemistry is dependent on gas composition, which
in these simulations is directly linked to pH. Certain preliminary observations can be made

, about the sensitivity of aqueous species to pH. Examine, for example, concentration of ,
aluminum species in solution, which is greater at higher pH values; other species, such as
magnesium, are less sensitive. It is possible, therefore, to develop a first-order estimate of the
concentration of theSe less sensitive elements in solution, for this scenario. The concentrations
of the more sensitive sPecies can be bounded within an envelope of uncertainty that
encompasses the range 'of values represented in the simulation. The concentration of a

, partiCular species in solutiOnis directly related to the solid phases that are precipitated.
Further reaction progress is required to determine an upper bound for species such as
nitrogen, sulfur, and potassium concentrations, because they are still increasing at the end of
the simulations. 'This is because, as solids continue to be added and dissolved in the solution,
saturation has not been reached with respect to a mineral that contains a large enough
percentage of these elements. These simulations are only as good as the data base, which
contains the phases and the thermodynamic data that allows the phases to precipitate. Phases
from the new data base are precipitated in these simulations. More of them are apparent at
25°C.(Figure 5.7-1 and Figure 5.7-2).

The case in which gas composition is fixed at close to atmospheric values (Figure 5.7-3)
does not suffer a depletion in CO2 gas from the model ~rvoir until near the end of the
simulation, when the pH and the gas-fugacity values change sharply. Elemental .
concentrations in the aqueous phase before that point depend on the precipitation of calcite,
but also kaolinite, diaspore and anhydrite. The relation between the formation of calcite and
the fugacity of CO2 is more clear at 25°C (Figure 5.7-1 and Figure 5.7-2).

The case in which gas composition is fixed, but for which the CO2 fugacity is fixed at a
low value, (Figure 5.7-1 and Figure 5.7-4>' similarly does not suffer a depletion in CO2 gas
from the model reservoir until near the end of the simulation, when, again, the pH and the
gas-fugacity values are affected. The range of concentrations of the various species contrasts
with the first simulation. Forexample the concentration of silicon species in ~olutionvaries
over a range from 10-3 to lO-6molal, whereas in the atmospheric case it ranged from 10-3 to
10-4.5 molal. "
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, The unfixed case (Figure 5.7-2 and Figure 5~7-5) does not seem to be physically achievable
, in a repository at YM, except during certain episodes in which gas permeability decreases to "J
.zero during the thermal pulse, because gas exchange will most likely ocCur along fractures. '--'

: However, it is an important reference case that may be helpful to establish bounding
concentrations for some chemical species. For example, a lower bound can be suggested for
magnesium at roughly 10-9 molal. In the unfix~case, even portlandite becomes .
supersaturated and begins to precipitate. In all cases, potassium and sulfur concentrations
increase over the course of the simulation, even though sulfur-bearing phases such as
ettringite and anhydrite begin to form later in the simulation.

5.8, The Influence of Construction Materials on WP Performance
. :' Modifications of the natural environment due to construction of an underground

, repository would, in themselves, alter the natural chemistry, some aspects of which may be
critical to the robustness of the WP or to the chemistry of the fluid leaving the repository.
However, once the materials are'emplaced; given defined extrinsic properties, the chemical

.evolution of the repository would be fixed to aspecific path and hypothetically predictable.
; . -.; ,I- :- ; ~ .

The ability to model these processes depends on our understanding of the processes, on
our ability to develop equations to describe those processes or adapt existing inodels to our
purpose, and on the availability of the appropriate data to feed those models:

5.8.1 Solid-State Evolution as a Function of Gas Composition and Temperature
. .

The addition of cementitious materials widens boundary conditions and increases
uncertainty. With increased temperature, Ca-Si·f\O gel and other metastable phases will
undergo solid-state transformations into more crystalline and ultimately less hydrous and \.J
more stable crystalline phases. Ultimately, portlandite will be destroyed infavor of
carbonates and sulfates. However, the path of that evolution depends on the environmental
conditions and may lead through the family of Ca-Si·~Ophases that shrink and swell with
changing relative humidity and temperature. These physical changes lead to mechanical
instabilities and extreme changes in surface area of the original concrete material.

5.8.2 Water-Chemistry Evolution.
It has not been established that the more crystalline and less hydrous Ca-Si·H20 phases

also are in equilibrium with water at such elevated pH. In fact, there is evidence to the
contrary. Hillebrandite and wollastonite, water-poor end-members of the Ca-Si·H20 system,
do not produce such elevated pH..
. ,

5.8.3 Microbiological Considerations
In general, the microbial use of protons serves to reduce pH. This is beneficial for the

microorganism, because it tends to solubilize solids and, thus, provide nutrients. The pH of
water in contact with concrete in the presence of microbes can be quite acidic (in the range of
2-3 pH units) (Hom and Meike, 1995) .,

5.8.4 Design Options that, can Reduce Uncertainty
(e.g., original concrete formulation and pretreatments)

. There are a feW engineering options that c~ reduce modeling uncertainty. The pH of the
water in 'contact with concrete is not expected to increase during the evolution ofthe '0
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proposed repository. Therefore, the upper bound of the range of uncertainty can be reduced
. significantly by using a "low pH"formulation, even though this is a relative term, because

the value of a "low pH" formulation could be about 9.5 or10.0 (newformulations may bring
this value down even further). The real value is in the reduction of uncertainty. Minimization
of the volume of portlandite in the ~t cement nc>t only controls the .reaction of Ca(OH)2 with
sulfate to form gypsum or ettringite (andthus reduces cracking and increased surface area
exposed to degradation), but also controls the pH. SUlfate-resistant cements (Taylor, 1990),
which are formulated with low aluminum content to minimize the possibility of forming
ettringite after the cement has set, can also reduce the sulfate concentration in the aqueous
phase. Increasing the reactive silica content of the formulation can also reduce the amount of
unreacted portlandite in the cured cement. This uncertainty can be reduced even further if
the concrete is pre-treated so as to change the mineralogy to calcite, an engineering possibility
using a supercritical CO2treatment <Rubin et al., 1997). The pH of this concrete would be
reduced evenfurther, to near-neutral values, depending on the (:ompleteness of the
treatment.

