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Summary

A matrix of 55 glasses was developed and testedwith the aim to identifj the impact of glass
composition on long-term corrosion behavior and to develop an acceptable composition region for
Hanford LAW glasses. Of the 55 glasses,45 were designed to systematicallyvary the glass composition
and 10 were selected because large and growing databaseson theircorrosion characteristicshad
accumulated. The targeted compositions of these glasses are listed in Section 3.1. All glasses were
fabricated according to standardprocedures and heattreatedto simulatethe slow cooling that occurs to a
portion of the glass to be fabricated @ the fiture vitrification plantatHdord. The homogeneity of test
glasses, characterized with election and optical microscopy and X-ray dii%action, are discussed in
Section 3.1. The densities of these glasseswere measured with gas pycnometry and arereported in
Section 3.2. The pefiormance of these 55 glasses in the product consistency test (PCT) and the vapor-
hydrationtest (’WIT) were characterizedin Sections 3.5 and 3.6.

PCT series were performed at 90°C with glass surface areato solution-volume ratios (S/Vs) of
2000 m-l for 7 days and S/V values of 20,000 m-l for 10, 100, and 1000 h. The PCT corrosion extents,
determinedas fhnctions of time from solution-composition analyses,are listed in Section 3.5. The
normalized releases for the 1000-h testsrange from 0.1 to 6.3 g/m2 for boron and from 0.1 to 7.2 g/m2 for
sodium. Based on the boron releases, the estimatedrelease ratesfor these glasses range up to 1.0 and 0.1
g/m2/d for periods of 1 and 1000 k respectively. The glasses with the highest boron release rates were
HLP-31, -02,-39,-41, and -27 at 10 h and HLP-51, -41,-33, and -39, and -31 at 1000 h. For the sodium
data,the release rates range up to 0.7 and 0.2 g/m2/d for periods of 1 and 1000 ~ respectively. The glasses
with the highest sodium release rateswere HLP-31, -02,-41, -39,and -27 at 1 h and HLP-52, -33, -41,-
42, and -31 at 1000 h. Insufficient information concerning the alterationproducts formed during PCT
was available to make a comparison to the VHT or other data.

VHTS were performed attemperaturesbetween 150°C and 300”C for times up to 280 days. The
prelimimuy alterationrates of most glasseshave been determinedat200°C. These rates, listed in Section
3.6.2, arepreliminary and are expected to change as fhrtherdataare generated. Rates measured at higher
and lower temperatureswere also reported in Section 3.6.4 for selected glasses. The glasses with high
resistanceto VHT (e.g., alterationrates< 14 g/m2/d) take long timesto corrode sufficiently for an
accuratemeasurement of rate. For these glasses, therates are likely to change when more datahave been
collected. The prelimkary glass alterationratesranged from 0.0 to 1219 g/m2/d at200”C and cover at
leastthreeorders of magnitude. The ratesof only four glasses exceeded 100 g/m2/d-HLP-52, HLP-53, .
HLP-02, and HLP-46. The remaining testmatrix glasses are highly resistantto the VHT, possibly
indicatinghigh durability. The alterationproducts formed during VHT of selected glasses were
characterizedwith XRD. Section 3.6.3 summarizesthe phases found to form during the alterationof
selected testglasses. Most tested samplesalteredto form analcime and sodium aluminumsilicate
hydrate,which are frequently formed also in other alterationtests.

The precision and accuracy of testmethods were in Section 1.0 with datafound in literatureon
the behavior of selected testmatrix glasses in the PCT ad VHT and with a series of glasses with the
same targetedcomposition (repeated glasses) added to the testmatrix. A comparison of results horn PCT
and VHT is discussed briefly in Section 1.0.
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1.0 Introduction

The Har@ord Site’s mission hasbeen to produce nuclear materialsfor the U.S. Deparhnent of
Energy (DOE) and itspredecessors. A large inventory of radioactive and mixed waste, largely generated
during plutonium production, exists in 177 underground single- and double-shell tanks. These wastes are
to be retrieved and separatedinto low-activity waste (LAW) and high-level waste (HLW) fi-actions. The
total volume of LAW requiring immobilization will include the LAW separatedfrom the tankwaste, as
well as new wastes generatedby theretrieval,pretreatmentand immobilization processes. Per the Tn-
PartyAgreement (1994), both the LAW and HLW will be vitrified. It has been estimatedthat
vitrification of the LAW waste will resultin over 500,000 metric tons or 200,000 m3 of immobilized
LAW (ILAW) glass.

“ DOE is proceeding with an approach to privatize the treatmentand immobilization of Hanford’s
LAW and HLW. DOE will deliver thesewastes to a private contractor for treatmentand immobilization
and will receive the products (immobilized waste) for storage and ultimatedisposal. The ILAW glass is
to be disposed of onsite in a near-surfaceburial facility. It must be demonstratedthatthe disposal system
will adequately retaintheradionuclides and prevent contamination of the surroimding environment.
Waste-form petiorrnance is the first line ofdefme againstreleases of contaminantsafter disposal and an
integralpart of the multiple engineeredbarriersystem. Mann et al. (1998) found thatthe release of
radionuclides from the waste forin via interactionkeactionwith water is the prime threatto the
environment surrounding the disposal site. The two major dose contributors in Hadord ILAW glass that
mustbe retained are ‘Tc and 79Se(Mann et al. 1998).

McGrail et al. (1998) describe the strategyfor testingand modeling to determine/assessthe
radionuclide release ratesfrom ILAW glass. This strategyrequires extensive testing and modeling for
each glass considered. The program includes, for example, in situ testing, testswith waste-package
components, tests thatsimulatethe hydrology and geochemistry of the burial site, and coupled flow- ‘
reaction modeling. The resources requiredto perform such a thorough study on a large number of glasses
arenot practical. The Tanks Focus Area (TFA) Immobilization Program, DOE-EM Office of Science and
Technology, has outlined a taskto help reduce DOE’s risk of accepting an ILAW glass thatwill.not meet
performance expectations. The TFA taskis highly integratedwith the Performance Assessment (PA) task
described by McGrail et al. (1998). The goal of the PA taskis to determinethe long-term performance of
the Hanford vitrification vendor (WV) glass to be buried in the Hanford Sitenear a surface-disposal
facility. The goal of the TFA task is to relate the long-tarn petiorpmnce to glass composition and to
provide a means for screening glass compositions proposed by the HVV.

In this study (the TFA task), a team from Pacific Northwest National Laboratory (PNNL) and
Savannah River Technology Center (SRTC) is measuringthe impacts of systematic glass-composition
variation on the responses from accelerated laboratory coxrosion tests of representativeLAW glasses. A
committee of experts, assembled to identifi the appropriatetesting program, determinedthatno single
short-termtest or pair of short-termtesp was capable of determiningg the long-term performance of a
waste glass (Vienna et al. 1999). However, the committee did conclude thatthe combination of two tests,
theproduct consistency test (PCT) andvapor-hydration test (WIT), could give valuable indications of the
relative rate at which a glass could be expected to corrode in the burial scenario.a These data arebeing
generated and will be used to

aTo filly understandthe long-term performance of a glass additional testing is required. McGrail et al,
(1998 and 1999) discuss how this information is being gathered for a few selected glasses.
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● quantify the effect of glass composition on response to PCT and VHT

. supply selected glass compositions to the PA Program for furthertesting (along with PCT and
VHT results)

. help identify the appropriate glass-acceptance specifications for the HVV in concert with other
DOE activities

. supply a databaseto support glass-acceptance specifications and support the PA by giving an
indication of the range of testresponses and possibly identi~ an irregularitiesin glass behavior.

This is planned to be a two-stage task the first stage, described in this repo~ is nearing
completion. The second stage will be planned based on the knowledge gained from the first stage and
concurrentwork on the Htiord PA study (described by McGrail et al. 1998) and the glass development
program of the HVV. In the second stage, a second tier of glass compositions will be designed and tested
to account for any additional components introduced by the HVV and to better cover the initial
composition region. Additional testsmay also be petiormed on existing glasses, if needed, to better
understandglass behavior. This report provides the statusfor the first stage of testing and recommends
possible approaches for the next stage.
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2.0 Experimental Approach

Fourty-five glasses with systematically varying compositions were fabricated along with ten
additionalglasses, including glasses similar to those being considered by the HVV. The glasseswere
heat treatedto simulate slow cooling that is expected to occur during plant operation. The homogeneity,
density, and chemical composition of test glasses were measured. The responses of each glass to the
VHT and the PCT were measured..

2.1 Test Matrix Design

A matrix of 55 glasses was developed and testedwith the aim to identi~ the relationshipbetween
glass composition and response to the PCT and VHT (Vienna et al. 1999). The targetcompositions of
theseHanford LAW product-acceptance (HLP) glasses are listed in Table 2-1. They are splitinto four
groups of glasses:

1. The first24 glasses contained variations in nine components-Si02, A1203,B203, F%O~,Ti02, ZnO,
Zr02, MgO, and waste (primarilyNa20)--one-at-a-time (HLP-01 through -24) from a central
composition (HLP-01). These glasses give a direct indication of the impact of each of theseoxides
on the behavior of glasses in the testing program. Glasses HIP-44 and-45 have the sametarget
composition as HLP-O1, but were melted and heat treatedunder”reducing atmospheresto increase the
ratio of two valent to total iron (Fe@)/Fe).

2. Four glasses (HLP-01, -25,-26, and-43) have the same target composition and were fabricated and
testedseparatelyto assess the reproducibility of the glass fabrication and testprocedures.

3. Sixteen glasses (HLP-27 through -42) varied four components at a time+Si02, A1203,B203, and
waste (primarily Na20)-to assessthe interactiveeffects of the components expected to have the
largesteffect on glass behavior in corrosion testing.

4. The Iinal 10 glasses (HLP-46 through -56) (see below) were included because large and growing
databaseson their corrosion characteristicshad accumulated

● HLP-46 is the LD6-5412 glass thatwas characterized by Kim et al. (1995), Feng et al.
(1996), and McGrail et al. (1997%b)? This glass expands the composition ranges of test
glasses to higher concentrations of SiOz, CaO, and K20.

. HLP-47 is the low-activity waste reference material (LRM) glass thatwas charact&izedby
Wolf et al. (1998) and Ebert and Wolf (1999). This glass increases the range of Si02, KZO,
Cl-, and F concentrations in the testglasses.

. HLP48 is the LAW-A33 glass thatwas characterized by McGrail et al. (1999). This glass
representsa composition thatmaybe processed by the IIJW.

. HLP-49 is the LAW-B, also known as LAW-B29, that was chzqacterizedby Ferraraet al.
(1998). It expands the composition ranges of the study to lower Na20 concentrationsand
higher CaO and LizO concentrations and representsa composition thatmaybe processed by
the HVV.

● HLP-51 is the LAW-ABP1 glass thatwas characterized by Mc&il et al. (1998 and 1999).
This glass introduces La203 as a glass component.

aW. L. Ebert,A. J. Bakel, D. M. Strachan,and S. F. Wolf. 1998.
Glass, DRAFT, Argonne National Laboratory, &gonne, Illinois.
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o HLP-52 is the Han-28 glass thatwas characterizedby McGrail et al. (1999). This glass
expands the composition ranges to lower B203 and F%OSconcentrations and higher Na20
and P205 concentrations.

o HLP-53 is the LAW-A23 glass thatwas characterizedby McGrail et al. (1998 and 1999).
This glass represents a composition thatmaybe processed by theW and expands the range
of composition to higher CaO concentrations.

o HLP-54 is the L4-912 glass thatwas characterizedby Kim et al. (1995) and Feng et al.
(1996): This glass expands the composition ranges to higher concentrations of AlzOs and
SiOz and lower concentrations of many glass components.

o HLP-55 is the L4-99 glass thatwas characterizedby Kim et al. (1995) and Feng et al.
(1996)? This glass expands the composition ranges to higher SiOz concentration and lower
concentmtions of many glass components.

o HLP-56 is the LAW-A44 glass thatwas characterizedby McGrail et al. (1999). The
composition of this glass is proprietary.

.

aW. 1.. Ebert, A. J. Bakel, D. M. Strachan,and S. F. Wolf. 1998. Laboratmy Testing ofLD6-5412
Glass, DIWFT., &gonne National Laboratory, Argonne, Illinois.
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Table 2-1. Target Compositions (in mass% of oxides) of the Hanford LAW Product-Acceptance Glasses

Glass ID’ Descriptionb SiOz AIZ03 BZ03 Fez03 TiOz Zn ZrOz MgO LizO NazO K20 Ca Cl- SO Pz05 Cr203 F Re02 M003 Laz03 Total
HLP-01 Center 49.07 7.00 10.00 5.5 3.00 1.5 1.50 1.50 0.00’20.000.41 0.0 0.280.0 0.06 0.080.0 0.01 0.00 0.00100.00
HLP-02 L Si
HLP-03 H Si
HLP-04 I Si
HLP-05 L Al
HLP-06 H Al
HLP-07 I M
HLP-08 LB
HLP-09 H B
HLP-10 I B
HLP-11 L Fe
HLp-12 H Fe
HLP-13 I Fe

.: HLP-14 L Ti
HLP-15 H Ti
HLP-16 L Zn
HLP-17 H Zn
HLP-18 LZr .
HLP-19 H Zr
HLP-20 L Mg
HLP-21 H Mg
HLP-22 L Na
HLP-23 H Na
HLP-24 I Na
HLP-25 Center
HLP-26 Center
HLP-27 HHHHC
HLP-28 HHHLC
HLP-29 HHLHC
HLP-30 HHLLC
HLP-31 HLHHC

36.00 8.79 12.57 6.9 3.77 1.8 1.88 1.88 0.0025.140.52 0.0 0.350.0 0.07 0.090.0

52.00 6,60 9.43 5.1 2.82 1.4 1.41 1.41 0.0018.850.39 0,0 0.260.0 0.05 0.070.0

40,00 8.24 11.78 6.4 3.53 1,7 1.77 1.77 0.0023.570.49 0.0 0.330.0 0.07 0.090.0
50.65 4.00 10.32 5.6 3.09 1.5 1.55 1.55 0.0020.650.43 0.0 0.290.0 0.06 0.080.0
46.46 11.94-9.47 5,2 2.84 1.4 1.42 1.42 0.00 18.940.39 0.0 0.260.0 0.05 0.070.0
48.01 9.00 9.79 5.3 2.93 1.4 1.47 1,47 0.00 19,570.40 0.0 0.270.0 0.05 0.070.0
51.25 7,31 6.00 5,7 3.13 1,5 1.57 1.57 0.0020.890.43 0,0 0.290.0 0.06 0.080.0
47,98 6.8412.00 5.3 2.93 1,4 1.47 1.47 0.00 19,560.400.0 0.270.0 0.05 0.070.0
50.16 7.15 8.00 5.6 3.06 1,5 1.53 1.53 0,0020.450,42 0.0 0.280,0 0.06 0.080.0
51,93 7.41 10.58 0.0 3.17 1.5 1,59 1,59 0.0021,170.44 0.0 0.290.0 0.06 0.080.0

47.25 6.74 9.63 9.0 2,89 1,4 1.44 1.44 0.0019,260.400.0 0.270.0 0.05 0.070,0
50.37 7.18 10.27 3.0 3.08 1.5 1.54 1.54 0.0020.530.42 0,0 0.280,0 0.06 0.080.0
50.59 7.21 10.31 5.6-0.00 1,5 1,55 1,55 0.0020.620.43 0,0 0.290.0 0.06 0.080.0
47.55 6.78 9.69 5.3 6.00 1.4 1.45 1.45 0.00 19.390.40 0.0 0.270.0 0.05 0.070.0
49.82 7.10 10.15 5.5 3.04 0.0 1.52 1.52 0.0020.31 0.42 0.0 0.280.0 0.06 0.080.0
47.82 6.82 9.75 5.3 2.92 4,0 1.46 1.46 0.00 19.500.40 0.0 0.270.0 0.05 0.070.0
49.82 7,10 10.15 5,5 3.04 1,5 0.00 1.52 0.0020.31 0.420,0 0.280.0 0.06 0.080.0

46.83 6.68 9.55 5.2 .2,86 1.4 6.00 1.43 0,0019.090,39 0.0 0.260.0 0.05 0.070.0

49.82 7.1010.15 5,5 3.04 1.5 1.52 0.00 0.0020.310.42 -0.0 0.280.0 0.06 0.080.0
47,82 6.82 ‘ 9.75 ~ 5,3 2.92 1.4 1.46 4.00 0,00 19.500,40 0.0 0.270.0 0.05 0.070,0
51.67 7037 10.53 5.7 3.16 1.5 1.58 1,58 0.00 16,000,33 0,0 00220,0. 0,04 0.060.0
47,13 6.72 9,61 5,2 2.88 1.4 1.44 1.44 0.0023.000,47 0.0 0.320.0 0,06 0.090,0
50.37 7.18 10,27 5.6 3.08 1.5 ‘ 1054 1.54 0.00 180000.37 0.0 0,250.0 0.05 0.070.0
49.07 7.00 10.00 5,5 3.00 1,5 1.50 1.50 0.0020.000.41 0,0 0,280.0 0.06 0.080,0
49.07 7.00 10.00 5.5 3,00 1.5 1.50, 1.50 0.0020.000.41 0.0 0.280.0 0.06 0.080.0
52,00 11.94 12,00 0.0 0.00 0,0 0,00 0.00 0.0023.000,47 0,0 0.32 0.0 0,06 0.090.0
52.00 11,94 12.00 3.1 1.69 0.8 0,84 0.84 0.00 16.000.33 0.0 0.220.0 0.04 0.060.0
52.00 11.94 6.00 2.5 1.38 0.6 0.69 0.69 0.0023.000,47 0.0 0.320.0 0.06 0.090.0
52.00 11,94 6.00 5.6 3.07 1.5 1.54 1.54 0,00 16.000.33 0.0 0.220.0 0,04 0.060.0
52,00 4.00 12.00 3,3 1.83 0,9 0,92 0,92 0.0023,000.47 0.0 0.320.0 0.06 0.090.0

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.O1
0,01
0.O1
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0,01
0.01
0.O1
0.01
0.01
0.01
0.01
0.01
0.01 “
0,01
0.01

0.00 0.00 99.99
0.00 0.00 99.99
0.00 0.00 Ioo.ol -
0.00 0,00 100.01
0.00 0.00 99.99
0.00 0.00 99.98
0.00 0.00100.01
0.00 0.00 99.99.
0.00 0.00 99.98
0.00 0.00100.01
0.00 0.00 99.98
0.00 0,00100.00
0.00 0.00100.02
0.00 0.00 99.98
0.00 0.00 99.99
0.00 0.00 99.98
0.00 0.00 99.99
0,00, 0.00 99.99
0.00 0.00 99.99
0.00 0.00 99.98
0.00 0.00 100.00
0.00 0.00 100.00
0.00 0.00 100.01
0.00 0,00 100.00
0.00 0.00 100.00
0.00 0.00 99.99
0.00 0.00 99.99
0.00 0.00 99.98
0.00 0.00 100.01
0,00 0.00 100.00

HLP-32 HLHLC 52.00 4.00 12.00 6.4 3.52 1.7 1.76 1,76 0.00 16.000,33 0.0 0.220.0 0.04 0.060,0 0.01 0.00 0.00 100.OO



Glass ID’ Descriptionb SiOz A1203 BZ03FezOs Ti02 Zn ZrOz MgO LizO NazO KzO Ca C~ SO PZ05Crz03 F ReOz M003 Laz03 Total
HLP-33 HLLHC 52.00 4.00 6.00 5.9 3,21 1,6 1.61 1.61 0.0023.000.47 0,0 0.320.0 0,06 0.090.0 0.01 0.00 0.00 99.99
HLP-34
HLP-35
HLP-36
HLP-37
HLP-38
HLP-39
HLP-40
HLP-41
HLP-42
HLP-43
HLP-44
HLP-45
HLP-46
HLP-47

“: HLP-48
HLP-49
HLP-51
HLP-52
HLP-53
HLP-54
HLP-55

HLLLC
LHHHC
LHHLC
LHLHC
LHLLC
LLHHC
LLHLC
LLLHC
LLLLC
Center
reducedd
reducedd
LD6-5412f
L~g