There are a few engineering options~t can reduce modeling UI\certainty. The pH of the
water in contact with concrete is not expected to increase during the evolution of the
proposed repository. Therefore, the upper bound of the range of uncertainty can be reduced
.significantly by using a "Iow pH" formulation, even though this is a relative term, because
the value of a "low pH" formulation could be about 9.5 or 10.0 (new formulations may bring
this value down even further). The real value is in the reduction of uncertainty. Minimization
of the volume of portlandite in the set cement not only controls the reaction of Ca(OH)2 with
sulfate to f~rmgypsumor ettringite (and thus reduces cracking and increased surface area
exposed to degradation), but also controls .the pH. Sulfate-~sistantcements(Taylor, 1990),
which are formulated With low aluminum content to minimize the possibility of forming
ettringite after the cement has ·set, can also reduce the sulfate concentration in the aqueous
phase. Increasing the reactive silica content of the formulation can also reduce the amount of
unreacted portlandite in the cured cement This uncertainty can be reduced even further if
the concrete is pre-treated so as to change the mineralogy to calcite, an engineering possibility
using a supercritical CO2 treatment (Rubin et aI., 1997). The pH of this concrete would be
reduced even further, to near-neutral values, depending on the completeness of the
treatment. :

Future Plans
The complete matrix of chemicai simulations will be completed by the end of 1998. Then,

reactive-transport modeling, which requires the results of the chemical modeling, will be
initiated. We will attempt to link the water-material interactions into .reaction paths using
OS3D/GIMRT, or X1T over defined possible water pathways, such as the following (where
WP indicates waste package and WF indicates waste form): .

• Incoming water -+ concrete liner -+ WP -.. WF -+ invert'-+ rock wall
.• Incoming water 4 steel set·-+ WP -+ WF.-+ invert.-+ rock wall

• Incoming water -+ salt crust-+ WP -+ WF -+ invert -+ rock wall
• Incoming water -+ concrete liner -+ backfill-+WP -+WF -+ invert -+ rock wall
• In~omingwater -+. steel set -+ backfill -+ WP -+.WF -+ invert -+ rock wall
• Incoming water -+ salt crust -+ backfill -+ WP -+ WF-+ invert -+ rock wall
These exercises may be conducted in two halves, representing water flow toward and

away from the WPs, depending on the availability of data mputs.
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Iterative chemical modeling will be conducted as significant data base improvements are

made, and as we improve our understanding of reactant formulations, their evolution and

the dissolution laws relating to their components.

The effectS of factors such as microbes, heating, and partial pressure of CO2 above

ambient have not been well established and therefore cannot be well constrained. Their

impacts are discussed in previous sections, and ageneral assessment of ~e uncertainty is

discussed in Section 5.8.4. ..' ' . '
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5.11 Appendix A for Section 5

Table 5.U-L Quantities of selected construction materials to be used in proposed Yucca
Mountain repository, based on the current design (provided by Norman Kramer,
Repository Design). All quantities are estimates.

ID Item CL Quantity Unit Material System Location Est. Description
service

life

37 Air locks T 150,000 kg steel ventilation east main 21-30
systems

38 Air locks T 150,000 kg steel ventilation west main 21-30
systems

39 Rock boll P 980 each steel ground support PC drifts 51-100 Super Swellex
bolt 3 m long

40 Wire mesh P 1,290 m2 steel ground support PC drifts 51-100 WWF3lC3

41 Drift invert P 7,520 each concrete ground support PC drifts 51-100
42 Rock bolt P 48,375 each steel ground support PC drifts 51-100 Super Swellex

boll 3 m long

43 Wire mesh P 56,770 m2 steel ground support PC drifts 51-100 WWF3lC3

44 Steel sets P 1,747,300 kg steel ground support PC drifts 51-100 5.5-m dia., we lC
31,2020 sets

45 Lagging P 968,000 kg steel ground support PC drifts 51-100 C8 lC 11.5 lC 4 ft.
long. 46.300 ea.

46 Cast-in- P 145 m3 concrete ground support PC drifts 51-100 5,000 psi
place
concrete

47 Metal P 20.000 kg steel ground support PC drifts 51-100 Frame

48 Rock bolt P 2,580 each steel ground support alcoves 51-100 Super Swellex
bolt 1.5 m long

49 Wire mesh P 3,660 ma steel ground support alcoves 51-100 WWF3lC3

50 Cast-in- P 22.430 m3 concrete ground support north ramp 101- 5,000 psi
place 150
concrete

51 Cast-in- P 17,780 m3 concrete ground support south ramp 101- 5.000 psi
place 150
concrete

52 Cast-in- P 18.150 m3 concrete ground support south ramp 101- 5.000 psi
place extension 150
concrete

53· Cast-in- P 11.930 m3 concrete ground support north ramp 101- 5.000 psi
place extension 150
concrete
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,
10 Item CL Quantity Unit Material System -Location Est. DescriptiO,"

service
life

54 cast-in- P 22.800 m3 concrete ground support eastrnain 101- 5,000 psi, _-' - :
place 150
concrete

55 Cast-in- P 27.890 m3 concrete ground support west main 101- 5,000 psi
place 150
concrete -

56 Cast-in-
-~

P 9.100 m3 concrete ground support north main 101- 5.000 psi
~

place 150
concrete

57 cast-in- P 12.110 m3 concrete ground support east main 101- 5.000 psi
place north 150
concrete extension

58 east-in- P 40.750 m3 concrete ground support exhaust 101- 5.000 psi
place main 150
concrete

59 Pipe P 2.804 m .steel utility systems north ramp 51-100 8 in. air pipe

60 Pipe P 2.223 m steel utility systems south ramp 51-100 8 In. air pipe_

61 Pipe P 2.269 m steel utility systems south ramp 51-100 8 In. air pipe
extension

62 Pipe P 1.491 m -steel utility systems . north ramp 51-100 81n. air pipe
extension

63 Pipe P 2.850 m steel utility systems east main 51-100 8 In. air pipe

64 Pipe P 3,486 - m steel utility systems west main 51-100 8 in. air pipe

65 Pipe P 1.137 • m steel utility systems north main 51-100 8 In. air pipe

66 Pipe P 1.514 m steel utility systems east main 51-100 8 in. air pipe
north
extension

67 Pipe P. 5.094 m steel utility systems exhaust 51-100 8 In. air pipe
main

58 Pipe P 2.804 .- m steel utility systems north ramp 51-100 6 in. water
supply line

69 Pipe P 2.223- m steel utility systems south ramp 51-100 6 in. water
supply line

70 IPipe P 2.269 m steel utility systems south ramp 51-100 Sin. water
extension supply line

71 I~ipe P 1.491 m steel·· utility systems north ramp 51-100 6 in. water
exte-nsion supply line

72 Pipe - P 2.850- m steel utility systems east main 51-100 6 in. water.
supply/ine

73 Pipe P 3.486 m - steel utility systems west main 51-100 6 In. water
supply line
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10 ., Item CL Quantity Unit Material System Location. Est. Description
service

life

75 Pipe P 1.137 m steel utility systems north main 51-100 6 in. water
supply line

76· Pipe P 1.514 m steel. utility systems east main 51-100 6 in. water
north supply line
extension

n Pipe P 5.094 m steel utility systems exhaust 51-100 6 in. water
main supply line

78 Pipe P 2.804 m steel utility systems north ramp 51-100 6 in. waste water
line

79 Pipe P 2.223 m steel utility systems south ramp 51-100 6 in. waste water
line ;

80 Pipe P 2.269 m steel utility systems South ramp 51-100 6 in. waste water
extension line

81 Pipe P 1,491 m steel utility systems north ramp 51-100 ,6 in~ waste water
.. extension line

82 Pipe P 2.850 m steel utility systems east main 51-100 6 in. waste water
line

83 Pipe P 3.486 m steel utility systems west main 51-100 6 In. waste water
line

84 Pipe P 1.137 m steel utility systems north main 51-100 6 in. waste water
. line

85 Pipe P 1.514 m steel utility systems east main 51-100 6 in. waste water
north line ,

extension

86 Pipe P 5.094 m steel utility systems exhaust 51-100 6 in. waste water
main line

87 ' Electrical P 2.804 m other utility systems north ramp 51-100 3c 15 KV 500
wire metal MC.... C3bIe·

8a Electrical P 2.223 m other utility systems south ramp 51-100 3c 15 KV sao
wire metal MCMcaDle

89 Electrical P 2.269 m other utility systems south ramp 51-100 31c IS KV SOO
wire metal extension .....CMcabie

90 Electrical P 1.491 m other utility systems north ramp 51-100 3c IS KV 500
wire metal extension MCMcable

91 Electrical P 2.850 m other utility systems east main 51-100 3fc 15 KV 500
wire metal MCMcable

92 Electrical P 3.486 m other utility systems west main 51-100 . 3fc 15 KV 500
...

wire metal MCMcable

93 Electrical P 1.137 m other utility systems north main 51-100 3fc 15KV SOO
wire metal MCMcable
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94 Electrical P 1,514 m other utility systems east main 51-100 3fc 15KV~
wire metal north MCMcable

extension

95 . i Electrical P 5.094 m other utility systems exhaust 51-100 3fc 15 KV500
wire metal main MCMcable

Electncal
I

2.804 utility systems north ramp 51-10096 :p m other power system
wIre· metal

..

97 Electrical Ip 2,223 m other utility systems south ramp 51-100 power system
Wire I metal-_.

ip98 Electrical 2.269 m other utility systems south ramp 51-100 power system
wIre i metal extension---.-,._-.

99 Electrical P 1.491 m other utility systems north ramp 51-100 power system
wIre metal extension

100 . Electncal P 2.850 m other utility systems east main 51-100 power system
wire metal

101 Electrical P 3.486 m other utility systems west main 51-100 power system
wire metal

102 Electrical P 1,137 m other utility systems north main 51-100 power system
wire metal

103 Electrical . P 1.514 m other utility systems east main 51-100 power system
wire metal north

extension

104 Electrical P 5.094 m other utility systems exhaust 51-100 power system
wire .. metal main ..

105 Electrical- P 2,804 m other utility systems north ramp 51-100 trolly system
other metal

10G Electrical- P 2,223 m other utility systems south ramp 51-100 trolly system
other metal

107 Eleetrical- P 2.269 m other utility systems south ramp 51-100 trolly system
other metal extension

108 Electrical- P 1,491 m other utility systems north ramp 51-100 trolly system
other metal extension

109 EJeetrical- P 2.850 m other utility systems east main 51-100 trolly system
other metal

110 Eleetrical- P 3.486 m other utility systems west main 51-100 trolly system
other . metal

111 Electrical- P 1.137 m other utility systems north main 51-100 trolly system
other metal

112 Electrical- P 1.514 m other utility systems east main 51-100 trolly system
other metal north

extension
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113 Electrical- P 5.094 m other utility systems exhaust 51-100 trolly system
other metal main