LAW-A33=
LAW-B29C
LAW-ABPI
HAN-28C
LAW-A23’
L4-912
L4-99

52,00 4.00 6.00 9.0 4.90 2.4 2.45 2.45 0.00 16.000,33 0.0 0,220.0 0.04 0.060.0 0.01 0.00 0.00 99.99
36.00 11.94 12.00 6,7 3.69 1.8 1,85 1.85 0.0023.000.47 0.0 0.320.0 0.06 0.090.0 0.01 0.00 0.00100.00
36.00 11,94 12.00 9.8 5.38 2.6 2.69 2.69 0.00 16.000.33 0.0 0.220.0 0.04 0.060.0 0.01 0.00 0.00100.00
36.00 11.94 6,00 9,3 5,07 2.5 2.54 2.54 0.0023.000.47 0.0 0.320.0 0.06 0.090.0 0.01 0.00 0.00 99.99
36,00 11.94 6.00 12.4 6,76 3.3 3.38 3.38 0.00 16.000.33 0.0 0,220,0 0.04 0.060.0 0.01 0.00 0.00 99.99
36,00 4.00 12,00 10.1 5.52 2,7 2.76 2.76 0.0023.000.47 0,0 0,320,0 0.06 0.090.0 “ 0.01 0.00 0.00 99.98
36.00 4.0012.00 13,2 7,21 3.6 3.61 3.61 0.00 16.000.33 0.0 0,220,0 0.04 0,060.0 0.01 0.00 0.00100.01
36,00 4.00 6.00 12.6 6.90 3.4 3.45 3,45 0.0023.000.47 0.0 0.320,0 0.06 0.090.0 0.01 0.00 0.00 99.97
36.00 4,00 6.00 15.7 8.59 4.3 4.30 4,30 0.00 16.000.33 0.0 0.220.0 0.04 0.060.0 0.01 0.00 0.00100.00
49.07 7.00 10.00 5.5 3.00 1.5 1.50 1.50 0.0020.000.41 0.0 0.280.0 0,06 0.080.0 0.01 0.00 0.00 100.00
49.07 7,0010.00 5.5 3.00 1.5 1.50 1.50 0.0020.000.41 0.0 0.280.0 0.06 0.080.0 0.01 ‘ 0.00 0.00100.00
49.07 7.00 10.00 5.5 3.00 1,5 1.50 1.50 0.0020.000.41 0.0 0.280.0 0.06 0,080,0 0.01 0.00 0.00 100.00
55.91 12.00 5.00 0.0 0.00 0.0 0.00 0.00 0.0020.00 1.46 4.0 0,350,2 0.19 0.040.2 0.00 0.15 0.00 99.60
55.00 10.00 8,00 1.0 0.10 0.0 1.00 0.10 0,1020.00 1.50 0,5 0.800.2 0.50 0.20 1.0 0.00 0.00 0.01 100.01
38.25 11.97 8.85 5.7 2.49 4.2 2.49 1.99 0.0020.003.10 0.0 0.580.1 0.08 0.020.0 0.00 0.00 0.00100.00
43.93 8.03 8.07 8.0 0.00 3.9 3.04 3.00 4.08 10.000.36 7,0 0,290.0 0.01 0.100.0 0.00 0.00 0.00 99.98
41,89 10.00 9.25 2.5 2.49 2.6 5.25 1.00 0.0020.002.20 0.0 0.580.1 0,08 0.020.0 0.00 0.00 2.00100.00
44.46 10.15 0.00 2.5 0.38 0.0 5.00 1.18 0.0028.62 1.96 2.5 0.130.3 1.90 0.080.3 0.00 0.00 0.00 99.59
40.15 9.86 4.23 7.3 0.00 3.2 2.99 2.04 2.0420.003.10 4,3 0.360.0 0.08 0.01 0.1 0.00 0.00 0.00 99.98
56.78 12.00 9.00 0.0 0.00 0.0 0.00 0.00 0.0020.000.33 0.0 0.090.3 1,19 0.040.2 0.00 0.00 0.01 99.97
59.78 9.00 9.00 0.0 0.00 0.0 0.00 0.00 0.0020.000.33 0.0 0.090.3 1.19 0.040.2 0.00 0.00 0.01 99.97

HLP-56 LAW-A44C’h
1’)Glass HLP-50 is reserved for a suitablenaturalanalog glass to be tested once identified,
‘) Levels of glass components are given as L – low, I – intermediate,and H – high for the components following the level.
(C)Levels of glass components are given as L – low, I – intermediate,and H – high for Si02, A1203,B203, and NazO, respectively.
(d)HLP-44 and -45 were melted and heat treatedunder a reducing atmosphere to increase the ratio of two valent to total iron (Fe(II)/Fe),
(’I Preliminary Hanford LAW glasses developed by the Vitreous StateLaboratory at the Catholic University of America for the HVV. Target
composition was normalized to 100% during fabrication.
(0HLp46,orLD6-541Z,containsa&-jitiOnalcomponents(target mass~o): Sro (0. 11), I (0. 13), CS20 (().15), and MnO (().()()2), see Feng et al.

(1996) for details.
(d HLp-47, or LRM, contains additional components (target mass~o): Bao (0.005), Cdo (0.2), I (().0()2), Mno ((). 1), NiO (O.1), and PbO (O.1), see

Ebert and Wolf 1999 for details,
‘h)Proprietary glass composition.
‘i)The entireFe concentration is listed as Fez03; except where otherwise noted, no attemptwas made to control the oxidation stateof Fe.

.



2.2 Glass Fabrication and Heat Treatment

Matrix glasses were batched from single metal oxide or carbonate precursors for all components
except S03, P205, F, and Cl”, which were added as sodium salts,and B203, which was added as H3B03.
Batches sufficient to produce 500 g of glass were melted in covered Pt/Rh crucibles for 1 h, quenched on
a steelplate, ground in a tungstencarbidemill, andremelted in a’covered Pt/Rh crucible for 1 h. After the
second melt a portion of the melt was quenched on a steelplate. The remainder of the melt was
transfemeddirectly into a preheatedfbrnace (in “Nor Pt/Rh containers) and heat-treatedaccording to the
HW box interior cooling schedule shown in Figure 2-1? This cooling schedule was used to si&ulate the
slowest cooling that can be expected duringplantoperation. GlassesHLP-46, -47,-52,-54, and-55 were
not heat treated (to maintain the same thermalhistory of the glassespreviously testedwith the same
compositions), but’bars were cast and annealedfor 2 h atroughly 10°C above the glass transition
temperatureand slow cooled to room temperature. Glasses HLP-44 and -45 were batched with a targeted
ratio of FeO to F%03 and melted andheattreatedin a controlled atmosphere?iu-nacewith CO/C02 ratios
described in Table 2-2. This procedure was used at SRTC to fabricate glasses HLP-13 to HLP-25 and at
PNNL to fabricate the remaining glasses.
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Figure 2-1. Computed ThermalCoolkg Cue for 1.2x 1.2x 1.8 m Waste Package

aAlthough the EIIW no longer plans to cast glass into a box, an updated cooling schedule was not
available at the time of this testing. The impacts of a different cooling schedule will have to be assessed
after the final schedule is available. However, the impacts are not expected to be significant.
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Table 2-2. Melting Parametersfor HLP-44 and HLP-45

3?abrication SteD Ratio mJP-44 HLP-45

Batching FeO/F%O~ 1.6513.67 3.87/1.23

Melting colco~ 0.64/99.36 16.66/82.7

Heat Treatment COIC02 0/100 0.02/99.97

2.3 Homogeneity

Heat-treatedglasses were examined in transmitted-lightoptical microscopy (OM) at
magnificationsup to 70x. Selected glasses were examined at high magnification (up to lOOOx)OM,
scanningelectron microscopy (SEM) with energy dispersive spectroscopy (EDS), and X-ray diffi-action
(XRD). Crystallinefractions of any glass in which secondary crystallinephases were identified with OM
were obtainedby semiquantitativeXRD according to the direct comparison method (Cullity 1978). This
method is estimatedto have a relative accuracy of+ 500A.

2.4 Density

Densities of all glasses were measmed with a gas pyenometer AccuPyc 1330, which uses ultra
pure Helium and is equipped with a l-cm3 cell. Heat-treatedglass sampleswere ground in a tungsten
carbide mill for 1 min to reduce the impact of bubbles on density. The device was calibrated with a
tungstencarbide calibrationball before each set of measurementsto check the calibration and exclude
possible contaminationof the instrumentby glasspowder?

Once the sample was loaded, ten purge cycles were ptiormed in roughly 30 min. The average of
10-volume-displacement measurementson the same sample was used to calculate the density of each
glass. A standarddeviation was calculated from the 10-vohune-displacement measurements. This
procedure was found to yield a precision from 0.04 to 0.01 ‘XO (relative) when multiple measurementsof
the same glass were made over a period of roughly 4 months, which is consistent with the reported
precision for this instrument.

2.5 Redox Analyses

The Fe(II)/Fe ratio or redox of selected matrix glasses (HLP-26, -44, and -45) were measured
according to the colonmetric method. The redox of both quenched and heat-treatedstiples was
measured. For the measurement roughly 0.1 g of powder (ground in a tungstencarbide mill) was mixed
with 2.5 mL of concentratedH2S04 (95–980A) and then with 7.5 rnL of concentrated ID? (48-510/o).
Within 15 sec after the powder was mixed with HF, a 250 mL reagent solution composed of
phenanthroline,boric acid, and potassium hydrogen phthalate,was immediately added to stabilize the
Fe(II). The solution was dilutedto 500 mL with DIW and the absorbance of Fe(H) was measured using
an uhra-violet/visible/near inbred spectrophotometer. The spectrophotometerwas calibrated, and an
Fe(D) concentration was calculated flom calibrationdata. The total iron was determined by inductively
coupled plasma-emission spectroscopy of the solution.

aCertificateof Calibration, 98-046490, traceable to NET Test No. 821 25B 592-97 according to
ANSUNCSL 2640-1-94 and 1S0 10012-1-92, Precision Ball& Guage Co., Alvadore, Oregon (1998).
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2.6 Composition Analyses

To confirm thatthe “as-fabricated” glass compositions corresponded to the defied targeted
compositions (see Table 2-l), a sample from each HLP glass was submittedto the SRTC Mobile
Laboratory (SRTC-ML) for chemical analysis. Due to limited quantitiesof glass, fines (-200 mesh
powder) produced during the PCT sample-preparationprocedure were submittedfor analysis.
Concentrations(as mass %) for the cations of interestwere measured using inductively coupled
plasma-atomic emission spectroscopy (ICP-AES) after preparing the samplesusing one of two fiwion
techniques: 1) NazOz/NaOH/HCl or 2) LiBO&IN03. Table 2-3 identifies the elements analyzed,
methods of analysis, and typical reportable limitsa. The target and measured concentrations will be
compared below.

Glass standardiwere not rurfwith these samples as this practice is not required in the SRTC
Mobile Laboratory (SRTC-ML) procedures. Instea& a matrix-matched calibration standardwas run
atthe beginning and end of the testblocks as well as after each ten samples. For the analyses of the
calibrationstandard,the expected differences are+5% (although j%e SRTC-ML procedure allow for
differences up to ~ 10%).

iVazOJiVaOHIHCl Fusion Preparation
Approximately 0.25 &0.01 g of crushed glass was iised with 1.5 g.NazOz and 1.0 g NaOH at

600”C for 15 min in a Pt crucible. The fbed sample was dissolved in water and 25 mL of HCI acid.
The fused sample was dilutedto 250 rnL with deionized water.

ICP-AES was used to measure the concentrations of B, Si, -N, and Li in the
NazOz/NaOI-UHClfusion preparation. Before running the solution through the ICP-AES, a 1/10
dilutionon the final 250-mL solution was performed. Calibration standardswere “inatrixmatched.

LiBO@/03 Fusion Preparation
Approximately 0.1 ~ 0.01 g of crushed glass was fused with 0.3 g of LiBOz at900°C for 15 min

in a Pt crucible. The fbsed samplewas dissolved in a 4°/0 HN03 solution. The dissolved sample was
dilutedto a iinal volume of 250 I& No &ther dilutions were made before running this solution through
the ICP-AES. Again, calibrationstandardswere matrix ryatched.

aThe reportablelimits are obtained horn a two-point calibration, followed by the analyses of a blank five
times with five replicates. The average standarddeviation for each elemen~ or detection limit is then
calculatedfrom theseresults.The reportable limit is the detection limit rnultipkl by 1o..
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Table 2-3. Elemental A@ysis Based on Dissolution Procedure and Analytical Technique

Analytical Typical Reportable
Element Dissolution Technique Technique Limit (pg/mL)

Al NaZOZ/NaOIYIICl . ICP-AES < ().200
B NazOz/NaOH/HCl ICP-AES <0.180
Ca LiBOz/HN03 ICP-AES <0.010
Cr LiBO@NO~ ICP-AES <0.030
Fe LiBOz/HNO~ ICP-AES <0.020
K LiBOz/HNO~ ICP-AES <0.600”
Li Na20z/NaOH/HCl ICP-AES < ().020
Mg LiBOziHN03 ICP-AES < ().0()1
Na LiBOz/HN03 ICP-AES <0.530
Ni LiBOz/HN03 ICP-AES <0.060”
Si NazO@JaOHiHCl ICP-AES <0.180
Ti LiBO@N03 ICP-AES <0.001
Zn LiBOz/HN03 ICP-AES <0.400
Zr LiBOZ/HN03 ICP-AES <0.080

2.7 Product Consistency Testing

Both PCT-A and PCT-B were ptiormed on each test-matrixglass to assess chemical
durability as defined in American Society for Testing and Materials(ASTM) C 1285 (ASTM 1985).
The PCT-A was conducted in triplicatefor each of the LAW glasses. Duplicate blank testswith
ASTM Type I water were also run within each testblock Sampleswere groun~ washed, and
prepared according to procedure. For PCT-A, 15 mL of ASTM waterwas added to 1.5 g of glass in
stainlesssteelvessels resulting in a surface area to volume ratio S/V of approximately 2000 m-]. (For
this initialexamination of the da% small variations in WV resultingfrom minor density differences
were not considered.) The vessels were close~ sealed, and placed into an oven at 90 + 2°C where
they remained for 7 days. Mkr the 7-day tes~ vessels were removed from the oven and allowed to
cool to room temperature. The final masses of each vessel andthe solutionpH were recorded on the
data sheet. Test solutions were then filtered through a 0.45-prn pore size filter. Six rnL of each test
solution was then acidified with 4 xnL of 0.4 M HN03 to ensurethatthe cationsremain in solution.
Test solutions and blanks were then analyzed in the SR~C-ML for Si, B, Na, and Li concentrations
using ICP-AES. A multi-element solution standardwas also submittedwith the PCT solutions for
control purposes. Data sheetswere used to record the vessel identificationnumber, sample ID, mass
of vessel (empty), mass of vessel with glass, and the mass of vessel with glass and water.

The PCT-B series was conducted at an S/V value of approximately20,000 m-* and a temperature
of 90”C in Teflon@ vesselsaas defined by Vienna et al. (1999). The durationsfor the PCT-B testswere:
10, 100, 1000,5000 (or a time to be determined [TBD]), and 10,000 h (or a time TBD)~ Samples were
ground, washed, and prepared according to procedure. Ten mL of ASTM waterwas added to 10.0 g of
glass in Teflon vessels, resulting in an S/V value of approximately 20,000 m-l. The vessels were closed,

aWhen Teflon@ vessels are use~ C02 diffbes into the test solution so thatsecondary reactions arenot
limited by C02 concentration. Also for these long test durations,the vessel mass must be tracked&d
water added when the water mass loss exceeds 100/o.
bA sixth sample was initiated and will be used as a “pulse-flow” testin which solution concentrations are
monitored on, at leas~ a monthly basis to determine the appropriatetimesto pull the two TBD tests.
Samples will be terminated at a time determined upon review of initialdata.
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sealed, and placed into an oven at 90 + 2°C. Mter the specified test duration,the vessels were removed
from the oven and were allowed to cool to room temperature. The final mass of each vessel and the
solution pH were recorded on the data sheet. Test solutions were then filtered through a 0.45-pm pore
size filter. Generally, 6 ti of each test solution was then acidified with 4 mL of 0.4 M HN03 to ensure
thatthe cations remain in solution, Test solutions and blanks were then analyzed in the SRTC-ML for Si,
B, Na, and Li concentrations using ICP-AES. A multi-element solution standardwas also submittedwith
the PCT solutions for control purposes. Data sheetswere used to record the vessel identification number,
sample ID; mass of vessel (empty), mass of vessel with glass, and the mass of vessel with glass and water.
Selected glass samples from the PCT-B testsare being evaluatedfor the formation of secondary phases
via electron microscopy.

2.8 Vapor Hydration Testing

In the VHT, monolithic samples are exposed to saturatedwater vapor at elevated temperatures
(typically 100°C to 300°C) in a sealed vessel as showmschematically in Figure 2-2. This environment
greatly accelerates the progression of glass corosion by water and can result in the formation of alteration
phases. The principal uses of the test are 1) as a screening tool to quickly determineif a glass is likely to
corrode at an extreme rate, 2) as a convenient means of generatingalterationphases for analysiswithin a
shortperiod, and 3) for a measure of the alterationrate at elevated temperatures.

Samples

Stainless steel )

vessel

Stainlesssteellid

L-I
/ Deionized water

Stainless steelsupport

Figure 2-2. Apparatus for Conducting VHTs

The VHTS were performed according to a PNNL technical procedure? Samples with dimensions
of 10 x 10 x 1.5 mm areprepared from heat-treatedglass bars with a diamond-impregnated saw. All
sides arepolished to 600-grit surface finishes with silicon carbide paper. Samples, stainlesssteelvessels,
lids, and supportsare cleaned, tid samples are suspended from stainlesssteel supports on Pt wire. lm

a Vapor-phase Hydration Test Procedure, GDL-VHT, Rev. 1, Pacific Northwest National Laboratory,
Ricliland, Washington (1999).
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mount of deionized water (DIW), predeterminedto be appropriatefor fie vessel s~e, fie temperature>
and the number of samplesin the vessel, is added to the vessel. The sealedvessel is held at constant
temperaturein a convection oven for a presettime, removed, weighed, and quenched in water. After the
testterminatio~ samplesare removed from the vessel and examinedfor the presence of alteration
products with OM. The alterationproducts are identifiedwith XRD and SEM with EDS.

The amount of alteredglass was calculated from the di&erencebetween initialglass thiclmessand
remainingglass thicknessdeterminedfrom sample cross sections with OM and image analysis (LA). The
thicknessof remainingglass layer, d,, is determinedby performing 10 measurementsequally distributed
across the specimen as shown in Figure 2-3.

glass layer are listed above each measurement)

The alterationextentor the amount of glass converted into alterationproducts (nz~)per unit
surface areq is given by

md = ()_EL_+
2wili ,

(2.1)

where rniis the initialsamplemass, ~i and .Ziare samplewidth and len~ respectively, d, is the thiclmess
mainingglass layer, and di is the initial glass layer thickness.of re The alterationrate, r, is then given by

and
r .—

at
(2.2)

where tis time, and the rate is calculated by regression over the linearportion of the m~ – t curve as
discussed in Section 3.6.1. This rate is thatdescribing the alterationprocess, which is known to include
leaching (ion exchange), corrosion (matrix dissolution), and precipitationof multiplealterationproducts.
We do not yet know if one of the reactions limitsthe rate of the overall process or if so, which reaction.
This will be a topic of fhrt.herstudy.
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3.0 Results and Discussion

The testingprogram described above is still in progress. This section summarizesthe current,
preliminaryresults. The final resultsfrom this testingprogram will be reported in a subsequentreport.

3.1 Glass Homogeneity

Eight of the 55 matrix glasses formed significant amountsof a crystallinephase during the heat
treatment, All other glasses appearedto be homogeneous or single phased by OM. However, additional
phases thatwere not detectable by OM could have formed. Selected glasses were examined with SEM
and XRD to confirm theirhomogeneity (which is stillnot considered adequateto rule out the presence of
additionalphases). Of the glasses thatformed additionalphases—HLP-36, -37,-38,-40,-41,-42, -49,
and -53—six were four-component-at-a-time change glasses with low Si02, and two were proposed HW
glasses. Examination of the XRD traces of each glass, shown in Figure 3-1, suggests thatthey all contain
crystalline inclusions with the possible exception of HLP-41. Furtherexamination suggests thatglasses
HLP-38 and -42 have similarpatterns. The phase characterizationfor each of these glasses is described in
Sections 3.1.1 through 3.1.6.
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Il,,i . . . . . . .

tiLP-53H

A 1 A

k
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I
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Figure 3-1. XRD Patternof Inhomogeneous Glasses“(withthe “amorphous hump” subtracted)

3.1.1 HLP-36 and HLP-40

Glasses HLP-36 and-40 have the same targetconcentrations of SiOz, NazO, and BZ03 with a
different concentration of A1203and form the same crystallinephases. The phases identified in these
glasses along with their estimatedconcentrations are listed in Table 3-1. Hematitewas found in two
modifications with a different content of Ti substitutingfor Fe. Micrographs of thesephases, both OM

3.1
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and SEM, are shown in Figure 3-2 and Figure 3-3 for HLP-36 and Figure 3-4 and Figure 3-5 for EILP-40.
Both zinc iron oxide and iron titaniumoxide form smallercrystals located usually on the surface of
hematite. An additionalphase was found in HLP-36 with SEMIEDS; this phase has a high concentration
of Ti and a smallerconcentrationof Mg. It likely accounts for the Loveringite structurefound with XRD
with Mg substitutedfor Ca.

Table 3-1. List of Phases Identifiedin HLP-36 and -40 With XRD

#’) Phase Concentration in HLP-36 Concentration in HLP-40
1 Zinc Iron Oxide (ZnFqOJ 1.74 massYo 0.44 massYo
2 Hematite(F%OS) 2.40 1.52
3 Iron TitaniumOxide (F%TiOs) 2.09 10.32
4 Loveringite (CaTizlOss) 4.85 1.02

a) Numbers refm to the labels in figures.

FILP-36 (200x)

—

.

Figure 3-4. TransmittedLight OM of
HLP-40 (200X)
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Figure 3-6. SEIvlkDS of Zinc Iron Figure 3-7. SEWEDS of Hematite (Fez03), w~e~e—
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Figure 3-8. SEM7EDS of Iron Titanium
Oxide (F~TiO~)
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Figure 3-9. XRD Patternof HLP-36

3.1.2 HLP-37

Carnegeite and chromite were identified in HLP-37 glass, with concentrations listed in Table 3-2.
The leaf-like crystals in Figure 3-10 were identified as two distinctcarnegieite phases. The light gray
phase in Figure 3-11 has higher Si concentration, while the darkerphase has higher concentrations of Al
and Na. The second phase was identified with OM as spinel. Au EDS spectra of this phase indicates
high concentrations of Cr and Fe, likely chrornite. This structurecannot be verified by XRD because of
its minor content in glass (Figures 3-12 through 3-14).

Table 3-2. List of PhasesIdentified in HLP-37 .