114 Rail P 658.940 kg steel excavated north ramp 51-100 1151b1yd@
openings 2.804m

115 Rail P 522.400 kg steel excavated south ramp 51-100 1151b1yd@
openings 2.223 m

116 Rail P 533.220 kg steel excavated south ramp 51-100 1151b1yd@
openings extension 2.269m

117 Rail P 350.390 kg steel excavated north ramp 51-100 1151b1yd@
openings' extension 1.491 m

118 Rail P 669.750 kg steel excavated- east main 51-100 1151b1yd@ :
openings 2.85Om

119 Rail P 819.210 kg steel excavated west main 51-100 1151b1yd@
openings 3.486m

120 Rail P 267.200 kg steel excavated north main 51-100 1151b1yd@
openings: 1.137 m

121 Rail P 355.790 kg steel excavated ' east main 51-100 1151b1yd@
openings, north - 1.514m

extension

122 Rail P 1.197.090 kg steel excavated - exhaust 51-100 - 1151b1yd@
openings main 5.094m

123 Electrical- P 2.804 m other utility systems_ north ramp 31-40 leaky feeder
other metal cable

124 Electrical- P 2.223 m other utility systems south ramp 31-40 leaky feeder
other metal cable

125 Electrical- P 2.269 m other utility systems south ramp 31-40 leaky feeder
other metal extension cable

126 Electrical- P 1.491 m other utility systems north ramp 31-40 leaky feeder
other metal

,
extension cable

127 Electrical- P 2.850 m other utility systems east main 31-40 leaky feeder
other metal cable

128 Electrical- P 3.486 m other utility systems west main 31-40 leaky feeder
other metal cable

129 Electrical- P 1.137 m other utility systems north main 31-40 leaky feeder
other metal -- cable

130 Electrica~ P 1.514 m other utility systems east main 31-40 leaky feeder
other metal -north cable , ,

extension

131 Electrical- P 5.094 m other utility systems exhaust 31-40 leaky feeder
other metal main cable

132 Electrical- ,p 5.608 m plastic utility systems north ramp 31-40 fiber-optic cable-,
other
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133 Electrical- P 4,446 m plastic utility systems south ramp 31-40 fiber-optic cable
other

134 Electrical- P 4,538 m plastic utility systems south ramp 31-40 fiber-optic cable
other extension

-,

135 Electrical- P 2,982 m plastic utility systems north,ramp 31-40 fiber-optic cable
other extension

136 Electrical- P 5,700 m plastic utility systems east main 31-40 fiber-optic cable
other

137 Electrical- P 6.972 m plastic utility systeins west main 31-40 fiber-optic cable
other

138 Electrical- P 2,274 m plastic utility systems north main 31-40 / fiber-optic cable
other :

139 'Electrical- P 3,028 m plastic utility systems east main 31-40 ' fiber-optic cable
other north

extension
140 Electrical- P 10,188 - m plastic utility systems exhaust 31-40 fiber-optic cable

other main ,

141 Cast-in- P 179 rTf concrete excavated development 101-
place openings shaft 150
concrete - -

142 Cast-in- P 2,269 m3 concrete excavated development 101-
place openings shaft 150
concrete

143 Pipe P 335 m steel utility systems development 51-100 6 in. water
-

shaft supply line

144 Pipe P 335 m steel utility systems development 51-100 6 in. waste water
shaft line

145 Electrical P 335 m other utility systems development 51-100 31c 15 KV500
wire metal shaft MCMcable,

146 Pipe P 335 m steel utility systems development 51-100 8 In. air piping
shaft

147 Electrical P 1 each steel utility systems development 51-100 power center
equipment shaft

148 Electrical- P 335 m other utility systems development 51-100 power system
other metal shaft

149 Metal P 335 m steel utility systems development 101- ladder
shaft 150

150 Cast-in- P 179 rTf concrete excavated emplacemen 101-
place _. openings tshaft 150
concrete
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151 Cast-in- P 2.792 m' concrete excavated emplacemen 101-

place openings t shaft 150

concrete

152 Pipe P 410 m steel utility systems emplacemen 51-100 6 in. water
t shaft supply line

153 I
I

Pipe P 410 m steel utility systems emplacemen 51-100 8 in. waste water

I . t shaft . line

154 Electrical jp 410 m other utility systems emplacemen 51-100 3fc 15 KV 500

wire I . metal t shaft MCMcable

155 PIpe Ip 410 m steel utility systems emplacemen 51-100 8 in. air pipe
: tshaft

156 Electncal P I 1 each steel utility systems emplacemen 51-100 power center

I equIpment t shaft

157 Electrical- P 410 m other utility systems emplacemen 51-100 power system

other metal t shaft

158 HEPA filter P 4 each steel ' ventilation emplacemen 51-100
.

systems t shaft

159 Metal P 410 m. steel excavated emplacemen 51-100 Ladder
openings t shaft

160 Pipe P 3.440.200 kg steel ventilation exhaust 51-100 72-in. dia. duct
systems main

161 Metal P 102.000 kg steel ventilation ventilation 51-100 exhaust :
systems raises structure@

1.000 kg ea..