#a) Phase Concentration
1 Carnegieite low (Na(AISiOA)) 49.28 mass%
2 Chromite (FeCrzOA) > ().5

a) Numbers refer to the labels in figures.
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Figure 3-12. SEWEDS of CarnegieiteLow
~a(AlSi04)] - Dark Gray Phase
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Figure 3-14. XRD Patternof HLP-37

3.1.3 HLP-38 and HLP-42
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Figure 3-13. SEM/EDS of CarnegieiteLow
~a(AlSi04)] - Light Gray Phase

Like glasses HLP-36 and -40, HLP-38 and -42 have the sametarget concentrationsof SiOz,
NazO, and BZ03 with a dilferent concentrationof AlzOs and form the same crystallinephases.
Titanornagnetiteand mathiasitewere identifiedin these gkisseswith their estimatedconcentrationslisted
in Table 3-3. Figure 3-15 and Figure 3-16 show SEM micrographs of these phases in HLP-38.
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Table 3-3. Phases Identifiedin HLP-38 and HLP-42 With XRD

#’) Phase Concentration in HLP-38 Concentration in HLP-42
1 Titanomagnet.ite(F%50Ti0.500A) -12.78 nlaSs~O 13.41 massYo
2 Mathiasite[~ Ba)(Ti,Cr,Fe,Mg)@ sg] 6.04 5.42
a)Numbers refer to the labels in figures.

Figure 3-16. OM Micrograph of EILP-38

Figure 3-17. SEIWEDS of Titanomagnetite
(F%50TkA)
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Figure 3-19. XRD Patternof HLP-38
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Figure 3-18. SEM/EDS of Mathiasite
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3.1.4 EIILP-41

Zinc Iron Oxide (ZriF%OQ)was identifiedin HLP-41 with a combination of OM (which showed
spinel like crystals as shown in Figure 3-20) and EDS (which showed high concentrationsof Fe and Zn as
shown in Figure 3-21). We were notable to identi@ the crystallinephases with XRD because of the low
concentrationof crystals. The detectionlimit of crystallinephases by the XRD method used is estimated
at roughly 0.5 maSSO/O.

+–_—— -—

J-d

Fi&re 3-20. OM of HLP-41 (500x)

3.1.5 1311?-49

Fi~re 3-21. EDS Spectra of a Crystal in HLP-41

The phases identifiedin HLP-49 glass with XRD are listed in Table 3-4. Only one type of crystal
was identifiedin HLP-49 with OM as shown in Figure 3-22. The composition of the crystal was
calculated with SEIWEDS to be Ca.ssMgO.Q9Fq.Q9(SiOs)z,which is very close to a Ca-clinopyroxene
named augite. Some Zr impuritieswere also found via SEM/EDS of these crystals. XRD identifiedlxvo
types of these clinopyroxene with a diiXerentratio of Fe substitutingfor Mg. FurtherSEM investigation
identifiedchrorniteat the center of a clinopyroxene crystal and Pt in the center of one chrornitecrystal
(see Figure 3-26 and Figure 3-27). Platinumwas introduced into the glass, probably duringthe melting
process, and may have served as a nucleation center for growth of the chromite, which in tum may have
served as a nucleation site for the growth of clinopyroxene.

Table 3-4. List of Phases Identifiedin HLP-49 with XRD

~ #a Concentration
1 Calcium Magnesium silicate [cao.8Mgl.z(%03)z] 2.24 IIXiSSyO

2 Augite [Ca.61Mgo.7&eo.49(sio3)2] 3.51
3 Zinc Iron Oxide (ZIIF020Q) 50.5
a) Numbersrefertothelabelsinfigures.
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Figure 3-22. OM of Augite in HLP-49 (200x)
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Figure 3-24. SEIWEDS of Augite
[C~.slMgo.d?eO.qg(SiOJz]

Iron Oxide (on top) in HLP-49

Figure 3-25. SEWEDS of Zinc Iron Oxide
(Znl?qo,)
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Figure 3-27. EDS Speotra of a Pt particle in
(backgroun~), &d Zinc Iron HLP-49
Oxide in HLP-49
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3.1.6 EIU?-53

During the heattreatmentof HLP-53, a second phase appearedto segregateon all sutiaces of the
melt (for example, see Figure 3-28). The segregatedmaterialsor “phases” were easy to mechanically
separate. OM analysesof each individual “phase” (given in Figure 3-30 and Figure 3-31) showed densely
packed small crystals on the surfiwephase and a few large crystals in the bulk phase. XRD analyses
identifiedonly nepheline(NaAISiOg) in both the stuface and bulk. The measured compositions of the
bulkquenched glass andthe surfhce layer and bulk layer of the heat-treatedglass are compared in
Table 3-5. The d.iflierencesare too small to suggest thatthe IWOlayers are of different composition.
These data suggest massive surfiwe crystallizationof nephelinein FILP-53 duringheattreatment. The
inhomogeneity of this sampleprecluded the testing of heat-treatedsamplesby WIT; however, a sample
representativeof the materialwas ground and used for PCT along with a quenched sample. The content
of nephelinemeasuredin HLP-53 glass with XRD was 2.11 massOA.

Figure 3-29. OM of HLP-53 Bulk (70x)
Monolith after Heat Treatment
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Figure 3-30. OM ofHLP-53 Smfiice (500x) Figure 3-31. OM of HLP-53 Bulk (70x)

3.8



Table 3-5. Comparison of Composition for Different Samples of HLP-53 (mass %)

Target Quench ET (3?CT) Bulk Surface

SiOz 40.15 40.8 39.5 42.2 43.5

lu~o~ 9.86 9.79 9.31, 9.59 9.49

BzO~ 4.23 4.54 5.46 4.34 4.26

F~03 7.30 7.52 7.67 7.99 8.12 ‘

ZnO 3.28 3.24 3.09 3.07. 3.26

Zroz 2.99 2.82 2.76 2.79 2.67

MgO 2.04 1.84 1.93 1.85 1.89

LizO 2.04 2.13 2.29 2.11 2.09

NazO .20.00 20.4 18.6 18.7 19.3

KZO 3.10 3.08 2.75 2.98 2.93

CaO 4.38 4.33 4.21 4.27 4.32

cl- 0.36 NM NM NM NM

SOS 0.04 NM NM NM NM

P~o~ 0.08 NM ~ NM NM

Crz03 0.01 BD 0.14 BD BD

F 0.12 NM NM NM NM

Total 99.98 100.49 97.71 100.19 101.83
NM= not measure~ BD = below detection limits

3.2 Density of HLP Glasses “

The measured glass densities ~) are listed in Table 3-6 along with standarddeviations. The
densitiesof all matrix glasses range from 2.45 g/cm3 to 2.95 g/cm3.’ However, on average, the
crystallized glasses have higher densities, ranging flom 2.71 g/cm3 to 2.95 g/cm3 as compared to the
homogeneous glasses, which range in density from 2.45 g/crn3to 2.81~cm3.

a The units of g/cm3 are used in this report to allow direct comparison with existing dataon glass density.
To convert to the S1units of kg/m3, the reader can multiplyreportedvalues by 1000. .
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Table 3-6. Density of HLP Glasses (heattreatedand powdered unless otherwise noted)

Glass’ p [g/cm3] St+Dev. Glass’ p [g/cm3] St.Dev. Glass’ p [g/cm3] St.Dev.
HLP-01 2.6493 0.0020 HLP-24 2.6087 0.0006 HLP-21 2.6148 0.0009
HLP-02 2.7022 0.0020 HLP-25
HLP-03 2.6364 0.0011 HLP-26
HLP-04 2.6828 0.0009 HLP-27
HLP-05 2.6756 0.0002 HLP-27QP
HLP-06 2.5609 0.0025 HLP-28
HLP-07 2.6027 0.0015 HLP-29
HLP-08 2.6915 0.0030 HLP-30
HLP-09 2.6014 0.0009 HLP-31
HLP-10 2.6229 0.0009 HLP-32
HLP-11 2.5630 0.0025 HLP-33
HLP-12 2.6819 0.0018 HLP-34
HLP-13 2.6074 0.0011 HLP-35
HLP-14 2.588 0.003 HLP-36
HLP-15 2.6275 0.0032 HLP-37
HLP-16 2.5919 0.0034 HLP-38
HLP-17 2.6574 0.0039 HLP-39
HLP-18 2.5997 0.0027 HLP-40
HLP-19 2.6692 0.0012 HLP-41

2.6409 0.0018 HLP-22 2.5900 0.0018
2.6418 0.0018 HLP-23 2.6285 0.0033
2.5048 0.0008 HLP-43 2.6354 0.0026
2.4869 0.0008 HLP-44 2.6391 0.0018
2.5165 0.0021 HLP-45 2.6572 0.0024
2.5691 0.0028 HLP-46 2.5389 0.0006
2.5990 0.0006 HLP-47 2.5233 0.0015
2.6244 0.0011 HLP-48 2.6872 0.0014
2.6249 0.0010 HLP-48HG 2.6556 0.0007
2.6351, 0.0018 HLP-48QP 2.6515 0.0015
2.6729 0.0031 HLP-48QG 2.6428 0.0009
2.6437 0.0060 HLP-49 2.7712 0.0006
2.7437 0.0011 HLP-51 2.7218 0.0006
2.7056 0.0010 HLP-51HG 2.6751 0.0011
2.7828 0.0020 HLP-52 2.6539 0.0007
2.7304 0.0018 HLP-53 2.7258 0.0007
2.8250 0.0005 HLP-54 2.4897 0.0030
2.8140 0.0015 HLP-55 2.4545 0.0025

.

HLP-20 2.6258 0.0002 HLP-42 2.9520 0.0012 HLP-56 2.6804 0.0015
(a) H= Heat-treated,Q = Quenched, P = Powdered, G = Grain (i.e., not powdered)

3.3 Glass Compositions

The targetedandmeasuredglass compositions are shown in Table A-1. Comparison of the
targeted and measuredcompositions indicates thatthere were no gross batching errors. That is, the
differences between the targetand measured concentrations for most of the major components (i.e., SiOz,
AIZOs,BZOS,TiOz, and NaZO)were less than 5%. Furthermore,the initialreview of these data suggested
thatno gross laboratory-to-laboratoryvariation in glass preparationappeared to have pccurred. (Glasses
HLP- 13 to HLP-25 were preparedat SRTC while the remainder of the glasses were fabricated at PNNL.)
A more detailed statisticalanalysis (including appropriatecomponents of variance) of the composition
dab is planned for the final Hanford ILAW datapackage.

. It should be noted thatthe Fe203 and Cr20~measured values were higher than the targetedvalues
for all the glasses. Since a significant amount of glass was needed fm testing (i.e., VHT, PCT-A, and
PCT-B), only ground PCT fines (-200 mesh) were available for composition analyses. Therefore,
contamination from the stainlesssteel grinding vessel is suspected to be the primary cause of the elevated

.

Fe20s and Crz03 values. This contamination has the effect of relatively decreasing the other measured
concentrations for the glass. A number of the glasses maybe resubmittedfor nickel analyses so thatthe
glass concentrations can be corrected for the suspected stainlesssteel contamination.

.

The sum of the oxides was greaterthan95%’ for all but one glass (i.e., HLP-46). For another
four glasses (HLP-9,HLP-11, HLP-26 and HLP-32), the sum of the oxides was approximately 95Y0. The

aA sum of oxides greaterthan95’% is a heuristicmetric used at SRTC to ensure thatthe measured glass
compositions are valid.
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resulting lower-than-expected sums of oxides maybe eithertheresultof an analyticalbias or normal
random variation in the measured concentrations.

In almost all cases, the measured Na20 values were lower thantargeted. The maximum deviation
was observed inHLP-11 where the measured Na20 value was 14*/olower thantargeted. There is
currently insufficient data to resolve the source(s) of these differences; fbrtherexamination is necessary.

Batching and analytical errors were fi.utherexamined by comparing the chemical composition
datafor the repeated glasses. This analysis will be discussed in Section 4.17.

3.4 Redox

Glasses HLP-44 and -45 have the same targetcomposition as the center glass (HLP-01).
However, they were melted and lwat treatedunder reducing conditions to progressively increase the redox
(ratio of two valent to total iron-Fe(H)/Fe) as discussed in Section 2.2. The measuredredox ‘of these
glasses is compared to thatof HLP-26 in Table 3-7. The redox of theseheat-treatedglasses ranges from
1% to nearly 59%, which is expected to bracket the redox of glasses to be produced by the HVV.

Figure 3-32 shows the relationship between the naturallogarithmof oxygen partialpressure
above the glass meh and the measured redox of the quenched glasses. Our measurementsshow that
ln@?e(lI)/Fe(III)] is related to ln[poz] by a straightline with slope of 0.253, which closely matches the
expected slope of 0.25. This relationship allows thereader the ability to interpolatethe effats of po2 on
corrosion characteristicsof the glass.

Table 3-7. Melting Oxygen PartialPressureand Measured Redox
of HLP-26, -44, and -45

Sample’ -In(poz) Fe(lI)/Fe Fe(ll)/Fe ave.

HLP-26Q 1.56 0.0115 0.0119 0.0117

HLP-26H 0.0099 0.0102 0.0101

HLP-44Q 13.8 0.195 0.1856 0.1903

HLP-44H 0.2029 0.2066 0.2048

HLP-45Q 20.7 0.6199 0.5924 0.6062

HLP-45H 0.581 0.59 0.5855

SRM-278b 0.711 0.686 0.6985

(a) Q = quenched and H = heat treated
(b) Obsidian Rock with certified Fe@I)/Fe = 0.74 + 0.01’

a StandardReference Material #278 – Obsidian Rock, NationalBureau of Standard,Washington, D. C.,
1992.
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3.5 Product Consistency Test

3.5.1 PCT-A

A PCT-A series (i.e., 7 day, 90”C, 2000 m-*) was run in triplicateon the glasses whose
compositions are provided in Table 2-1. The raw, measured concentrations resulting horn these tests are
provided in Table B-1. (Those for the PCT-B seriesare provided in Table B-2 through Table B-4.) The
release values corresponding to thesePCT-A results(and the appropriatetarget concentrations from
Table 2-1) are provided in Table B-5. The expression for the normalized release, NCi in g/L, is normally
given as

(3.1) “

where pi is the test solution concentration in mg/L (adjusted for dilution), and xi is the targetcation
concentration in grams of i per 100 grams glass for the cation in question. A lognormal distributionwas
assumed appropriatefor the data? Under this assumption, the normalized release value, or NCi in (g/L),
for a glass is

NCi = exp[~- ln(lO) - k(xi)] (3.2)

.

.

.

aA log-normaldistributionwas assumed, since the test solution concentrations cannot be less thanzero
and many are close to zero in termsof expected errors,the assumptionis made thatthe measured test
solution concentrations, pi, and thusNCi, will likely follow a Iognormal distribution. In addition, some
experience from PCT datasuggested lognonnal behavior.
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where the term ln(pi) representsthemean of the threeI.@j) results for a glass. The data in Appendix B
can be used to recalculate the average release assuming a normal distributionif desired. The difference in
average releasescalculated under thetwo assumptions is considered to be of littlepractical consequence
as shown in Table 3-8.

Table 3-8. Comparison of Mean NCB for Selected Glasses Calculated @h the Assumptions of
Lognormal and Normal Distributions of Data ~

Glass ID Normal Lognormal
HLP-01 10.13 10.13

HLP-10
10.47 10.46

HLP-20 14.30, 14.21
HLP-30 3.51 3.51
HLP-40 40.23 40.21

~ These values were measuredfor an WV value of approximately 2000 m-l. (For this initial data
examination, small differences in S/V resulting from minor density and other differences were not
considered.) The release values obtained from Equation 3.2 were normalized by this testparameter to
provide releases,~ = Nc/(S/V), with units of g/m2. The B and Na release values for the PCT-A tests
areprovided in Table B-5.

3.5.1.1 Gross Check of the PCT-A Release Data

For PCT-A data(i.e., at seven days), the more soluble constituents (e.g., boron and sodium) often
release into the test solution atcomparable rates. Accordingly, a comparison of thesereleases can provide
a rough check on the analytical errorsin the PCT data. Figure 3-33 provides such a comparison for the
PCT-A releasescomputed using Equation 3.2. From this figure, only glass HLP-46 appears to deviate
appreciably from the 45° line shown on the figur~ however, sodium ion exchange from this glass is
known, and thisresultis not surprisingand no additional testson this glass are warranted. The gross
check in Figure 3-33 indicatesno obvious errors in the PCT-A analytical dataprovided in Table B-5.
However, such a check maybe even more importantfor the PCT-B data from this study wh~e only a
single measurementis available for each glass at each time.
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8 HLP44

1 lo WM lam

Figure 3-33. Log-Log Plot Illustratingthe Normalized Sodium versus Boron Releases for
the PCT-A data. Note thatglass HLP46 exhibits known sodium ion
exchange. (The dotted line is the 45° line representinga one-to-one
correspondence between the testresults.)

3.5.2 PCT-B

A PCT-B series was also run on the HLP glasses whose compositions are provided in Table 2-1.
These tests differed Ilorn the aforementioned PCT-A series in thatS/V was increased fi-om2000 m-l to 20
000 m-l, and the testswere carried out at intervalsof 10, 100, and 1000 h: However, due to budgetary
constraints,only single testswere pefiormed for the PCT-B experiments (vis-bis thetriplicatetestsrun
for the PCT-A series). Thus the random variations in the PCT-B resultsfor a glass are likely higher than
those in the PCT-A values (which are based upon the means of threereplicatetests) for the same glass.
The PCT-B release datafor boron and sodium areprovided in Table B-6. These PCT-B values were
computed using Equation 3.1 because only a single test-solution measurementwas available for each
glass for each set of conditions.

3.5.2.1 Gross Check of the PCT-B Release Data

Figure 3-34 shows the relationship between the log-normalized releases for sodium and boron for
the PCT-B data collected at 10, 100, and 1000 h. The three lines provided on this figure representthe
least-squaresfits for the data at each time. (The uncertaintiesin the parametersdescribing these lines
suggest thatthese lines are indistinguishable from each other.) Figure 3-34 indicatesthatonly the 10-h
values for glasses HLP-04 and HLP-46 may need to be reevaluated based upon thisgross examination.
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Similarplots will be used to identifi glasses for additional testing. Thus the gross checks illustratedin
Figure 3-33 and Figure 3-34 suggest thatthe PCT data can be used for furthershort-termexaminations.

The differences in the NCflCN. with corrosion extent are generally consistentwith the currently
accepted model of glass corrosion. At shorttimes the values of NCN~arehigher thanthe values NCB
because ion exchange occurs to some depth in the glass tiace. -After longer times,NC~ values approach
the NCN,values because the amount of additionalNa in solution from ion exchange becomes a
progressively lower fiction of the total Na in solution.

3.5.3 Release Rates

The PCT releases were measured for four different time intervals(i.e., 7 days and 10,100, and
1000 h, respectively). Figure 3-35 shows the relationship between therelease, ~ = N~/(S/V), and time,
t, in hours for the HLP-01 glass. When a log-log Transformationof these datais made, the relationshipfor
theresulting HLP-01 values (i.e., that for the 10, 100, and 1000-h data) appearsto be ftily linear over the
range of time considered for this glass.a That is, the relationship between the normalized concentrations
and time (up to 1000 h) can be described by

N& =NC@/V) = exp{a +b In(t)} = exp(a) t’ (3.3)

for the HLP-01 glass. Using the data in Table B-6, this relationship appearsreasonable for many of the
HLP glasses for times up to 1000 h. However, because there are PCT-B dataatonly threetime intervals
for each glass, any release rates estimatedbased upon the expression in Equation3.3 will have very large
uncertaintiesassociated with thenL and any comparisons made using theserelease-rateestimateswill also
be fraught with uncertainty. Finally, because the relationship in Equation 3.3 cannotbe shown to be
fundamentalto the short-termPCT-B behavior, release rateswill insteadbe estimatedusing the PCT-B
release information in Table B-6. However, because Equation 3.3 appearsto be descriptive,for many of
the short-termHLP data, furtherexamination of thisrelationship may become warrantedwhen more data
become available. .

‘ The PCT-A ~ values in g/m2 exceed the corresponding values thatwould be predicted from the
PCT-B values for the same cation and glass. This behavior is well-known, andthus only the PCT-B data
areused to estimateshort-termcorrosion rates for the HLP glasses.
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Figure 3-34.
~s W21

Log-Log Plot Illustratingthe Normalized Sodium versus Boron Releases for the PCT-B
data. This gross examinationsuggests thatthe 10-h tests for HLP-04 and HLP-46 may
need to be measured again. The lines representthethree least-squaresfits through the
10, 100, and 1000-h data(excluding the 10-h values for HLP-04 and IILP-46).
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Figure 3-35. Illustrationof the RelationshipBetween the Boron and Sodium Normalized Releases, ~
in g/m2, and Time, t in ~ for the HLP-01 Glass. The PCT-A resultsare indicated the
remaining dataarethe PCT-B results. Lines on this figure indicate the least-squares fits
between ln(NLJ and In(t) (i.e., from Equation 3.3) for the PCT-B data and are for
indication only.

At any given time, the release,~ in g/m2,representsthe concentration of constituent i in the test
solution at time t in hours. Thus a releaserate, r in g/m2/&acan be obtained by dividing the measured~
value (at the time tested) by the time teste~ L or

()~=24 NLi(i)

t
(3.4)

where t is in hours. A differentialrekase rate, rAin g/m2/~ can also be computed by taking differences in
measured values at successive times, or ,.

aThe units of g/m2/d are used in thisreport to allow direct comparison with existing data on glass
alterationrates. To convert to the S1unitsof kg/m2/s, the reader can multiply reported values by
1.1574X10-8.

.
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The bases for therelease rates arepresented in Figure 3-36?
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Figure 3-36. Boron Release Rate Estimatesfor the HLP-01 Glass. The solid line representsthe fit
from theboron databased upon Equation 3.3 (as shown in). The three dotted lines in
this figure represent the estimatedboron release ratesfor the HLP-01 glass, based upon
the relevant PCT-B data.

There are errorsassociated with the values obtained from any of the proposed methods of
estimatingthe release rate from PCT-13data. For example, the errorsfor the boron release ratesobtained
from Equation 3.3 for the HLP-01 glass would be large and would make any sort of comparison amongst
glasses difficult. The errors in the release-rate estimatesfrom eitherEquation 3.4 or Equation 3.5
(assuming thatthe errorin t is negligible) are fimctions of the errorsin the M values. However, theNLi
values are computed from various measured and assumed values, and the components of variance for the

‘ For completeness, the least-squares fit line (i.e., the solid line) and corrosion rate, ? in g/m2/d, that
would be obtained from the expression in Equation 3.3 has been provided on Figure 3-36.
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termsused to compute the~ values are confounded and c&not be estimatedfrom the PCT-B datain
this study. In additio~ no single ratecan be determinedfrom PCT-B glass because the corrosion extent
(as measured by NLJ is not a linearfunction of time. “

Some insight may be obtainedby inspecting the P~-A data (as providedin Table B-l), which
were collected in triplicate. It is truethatthese datawere from samples with S/V values di13erentfrom
those of the PCT-B dataand thattheranges of measuredPC’I-A concentrations did not completely cover
those of the PCT-B dam, however, the testswere carried out by the same personnel, and the resultingtest-
solution concentrations were measuredin the same laboratory as those used to compute the”PCT-B data.
As illustratedin Exhibit B-l,the PCT-A data suggest thatthe magnitude of the errors in the measured
boron and sodium concentrationsin the test solutions arerelative to the magnitude of the corresponding
concentrations. As also illustratedin this exhibi~ theredoes not appear to be a similartrend in these
PCT-A values under the naturallogdbrn transformation(i.e., for ln~~ where pi is the concentration in
ppm). The PCT-A error estimates,obtained from components of variance analysis, were used for this
initialexamination of the release-rateestimatesfrom PCT-B data.

Using errorpropagation and assumingthatthe errorsin the various glass composition and SN
termsare negligible (for this initialexamination of the data), the &or in an~ value, representedby

sm~, is estimated from the errorin the corresponding k(pi), r,qresented by s,n~i), using the following:

(3.6)

where (N_Q is computed from a releasemeasurement(as in the PCT-B data).

Equation 3.6 indicates thatthe error obtained from the transformed concentrations is an estimate
of the relative error in the NLj value. Using the PCT-A datain Table B-1, the relative errors in the NLB
and NLN~values are approximately 17.5 and 8.7°/0,respectively. Furthenhore, the correlations between
successive ~ (or ln~]) values were very l~ge and positive (i.e., all are greaterthan 0.70). These
resultswill be used to examine likely errors in the release ratesestimatedfrom PCT-B data. Additional
examinations of the likely error structurewill be made when additional datahave been collected and
analyzed.

Using Equation 3.4, Equation3.5, and Equation 3.6, the release rates,r and r& and theirrelative
errorswere estimatedfor the HLP glasses. These release-rateestimates,r and r&based upon the boron
and sodium release data,areprovided in Table B-7 and Table B-8, respectively. Using estimatesof 17.5
and 8.7°/0relative errorsin the ~B andN_LN~values, respectively (and assumingthe error in measured
time is negligible), the relativepercent errors in the releaserateswere estimatedand placed in Table 3-9?

Table 3-9. EstimatedRelative Percent StandardDeviations in Release Estimates

Boron Sodium
Time (h) r r

10 42 4~A 20.8 2;.:
100 4.2 6.6 2.08 3.28 “ ‘

1000 . 0.42 0.66 0.21 0.33

aThe errors for the corrosion rates,rb obtained from successive diflkrences, were estimated,neglecting
the correlations belsveen successive NLj values this should provide conservative estimatesof the errors.
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For the boron release rates, r, represented in Table B-7, the glasses with the five largestvalues at
10 h were HLP-31, -02,-39,-41, and -27. The glasses with the five smallest boron release ratesat 10 h
were HLP-30, -38Q (or the quenched HLP-38 glass), -22, -34, and -29. For the sodium releaserates
presentedin Table B-8, the five glasses with the largest values at 10 h were HLP-31, -02,-41,-39, and -
27, which agrees with the five largestboron release rates at 10 h. For the sodium release rates,the glasses
with the five smallestvalues at 10 h were HLP46, -04,-52,-22, and-28. Thus, the same five HLP
glasses have the largestboron and sodium release rates at 10 Iy however, this is not the case for the
glasses with the lowest release rates at 10 h. This could be due to a number of possible reasons, including
the large analyticalerror expected (as suggested in Table 3-9).

,~e glasses with the five largestand smallestrelease rates, r and r& from the boron and sodifi
PCT-B dataarepresented in Table 3-10 for 10, 100, and 1000 h. As illustratedin this table, therank
ordering of the boron and sodium release rates appearsto be fairly consistent. One exception is glass
HLP-52, which for 10 h has some of the smallestrelease rates,whereas at 100 h and 1000 ~ this glasshas
one of the largestrelease rates. This maybe due to the large relative errors expected at shortleach times
and low test-solution concentrations. These resultsmay be confirmed with fhrther experiments.

From the Mormation in Table 3-10, no clear delineation in composition space (as presentedin
Table 2-1) can be made between glasses tending to have large short-termrelease rates from those tending
to have small release rates. It appearsthatthe targetsodium concentrations in those HLP glasses thattend
to have the largest short-termrelease ratesbased upon the PCT-B datahave relatively high targetNa20
concentitions in glass. However, many of the glasses thattend to have low short-termreleaseratesalso
have relatively high sodium concentrations. More work will be needed to make such a distinctionbased
upon glass compositions.

Table 3-10. Rank Ordering of Release Rates for the HLP Glasses Based Upon PCT-B Data

Release Rate Rank Ordering by HLP Glass Number
Release rates, r Release rates, rA

Time (h) Cation Largest Five Smallest Five Largest Five Smallest Five

10
B 31XID39>41>27 3W38QC22~4C29 3D02>39>41>27 30c38Qc22G4c29
Na 31XKD41S39>27 46c04c52t~2~8 31S2=-41>39>27 46<04c52tc2248

100
B 41>39>33>31X15 44c45+1G(R38Q 41>39>33X5>31 4445<51~OC28

Na 52(ab41>39>33>31 30c28a2c0649 52(a~41>33>39>31 30c28c54c0649

1000
B 33>4W12Q>42M5 30=0649c08c38 51=-41>33>39=-31 31X28-+4C0649 “

Na 52(a&.33>41>4~31 30c28-=22<0649 52(a~33>42>42QX)5 30c28c22<06c34

(a) There was no boron added to glass HLP-52.

3.5.4 Alteration Products

Reacted grainsof glass from the PCT conducted for 1000 h with glass HLP-39 at 20,000 m-l was
examined with SEM to determine if alterationphases had formed during the test. Representative
photomicrographs are shown in Figure 3-37. No alterationof the glass could be detected during
examination of a large number of grains. The surface of the glass appeared unreacte~ with no evidence
of alterationphases or pitting of the surface. This is consistent witi the very low values of NLBandNLN,
measured in the testiNLB= 2.52 and NLN~= 1.56 g/m2 (see Table B-6). The amount of glass dissolved
(in termsof thiclmess) can be calculated from the measured values of ~ and glass density. The density
of HLP-39 was measuredto be 2.73 (see Table 3-6). The amount of glass thatmust have dissolved to
generatethe measured solution concentration is (2.52 g/m2)/(2.73 g/cm3) = 0.923 pm based on theboron
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a.

b.

Figure 3-37. SEM Images of Reacted HLP-39 Glass from PCT Conducted 1000 h
at 90°C and 20,000 m-l. (a) Moderate magnification showing
uniform size and appearance of particles and (b) High magnification
showing pristine appearance of tiace.
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concentration and (1.56 g/m2) / (2.73 g/cm3) = 0.571 pm based on the sodium concentration. The
appearance of the reacted particIes in the photomicrographs suggests thatthe actual amount of glass that
dissolved from the surface is much less than 1 pm-andthata significantproportion of dissolved material
may result from the dissolution of fines.

3.6 Vapor Hydration Test

The resistance of matrix glasses to corrosion in the VHT was measuredover the temperature
range from 150”C to 300”C. Preliminaryratesat200”C arereported for most glasses in Section 3.6.2.
The initialplan ~ienna et al. 1999) called for measuringthe rate at 150”C. However, after initial scoping
tests, it became clear thatthe time required to sufficiently altermost matrix glasses to estimateratewould
be prohibitively long. In other words, most of thematrix glasses were far more resistantto the VHT than
initially expected. The impact of this temperatureincrease, or the use of elevated temperaturesin general,
on the reaction mechanisms is not yet well understood. The alterationproducts are r~orted for many
VHT samples in Section 3.6.3, and the impacts of temperatureon rate are discussed in Section 3.6.4 for
selected glasses.

3.6.1 “Incubation”

An incubation time is a time needed for thehydrationprocess to establishsuitable conditions for
precipitation of secondary alterationphases. These phases startto form on the surllaceof samples from
nucleation centers, usually at the Pt wire-sample intdace (in samplespolished to a 600 grit finish), and
extend across the sample, eventually forming a continuous layer, typically 50 pm to 300 pm thick. A
characteristicdissolution curve of LAW glasses is displayed in Figure 3-38. The process of conversion of
glass to alterationproducts by VHT cruibe divided into three stages: 1) incubation time, 2) precipitation
of first alterationproducts indicated by a dramaticincrease in rate, and 3) a linear ~d – t region with
constantrate. In Figure 3-38, the incubation time is roughly 10°/0of the total dissolution time (the time to
dissolve the entire sample which is atroughly 1950 g/m2 in Figure 3-38). The incubation time was found
to range from 270 to 10’XOof the total dissolution time for all matrix glasses for which both values could
be obtained. However, due to lack of datameasuredduringthe incubation time, the comparison was
made only for 12 glasses form the entiretestmatrix. Although the incubation time presumably depends
on test temperatureand glass composition, it was not possible to predict these effects, due to lack of
experimental data.

-———
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Figure 3-38. VHT Tests on HLP-46 Glass at 175°C up to 12 Days; Triangles RepresentData in the
IncubationTime thatWere Excluded from Linear Regression

An example of the progression through dMerentreaction stages in duplicatesamples of HLP46
glass after 2 days of WIT at 175°C is displayed in Figure 3-39. Sample (A) has a thiq 30-pm layer
partiallycovering the glass surfhce, whereasthe secondary phases startto precipitatein the form of white
dots. Sample (B) has a continuous alterationlayer roughly 100pm thick.

(a)
Figure 3-39. Duplicate Samples of HLP-46 Glass a.tier2 Days of VHT at 175°C
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A sample of HLP-46 glass after 3 days of VHT at 175°C is displayd in Figure 3-40. Although
the test period was only 1 day Ionger, the sample shows a continuous layer of alterationproducts about
600 pm thick see cross section in Figure 3-40 (B). It can be concluded thatrapid accelerationof
dissolutionoccurred betweenthe 2ndand 3d day of the test. As shown in Figure 3-38, rate increases
rapidly after alterationproducts begin to precipitateon the sample surbce and becomes approximately
constantafter the alterationproducts form continuous Iayerflayers(i.e., after 3 days). Therefore, the rate
for testglasses was determinedby regressionover the linearportion of the dissolutioncurve from 3 to 12
days.

(a)
Figure 3-40. Photograph of a Sample of 13LP46 Gk

Micrograph of the Cross Section of the

(b)
ISSafter 3 days of VHT at 175°C (a) and Optical
Same Sample (b)

3.6.2 Alteration Rate at 200”C

The initialalterationratesof most glasses have been determinedat 200”C. These rates, listed in
Table 3-11, are preliminmy and are expected to change as fhrtherdata are generated.’ The glasses with
high resistanceto W-IT (e.g., r <14 g/m2/d)btake long timesto iufliciently corrode to accurately
determinea rate; for example, Figure 3-41 shows mdas a fimction of time for 13LP-03. The estimatedrate
is clearly subject to change as longer-termtests are completed. Conversely, Figure 3-42 shows ~d as a
function of time for HLP-29 for which the rate is well established.

‘ Consideringthe preliminmynatureof the rates, uncertaintiesand interceptswere not estimated.
bThe units of g/m2/d are used in this reportto allow direct comparison with existing data on glass
alterationrates. To convert to the S1unitsof kg/m2/s, the readercan multiply reportedvalues by
1.1574X10-8.
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Table 3-11. Prehninary VHT AlterationRates and Major AlterationProducts at 200”C

Glass JD r [g/m’/d] Glass ID r [g/m2/d]GlassID r [g/m’/d]
--- . . ..-— --- --
fir-u I

HLP-02

HLP-03

HLP-04

HLP-05

HLP-06

HLP-07

HLP-08

HLP-09

HLP-10

HLP-11

HLP-12

HLP-13

HLP-14

HLP-15

HLP-16

HLP-17

HLP-18

HLP-19

4.3

264.7

1

18.3

2.5

1.6

13.8

7.2

0.9

3.6

5.4

14.4

1.3

13.2

1.1

1.4

9.6

16.1

0

HLJ?-2(J &7

HLP-21 4

HLP-22 1.5

HLP-23 15.9

HL.P-24 3.1

HL.P-25 5.7

HLP-26 0.6

HLP-27 84.2

HLP-28 1.7

HLP-29 55.4

HLP-30 11.5

HLP-31 78.3

HLP-32 4.5

HLP-33 18.2

HLP-34 id

HLP-35 17.8
HLP-36 13.5

HLP-37 10.7

HLP-38 6.7

HLP-39 id

HLP-40 1

HLP41 14.1

HLP-42 0.2

HLP-43 id

HLP-44 id

HLP-45 id

HLP-46 254.6

HLP47 36.4

HLP-48 50.5

HLP-49 0.6

HLP-51 4.4 “

HLP-52 1219.4

HLP-53 552.6

HLP-54 57

HLP-55 24.7
HLP-56 id

id= insufficient data

2000

m

; 800
m
%

y= 1.0411x+ 259.64
: 400
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Figure 3-41. The rndas a Function of t for HLP-03 at200”C

3.25 ‘



_. . . . ..

2000

o
I

●

A

o 10 20 30 40 50 60 70 80 90

Time [days]

Figure 3-42. The nzd as a Function of t for HLP-1 8 at 200”C

The preliminaryrates ranged from 0.0 to 1219 g/m2/d and covered at leastthree orders of
magnitude. The glasses can be categorized into four groups:

1.

2.

3.

4.

Glasses with low resistanceto VHT – rate at200”C between 14 and 1219 g/m2/d. For these
glasses, we have good estimatesof rate since the samples in this group are completely dissolved
in roughly 100 days or less. This group contains 18 gki.sses,listed in Table 3-12.

Glasses with medium resistanceto VHT – rate at 200”C between 6 and 14 g/m2/d. For these
glasses, we have poor estimatesof rate. The ranking of glasses within this category is likely to
change; however, these glasses are clearly more resistantto ~ than glasses in Group 1 and less
resistantto VHT than glasses in Group 3. This group has 9 glasses.

Glasses with high resistanceto VHT – rate at 200”C less”than 6 g/m2/d. For these glasses, we
have poor estimatesof rate. The ranldng of glasses within this category is likely to changq
however, these glasses are clearly more resistantto VHT than glasses in Groups 1 and 2. This
group contains 22 glasses.

Glasses with insufficient datato estimaterate or, more generally, theirresistanceto VHT. This
group has six glasses, not listed in Table 3-12.

The demarcationof these categories is largely arbitrary. The value of 14 g/m2/d was selected
because those glasses with rates higher than 14 are completely dissolved in roughly threemonths and
therefore sufficient datato accurately measure the rate for these glasses were obtained. The value of
6 g/m2/& separatingCatego~ 2 and 3 glasses, was selected afler examination of nz~vs. t plots for glasses
in each category. Those glasses with rates above 6 g/m2/d could be clearly distinguishedfrom those with
rates below 6 g/m2/d.
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Table 3-12. HLP Glasses Listed in Ord& of rate and Grouped into Three Categories

Group 1 Group 2 Group 3

Glass ID Descr. r (g/m2/d) Glass ID Descr. r (g/m2/d) Glass ID Descr. r (g/m*/d)

HLP-52 HAN 28

HLP-53* LAW-A23

HLP-02 L Si

HLP-46 LD6-5412

HLP-27 HHHH

HLP-31 HLHH

HLP-54 L4-912

HLP-29 HHLH

HLP-48 LAW-A33

HLP-47 LRM-1

HLP-55 L4-99

HLP-04 I Si

HLP-33 HLLH

HLP-35 LHHH

HLP-18 L Zr

HLP-23 H Na

HLP-12 H Fe

HLP-41* LLLH

1219.4 HLP-07 I Al

552.6 HLP-36* LHHL

264.7 HLP-14 L Ti

254.6 HLP-30 HHLL

84.2 HLP-37” LHLH

78.3 HLP-17 H Zn

57.0 HLP-20 L Mg

55.4 HLP-08 L B

50.5 HLP-38* LHLL

36.4

24.7

18.3

18.2

17.8

16.1

15.9

14.4

14.1

13.8 HLP-25 Center 5.7

13.5 HLP-11 L Fe 5.4

13.2 HLP-32 HLHL 4.5

11.5 HLP-51 LAW-ABP1 4.4

10.7 HLP-01 Center 4.3

9.6 , HLP-21 H Mg 4.0

8.7 HLP-10 I B 3.6

7.2 HLP-24 I Na 3.1

6.7 HLP-05 L Al 2.5

HLP-28 HHHL 1.7
HLP-06 H Al 1.6

HLP-22 L Na 1.5

HLP-16 L Zn 1.4

HLP-13 I Fe ~1.3

HLP-15 H Ti 1.1
HLP-03 H Si 1.0

HLP-40* LLHL 1.0

HLP-09 H B 0.9
HLP-26 Center 0.6
HLP-49” LAW-B29 0.6 ‘

HLP-42” LLLL 0.2

“HLP-19 H Zr
(*) Cry@lized glass

o

Since the rates of 37 out of 55 glasses are expected to change, it is prematureto describe glass-
composition effects on VHT response. However, the following generalitiescan be made:

. Glasses with a high concentration of Na20’are more likely to have low resistance to VHT than
those with lower concentrations.

● Those glasses with low concentrations of SiOz, Zr(&, or TiOz are less resistantto VHT thanthose
with high concentrations.

A more thorough evaluation of composition impacts on WIT resistanceof matrix glasses will be
made when the rata of more glasses become final.

3.6.3 Alteration Products

The alterationproducts formed during VHT of selected glasses were characterized with XRD and
SEM/EDS. Table 3-14 lists thephases identified in VHT gki.ssesand their content in mass percent. Most
testedsamplesalteredto form analcime and sodium aluminum silicate hydrate. Unlike in other tests,
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none of the glass components are removed to the solutio~ and thereforeall elements are available for
reaction. The typical soluble component used to characterize glass dissolution is boron. Although boron
was expected to be found in crystallinealterationproducts, only two boron-containing phaseswere found
(6, 12 in Table 3-13). Another boron-containing phase is sodium aluminumsilicateboron hydroxide

“ hydrate. However, its patternis pmctically identical to sodium aluminumsilicatehydrate, so itspresence
could not be confirmed yet.

Some selected mine&ls formed on the surface of VHT samplesare shown in Figure 3-43 and
Figure 3-44. Sodium Zinc Silicate is Ilequently was found in othertestmethods. Both mineralswere not
detected by XRD, probably because of their low content.