165 Rock bolt P 34.300 each steel ground support east main 51-100 Super Swellex
turnouts bolts 3 m

166 Rock bolt P 34.300 each steel ground support west main. 51-100 Super Swellex
turnouts bolts3m

167 Wire mesh P 45.150 m2 steel ground support east main 51-100 WWF3x3
turnouts

168 Wire mesh P 45.150 m2 steel ground support west main 51-100 WWF3x3
turnouts

169 Cast-In- P 29.370 m' concrete ground support east main 51~100 5.000 psi I

place turnouts

concrete

170 Cast-in- P 29.370 m' concrete ground support west main 51-100 5.000 psi I

place turnouts

concrete

171 Rail P 824.380 kg steel excavated east main 51-100 115Ib1yd@!
openings turnouts 3,508m

172 Rail P 824.380 kg steel excavated west main 51-100 1151b1yd@
openings turnouts 3.508m
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173 Electrical- P 3.508 m other utility systems ,east main 51-100 trolly system
other metal· tumouts

174 Electrical- P 3.508 m other utility systems west main 51-100 trolly system
other metal 'tumouts

175 Pipe P 3.508 m steel utility systems east main 51-100 6 in. airline. ·tumouts

176 Pipe P 3.508 m steel utility systems west main 51-100 6 in. airline
tumouts

In Pipe P 3.508 m steel utility systems east main 51-100 4 in: water
. tumouts supply line

178 Pipe P 3.508 m steel utility systems' west main 51-100 4in. water
tumouts supply line

179 Pipe P , 3,508 m steel utility systems east main 51-100 4 In. waste water
. .. . tumouts line

180 Pipe P 3.508 m steel utility systems west main 51-100 4 in. waste water
turnouts line

181 Electrical- P 3.508 m other utility systems east main 51-100 leaky feeder
other

,
metal cableturnouts

182 Electrical- P 3.508 m other utility systems west main 51-100 leaky feeder
other metal turnouts cable

183 Electrical P 3.508 m other utility systems east main 51-100 power system
wire . metal turnouts .

185 Electrical P 3.508 m other utility systems west main 51-100 power system
wire metal tumouts

186 Electrical- P 7.016 m plastic utility systems east main 51-100 fiber-optic cable
other tumouts

187 Electrical- P 7,016 m plastic utUity systems west main 51-100 fiber-optic cable
other turnouts

188 Shielding P 510.000 kg steel ventilation east main 51-100 @5.000kg
door systems. turnouts each I

189 Shielding P 510.000 kg· steel ventilation west main 51-100 @5.000kg
door systems turnouts each

190 ,Precast P' 454.470 nT concrete ground support emplacemen 101- 5.000 psi,
concrete t drifts 150 113.617 m long
lining !

191 Grout P 340.850 ftI concrete ground support .emplacemen 101-
t drifts 150

192 Rail P 10.8 x 10& kg steel waste package emplacemen 101- 901blyd@
handling t drifts 150 113.617 m
equipment
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193 Metal P 302.980 each steel waste package emplacemen 101- rail mounting
handling t drifts 150 device
equipment

194 Electrical P 113.600 m other utility systems emplacemen 31-40 leaky feeder ,
wire metal t drifts cable

195 Electrical- P 113.600 m other utility systems· emplacemen 51-100 gantry power
other metal t drifts· system

196 Cast-in- P 920 m3 concrete excavated ventilation 101- 5.000 psi @ 102
place openings raises 150 ea.x 10m@
concrete 0.9cm1m

197 Rock bolt P 6.260 each .steel ground supPort alcoves 51-100 Super Swellex
bolt 3 m long'

198 Wire mesh P 8.240 ma steel ground support alcoves 51-100 WWF3x3

199 Cast-in- P 3.150 nf concrete ground support alcoves 51-100 5.000 psi
place .
concrete

200 Electrical P 640 other utility systems .alcoves
_.

51-100m power system
wire metal

201 Electrical p 640 m other utility systems alcoves. 51-100 31c 15KV 500
wire metal MCMcabie

202 Pipe P 640 m steel utility systems alcoves 51-100 8 In. air piping
203 Pipe P 640 m steel utility systems alcoves 51-100 6 in. water-

supply line
204 Pipe P 640 m steel utility systems alcoves 51-100 6 In. waste water

line

205 Electrical- P 640 m oth'er utility systems alcoves 51-100 trolly system
other metal .

206 Rail P . 150.400 kg steel excavated alcoves 51-100 1151b1yd@
openings 840m

207 Electrical P 640 m other utility systems alcoves 51-100 leaky feeder
wire metal, cable

208 Electrical- P 640 m plastic utility systems alcoves 31-40 fiber-optic cable
other

209 Precast P 1.050 each concrete ground support PC drifts 101- 5.000 psi
concrete 150
invert

210 Rock bolt P 6.770 each steel ground support PC drifts 101- Super Swellex
150 bolts 3 m long

211 Wire mesh P 7.940 m2 steel ground support PC drifts 101- WWF3lC3
150
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212 Steel sets P 244,795 kg steel ground support PC drifts 101- 5.5-m dia., we lC
150 31-283 sets

213 Lagging P 135,470 kg steel ground support PC drifts 101-
150

214 Cast-in- P 36 m' concrete ground support PC drifts 101- 5,000 psi
place 150
concrete

215 Rock bolt P 645 each steel ground support PC alcoves 101- Super Swellex
150 bolts 3 m long

216 Wire mesh P 915 m2 steel ground support PC alcoves 101- WWF3lC3
150

217 Air locks T 150,000 kg steel ventilation exhaust 21~0

systems main
CL=CJass
P • Permanently installed item
PC • Performance confinnation
T • Temporarily installed item
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Figure 5.6-L Conditions under which solid minerals develop from a grout in response to a thermal pulse and
a range of gas compositions.
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Figure 5.7-1b. 25°C, fixed low C~. Reaction progress versus elemental concentration.
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Figure 5.7-3b. 60°C, fixed atmospheric C~. Reaction progress versus elemental concentration.

5F-4 Engineered Materials Characterization Report
UCRL·ID·119564 Vol. 3 Rev. 1.1



5. Figures

4 r------r---~--__r---..,.._--__,.--____, 12

-Anhydrite
- Antigorite
......... Calcite
._.- Clinochlore14A.
- Clinozolslte
••••••••• Ettrlnglte
-Gyrolite
......... Hematite
••••••••• lawsonite
-- Monticellite
••••••••• Tobermorite
-pH

2

8

,.............•.........•.........