Table 3-13. CrystallinePhases Identified in VHT Sampleswith XRD

# Phase Formula JCPDl?# Formed in Glasses
1 Analcime-C Na(SizAl)O&HzO 41-1478 All Except 52 and 53
2 Sodium Titanium silicate NaTiSi20b 29-1280 All Except 06,11,

21,23,27,29,31,
35-38,46,48-55

3 Sodium Aluminum Silicate Hydrate NN[AlSiOAl&4Hz0 42-216 02,29,35,38,48,51,
Sodium Aluminum Silicate Boron Na7.~~(AiSiO&@(O@q)l.G8~- 83-550

Hydroxide Hydrate (H20),.97
4 Sodium Aluminum Silicate Hydrate Na6Al&3i1003X12H20 39-219

44-103
5 Sodium Aluminum Silicate Hydrate Na~,TAl~.$i10.3032.12HZ0 34-524
6 Tincalconite NazBq07~5Hz0 7-277
7 Spinel ~eZn,Ni]~e,Ti,Cr],O, 86-509
8 Gobbinsite C%.6Na2.&2.2M6Si10032(H20)lz75-1464
9 Sodium Aluminum Silicate Hydrate Na&Si3012(HzO)2 84-590
10 Sodium aluminum silicon oxide Naz.,*&Si@*.OG 47-716
11 Phillipsite (&Na)2(Si, AI)8016.4H20 46-1427
12 Pinakiolite wg,~)2~@03)2 36-413
13 Calcium silicate hydroxide hydrate C~.$i601@H)3.2Hz0 43-1488
14 Sodium Zirconium silicate Nal&r2Si10031 29-1459
15 Hydroxycancrinite Na@$i@@H)z”2H@ 46-1457
15 Sodium aluminum silicate hydrate Nal.@12Si130~l%H20 28-1036

53-55

23,51

27
30,36
38,42

46
09
56
51

04,37,43,48
53
52
52
52

Table 3-14. Crystalline Phases from Table 3-13 and Their Content(%) in Analyzed VHT Samples

Sample ID Crystalline phase

1 2345678910111213 1415(a)
HLP-01-200-125-surface 97 3
HLP-02-200-30 16 15 69
HLP-03-200-125-surface 90 10

HLP-04-200-016 46 44 10
HLP-06-200-106-surEace 100
HLP-O7-2OO-1OO 94 6
HLP-08-200-100-surface 95 5
HLP-09-300-005-surface 93 4 3

3.28



Sample ID Crystalline phase

1 2345678910111213 1415(a)’
HLP-10-200-129-surface 98 2
HLP-1l-200-068-surface
HLP-12-2OO-1O5
HLP-12-300-002
HLP-13-200-080-stiace
HLP-15-200-075-stiace
HLP-16-200-075-surface
HLP-17-200-075-surface
HLP-18-200-032
HLP-20-200-075-surface
HLP-21-200-032-stiace
HLP-23-200-007-surface
HLP-24-200-032-stiace
HLP-27-200-004
HLP-27-2OO-1OO .
HLP-29-200-013
HLP-30-200-023-stiace
HLP-3 l-200-002-surface
HLP-3 1-200-010
HLP-32-200-024-surface
HLP-33-200-129-stiace
HLP-33-300-005
HLP-35-200-021
HLP-36-200-032-surface
HLP-37-200-024-surface
HLP-38-200-024
HLP-38-200-064 ~
‘HL.P-41-200-120-surface
HLP-42-200-068-surface
HLP-43-200-033
HLP-46-200-001
HLP-46-200-O04b
HLP-47-200-024
HLP-48-200-020
HLP-49-200-050-surface
HLP-5 l-150-187-stiace.
HLP-51-200-075
HLP-5 l-250-003b-surface
HLP-52-200-013
HLP-53-200-003
HLP-54-200-041
HLP-55-200-014
HLP-56-250-005-surface

100
82 18
45 55
97 3
99 1
98 2
98 2
93 7
87 13
85
95
95 5
88
100
39 60 1
94
100
68 32
85 15
93 7,
29 71
61 39
86
76
38 2
24 10
90 10
33 5
53. 6
97
95
97 3
41 51
47
13
19
70 30

94
65 45
40 60
96 4

5

12

6

15

I

14
24

60
66

62
41

3
5

8

81

53
87

3g 62
6

7HLP-56-300-003 21 72
(a) Unidentified crystallinephase
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Figure 3-43.

Figure 3-44.

of ‘lILP-48
at 175°C After 28 Days
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3.6.4 Effects of Temperature

VHT’S were initiatedover the temperaturerange from 90”Cto 300”C for selected glasses to
determine the impact of temperatureon rate and the alterationproducts formed. However, only testsfrom
150”C to 300”C are sufficiently progressed to discuss theirresults. Table 3-15 liststhe rates for glasses
tested at multiple temperatures. Figure 3-45 bough Figure 3-47 show the m~– t relationships for HLP-
46,-48, and -51 at various temperatures. There are insufficient datato examine the effects of temperature
on rate of the remaining test-matrixglasses. Figure 3-48 shows the effect of temperatureon rate for these
glasses. The apparentactivation energies ~) for therate of HLP46, -48, and -51 were 87.3 kJ/mol, 94.2
kJ/rnol, and 97.6 kJ/mol, respectively. The term “apparentactivationenergy” is considered appropriate
because the dissolution of even a simple mineral consists of severalreaction steps (five steps in case of
quartz) (LaSaga 1995); in VHT, we have changing solution chemistrywith reaction exten~ dissolution
processes, and precipitation processes thatmust be considered. It should be noted thatthe validity of the
Arrhenius empirical relationshipdoes not imply thatthe mechanismis the same over the temperature
interval in question and thatthe same alterationproducts are formed athigh- and low-temperatures.
These E, values are at the high end of the range commonly reported for glass corrosion by other te.si
methods, which generally range fkom 32 kJ/mol (for low Si02 glasses) to 100 kJ/mol (Lutze and Ewing
1988, Jercinovic and Ewing 1992, Westsik and Peters 1981, and Abraitis et al.1998). It is uncertain if our
~easured E~values will remain constant v&h decreasing temperature.Mazer (1991) suggests caution in
use of temperatureas an accelerating parameteruntilmore is understood about the rate-determining
mechanism attest and disposal-site temperatures.

Leturcq et al. (1998) summarized corrosion rate datafor R7T”7glass within the temperature
interval from 25°C to 300°C and confirmed the validity of Arrheniusbehavior with a constant
E.= 60+ 5 kJ/mol. Likewise, Westsik and Peters (1981) showed that&of 76-68 glass corrosion
remained constant at 53 kJ/mol over the temperaturerange Iiom 50°C to 150°C, however, the corrosion
was found to change below 50°C and above 150°C. A possible explanationfor the change in corrosion
behavior at the extreme temperaturewas a change in the stageof corrosion. In the initial stage of
corrosion, ion exchange occurs and pH increases rapidly, Westsik and Peters (1981) found the normalized
Na release was significantly higher than the normalized boron release for samples testedat temperatures
below 50°C. In the second stage, corrosion is roughly congruent as was found by Westsik and Peters
(1981) between 50°C and 150°C, and the rate of corrosion drops as the concentration of aqueous species
increases, decreasing the driving force for dissolution. In the thirdstage of corrosion mineral phases
precipitate from solution allowing the driving force for dissolutionto increase and the dissolution rateto
accelerate; we suspect thatthis stage was achieved in the Westsik and Peters (1981) testsat temperatures
above 150°C.

Insufficient dataare available to determine if the mechanismsthatdeterminerate at 2000C are
similarto those thatwould determinerate at 15°C. Therefore, we cannot predict 150c rates for these
glasses with the data generated at 200°C, even with estimatedR values.
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Table 3-15. Preliminaryrs (in @m*/d) of Test Glasses Subjected
to VHT at Various Temperatures

Gkws~ 300”C 275”C250”C200”C 175°C 150”C

HLP-01

HLP-09

HLP-lo

HLP-12

HLP-25

HLP-26

HLP46

HLP-48

HLP-51

HLP-56

505.0 4.3
409.3 0.9
541.8 3.6
1126.0 14.4
655.0 5.7
685.8 0.6

254.6 87.2 18.6

522.2 50.5 13.7 3.1
336.4 129.3 42.3 4.4

603.0 78.3

200”C
r =254.6 i 22.5

T 1750c

A 150°c
r=18.6&4.l

o 10 20 30 40 50

Time [days]

Figure 3-45. Amount of HLP-46 Dissolved in VHT at 150°C, 175°C, and 200”C as Functions of t
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Figure 3-48. Effect of Temperature on rate for HLP-46, HLP-48, HLP-51

Jercinovic and Ewing (1992) found thatdiffkrent alterationproducts were formed on naturalhigh
silica glass at different temperaturesof corrosion. Temperaturewas also found to affect the alteration
products formed during WIT of selected HLP glasses. Figure 3-49 shows thatthe XRD patternof
HLP-46 reacted at increasing temperatures. While the location of major peaks does not change, it is clear
thatpeaks 21.645 and 28.108 decrease while peaks 15.809 and 25.978 increase with increasing
temperature. Since each of these has a different amount of alteration,we compare the XRD patternof
HLP-46 at200”C as a fi.mctionof alterationtime in Figure 3-50. The lack of change in relativepeak
heights with alterationextent suggests thatthe change in theXRD patternin Figure 3-49 mustbe due to
temperature. The peaks in these XRD patternsare identified in Figure 3-51. This identificationled us to
the conclusion that as temperatureis increase& the concentration of analcime is increasedrelativeto that
of sodium aluminum silicate hydrate.
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Figure 3-51. XRD Patternof HLP46 Subjected to VHT at 200”C for 4 Days

A similar analysis was performed on WIT samples of HLP-48. Figure 3-52 shows thatthe XRD
patternof HLP-46 reacted at increasing temperatures.file the location of major peaks does not change,
it is clear thatthe peak at 25.865 deereaseswhile the peak at24.155 increases with increasing
temperature. Since each of these has a different amount of alteratio~ we compare the XRD patternof
HLP-48 at200°C as a fimction of alterationtime in Figure 3-53. The lack of change in relative peak
heights with alteration extent suggeststhatthe change in XRD patternin Figure 3-52 mustbe due to
temperature. The peaks in these XRD patternsare identified in Figure 3-54. This identification led us to
the conclusion that as temperatureis increase~ the concentration of sodium ahnninum silicate boron “
hydroxide hydrate is increased relativeto thatof analcime. Surprisingly,the concentration of &alcime
increases with temperature in HLP-46 and decreaseswith temperaturein HLP-48. A more thorough
examination of the stabilityof alterationproducts as a fimction of temperatureshould be conducted when
more dataare available.
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4.0 Data Reproducibility

Results from repeatedglass testingand property values of test-matrixglasses reported in the
literaturewere compared to assessthe reproducibility of the testing’program employed in this study. The
literatureresults compared to those in this study arepresentedin Section 4.1 for PCT and in Section 4.2
for VHT. The results from repeatedtestglasses are compared in Section 4.3.

4.1 PCT Data

As part of these researchactivities,PCT-A (i.e., T= 90”C, S/V =2000 m-*, and t = 7 days) and
PCT-B (i.e.,T=90”C,WVs20000 m-*, and t = 10,100, and 1000 h) testswere run at SRTC on the HLP
glasses whose compositions areprovided in Table 2-1. However, a number of these glasses were
previously fabricated and tested for the PCT at other laboratories. These historical datawere examined to
indicate whether they corroborated the SRTC dataunderthe realization thatthese data were subject to
laboratory-to-laboratory, glass-to-glass, &ndother variationsthathave not been characterized. Thus,
results from these comparisons will be necessarily qualitative however, work is planned to perform a
more rigorous statisticalevaluationof the databefore the final H@ord ILAW data-paclage submission.

4.1.1 HLP-46

The first glass examined was HLP=16. A seriesof testswas run by PNNL on this glass to
examine the potential effects of WV and time on the PCT results. These resultsare summarized in
Table 4-1. Argonne National Laboratory (ANL) also.performed the PCT on this same glass.’ The SRTC,
PNNL, and ANL boron and sodium releases,NCi in g/L, areplotted againstthe (S/V)t term on
Figure 4-1. (This is a convenient way to plot resultswith diffkrent S/V values on the same graph.) The
PNNL results also include historic PCT-A data (Kim et al. 1995). For the boron results, it is evident that ‘
corrosion has accelerated in the PCT experimentswith (S/V)t values beginning at approximately 108Idm.
Thus deviation of the Iong-term datafi-omthe least-squaresfit to short-termPa responses is not
surprisingand indicates tha~underthese conditions, the short-termdab will not provide insight into the
long-tehn data. Figure 4-1 indicatesa similarshort-termrelationship for the sodium release (where no
long-term ANL data were available). Additional examinationsof these datawill be made as long-term
PCT-B data become available. However, the information in Figure 4-1 suggeststhatthere is no reason to
believe thatthe SRTC, ANL, or PNNL dataare invalid for the HLP-46 glass.

4.1.2 HLP-47

Additional PCT datafor the HLP47 glass were previously collected from a round-robin study of
this glass conducted by ANL (Ebertand Wolf 1999). Since these additional @atawere all from PCT-A on
a single glass, only the test solution concentrations (in mg/L) were examined (as the glass-to-glass effects
should have been insignificant). As illustratedin Figure 4-2, the individual PCT-A measurements from
thisstudy do not appear prone to eitherlarger thanexpected random or systematicvariation when
compared to the results from theround-robin study. Additional work is planned to closely examine the
appropriate components of varianceto which thesemeasurementsare subject. This will allow more
rigorous statisticalmethods to be used to provide more objective comparisons.

aW. L. Ebert, A. J. Bakel, D. M. Strachan,and S. F. Wolf. 1998. Laboratory T’ting ofLD6-5412
Glass, DRAFT, Argonne NationalLaboratory, Argonne, Illinois.
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Table 4-1. PNNL PCT-B Test Results for HLP-46

Gkss H20 WV Timq t (S/V)t B

f! (mL) (~-’)

NCB

@\ &;) (m@) (mN&) (@J

NCNa

(Mu
100 2X101 0.073 0.35 0.0047 0.0023

0.5 50 2X102 1 2X102 0.063 1.9 0.0040 0.012
1 10 2X103 1 2X103 0.52 13.5 0.033 0.089

10 10 2X104 1 2X104 2.5 57 0.16 0.38
0.1 100 2X1O* 10 2X102 0.068 1.3 0.0043 0.0086
0.5 50 2X102 10 2X103 0.72 8.9 0.046 0.059
1 10 2X103 10 2X104 1.9 37 0.12 0.24

10 10 2X104 10 2X105 5.0 150 0.32 0.99
0.1 100 2X101 100 2X103 0.785(a) 7.4 0.050 0.049
0.5 50 2X102 100 2X104 1.6 22 0.10 0.15
1 10 2X103 100 2X105 3.3 88 0.21 0.58
1 10 2X103 100 2X105 3.0 74 0.19 0.49

10 10 2X104 100 2X106 13.0 120 0.83 0.79
0.1 100 2X101 1000 2X104 1.4 14 0.089 0.092
0.5 . 50 2X102 1000 2X105 2.4 35 0.15 0.23
1 10 2X103 1000 2X106 5.4 171. 0.34 1.1

10 10 2X104 1000 2X107 No analyses were available

(a) The last digit was estimated.
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Figure 4-1. Relationships Between the Boron and Sodium Releases, ~. in dm2, and Time for HLP-46.
The appro&ate WV value is shown for each sample. Me dott~d lies representthe least-
squaresfits for the respective boron and sodium datawith (S/V)t values up to approximately
108Mm.
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Boron (on the left) and Sodium (on the right) PCT-A Measurements for HLP47 (or
LRM-1). Data sets titled “A” ~ough ‘~-” &e from round-robin testing, and the set
entitled“SRTC” representsthe measurementstakenas part of this study. The dotted
lines represent overall mean concentrations.

4.1.3 HLP-48

Additional datafor the HLP-48 glass were also previously collected by ANL (McGrail 1999).
Figure 4-3 illustratesthe relationships between normalized boron and sodium releases, NC, and (S/V)t
for the SRTC and ANL data. This figure appearsto indicate thatthe SRTC and AFL dataagree fairly
well, and thusthere is no reason to believe thateither set is invalid. Additioml work is planned to more
closely examine the appropriatecomponents of variance to which these measurements are subject. This
will allow more tigorous statisticalmethods to be used for fbture comparisons.

4.1.4 HLP-54

A series of testswas run at PNNL on the HLP-54 glass io examine the potential effects of SW
and time on PCT-B results. These resultsare summarized in Table 4-2. These PNNL data(including
previously run PCT-A measurements ~ et al. 1995]) and the SRTC data from this study areplotted on
Figure 4-4. In this context, there is no reason to believe thateitherthe SRTC datafrom this study or the
previous PNNL resultsare invalid.
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Figure 4-3. Relationships Between Normalized Boron and Sodium Releases, NCi in g/L,
as Functions of (S/V)t in b/m for HLP-48 Glass. The dotted lines represent
the least-squares fits through the respective boron and sodium data.

Table 4-2. PNNL PCT-B Test Results for HLP-54

Glass HZO WV Tim% t (S/V)t

$? ‘~) (m-’) ~)
(h/m) (~B~) (mN&) ~~) ‘&$

2X1O’ 1 2X101 0.27 0.0007 0.0018 .
0.5 50 2X102 1 2X102 -0.12 1.1 0.0043 0.0074
1 10 2X103 1 2X103 0.72 6.3 0.026 0.042

10 10 2X104 1 2X104 4 30 0.14 0.20
0.1 100 2X101 10 2X102 0.12 0.86 0.0043 0.0058
0.5 50 2X102 10 2X103 0.47 3.4 0.017 0.023
1 10 2X103 10 2X104 2.9 22 0.10 0.15

10 10 2X104 10 2X105 11.5 80 0.412 0.54
0.1 100 2X1O’ 100 2.X103 0.648(’ 3 0.023 0.020
0.5 50 2X102 100 2X104 12

2X105 ;:; 64
0.068 0.081

1 10 2X103 100 0.35 0.43
1 10 2X103 100 2X105 9.4 60 0.34 0.40

10 10 2X104 100 2X106 312
2X104 5;.3 10

1.97 2.10
0.1 100 2X1O’ 1000 0.082 0.067
0.5 50 2X102 1000 2X105 8 38 0.29 0.26
1 10 2X103 1000 2X106 37 160 1.32 1.08

10 10 2X104 1000 2X107 207 742 7.41 5.00

(a) The last digit was estimated.

4.4



Figure 4-4

4.1.5 HLP-55

1

n

s
g

0.01

0.W31

/-
0

Relationships Between Normalized Boron and”SodiumReleases, NCj in g/L,
as Functions of (S/V)t in h/m for HLP-54 Glass. The dotted lines represent
the least-squares fits through therespective boron and sodium data.

A series of testswas also run atPNNL on theHLP-55 glass to examine the potential effects of
S/V and time on PCT-B results. These resultsaresummarizedin Table 4-3. These PNNL data(including
previously run PCT-A measurements ~m et al. 1995]) and the SRTC datahorn this study areplotted on
Figure 4-5. In this context, there is again no reason to believe thateitherthe SRTC data from this study
or the previous PNNL results are invalid.
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Table 4-3. PNNL PCT-B Test Results for HLP-55

Glass HZO WV Timq t (S/V)t B I% NC~ NC~.
!# (mL) (m-’) (mg/L) (*)
0.1 100 2X1(Y 1 0.024 ?.33 0.0009 0.0022
0.5 50 2X102 1 2X102 1.7 0.0072 0.012
1 10 2X103 1 2X103 !:: 10.5 0.054 0.071

10 10 2X104 1 2X104 11 57 0.39 0.38
0.1 100 2X101 10 2X102 0.17 1.2 0.0061 0.0081
0.5 50 2X102 10 2X103 0.65 4.2 0.023 0.028
1 10 2X103 10 2X104 4.7 31 0.17 0.21

10 10 2X104 10 2X105 49 220 1.75 1.48
0.1 100 2X1O’ 100 2X103 0.851( 3.9 0.030 0.026
0.5 50 2X102 100 2X104 2.8 16 0.10 0.11
1 10 2X103 100 2X10S 27 134 0.97 0.90
1 10 2X103 100 2X105 23.2(=) 106 0.83 0.714

10 10 2X104 100 2X106 166 708 5.94 4.77
0.1 100 2XI0’

1000 2X104 3.2 14 0.11 0.094

0.5 50 2X102 1000 2X105 53 0.43 0.36
1 10 2X103 1000 2X106 : 277 2.65 1.87

10 10 2X1O 1000 2X107 474 1580 17.0 10.6

(a) The last digit was estimated.

Figure 4-5.

W MY ~ga lfy

mm ml
RelationshipsBetween Normalized Boron and Sodium Releases, NCi in @L,
as Functions of (S/V)t in h/m for HLP-55 Glass. The dotted lines represent
the least-squaresfits through the respective boron and sodium data.
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4.2 VHT Data

The response of HLP-46, -47, and -48 to theVHT were measured atPN?SiLat the beginning of
the test program (starting in April 1999) and again atthe end of the program (January2000). The
response of HLP-46, -47, -48,-54, and-55 to the VHT were measured atArgonne National Laboratory
(ANL). These dataare compared in this section. However, to add the appropriatecontext under which
the data can be compare&we first discuss some key parametersof the test.

The amount of water available in the VHT reaction vessel for glass corrosion was found to be
very importantto the mdof test samples. Tests with dfierent amounts of waterwere conducted at 250°C
and 300°C with the aim to deteimine the appropriateamount of waterneeded to conduct the test. The
appropriateamount of water was defined as an apount of water thatis

● sufficient to fblly dissolve the amount of glasspresent duringthe test

. below the amount of water thatwould cause reflux and dripp,ingof water from sample duringthe
test (indicated by elevated pH in solution atthebase of the vessel aftertest termination):.

Figure 4-6 shows the impact of water contenton the ?&of HLP-48 subjected to the VHT for 1,
1.5; and 2 days at 250”C. Tests were conducted with ainountof waterranging from 0.4 mL to 0.6 mL
(0.6 rnL is the amount calculated from steamtables for 100% RH plus 0.05 mL per sample in the vessel).
There is an increase in ?ndas the amount of water increasesuntil 0.45 mL and then a decrease. The
amount 0.45 mL, was selected as the optimum amountof water for conducting the test at 250°C since it
is the highest amount of water thatdid not show a pH rise. However, the rateswere found to be relatively
constant over a range of water contents fkom 0.45 mL to 0.6 mL, as shown in Figure 4-7.

aA pH rise in the solution at the bottom of the reaction vessel after terminationof the VHT may indicate
reflux has occurred during testing. However, th~e are othermechanisms thatcan cause a pH rise, such as
a drop of H20 from the sample during or afier testterminationand particles falling from the sample
during the test or afier termination. Therefore, we cannot conclude thatreflux has occurred without
additional evidence. 1
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Figure 4-7. The rate‘of HLP-48 as a Function of Volume of Water in the Vessel
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Since the rate is almost independent of the amount of added water, the only variable thatchanged
during the test is the incubation time, which resulted in a change of the intercept in m~vs. t, as shown in
Figure 4-8. The interceptis decreased with increasing amount of water used in the test (except 0.4 mL,
w~ich had a significantly different rate).
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Figure 4-8. The rndof HLP-48 as a Function of t for Different Vohunes,of Water

Figure 4-9 shows the impact of water content on the rndofHLP-51 subjected to the VHT for
2 days at 300”C. Tests were conducted with the amount of waterranging from 0.7 mL to 1.5 mL (1.4 mL
is the amount calculated from steamtables for 100’%oRH plus 0.05 mL per sample).

There k an inCreaSein rndas the amOUntOfWaterinCreaSeStowards 1 II_ILand then rndvalUeSare
constanteven with different reaction times. This may be caused by a change in dissolution mechanism
because the alterationlayers on samples from testswith greaterthan 1 mL of water flaked off during the
test. The difference in reaction layers formed with 1.4 mL and 0.9 mL can be seen visually in
Figure 4-10.

The amount of 0.8 mL was selected as the optimum amount of water for conducting the test at
300°C since it is the highest amount of water thatdid not have elevated pH in the post-test solution.
Again, the rateswere found to be relatively constantover a range of water contents (from 0.8 mL to 1.2
mL), as shown in Figure 4-11.
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Figure 4-9. The rmofHLP-51 as a Function of Volume of Water in the Vessel
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Figure 4-10. HLP-51 Glass after 1.5 Days at 300°C with (a) 0.9 mL and (b) 1.4 mL of Water
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Figure 4-11. The rate of HLP-51 as a Function of Volume of Water in the Vessel

Unlike in testsat 250”C, the intercept of nzft inmeased with decreasing amount of water used in
thetest (except 0.7 mL, which showed a different rate), as shown in Figure 4-12.
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Figure 4-12. The rndof HLp-51 as a Function oft for Diffkrent Volumes of Water
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It was shown thatthe amount of water used to conduct VHT affects the interceptof the rn~vs. t
line and resultsin a difference in measured mdvalues. This observationplays an importantrole when
combining results from different te~ as will be shown later. However, because the amount of water
showed the opposite effect on the interceptat 250”C and 300”C, fi,utherresearch is required to identi~
the phenomenon(a) responsible for the di&erence. These testsare currentlyin progress.

HLP-46 was tested at 175°C in May 1999 and then again in January2000 to ensure
reproducibility. In both series of tests, one s~ple was loaded in each 22-rnL reaction vessel with
0.14-mL of water. Figure 4-13 compares the nz~of the samples as a function of time. Qualitatively,the
results compare very well. As only two samples were measured in January,we do not make a
quantitativecomparison of the rate.
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Figure 4-13. The ~ as a Function of t for HLP-46 at 175°C Tested atPNNL in May 1999 and
January2000

The VHT response of HLP-47 at200”C was measured in September 1999 and again in December
1999. In September, one sample of HLP-47 and one sample of HLP-53 were testedtogether in each
vessel along with 0.25 mL of water. The resistance of IILP-53 to the VHT is low, and the sampleswere
completely corroded after 3 days at 200°C. As HLP-47 is stillwithin its incubationperiod at 3 days, the
amount of water available to HLP47 during this testing was reduced by absorption and alteration-product
formation in the fidly corroded HLP-53 sample. The testsperformed in December 1999 contained only
one s8mple per vessel with 0.20 mL of water. Figure 4-14 compares the rndfor these different tests. The
rndof those samples tested in September 1999 are clearly lower thanthose tested in December 1999.
However, therate is nearly identical (4.7’%0difference). The difference in ?ndmay be due to the difference “
in available water to corrode the HLP-47 samples.

—.
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Figure 4-14. The mdas a Function of t for HLP47 at200”C

The VHT response of HLP-48 at 200”C was measured in May 1999 and again in December 1999.
In May, one sample of HLP-48 and one sample of HLP-51 were testedtogether in each vessel along with
0.25 mL of water. The rate of HLP-51 is roughly 10x lower thatof HLP-48. After roughly 25 days,
HLP-48 is completely corroded whileHLP-51 is stillwithin its incubationperiod. The amountof water
available for corrosion of HLP-48 was much larger due to the low rateofHLP-51. The testsperformed in
December 1999 contained only one sample per vessel with 0.20 mL of water. Fi~e 4-15 compares the
?@ for these different tests. The ?ndOft.hOSesamples tested in May 1999 are ciearly higher thanthose
tested in December 1999. However, therate is nearly identical (1.2’% difference). The difference in mdis
attributedto the difference in available water to corrode the HLP-48 samples.

Before comparing the VHT datagenerated by ANL (HLP-46, 48,-54, and -55), we have to
evaluate the differences between experimental methods used. Table 4-4 summarizesthe differences in
testprocedures. Two major differences between the two procedures arethe maimer in which alteration
extent is measured and the sample size.
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The Q as a Functionof t for HLP-48 at 200°C Tested at PNNL in Mav 1999 and
December 1999

“Table 4-4. Comparison of Test Parameters

PNNL
Core drilled sample Square sample

Sample dimensions diameter=10 mm width= 10 mm
thickness = 1 mm length = 10 mm

thickness = 1.5 mm
Surface finish One side polished to 600 grit All sides polished to 600 grit
Mass of glass present
during the test [g] 0.20 0.39

mr mass of glass per
1300unit surface area [g/m2] 1950

Mass of water added to
22 mL vessel with
2 samples at

T=150°C 0.15 0.15
T=175°C 0.20
T=2000c

0.19
0.25 0.25

Evaluation me~od Thickness of alterationlayer Thickness of remaining glass layer
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The resultsmeasuredaccording to the ANL procedure were recalculated to yield the amount of
glass dissolved in g/m2 to be directly compared to PNNL results. Because the thickness of the sample
before the test is 1000 pm, and the maximum amount of glass to be dissolved is 1300 g/m2, we can
assume thatOpm corresponds to O~m2 of dissolved glass and 1000 pm thick alterationlayer
corresponds to 1300 g/m2 of dissolved glass. This approximation enables direct comparison of the
results.

Figure 4-16 compares the ANL and PNNL results for HLP-46 subjected to the VHT at 175”C.
The ANL testswere pdormed with two samplesper vessel and 0.20 mL of water, and the PNNL tests
were performed with one sampleper vessel and 0.14 mL of water. Qwilitatively, there is good agreement
between the mdvalues. However, the calculatedrate for the ANL data,35.8 z/m2/d? is sismificantlv.
lower thanthatfor the PNNL dati.

.
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Figure 4-16. Com@rison of VHT Results on HLP-46 at 175°C
.

Figure 4-17 compares the ANL and PNNL results for HLP-48 subjected to the VHT at 150”C.
The ANL testswere performed with two samplesper vessel and 0.15 mL of water, and the PNNL tests
were performed with one sarnpIeper vessel and 0.10 mL of water. The md values are in very good
agreement and conilnn the existence of the incubation time ending atroughly 70 days. Insufficient data
were generated atANL to estimatea rate.

aThe ratevalue for ANL datawas calculated by linearregression of the calculated m~ vs. tfor the data
taken at times of 2 days and longer. .
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Figure 4-17. Comparison of VHT Results on HLP-48 Glass at 150”C

Comparison of PNNL and ANL results on HLP-48 tested at 175°C is displayed in Figure4-18.
These resultsdo not show very good agreement. The ANL testswere pdormed with two samplesper
vessel and 0.20 mL of water, and the PNNL testswere performed with one sampleper vessel and
0.14 ml. of water. The ~d values determined from the - samples are significantly lower thanthose
determinedfrom the PNNL tests. The samples testedfor less than 15 days are likely in the incubation
stage of alteration(see Section 3.6.1 for discussion of the stages). There is no explanationfor the
differences in the results from the sample tested for 28 and 15 days. Insul%cient datawere generatedat
AFL to estimatea rate.

The alterationratesmeasured at multiple times within the same laboratory are similar
(e.g., within 6.5%). The measured ?ndvalues are dependentupon test conditions (such as the amount of
water in the vessel and the presence and alterationrate of additional samples in the same vessel).
Qualitativecomparison between VHT results from ANL and PNNL show thatthe resultsare similar.
Insufficient data exist to quantitatethe similaritybetween the measurements at the two sites.

4.3 Repeated Glasses

Four glasses, HLP-01, -25,-26, and -43, with the same target compositions were included in the
testmatrixto give an indication of the reproducibility of the testmethods involved. The variationin the
property measurementsof these glasses results from many sources, including batching, melting, and heat
treating(at different sites) as well as property measurement. The PNNL replicate glasses were fabricated
in the following orda I-ILP-26,HLP-43, and HLP-25. HLP-O1 was the only glass fabricatedat SRTC.
The timing of the tests on these glasses is discussed below along with their properties.
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Figure 4-18. Comparison of VHT Results on HLP-48 Glass at 175°C

4.3.1 .Composition

The chemical compositions of the four repeated or “center” glasses (HLP-01, HLP-25, HLP-26
and HLP-43) were measuredand areprovided in Table 4-5. Analysis of the variance or standard
deviation in the measuredcompositional values provides @ight into reproducibility of the batching and
analytical measurements. Comparisons among the mean measured compositional values to the targeted
values provide an indication of how well the targetedcomposition was reproduced. Examination of the
differences among component measurementsand targetedconcentrations (on a glass-by-glass basis) can
provide some insight into thepossibility of eithergross batching or measurement errors.

The relative differences for the major oxide components presented in Table 4-5 indicate that
reasonably good agreementbetween batching and chemical analysiswas achieved. For the majority of
the oxide components, the mean concentration was consistent with the targetedvalue (i.e., the relative
difference was 5.33% or less). This was not the case with F~03 andCr203 where contamination from the
grinding vessel was indicate~ and the measuredvalues were significantly higher than targeted. This was
also not the case for NazO where the relative difference between the mean measured and targeted
concentrations was approximately 8°/0. Furtherexamination of this andthe compositional datafor the
other glassesj however, indicatesthatthe Na20 measurqnent values may be biased low since in almost all
cases measured Na20 values were lower thantargeted. The measured Si02 concentrations were also
consistently lower thanthe targetvalues, although the difference (in means) was only approximately
2.6%. A more detailed analysisof variance is planned for these “replicate” glasses.

h examination of the relative standarddeviations for the major constituents of the four glasses
represented in Table 4-5 indicates thattherewas good precision in the measured glass concentrations
relative to the resultsborn the LIUUround-robin study (Ebert and Wolf 1999). That is, despite the fact
thatthese batches were fabricated in separatebatches in diffkrent laboratories, the relative standard
deviations in the measured glass concentrations for these four glasses are generally lower thanthose from
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the LRM study. Considering the likely errors in the concentration measurements,it would be difficult to
distinguishamongst these glasses based upon theirmeasured compositions.

Table 4-5. Target Compositions (in mass% of oxides) and Measured Compositions (in mass% of oxides)
for the Replicate Hanford LAW Product-Acceptance (HLP) “Center” Glasses @izO, Cl, SOS,
pZOS,F, ReOz, and MoOS, not included here, can be found in Table A-1)

GlassID Description Si02 A1203 &03 F~03 TiOz ZnO Zr02 MgO Na20 K20 CaO Crz03 Laz03
HLP-01 Measured 48.8 7.04 8.92 6.52 3.00 1.4 1.54 1.41 18.4 0.4 0.0 0.25 0.02

HLP-25

HLP-26

HLP-43

Mean

Target

Diff

Diff (’%.)

Std Dev

Rel StdDev (%)

Measured

Measured

Measured

Measured(M)

Center (C)

A=C– M
1OO%(NC)
Measured

MeanMeasured
LRM

47.2 6.76 10.1 6.27 2.66 1.4 1.48 1.54 18.5 0.4 0.0 0.21 0.02

46.8 6.68 9.43 5.97 2.86 1.4 1.50 1.45 18.2 0;4 BD 0.21 BD

48.4 6.69 9.85 6.23 2.86 1.4 1.50 1.33 18.5 0.4 0.0 0.23 BD

47.8 6.79 9.58 6.25 2.84 1.4 1.50 1.43 18.4 0.4 0.22
49.07 7.00 10.00 5.50 3.00 1.5 1.50 1.5020.00 0.4 0.0 0.08 0.00

1.27 0.21 0.42 -0.75 0.16 0.0 0 0.07 1.6 -0.0 0.0 -0.14

2.59 3.00 4.20-13.64 5.33 4.0 0 4.67 8.00 -4.8 -175
0.82 0.15 0.45 0.20 0.12 0.0 0.02 0.08 0.12 0,0 0.02
1.7 2.2 4.7 3.2 4.2 2.8 1.3 5.3 0.65 6.3 7.7

Rel Std Dev (’??)(Ebert and Wolf 1999) 2.62 3.75 4.37 13.48 13.00 tia 6.99 9.00 6.07 33.0 15.9 11.58

BD – below detectionlimits

4.3.2 Density

Glass densities were measured in numerical order. The densities of repeatedglasses are
compared in Table 4-6. Figure 4-19 gives a comparison of the densities of repeated glasseswith a two-
standard-deviationrange. The density of HLP-01 appearsto be significantly above those of HLP-26 and
HLP-43. The range of all other repeated glasses overlap.

Table 4-6. Density and StandardDeviation of Repeated
Glasses in g/cm3

Glass Density St.Dev.

HLP-01 2.6493 0.0020

HLP-25 2.6409 0.0018

HLP-26 2.6418 0.0018

HLP43 2.6354 0.0026

Min 2.6354 0.0018

max 2.6493 0.0026

St. Dev. 0.0057
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4.3.3 PCT

Four of the HLP glasses (namely, HLP-01, -25,-26, and-43) were batched at eitherPNNL”or
SRTC to the same targetcomposition. In each case, these glasses were only repeatedin a very broad
sense. HL.P-25 was batched at SRTC, and the remaining three glasses (i.e., HLP-01, -26, and-43) were
batched at PNNL. Both PCT-A (i.e., in triplicate for 165 h in stainlesssteelvessels) and PCT-B series
(i.e., one per each glass at 10,100, and 1000 h in Teflon@ vessels) were conducted at SRTC for these
glasses. Thus there were numerous effects (e.g., glass to glass, vessel type, etc.) thatmight have impacted
the measured responses.

To simplifj the analysis of such an unbalanced set of data (i.e., unbalanced in the sense of
experimental design), the PCT-A resultswere initially examined as thereis a wealth of information on the
uncertaintiesinvolved with these tests. Furthermore,the possible impactsdue to eithervessel type
(i.e., whether the system is “open” or “closed”) or WV can be assumednegligible for solely PCT-A.
Because the differences among the boron and sodium concentrations for these four glasses are likely
indistinguishablebased upon Table 4-5, the PCT-A results for the four “replicate” glasses are illustrated
in Figure 4-20. These resuk.i indicate significant differences in PCT responses from glass to glass (as
evidenced by lack of overlap, differences in means, and Tukey-Kramer statisticalcomparisons’) when the
concentrations of boron and sodium expected in the test solutions are assumedto be the same. From a
cursory examination of Figure 4-20, this effect appears to not be the resultof laboratory-to-laboratory
variationsas the PCT responses for the single glass (i.e., HLP-25) batched at SRTC is well within the
range of the responses for the three glasses (i.e., HLP-01, -26, and-43) batched atPNNL. (Note thatthe
relative positions for the log-transformed boron and sodium concentrations from the four repeat glasses
would be the same as those shown in Figure 4-20.) More datawill be necessary to pdorm a more
complete statisticalexamination of the components of variance for these glasses.

aJMP@ Reference Guide: Statisticsand tiphics Guide, Version 3.1. SAS InstituteInc., Cary, NC, USA.
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PCT-A Results for the Four HLP Glasses (i.e., HLP-01, -25,-26, and -43) Batched by
PNNL and SRTC to the Same Target Composition. HLP-25 was fabricated at SRTC
and the remaining threewere preparedat PNNL. The dotted lines representthe overall
means of the data.

However, even though the measuredconcentrations for B and Na for the four replicate glasses
appearto be statisticallyindistinguishable;they do vary both from their corresponding targetsand mean
concenh-ations. However, as illustratedin Figure 4-21, accounting for these composition differences (by
using normalizing releases) does not fully explainthe differences noted previously. That is, there appear
to be other differences between the PCT-A responses for these “replicate” glasses (indicated by lack of
overlap, diff&rencesin means, and Tukey-Kramer comparisons) thatcannot be explained by solely
compositional differences. As expected, these same differences manifest themselves in the PCT-B data.
Additional designed experiments can be performed to determinethe probable sources of these differences.

The PCT-A data for the threeglasses (i.e., HLP-01, -26, and -43) fabricated atPNNL can be
examined to estimate glass-to-glass and within-glass (or residual) variance components. These are
provided in Table 4-7. These resultsindicate thatthe variance structuresfor’the boron and sodium data
appearto be different for this very limited sample set. Also the residual errors for both the boron and
sodium PCT-A data (i.e., 12.0 and 8.2°/0,respectively)aare somewhat larger thanwould be expected,
based upon historical information for glassesmeasuredby the same laboratory. (Note thatthe relative
positions for the log-transformed NLBand ~N~ values from the four repeat glasses would be the same as
those shown in Figure 4-20.) Additional designed experiments can be performed to examine the cause of
these largerthan expected variance components.

aNote thatthese residual errors compare favorably to those (i.e., 17.5 and 8.770 for boron and sodium,
respectively) presented in Section 3.5.3, which were necessary to describe the likely errorsin corrosion-
rate estimates.
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Figure 4-21.

Table 4-7. PCT-A Variance Components Estimatesfor thePNNL “Replicate” Glasses

Normalized PCT-A Results,~ in g/mz, for the Four HLP Glasses (i.e., HLP-01, -25,
-26, and -43) Batched by PNNL and SRTC to the Same Target Composition. HLP-25
was fabricated by SRTC, and theremaining threewere prepared by PNNL. The dotted
line representsthe ovemll mean of the data.

Variance 0/0 Rel. Standard Deviation
N Mean Glass Residual Total Glass Residual Total

B9 25.17 63.69 9.09 72.78 31.71 11.98 33.89
Na 9 107.15 19.73 77.72 97.45 4.15 8.23 9.21

4.3.4 VHT

The rate measured by VHT is obtained from several samplestested at different time% therefore,
measurementswere not performed in a specific glass number order. However, an effort was made to
stagger the testing of the repeated glasses. Table 4-8 liststhe currentVHT duration for repeated classes.
which ranges flom 14 days for HLP-43 to 144 days for HLP-26. The measured rates for repeated glasses

.

at 200°C and 300”C are compared in Table 4-8. Both sets of values arepreliminary. As discussed in
Section 3.6.2, the glasses with ratesbelow 12 takevery long to accuratelymeasure and are currently
uncertain. Figure 4-22 compares the mdof these glasses measuredat200°C as a fimction of time. Once
the test entersthe linear nzd– t, it is difficult to distinguishbetween the alterationof these glasses, despite
the large difference in iates reported in Table 4-8. In additio~ the time to fully corrode the repeated glass
at 300”C is less than 2 days. For such short-termtests,the amountof time required for samples to heat up
to test temperatureand cool to room temperatureaftertesting is thoughtto become a significant fraction
of the total testtime and introduces emorin the measurement. Figure 4-23 compares the ?ndof these
glasses measured at 300°C as a fimction of time. These glasses do not appear to have significant
differences in their measuredrates.
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Table 4-8. Comparison of Rates (in g/m2/d) and Test Durations for Repeated Glasses

Glass ID rat 300”C rat 200”C 200”C Test Duration (days)

HLP-01 505~80 4.26&0.75 117

HLPT25 655+166 5.7*O (2 points) 70

HLP-26 686S4 2.56M.84 144

HLP-43 id id 14

id= insufficient data
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Figure 4-22. The ~ as a Function of Time for Repeated Glasses at 200”C
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5.0 Comparison Between Test Methods

One of the goals of this task is to correlate the likely long-term durability of potential waste
glasses, as measuredwith PCTS and VHTs, with the glass composition. Evaluation of the testresultsis in
progress to identi~ correlations between the results of eitherPCTSor VHTs and the glass compositions.
At this time, we can compare the PCT and VHT results directly to determine if the two datasetsare
correlated. The values of NL(B) and NL(Na) calculated from theresults of PCT-B tests conducted at
20,000 m-1 for 10, 100, and 1000 hours and PCT-A tests conducted at 2000 m-1 for 7 days with the suite
of 56 glasses and the alterationrates determined horn VHTs conducted at 200°C are summarizedin
Table 5-1. The logarithms of the values of NL(B) and NL(Na) for PCT-B tests conducted at 20,000 m-1
for and 1000 hours areplotted againstthe logarithms of the’alterationrates thatwere determinedfrom the
VHTS in Figure 5-1. (Note thatan average dissolution rate could be calculated for the PCTSby dividing
NL(i) by 41.7 days (which is equivalent to 1000 hours) to directly compare rates. This would shiftall the
dataequally and not affect the correlation.) No correlation is seen between the testresults. This is
probably because the alterationprogress is much greaterin the VHTs than in the PCTS. In the VHTs,
alterationphases have formed thatare believed to control the solution chemistry and the glass dissolution
rate. Alteration phases have not yet formed in the PCTS conducted for 1000 hours. IfPCTs are
conducted for sufficiently long durationsor at higher temperaturesso thatalterationphases form, we
expect thatthose testresultswould be correlated with the VHT results. This is because the solution
chemistrywould be influenced by the samephases, although differences in test tempe@ures may resultin
differences in the phase assemblages.