.............•••••• 6 x:
.......~ c...... ~~~ """"........!'" -,,-

or ." 4!. ".""..".
-4t:-_---
-5 '--__........_,:....:;,_""--_&--......c:;-...:.........lIO___"LI-.__.....L__--'0

-7 -6 -5 -4 -3 -2 -1
Log reaction progress, !;

II) 3 ~.!!!••!!!••!'!'l••!'!'l••!!!••!!!••!'!'••!'!'.!'!'••!'!'••!'!'••!'!'••!!!••!!!••!!••~••~••~••~••~••:••~••~..=....................................................... 10
i! 2
!E 1
b
::I 0ec.o -1
.;
o -2
E
f-3
..J

u

Figure S.7-4a. 6QOC, fixed low C~.Reaction progress versus mineral precipitation.

-5 -4 -3
Log reaction progress, !;

Or----.,---..,..---...,..--~--__r--__r-----,--___,

i -1

i
Ii

~ -2
o
II)
II):e
o -3t---------~
~ --~
'ii
'0
E-4

J
-5'----....I.---.......--......L.----""L...-..I....-"'--__.....L...o........= ........__~

-8

12

AI
10

C
Ca

8 CI
F

6 %: K
c. _oN

Na
4 S

SI

2 - pH

Figure S.7-4b. 60°C, fixed low C~. Reaction progress versus elemental concentration.

Engineered Materials Characterization Report
UCRL-ID-119584 Vol. 3 Rev. 1.1

5F-5



5. Figures

4 r----r----.,-----r---~--~--_,_-____.12

-5 L.-__~_.......~_........~.....L ~__.-.I.---lI'--.......'--_---' 0
-7 -6 -S -4 -3 -2 -1 0

Log reaction progress, ~

3

12
E 1 ~__.""",.,.,.""..-
U l-t 0

'0 -1
81
~ -2r---__

J-3

-4

••••••••••••!'••••••••••••••••••••••••••••••••••••• 10

8

6 :ca.

4

2

- Anhydrite
- Antigorite
••••••••• Calcite
• - - Chalcedony
'-'- Clinochlore14A
- Cllnozolsite
••••••••• Ettrlngite
-Gyrolite
••••••••• Hematite
......... Kaolinite
- Laumontite
••••••••• Lawsonite
-- Montlcellite
......... Portlandite
-Pyrite
••••••••• Tobermorite
- Log fugacity

CO2 (g)
_pH

u

Figure 5.1-5a. 6O"C, unfixed gas. Reaction progress versus mineral precipitation.

12

AI
10 C

Ca

8 CI........ F

- K
6 :ca. Mg

N
4 Na

......... S

2 Sf- pH

0
-1 0-4 -3 -2

Log reaction progress, ~
-S-6

-5L-__-J.__---.,;;:..L... .L..:.o...r......;L.----L ...J..._-'""'~~__--I

-7

Or------'T---"""T"""----r------r---"""T"""----r-----,

Figure 5.1-Sb. 60°C, unfixed gas. Reaction progress versus elemental concentration.

5F-6 Engineered Materials Characterization Report
UCRL-ID-119564 Vol. 3 Rev. 1.1



u
Appendix A. Quality Assurance Information

Appendix A. Quality Assurance Information

The tables presented in this section address the acceptance criteria for the Level 3
deliverable Engineered Materials Characterization Report, Volume 3, Revision 1.1. Table A-t is the
required "roadmap" that indicates where the criteria are met in this report. Table A-2 is a list
of the codes used for calculations discussed in this report, including the versions used and
whether the codes are qualified.

Table A-3lists the significant data used in this revision and the related data-tracking
numbers (DTNs) from the Technical Data Management System.

TableA-t. "Roadmap" table identifying where deliverable-acceptance criteria are met in the
Engineered Materials Characterization Report.

Criterion Section Comment

The EMCA-VA Includes the most 2.1, 2.2, 2.3, 2.4, 2.5, These sections cover progress made in
recent test data. 2.6.2.7,3.0.4.0,5.0 the experimental work. Sections 2.1

through 2.7 cover the .metallic barriers.
Section 3 covers ceramic coatings on the
metallic barriers. Section 4 covers basket
materials, intemal parts of spent-fuel
waste packages. section 5 covers Invert
and other EBS materials outside the waste
package.

The EMCA-VA Includes the most 2.8, 3.0, 5.0 Section 2.8 covers modeling development
recent model development for the metallic barriers. The experimental

basis for this Is found In Sections 2.1
through 2.7. Sections 3 and 5 contain both
experimental and modeling activities.

Data and process models will be 2.8. 3.0. 5.0 Section 2.8 covers modeling development
assembled from all of the engineered for the metallic barriers. The experimental
materials tasks. both short-duration bases for these are found In Sections 2.1
and long-duration tasks. through 2.7. Sections 3 and 5 contain both

experimental and modeling activities.

The collected data and process Entire report Section 2.8, notably, consists of extensive
models will be synthesized along with comparisons and analyses of data and
that obtained from the literature and process models for the metallic barriers.
degradation-mode surveys.