Table 5-1. Summary of Results from PCT ~ in g/m2) and VHT of Heat-Treated Glasses

SampleID Description PCT-A 10-h PCT-B 100-h PCT-B 1000-h PCT-B 200”C WIT

~B ~, ~B ~, NLB NLN2 ~B NL~a. r (dm2/d)

HLP-01

HLP-02

HLP-03

HLP-04

HLP-05

HLP-06

HLP-07

HLP-08

HLP-09

HLP-10

HLP-11

HLP-12

HLP-13

HLP-14

HLP-15

HLP-16

HLP-17

HLP-18

HLP-19

Center

L Si

H Si

I Si

LAl

HAI

IAl

LB

HB

IB

L Fe

H Fe

I Fe

L Ti

H Ti

L Zn

H Zn

L Zr

H Zr

0.27 0.36 0.04 0.05 0.16 0.14 0.37 0.28

2.89 2.30 0.38 0.27 1.14 0.78 2.15 1.27

0.29 0.32 0.03 0.05 0.14 0.13 0.31 0.22

1.95 1.18 0.14 0.01 0.77 0.49 1.56 0.90

1.28 0.85 0.09 0.09 1.36 0.85 3.09 1.74

0.31 0.30 0.02 0.04 0.10 0.09 0.14 0.13

0.31 0.32 0.03 0.05 0.12 0.11 0.25 0.20
0.33 0.44 0.02 0.06 0.12 0.15 0.17 0.26

0.51 0.47 0.04 0.05 0.24 0.16 0.81 0.45

0.35 0.38 0.02 0.05 0.13 0.14 0.33 0.21

0.47 0.43 0.06 0.07 0.47 0.31 0.83 0.52

0.41 0.34 0.03 0.05 0.14 0.12 0.27 0.22

0.46 0.44 0.03 0.06 0.23 0.18 0.50 0.33

0.72 0.56 0.05 0.07 0.39 0.27 0.72 0.41

0.35 0.36 0.02 0.05 0.13 0.14 0.27 0.21

0.37 0.37 0.04 0.06 0.20 0.16 0.39 0.28

0.45 0.42 0.03 0.05 0.18 0.16 0.39 0.25

0.52 0.47 0.04 0.06 0.24 0.19 0.53 “ 0.33

0.28 0.30 0.02 0.04 0.11 0.11 0.20 0.17

4.3

264.7

1.0

18.3

2.5

1.6

13.8

7.2
0.9

3.6

5.4

14.4

1.3 .

13.2

1.1

1.4

9.6

16.1

‘o

5.1



SampleIll Description PCT-A 10-h PCT-B 100-h PCT-B 1000-h PCT-B 2000C VET

8.7
HLP-21

HLP-22

HLP-23

HLP-24

HLP-25

HLP-26

HLP-27

HLP-28

HLP-29

HLP-30

HLP-31

HLP-32

HLP-33

HLP-34

HLP-35

HLP-36

HLP-37

HLP-38

HLP-39

HLP-40

HLP-41

HLP-42

HLP-43

HLP-44

HLP-45

HLP-46

HLP47

HLP-48

HLP-49

HLP-51

HLP-52

HLP-53

HLP-54

H Mg

L Na

H Na

I Na

Center

Center

HHLH

HHLL

HLHH

HLHL

HLLH

HLLL

LHHH

LHHL

LHLH

LHLL

LLHH

LLHL

LLLH

LLLL

Center

reduced

reduced

LD6-5412

LRM-1

LAW-A33 0.61 0.52 0.06 0.06 0.30 0.20 0.65

LAW-B 0.30 0.28 0.03 0.04 0.11 0.09 0.15

LAW-ABP1 0.34 0.38 0.04 0.06 0.04 0.13 0.33

HAN-28 - 5.65 - 0.02 - 2.24 -

LAW-A23 - - - - - - -

IA-912 0.46 0.48 0.02 0.08 0.12 0.12 0.25

0.38 0.34 0.03 0.05 0.15 0.14 0.28

0.60 0.48 0.05 0.06 0.30 0.21 0.58

0.25 0.24 0.01 0.03 0.10 0.08 0.20

0.98 0.78 0.08 0.11 0.42 0.35 0.70

0.34 0.36 0.02 0.04 0.14 0.12 0.30

0.44 0.43 0.04 0.06 0.22 0.17 0.46

0.53 0.38 0.04 0.06 0.21 0.16 0.41

2.33 1.63 0.17 0.13 0.86 0.54 2.00

0.27 0.21 0.02 0.03 0.10 0.07 0.21

0.40 0.56 0.02 0.07 0.12 0.17 0.24

0.16 0.24 0.00 0.03 0.05 0.06 0.11

6.71 4.79 0.44 0.30 1.60 1.07 2.84

0.48 0.35 0.04 0.04 0.23 0.14 0.61

1.96 1.65 0.07 0.12 1.68 1.12 6.31

0.38 0.36 0.01 0.04 0.14 0.11 0.29

1.35 1.02 0.08 0.08 0.60 0.36 1.19

0.43 0.34 0.03 0.04 0.19 0.12 0.73

1.29 1.15 0.02 0.08 0.40 0.28 -

0.40 0.36 0.02 0.05 0.12 0.10 0.19

2.28 1.47 0.27 0.21 2.08 1.20 2.53

0.90 0.69 0.06 0.07 0.81 0.46 1.58

6.63 4.46 0.21 0.21 3.10 1.59 4.16

0.68 0.54 0.03 0.06 0.56 0.33 3.73

0.41 0.34 0.04 0.05 0.27 0.20 0.47

0.46 0.41 0.04 0.05 0.02 0.12 0.38

0.42 0.38 0.04 0.05 0.02 0.13 0.32

0.05 0.50 0.02 0.00 0.10 0.26 0.30

0.53 0.53 0.06 0.08 0.32 0.26 0.92

0.37

0.13

0.50

0.20

0.29

0.29

1.05

0.11

0.30

0.10

1.81

0.28

3.53

0.17

0.74

0.39

0.18

1.56

0.93

2.28

2.11

0.28

0.31

0.32

0.43

0.61

0.45

0.15

0.32

7.21

0.20

4

1.5

15.9

3.1

5.7

0.6

84.2

1.7

55.4

11.5

78.3

4.5

18.2

id

17.8

13.5

10.7

6.7

id

1

14.1

0.2

id

id

id

254.6

36.4

50.5

0.6

4.4

1219.4

552.6

57

24.7HLP-55 L4-99 0.16 0.28 0.07 0.09 0.30 0.21 0.70 0.48
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6.0 Conclusions and Recommendations -

A voluminous databaseof corrosion characteristicsis being developed on a systematically
designed matrixof simulatedLAW glasses. The data arebeing generated with two types of corrosion
tests: thePCT and the WIT. Data from triplicatePCT-A performed in stainlesssteel at a temperatureof
90”C and an S/V of 2000 m-l have been completed. Data from the PCT-B were generated for times of 10,
100, and 1000 h performed in Teflon@ at a temperatureof 90°C and anWVof20000 m-*. The short-
termPCT-B releases for many of the testmatrix glasses appearto fo~ow a power-law fi.mction. That is to
say thatno significantrate increase was detected in any of the matrix glasses for times up to 1000 h. The
ordering of glassesby PCT-B release dataappearsto be similarfor times up to 1000 h.

The normalized PCT releases for the 1000-h testsrange from 0.1 to 6.3 g/m2 for boron and from
0.1 to 7.2 g/m2 for sodium. Based upon the boron releases, the estimatedrelease rates for these glasses
range up to 1.0 and 0.1 g/m2/d for periods of 1 and 1000 h respectively. The glasses with the highest
boron releaserateswere HLP-31, -02,-39,-41, and-27 at 10 h and HLP-51, 41,-33, and -39, and -31 at

1000 h. For the sodium data,the releaseratesrange up to 0.7 and 0.2 g/m2/d for periods of 1 and 1000 h,
respectively. The glasses with the highest sodium release rateswere HLP-31, -02,-41, -39,and -27 at 1 h
and HLP-52, -33, ‘-41, -42, and-31 at 1000 h. Insufficient information concerning the alterationproducts
formed duringPCT was available to make a compti’son to the VHT or other data.

The VHT are still in progress. Prelirnimuyrateshave been determined for most glasses at 200°C.
These ratesrange from 0.0 to 1219 g/m2/d and cover at leastthree orders of magnitude. The glasses are
grouped into three categories based on”theirVHT rates at200°C.

1. Glasseswith low resistanceto VHT – ratesbe&veen 14 and 1219 g/m2/d. For these glasses, we
have good estimatesof rate since the samples in this group are completely dissolved in roughly
100 days or less. This group contains 18 glasses, listed in Table 3-12.

2. Glasseswithmedium resistanceto WIT – ratesbetween 6 and 14 g/m2/d. For these glasses, we
have poor estimatesof rate. The ranking of glasses within this category is likely to change;
however, these glasses are clearly more resistantto VHT than glasses in Group 1 and less
resistantto VHT than glasses in Group 3. T&i group has 9 glasses.

3. Glasseswith high resistanceto WIT – ratesbehveen Oand 6 g/mz/d. For these glasses, we have
poor estimates,of rate. The ranking of glasses withinthis category is likely to changq however,
these glassesare clearly more resistantto VFfT than glasses in Groups 1 and 2. This group
contains22 glasses.

Many alterationproducts were found to form on the matrix glasses during WIT. Analcime,
sodium aluminumsilicate hydrate, and sodium aluminum silicateboron hydroxide hydrate were the three
most common major phases identified.

The effect of temperatureon VHT response was investigated for selected glasses. The rate of
alterationfor HLP-46, 48, and -51 was found to follow the Arrhenius model with&values ranging from
87 kT/molto 98 kJ/mol. The assemblage of alterationphases was the same however, the relative amount
varied withtemperature.

Littlecorrelationwas found between the release ratesas measured by PCT and the alterationrates
measuredby VHT. ‘l& was expected since the stage of dissolution probed by WIT is much later than
could be achieved with PCT at 90°C in 1000 h. The resultsfrom the IWOtestsare expected to become
more comparable once the corrosion extentin PCT is sufficiently advanced.
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These datahave led to three recommendations for fhture studies:

1. Data collection should continue on thisprogram. The VHT rateshould be determinedfor all
matrix glasses at 200°C. The VHT rate should be determinedat a number of temperatures
ranging from 90°C to 300”C for selected glasses. The major alterationproducts formed on VHT
samples should be identified. The PCT should be completed for matrix glasseswith times up to
10,000 h. The alterationproducts formed on selected PCT samples shouldbe identified and
compared with those formed during VEIT.

2. The PCT should be further accelerated by increasing test temperature. This will allow the similar
reaction extentsobserved in VHT during similar time frames and potentiallyprovide a link to
lower temperaturePCT data.

3. Furtherstudiesshould be performed to determine the comosion mechanismsthatdetermine
alterationmtes by WIT and how they are impacted by temperature. The procedure for VHT
should be furtheroptimized and standardized.

4. The effect of composition on corrosion rate should be determinedand modeled. It has been
speculated thatthe glass stabilitywith respect to conversion into key alterationproducts
determines its long-term performance (McGrail et al. 1999). This dataset when sufficiently
complete, can be used to test this theory. The impact of composition on the shorter-terinPCT (up
to 1000 h) can be assessed immediately. The impact of composition on the VHT and longer-term
PCT (> 1000 h) can only be assessed once sufficient data are available.

6.2



7.0 References

Abraitis, P. K., D. J. Vaugham, F. R. Livens, J. Montei@ D. P. Tivedi, and J. S. Small. 1998.
“Dissolution of a Complex Borosilicate Glass at 60°C: The Influence of pH and Proton
Adso,r@ion on the Congruence of Short-term Leaching.” In Mata”al Research Society
Symposium Proceedings Vol. 506, pp 47-54.

Baillie, W. L. 1921. “The Relation Between Density and the Composition of Glasseq” J Sot.
Clzem. Ind., 40 pp 141J148.

Cullity, B. D. 1978. Elements ofX-&y D&raction, Addison-Wesley Pub., New York.

Ebe~ W. L. and S. F. Wolf. 1999. Round-Robin Tuting of a Rejerence Glass for Low-Activity
Waste Forms, M’L-99/22, Argonne National Laboratory, Argonne, .Illinois.

Feng, X., P.R. I@na, J.H. Wests~ M.J. Schweiger, H. Li, J.D. Vienna, G. Chen, G.F. Piepel,
D.K. Peeler, D.E. Smi@ B.P. McGrail, S.E. Pahner, D. Kim, Y. Peng, W.K. H* A.J. Bakel,
and W.L. Ebert. 1996. Glass Optimization for Vitri@ation of Hanford Site Low-Level Tank
Waste. PNNL-10918, Pacific Northwest National Laboratory, Richland, Washington.

Ferrara,D. M., C. L. Craw-for&B.C. Ha, and N. E. Bibler. 1998. “Vitrification of Three Low-
Activity Radioactive Waste StreamsFrom Hanfor&” Proceedings of the International
Conference on Decommissioning and Decontamination and on Nuclear and Hazardous Waste
Management, p. 706-713, ANS, La Grahge, Illinois.

Hrrna,P. R., G. F. Piepel, M. J. Schweiger, D. E. Smifi D. S. I@ P. E. Redgate, J. D. Vienna,
C. A. LoPresti, D. B. Simpson, D. K. Peeler, and M. H. Langowski. 1994.
PropertylComposition Relationships for Hanford Higli-Level Waste Ghzx.ws Melting at 1150°C,
Volumes 1 and 2. PNL-10359, Pacific Northwest Laboratory, Richlan& Washington.

Jercinovic, M.J., and ILC. Ewing. 1992. “Corrosion of Geological and Archeological Glasses.”
In Corrosion of Glass, Ceramics, and Ceramic Superconductors, eds. D.E. Clark and B. K.
Zoitos. Noyes Publishing, ParkRidge, New Jersey.

Kim, D. S., P. Hrma, S. E. Pahner, D. E. Smim and M. J. Schweiger. 1995. “Effect of BzO~,
CaO, and Alz03 on the Chemical Durability of Silicate Glasses for Hanford Low-Level Waste
Glass Imrnobiliz.atiorq”Ceram. Trans., 61,531-538, American Ceriunic Society, Westerville,
Ohio.

Lasag~ A. C. 1995. “FundamentalApproaches in Describing MineralDissolution and
PrecipitationRates.” In Chemical Weathering Rates of Silicate Minerals,Vol. 31, eds. A.F. White
and S.L. Bratley. Mineralogical Society of America pp. 22–86.

Leturcq G., G. Berger, T. Advoca~ C. FilleL O. Halgan& and E. Vemaz. 1998. “Chemical
Durability of Ahuninosilicate Glasses Containing Low VolubilityChemical Elements.” Mat. Res.
Sot. Symp. Proc. vol. 506, pp 199-214, Pittsburgh,Pennsylvania.

Lutze, W. and R. C. Ewing. 1988. Radioactive Waste Formsfor the Future. North Holland,
Amsterdam.

7.1

,.7..> - ..W m. . . ... v -. —....- . - . -.- . .. . . .. . . . .. . . . .



—.

Mann, F. M., R. J. Puis~ P. D. Rittman,A. H. L% G. F. Williamson, N. R. Brown, P. E. LaMont,
N. W. Kline, J. A. Voog& Y. Chen, C. R. Eiholzer, C. T. Kincai& and B. P. McGrail. 1998.
HanfordImmobilizedLow-Activi~ Tank Waste Perj$ormance Assessment, DOEIRL-97-69, U.S.
Department of Energy, Richlan& Washington.

Mazer, J. J. 1991. Temperature Eflects on Wate Gkzss Peq40rmance, ANL-91117. Argonne
National Laboratory, Argonne, Illinois.

McGrail, B. P., W. L. Ebe@ A. J. Bakel, and D. K. Peeler. 1997a. “Measurement of Kinetic
Rate Law Parameterson a Na-Ca-Al Borosilicate Glass for Low-Activity Waste/’ Journal of
Nuclear Materials Vol. 249, p. 175-189.

McGrail, B. P., C. W. Lindenmeier,P. F. Martin,and G. W. Gee. 1997b. “The Pressurized
UnsaturatedFlow (lWl?) Test A New Method for Engineered-BarrierMaterialsEvaluation,”
Ceramic Transactions vol. 72, p. 317–329.

McGrail, B. P., W. L. Eb@ D..H. Bacon, andD. M. Strachan. 1998. A Strategy to Conduct an
Analysis of the Long-Term Performance of Low-Activity Wwte Glass in a Shallow-Subsurface
Disposal System at Hanford, PNNL-11834, Pacific Northwest National Laboratory, Richland,
Washington.

McGrail, B. P., J. P. Icenhower, D. H. Bacon, J. D. Vienn~ A. Jiricka,W. L. Ebert, P. F. Martin,
H. T. Schaef, M. J. O’Hara, and E. A. Rodriguez. 1999. Wwte Form Release Data Package for
the 2001 Immobilized Low-Activity Waste Pe~ormance Asse.ssment9 PNNL-13043, Rev. 1,
Pacific Northwest National Laboratory, Richlan& Washington.

Scholes, S. R. 1975. Modern Glass Practice, CBI Publishing Co., Boston, Massachusetts.

Tri-Party Agreement Washington StateDepartmentof Ecology, U.S. Environmental Protection
Agency, and U.S. Departmentof Energy. 1994. Hanford Federal Facility Agreement and
Consent Order, 89-10, Rev. 3, FourthAmendmeng Olympia, Washington.

Vienna, J. D., D. K. Peeler, andB. P. McGrail. 1999. Hanford Immobilized Low-Activity Waste
Product Acceptance Tat Plan ~, SRTC-RP-99-O0288, Westinghouse SavannahRiver
Company, Aiken, South Carolina.

Wests~ J. H., Jr. and R. D. Peters. 1981. “Time and TemperatureDependence of the Leaching
of a Simulated High-Level Waste Glass,” in Scientljic Basis for Nuclear Wrote Management,
Vol. 3, Plenum Press,New York .

Winkelm~ A., and O. Schott. 1894. ‘TJbertherrnischeWiderstandskoeffizienten
verrschiedener Glaser in ihrerAbhangigkeit von chemischen Zusammensetzung,” Ann. Physik,
51, pp. 730-746.

Wolf, S. F., W. L. Ebe~ J. S. Luo, and D. M. Strachan. 1998. A Data Base and Standard
Material for Use in Acceptance Tinting of Low-Activi~ Wrote Products, ANL-9819, Argonne
National Laborato~, Argonne, Illinois.

7.2



APPENDIX A

Target and Measured Composition Information for
the HLP Glasses



Table A-1. Target Compositions (in mass% of oxides) and Measured Compositions (in mass% of oxides) for the HLP Glasses

Glass ID Description(n) SiOz AIZ03 BZO Fez03 TiOz ZnO ZrOz MgO L&O Naz KZO CaO Cl S03 P20s Cr203 F Re02 M003 La20 Total
HLP-01 Center 49.07 7.00 10.00 5.50 3.00 1.50 1.50 1.50 0.0020.000.41 0.010.280.07 0,06 0.08 0.01 0.01 0.00 0.00 100.00

Measured
HLP-02 L Si

Measured
HLP-03 H Si

Measured
HLP-04 I Si

Measured
HLP-05 L Al

Measured
. HLP-06 H Al

Measured
HLP-07 I Al

Measured
HLP-08 L B ~

> Measured
b HLP-09 H B

Measured
HLP-10 I B

Measured
HLP-11 L Fe

Measured
HLP-12 H Fe

Measured
HLP-13 I Fe

Measured
HLP-14 L Ti

Measured
HLP-15 H Ti

Measured
HLP-16 L Zn

Measured
HLP-17 H Zn

Measured
HLP-18 L Zr

48.80 7.04 8.92 6.52 3.00 1.46 1.54 1.41 BD 18.400.400.01 0.25
36.00 8.79 12.57 6.92 3.77 1.88 1.88 1.88 0.0025.140.520.020.35 0.09 0.07 0.09 0.01 0.01 0.00
35.20 8.95 11.40 7.63 3.86 1.88 1.88 1.81 BD 25.800.59 BD 0.22
52.00 6.60 9.43 5.19 2,82 1.41 1.41 1.41 0.00 18.850.390.010.260.07 0.05 0.07 0.01 0.01 0,00
51.50 7.08 9.09 6.06 2.89 1.43 1,36 1.36 BD 17.900.41 BD 0.19
40.00 8.24 11.78 6.48 3.53 1.77 1.77 1.77 0.0023.570.490.010,33 0.09 0.07 0.09 0.01 0.01 0.00
40.40 8.74 12.40 7.72 3.56 1.74 1.74 1.68 BD 22.200.52 BD 0.24
50.65 4.00 10,32 5.68 3.09 1.55 1.55 1,55 0.0020.650.430,010.29 0.08 0.06 0.08 0.01 0.01 0.00
47.30 4.24 10.30 6.80 3.17 1.56 1.45 1.45 BD 20.300.50 BD 0.27
46.46 11.94 9.47 5.21 2,84 1.42 1.42 1.42 0.00 18.940.390.01 0.260.07 0,05 0.07 0.01 0.01 0.00
44.60 12.30 8,89 5.96 2.94 1.42 1,35 1,34 BD 19.100.42 BD 0.14
48,0i 9,00 9,79 5,38 2.93 1,47 1,47 1,47 0,00 190570.400.010.270.07 0.05 0.07 0.01 0.01 0.00
50.30 9.79 9.45 6.32 3.15 1.56 1,55 1,46 BD 19.300.43 BD 0.20
51.25 7.31 6.00 5.75 3.13 1.57 1.57 1.57 0,00 20,890.430,010.290.08 0,06 0.08 0.01 0.01 0.00
48.90 7.06 5.94 5.84 3.04 1.46 1.44 1.31 BD 19,500,56 BD 0.19
47,98 6,84 12.00 5,38 2,93 1.47 1.47 1.47 0.00 19.560.400.010.270.07 0.05 0.07 0.01 0.01 0.00
43.30 7.12 11.80 6.40 2,87 1.51 1.22 1.29 BD 18.600.41 BD 0.21
50.16 7.15 8,00 5.63 3.06 1.53 1.53 1.53 0.0020.450,420.01 0.280.07 0.06 0,08 0.01 0.01 0.00
47.90 7.04 8.92 6.33 3.09 1.49 1,55 1.36 BD 18,400,48. BD 0.22
51.93 7.41 10.58 0.00 3.17 1.59 1.59 1.59 0.0021.170.440.010.29 0.08 0.06 0.08 0.01 0.01 0.00
50.80 6.91 10.60 0.55 2.83 1.48 1.38 1.23 BD 18.200.40 BD 0,21
47.25 6.74 9.63 9.00 2.89 1,44 1.44 1,44 0.00 19.260.400.010.270.07 0.05 0,07 0,01 0.01 0.00
44.80 6.44 10.20 9.20 2,75 1,45 1,34 1.23 BD 18.000,460.05 0,23
50.37 7,18 10.27 3.00 3.08 1.54 1.54 1.54 0,0020,530.420.010.28 0.08 0.06 0.08 0.01 0.01 0.00
49.90 6,44 10.20 3.80 2.95 1,53 1.34 1.51 BD 18.500.410.06 0,24
50,59 7,21 10,31 5,67 0.00 1.55 1.55 1.55 0.0020.620.430.010.29 0.08 0.06 0.08 0,01 0.01 0.00
47.30 7.23 10.10 6,31 BD 1.55 1043 1053 BD 19.400,450.06 0.24
47.55 6.78 9.69 5.33 6.00 1.45 1.45 1.45 0.00 19.390.400.010.270.07 0.05 0.07 0.01 0.01 0.00
47.80 6.52 9.72 6.69 5.91 1.51 1.06 1.54 BD 18.600.380.07 0,26
49.82 7.10 10.15 5,59 3,040.00 1.52 1.52 0,0020.310.420.010.28 0.07 0.06 0.08 0.01 0.01 0,00
53.40 6.79 10,00 6.84 3.18 BD 1.30 1.61 BD 19.000.410.08 0.26
47.82 6.82 9.75 5.36 2.924.00 1.46 1.46 0.00 19.500.400.01 0.270.07 0.05 .0.07 0,01 0.01 0.00
48.30 6.84 9.86 6.36 3.003.96 1.30 1.53 BD 18.400.36 BD 0,23
49.82 7.10 10.15 5.59 3.04 1.52 0.00 1.52 0.00 20.310.420,010.280.07 0.06 0.08 0.01 0.01 0.00