EBS components shall, as a minimum, Entire report; see
include the reference material as > especially Section 1
identified in the Waste Package
Materials Selection Analysis Aeport.
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Criterion Section Comment

Process models and supporting test
data for each application
componenVmaterial combination shall,
as a minimum, be provided for each
applicable performance parameter
identified in the Waste Package
Development Technical Document and
be consistent with applicable
environmental conditions as identified
in site investigation plans.
PERFORMANCE PARAMETERS

--
Metallic Container

,

• Phase Transformations 2.6.2
• OXidatIon Rates 2.8.2.1
• General Corrosion Rates 2.1.4,2.1.7,·2.2.6,

2.2.7.2.8.2.2,2.8.2.4
·MIC Rates 2.5.7
• Ea. for Pitting 2.3.1, 2.3.2, 2.8.4.6
• !;- for Crevice 2.3.1, 2.8.4.6
• Pit Penetration Rates 2.8.4.7
• Crevice Penetration Rates 2.8.3.8, 2.8.3.9
• Crack Propagation Rates 2.4.2,2.8.6.7
• Threshold Stress Intensity Factors 2.4.2,2.8.5.1, 2.8.5.7
Non-Metall1c Container (Ceramic
Coating)
• Fracture Toughness 3.3.4
SNFBasket
• Boron Concentration 4.2
Emplacement Drift Invert
• Hydrothermal Alteration 5.3.2.2, 5.6.2
• Microbial Degradation 5.3.6.5, 5.6.2

a and non-Q data used and cited in Appendix A All test data generated at LLNL and sub-
this deliverable shall be appropriately contractors are govemed by Sclentific
noted and clear1y identified. Investigation Plans and Activity Plans and

are therefore consideree. a. Data taken
from literature sources are generally non
Q. Derived data, such as that outputted
from modeling activities,ls not considered
Q. Further identification of data QA is
given in Table A·3.

Every effort was made to assure that Sections 2 through 5
qualified data are used in this
deliverable as specified in Supplement
III, 2.5 "Data Usage.-

A-2 Engineered Materials Characterization Report
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.Appendix A. Quality Assurance Information

u Criterion Section Comment

Technical data contained within the Appendix 8 Data actually used in this report are
deliverable and not already identified in Appendix A. Where these data
incorporated in GENISES Is submitted, are not incorporated in the automated
if appropriate, for incorporation in data-tracking system, TDIFs have been
accordance with YAP-SIII.3Q. submitted, as demonstrated by the records
Verification of submittal compliance Is included in Appendix 8.
demonstrated by including as part of
the deliverable a copy of the TDIF and
of the transmittal letter to the
GENISES administrator.

Record accession numbers and Sections 1 through 5 Accession numbers are given in the'
Automating Tracking numbers are Appendix A reference lists. Data-tracking numbers are
induded. as appropriate, for all data given in Table A-3.
used and/or cited in this deliverable.

~. -,

The EMCR-VA shall have comple.ted . Entire report
Intemal M&O reviews.

«(The document need not~plete a
<.

YAP-30.12 review.)

Simulation codes and chemical databases used in the Engineered Materials .
Characterization Report. .

.. ,

Section Code Version Description Application Qualified? Reference

2.2 PLCLadder Rev 0 Operational Maintain no, Individual
Logic software temperature and commercial software plan,
Software and liquid level ISP-CM-01
Man-Machine - control In Long- Green, 1997
Interface Term Corrosion
(MMI) Test Facility
Configuration vessels
Software

2.2 Microsoft MSOfflCe Database Weight-loss data no, Gdowski, 1998
Access 97 manager from Long-Term commercial

Corrosion Test
Facility

2.8 Microsoft 5.0forOOS General Projection of no, Sample outputs
FORTRAN calculational corrosion-rate . commercial In Farmer and
Compiler anc:l data data for various . McCright. 1998;

analyses corrosion see also
models. Scientific

Notebook 00334

5.5 EQ3I6 7.2b Thermo- Equilibrium water yes Wolery, 1992a
dynamic and composition and and 1992b;
reaction- reaction path Woleryand
path model modeling Daveler, 1992

TableA-2.
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Appendix A. Quality Assurance Information

Section Code Version Description Application Qualified? Reference

5.5 GEMBOCHS V.6 Therm~ Derive, enter, no Wolery, 1992a

dynamic and test and 1992b

database thermodynamic
and data files
maintenance
software

5.5 08301 1.0 Reactive Altered-zone no; Steefe! and

GIMRT transport water commercial Yabusakl, 1995

simulator composition; software
reference case
for evaluating
coupled
processes

TableA-3. Summary of significant data used in the Engineered Materials Characterization

Report.

A-4

Table Data description Interpretive LLNL Related DTNs QAJ

report data? NQA

2-1 Composition and designation of SAE,1993 no LL9B0704605924.035 NQA.

candidate container materials (see Appendix B)

2.1-1 Composition of J-13 water Harrar et aI., 1990 yes none QA

2.1-3 Aqueous solution concentration Duly, 1950 no none (referenCe data) NQA

I· for some salts

2.1-4 RH, water partial pressure arid Perry and Chilton, no none (reference data) NQA

nitric acid partial pressures 1973

2.2-2 Water compositions used in long- This report and yes Ll980704605924.035 QA

through term corrosion test TIPs cited in the (see Appendx B)

2.2-5 associated text

2.2-6 Dissolved-oxygen content This report yes Ll980704605924.035 QA
(see Appendix B)

2.2-7 Ratio of COl concentrations This report yes LL9B0704605924.035 QA
(see Appendix B)

2.2·8 Corrosion rate of corrosion- This report yes Ll9B0704605924.035 QA

through resistant materials, corrosiori- (see Appendix B)

2.2-10 allowance materials, and
intermediate materials

Section Weight-loss results This report yes Ll98070460S924.035 QA

2.2.6 (see Appendix B)

Supple-
ment 1

2.4-1 Results of SCC tests This report yes Ll98070460S924.035 QA

.
(see AppendiX B)

Engineered Materials Characterization Report
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Table Data description Interpretive LLNL Related DTNs OAJ
report data? NQA

2.5-1 Compositions of 1x J-13 well This report yes LL980704605924.035 CA
water, M9 medium, and (see Appendix B)
experimental results

2.5-2 Composition of 10x J.13 well This report yes LL980704605924.035 CA
water and altered macronutrient (see Appendix B)
formulas

2.5-3 Endpoint ICP analyses of spent . This report yes none CA
media

2.8-3 Regression analyses data for Section 2.2.6 yes, LL980704605924.035 NCA
through corrosion of A516carbon steel Supplement 1. derived (see Appendix B)
2.8-7 Weight Loss Data data

for A516 steel

2.8-8 Mechanical properties of ceramic Thomtonand no none (handbook NOA
coatings Colangelo, 1985 data)

2.8-10 Passive corrosion data for Alloy Section 2.2.6 yes, LL980704605924.035 NCA
0-22. Regression .nalyses from Supplement 1. derived (see Appendix B)
long term corrosion facility Weight Loss Data data

.-
for Alloy 0-22

2.8-11 Passive corrosion data for Alloy Section 2.3 and yes,in none (derived data) NCA
0-22. Regression analyses from other sources part,
various data sources given in Section but

2.8.2.4 derived
data

2.8-12 Data for passive corrosion of Alloy Smialos et aI., no none (reference data) NCA
e-4 In saturated brines 1986; Shoesmith,

1998

2.8-13 ~stimates of CDFs for passive Compilation of yes,in none· NOA
corrosion of Alloy 0-22 with Tables 2.8-10 part,
dripping through 2.8-12 but

derived
data

2.8-18 Parameter values used In' Henshall,1996 yes, but none (derived data) NOA
probabilistic pitting model derived

data

2.8-19 Expected electrochemical Compiled from yes, but none (derived data) NOA
potentials in repository Section 2.3, in derived

part, plus Roy et data
81., 1996, 1997a,
1997b

2.8-20 Potentiostatic polarization of alloy Roy et aI., 1997a yes none (reference data) CA
~.

0-22 in acidic salt solutions

Engineered Materials Characterization Report
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Table Data description Interpretive LLNL Related DTNs QAI
report data? NQA

2.8-21 Pit stifling based on flux of Calculations In no none (reference data) NOA
dissolved oxygen Section 2.8.4.7 ..

and information
from Andresen,
1998

2.8-23 Solubilities of various compounds Calculations in no none (reference data) NOA
and I responsible for passivation of Section 2.8.4.7

2.8·24 AlloyC-22 and information
from Pourbaix,
1996

2.8·25 . Maximum pit depths in Alloy c-22 CalCUlations in no none (reference data) NOA
Section 2.8.4.7
and Tables 2.8-21
through 2.8-24---

2.8-27 Measure values of stress intensity Table 2.4-1, plus yes, but LL980704605924.035 NOA
and

I and critical flaw size to initiate calculations In derived (see Appendix B)

2.8-28 stress corrosion cracking Section 2.8.5.6 data

2.8-29 Predicted segregation of Huang, 1998, and no none (reference data) NOA
phosphorus at grain boundaries of calculations In
carbon steel Section 2.8.6

3.5-1 Mechanical properties of ceramic Thomtonand no none (handbook NOA
coatings Colangelo, 1985 data)

4.1-1 Selected corrosion and pH results Van Konynenburg yes Ll980704605924.035 QA

from candidate basket materials etal.,1998 (see Appendix B)

scoping test

4.2-1 Composition of candidate Vendor-supplied no none OA
materials in long .term corrosion analyses and
test confirmation

analyses

5.2-4 Typical compositions of portland Kosmatka and no none (reference data) NOA
cements Panarese,1994

5.6-1 Calculations for thermally treated GEMBOCHS data no Under submission NOA

and grout base and Taylor,

5.6-2 1990

5.6-3 Calculations of mineral E03l6 code and no Under submission NOA

and assemblage in young grout Tang, 1997

5.6-4

5.6-5 Calculations of mineral EQ3I6codeand no Under submission NOA

through assemblage in thermally treated Tang, 1997

5.6-9 concrete

u
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Las Vegas, NV 89134

SUBJECT: Data Associated with report entitled -Engineered Materials
Characterization Report Vol 3". LL980704605924.035 (WaS 1.2.2.5.1)

Enclosed is a hardcopy of the subject results. Also enclosed are a disk with the
data in tab delimited form and a copy of the TDIF.

~/ The data review package will be sent to the RPC in accordance with procedures.
These data have been technically reviewed in accordance with 033-YMP-QP
3.6, ·Collection, Review, and Submittal of Technical Data.·

If there are any questions, please contact Herman Leider, (925) 423-3378.

m.Jw1 ~~ f- J~ 17. e£-{.
James A.Blink .
CRWMS LLNL Manager

JAB/BB/tjr
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C. Newbury, DOElYMP
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YMP.023-R4 YUCCA MOUNTAIN SITE CHARACTERIZATION PROJECT .
05lO6J9S TECHNICAL DATA INFORMATION Page 1 of ..1-

(Check one): l!l ACQUIRED DATA (compfete Parts'and II)
LL98070C&OS'2C.03SData Tracking Number (OrN):

o DEVELOPED DATA (complete Parts I, 11and III)
Data Trackfng Number (OlN):

PART I IdentificatIon of Data
TltJelDGserlption of Data: ENQIlEERING MATERIAL CHARAC'I'ERIZATION pPOR'l', VOLWE 3

Princlpallnvesttgator (PI): HCCRIGH'l'. D It
Last Name FlrIlend MIddle lnltIals

PI Organization: LP.WRENCE LIVERHORE NATIONAL t.\BORATORY

Are Data Qualified?: l!l Yes DNo GOVGming Plan: SCP

SOPS AdMty Number(s): 1.3.5.J.Z.C

was NUrnber(s): 1.2.2.S

PART n Data AcqulsltlonIDevelopment Information
Method: ASSEMBLY OF DATA ell RESPOSttCRt MATERIAL CORROSION AND CORROSION CRACKING

Location(s): LLRI. ...

Period(s): 1/1197 to 511/98
- Fcom: MWDOIYV To: MMlDOIVY

sample 10 Number(s):

PART III Source Data DTN(s)

Comments

-
/ --

Checked by: LJ~~ ,e..~ .J~_ 11/1Jill
S~tunl
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