0.02 97.77
0.00 99.99
BD 99.22
0.00 99.99
BD 99.27
0.00 100.01
BD 100.94-
0.00 100,01
BD 97.34
0.00 99.99
BD 98.46
0.00 99.98
BD 103.51
0.00 100.01
BD 95.24
0.00 99.99
BD 94.73
0.00 99.98
0.01 96.79
0.OO 100.01
BD 94.59
0.00 99,98
BD 96.15
0,00 100.00
BD 96,88
0.00 100.02
BD 95.60
0.00 99.98
BD 100.06
0,00 99.99
BD 102,87
0.00 99,98
0.05 100.19
0.00 99.99



Table A-1 Continued

Glass ID Descri~tion(’) SiOZ AL03 BZO FezO~ TiOz ZnO ZrOZ MEO LizO Naz KzO CaO Cl S03 PZOSCrz03 F ReOz Mo03 LazO Total
Measu~ed 46.20- 7.~5 - 10~20 6,22-3,18-1.54 BD - 1.i4 BD 19.200.43 BD 0.26- BD 96.22

HLP-19 H Zr
Measured

HLP-20 L Mg
Measured

HLP-21 H Mg
Measured

HLP-22 L Na
Measured

HLP-23 H Na
Measured

HLP-24 I Na
Measured

HLP-25 Center
Measured

HLP-26 Center
Measured

~ HLP-27 HHHH
Measured

HLP-28 HHHL
Measured

HLP-29 HHLH
Measured

HLP-30 HHLL
Measured

HLP-31 HLHH
Measured

HLP-32 HLHL
Measured

HLP-33 HLLH
Measured

HLP-34 HLLL
Measured

HLP-35 LHHH
Measured

HLP-36 LHHL

46.83 6.68 9.55 5,25 2.86 1.43 6.00 1.43 0.00 19.090.390.01 0.260.07 0.05 0.07 0.01 0.01 0.00
48.20 6.94 9.63 6,40 2.98 1.50 5.64 1.47 BD 17.800.43 BD 0.25
49.82 7.10 10.15 5,59 3,04 1.52 1.52 0.00 0.00 20,31 0.420.01 0,280,07 0.06 0.08 0.01 0.01 0.00
49.30 7.19 10.10 6,26 3,20 1.60 1.51 BD BD 19.300.40 BD 0,26
47.82 6.82 9.75 5.36 2.92 1.46 1.46 4,00 0.00 19.500.400.010.270,07 0.05 0.07 0.01 0.01 0.00
45.90 6.89 10.20 6.71 3.03 1.68 1.34 3.93 BD 18,300,37 BD 0.25
51.67 7.37 10.53 5.79 3.16 1.58 1.58 1,58 0.00 16.0000330.01 0.220.06 0.04 0.06 0,01 0.01 0.00
53.30 7.67 11.00 7.02 3.27 1.65 1.26 1.66 BD 15.400.30 BD 0.27
47.13 6.72 9,61 5,29 2,88 1.44 1.44 1,44 0,00 23.000.470.01 0.320.08 0.06 0.09 0.01 0.01 0.00
44.10 6.92 9.65 5.91 2.90 1.47 1.38 1.47 BD 21.500.42 BD 0.27
50.37 7.18 10.27 5.65 3.08 1.54 1.54 1.54 0.00 18.000.370.01 0.250.07 0.05 0.07 0.01 0.01 0.00
48.90 7.44 10.00 6.59 3.24 1.60 1.51 1.63 BD 17.200.40 BD 0.24
49.07 7.00 10.00 5.50 3.00 1.50 1.50 1.50 0.00 20.000.41 0.01 0.280.07 0.06 0.08 0.01 0.01 0.00
47.20 6.76 10.10 6,27 2.66 1.49 1.48 1.54 BD 18.500.410.01 0.21
49.07 7.00 10.00 5.50 3.00 1.50 1.50 1.50 0.0020.000.410.010.28 0.07 0.06 0.08 0.01 0.01 0.00
46,80 6.68 9.43 5.97 2.86 1.40 1.50 1.45 BD 18.200.43 BD 0.21
52.00 11.94 12.00 0.00 0.000.00 0.00 0.00 0.00 23.000.470.01 0.320.08 0.06 0.09 0.01 0.01 0.00
50.40 12.00 12.30 0.60 BD BD BD BD BD 21.700.44 BD 0.26
52.00 11.94.12.00 3.10 1.690.840.84 0.84 0.00 16.000.330.010.220.06 0.04 0.06 0.01 0.01 0.00
51.80 12.10 13.00 3.82 1.740.92 0.75 0.80 BD 15.10 BD 0.22
52.00 11.94 6.00 2,54 1.380.69 0.69 0.69 0.00 23.000.470.01 0.320.08 0.06 0.09 0.01 0.01 0.00
49050 11,80 6.51 3.12 1.41 0.73 0,64 0.69 BD 21.500.42 BD 0,25
52.00 11.94 6.00 5.64 3.07 1.54 1.54 1.54 0.00 16.000.330.01 0,220.06 0.04 0.06 0.01 0.01 0.00
47.30 12,20 6.56 6.38 3.20 1.55 1,43 1.50 BD 15.400.29 BD 0.23
52.00 4.00 12.00 3.36 1.83 0.92 0.92 0.92 0.00 23.000.470.010.320.08 0.06 0.09 0.01 0.01 0.00
48.90 4.20 12.30 4.30 1.780.94 0.70 0.84 BD 22.000.40 BD 0.24
52.00 4.00 12.00 6.46 3.52 1.76 1.76, 1.76 0.00 16.000.330.01 0.220.06 0.04 0.06 0.01 0.01 0.00
46.00 4.21 12.90 7.05 3.57 1.86 1.60 1.66 BD 15.700.31 BD 0.25
52.00 4.00 6.00 5.90 3.21 1.61 1.61 1.61 0.00 23.000.470.01 0.320.08 0.06 0.09 0.01 0.01 0.00
52.30 4.16 6.44 6.92 3.23 1.67 1.31 1157 BD 22.000.45 BD 0.30
52.00 4.00 6.00 9.00 4.902.45 2.45 2.45 0.00 16.000.330.010.220.06 0.04 0.06 0.01 0.01 0.00
51.00 3.97 6.24 10.20 4.702.32 2.00 2.10 BD 14.300.30 BD 0.20
36.00 11,94 12.00 6.77 3.69 1.85 1.85 1.85 0.00 23.000.470.01 0.320.08 0.06 0.09 0.01 0.01 0.00
36.00 11.50 12.10 7.47 3.61 1.83 1.73 1.68 BD 21.600.50 BD 0.22
36.00 11.94 12.00 9.87 5.382.69 2.69 2.69 0.00 16.000.330.010.220.06 0.04 0.06 0.01 0.01 0.00

0.00

BD
0.00
BD
0.00
BD
0.00
BD
0.00
BD
0.00
BD
0.00
0.02
0.00
BD
0.00
BD
0.00
BD
O.OO
BD
0.00
BD
0,00
BD
O.OO
BD
0.00
BD
0.00
BD
0.00
BD
0.00

99.99
101.24
99.99
99.12
99.98
98.60
100,00
102.80
100,00
95.99
100.01
98.75
100.00
96.65
100.00
94.93
99.99
97.70
99.99
100.25
99.98
96.57
100.01
96.04
100,00
96.60
100.00
95.11
99.99
100.35
99.99
97:33
100.00
98.24
100,00



Table A-1 Continued

Glass ID Description(’) SiOz A1203 BzO Fez03 TiOz ZnO ZrOz MgO LIzO Naz KzO CaO CI S03 PZOS Crz03 F ReOz MOOS LazO Total
Measured 35.60 12.00 12.60 10.30 5.492.69 2.44 2.41 BD 15.500.27 BD 0.17 BD 99.47

HLP-37 LHLH 36.00 11.94 6.00 9.31 5.072.54 2.54 2.54 0.0023.000.470.01 0.320.08 0.06 0.09 0.01 0.01 0.00 0.00 99.99
Measured 35.60 11.60 6.78 9.71 5.042.46 2.28 2.19 BD 21.800.40 BD 0.19 BD 98.05

HLP-38 LHLL 36.00 11.94 6.00 12.41 6.763.38 3.38 3.38 0.00 16.000.330.010.220.06 0.04 0.06 0.01 0.01 0.00 0.00 99.99
Measured 35.40 12.00 6.09 12.60 6.883.33 3.38 3.15 BD 15,300.30 BD 0.17 BD 98.60

HLP-39 LLHH 36.00 4,00 12.00 10.13 5.522.76 2.76 2.76 0.0023.000.470,01.0.32 0.08 0.06 0.09 0.01 0.01 0.00 0.00 99.98
Measured 34.40 3.99 12.60 10,40 5.502.72 2.62 2.59 BD 21.500.45 BD 0.23 BD 97.00

HLP-40 LLHL 36.00 4.00 12.00 13.23 7.21 3,61 3.61 3.61 0,00 16.000.330.010.220.06 0.04 0.06 0.01 0.01 0.00 0.00 100.01
Measured Q 34.10 4.01 12.70 13.40 7.283.62 3.16 3.46 BD 15.400.31 BD 0.20 BD 97.64,
Measured HT 35.10 4.26 12.40 13.40 7.65 3.73 3.44 3.65 BD 16,300.31 BD 0.18 BD 100.42

HLP-41 LLLH 36.00 4.00 6.00 12.67 6.903.45 3.45 3.45 0.00 23,000.470.010.320.08 0.06 0.09 0,01 0.01 0.00 0.00 99.97
Measured 35.00 3.91 6.47 13,00 6.783.48 3.19 3.20 BD 21.600.43 BD 0.22 BD 97.28

HLP-42 LLLL 36.00 4.00 6.00 15.77 8.594.30 4.30 4.30 0.00 16.000.330.010.220.06 0.04 0.06 0.01 0.01 0.00 0.00 100.00
Measured Q 35.10 4.09 6.32 16.80 8.31 4.293,27 4.05 BD 15.500,37 BD 0.19 0.10 98.39
Measured HT 34.20 4.13 6.46 15.80 8.664.17 3.78 4.09 BD 15.600.42 BD 0.17 BD 97.48

HLP-43 Center 49,07 7.00 10.00 5.50 3.00 1.50 1.50 1.50 0.0020.000.410,010.28 0.07 0.06 0.08 0.01 0.01 0.00 0.00 100.00
Measured 48.40 6.69 9,85 6.23 2.86 1.40 1.50 1,33 BD 18.500.470,01 0,23 BD 97.47

? HLp.44 Reduced
u 49.07 7.00 10.00 5.50 3.00 1.50 1.50 1,50 0.0020.000.410.010.28 0.07 0.06 0.08 0.01 0.01 0.00 0.00 100.00

Measured 48.30 6.93 9.97 6.07 3.12 1.51 1.22 1.46 BD 18.600.35 BD 0.21 BD 97.74
HLP-45 Reduced 49,07 7,00 10.00 5.50 3.00 1.50 1.50 1.50 0.0020.000041 0.010.280.07 0.06 0.08 0.01 0.01 0.00 0.00 100.00

Measured 48.60 7.10 10.10 6.06 2.93 1.46 1.34 1.55 BD 18.500.34 BD 0.22 BD 98,20
HLP-46 LD6-5412 55.91 12,17 5.05 0.11 0.020.14 0.08 0.00 0.0020,41 1.664.120.000.18 0.22 0.05 0.00 0.00 0.00 0.00 100.12

Measured 57.70 11,70 5.50 0.49 BD BD BD BD BD 18,000,283.92 0.16 BD 97.75
HLP-47 LRM-I 54.37 10.00 8.00 1.00 0.100.00 1.00 0.10 0.1020.001.500.500.80 0.20 0.50 0.20 1.00 0,00 0.00 0.01 99.38

Measured 55,10 9,42 7.64 2.04 0.09 BD 0.94 0.11 0.12 18.901.400,52 0.32 BD 96.60
HLP-48 LAW-A33@) 38.25 11.97 8.85 5.77 2.494.27 2.49 1.990.0020.003.100.00 0.580.10 0.08 0.02 0.04 0.00 0.00 0.00 100.00

Measured 36.40 11.50 8.93 6.37 2.454.10 2.04 1,83 BD 18.502,75 BD 0.14 BD 95,01
HLP-49 LAW-B29@) 43.93 8.03 8.07 8.03 0.003.99 3.04 3.00 4.08 10.000.367.030.290.02 0.01 0.10 0.00 0.00 0.00 0.00 99.98

Measured 41.10 7.76 8.74 8.71 BD 3.93 2.73 2.81 4.11 9,65 0,366.96 0,24 BD 97.10
HLP-51 LAW-ABP1 41.89 10.00 9.25 2.50 2.492.60 5.25 1.00 0.0020.002.200.000.58 0.10 0.08 0.02 0.04 0.00 0.00 2.00 100.00

Measured 41.20 9.68 9,26 2.94 2.372.51 3.90 0,92 BD 18.802.07 BD 0.14 1,94 95,73
HLP-52 HAN-28°) 44.46 10.15 0.00 2.53 0.38 0.00 5.00 1.18 0.0028,621.962,590.13 0.30 1.90 0,08 0.31 0.00 0,00 0.00 99,59 ,

Measured 45,80 9.63 0.10 3.00 0.37 BD 2.54 1.08 BD 27.501.802.51 0.21 BD 94,54
HLP-53 LAW-A23°) 40.15 9.86. 4.23 7.30 0.003.28 2.99 2.04 2.04 20.003.104.380.360.04 0.08 0.01 0.12 0.00 0.00 0,00 99.98

Measured Q 40.80 9.79 4.54 7.52 BD 3.242.82 1.84 2.13 20.403.084.33 BD BD 100.49
Measured HT 39.50 9.31 5.46 7.67 BD 3.09 2.76 1.93 2.29 18,602,754.21 0.14 BD 97.71



Table A-1 Continued

Glass ID Description(n) SiOZ A1i03 BzO Fez03 TiOz ZnO ZrOz MgO Li20 Naz KzO CaO Cl S03 Pj05 Crz03 F ReOz Mo03 LazO Total
Measured In 42,20 9.59 4.34 7.99 BD 3.07 2.79 1.85 2.11 18.702.984.27 BD 0.30 100.19

MeasuredOut 43.50 9.49 4.26 8.12 BD 3.26 2.67 1.89 2.09 19,302.934.32 BD BD 101.83
HLP-54 L4-912 56.78 12.00 9.00 0.00 0.000.00 0.00 0.00 0,00 20.000.330.000.090.32 1.19 0.04 0.21 0.00 0.00 0.01 99.97

Measured 56,40 11.70 8.76 0.56 BD BD 0.07 BD BD 17.800.28 BD 0.16 BD 95.73
HLP-55 L4-99 59.78 9.00 9.00 0.00 0.000.00 0.00 0.00 0.0020,000.330.000.09 0.32 1.19 0.04 0.21 0.00 0.00 0.01 99.97

Measured 60.60 8.87 8.92 0.58 BD BD BD BD BD 17.700.32 BD 0.17 BD 97.16
HLP-56 LAW-A44bY)
(a) Levels of glass components are given as L - low, I – intermediate, and H - high for the components following the level; for four consecutive levels the
components are Si02, A1203,B203, and Na20, respectively.
(b) Preliminary Hanford LAW glasses developed by Catholic University of America for BNFL Inc. HT - heat treated glass, Q - quenched glass, In - inside area
of HT glass, Out- outside area of HT glass.
BD - below detection limits.
(c) Composition of LAW-A44 is proprietary.



APPENDIX B

PCT-A, PCT-B, and Corrosion Information for the
HLP Glasses



APPENDIX B
Measured Concentrations in PCT-A Solutions

Table B-1. SRTC Mobile Laboratory Results for the Measured pH and Concentrations for the Hanford
PCT-A Series. Results Reported on 9/18/1999, Test Temperature= 90°C, Test Duration=
165 ~ (WV)s 2000/m and Dilution Factor= 5/3.

DilutedConcentration,Pi,in TestSolution (mg/L)
SampleID pH Zn Fe B Si Mg Ti %- - Al Na

Bkmk 6.67 <0.040 0.025 <().18() <().18() <().()1() -=0.010 <0.010 <0.200 <0.530
HLP-01 “ 10.31
HLp.ol 10.31
~p-ol 10.32
HLP.02 11.69
HL,P.02 11.68
HLP.02 11.67
HLP.03 10.23
I’ILP-03 10.21
HLp.03 10.22
HLP.04 11.3
HL,P.04 11.29
HL,P.04 11.29
HLp.05 10.31
HLP-05 10.36
HLP.05 10.38
Blank 6.81
STD da

HLP-06 10.21
~p-06 10.31
np-06 10.3
HLP-07 10.28
HLP-07 10.29
HLP-07 10.3
Mp-08 10.85
HLP-08
HLp-08 10.83
HLP-09 10.24
HJ-J?-og 10.31
HJ_.p-og 10.33
~p-lo 10.61
HLp-lo 10.59
HLp-lo 10.61
HJ-.p-ll 10.6
HLp-11 10.56
HI-l-l 1 10.54
HJ_.p-12 10.31
HL,P-12 10.33
HLP-12 10.32
Blank 6.48
STD da

HLP-13 10.5
HLP-13 10.56
I-ILp-13 10.5
HLP-14 10.61
HLP-14 10.65

0.920
0.830
0.780
0.370
0.260
0.250
1.04
0.830
1.09
1.08
1.30
1.26
0.580
0.750
0.740

-=0.040
<0.040

0.860
0.820
0.900
0.850
0.930
1.00
1.10

1.17
0.990
0.770
0.870
1.12
0.990
1.08
0.780
0.800
1.12
0.630
0.490
0.440

<0.040
<0.040

1.20
1.18
1.13
0.460

4.09
3.73
4.17
2.14
1.53
1.95
4.49
4.20
4.70
3.94
4.41
4.39
2.82
2.78
2.69
0.022
4.08
3.88
3.92
4.27
3.84
4.08
4.43
4.79

5.02
4.00
3.70
3.90
4.41
4.41
4.78
0.220
0.100
0.220
4.75
4.39
4.55

<().020
4.13
2.75
2.53
2.43
2.30

10.1 47.6 0.500
10.2 47.6 0.440
10.1 47.0 0.440

144 69.1 0.300
130 64.0 0.260
132 69.0 0.240

11.2 54.0 0.550
9.39 50.4 0.510
9.96 53.3 0.590

87.9 69.6 0.860
82.3 67.1 0.850
86.5 70.2 0.910
47.9 117 0.390
51.3 121 0.500
48.9 120 0.490
<0.180 <0.180 <0.010
20.7 52.4 <0.010”
11.8 47.9 0.470
10.6 47.2 0.420
10.7 51.5 0.510
11.6 47.8 0.490
11.4 49.8 0.510
11.4 49.7 0.520
7.43 61.8 0.690

1.68
1.63
1.62
0.280
0.320
0.320
1.88
1.77
1.92
1.46
1.67
1.53
0.890
0.650
0.650

<0.010
<0.010

1.55
1.49
1.65
1.52
1.64
1.78
1.93

Results are missing for this sample
7.14 62.4 0.730 1.96

23.1 46.1 0.480 1.43
23.2 43.6 0.430 0.122
22.6 45.8 0.430 1.39
10.7 57.1 0.600 1.80
10.1 54.8 0.570 1.75
10.6 58.6 0.630 1.82
16.7 57.4 0.590 3.69
17.5 56.5 0.630 1.44
21.3 66.5 0.820 1.99
13.9 59.7 0.380 0.970
14.1 56.1 0.340 0.910
15.9 61.4 0.340 0.940
<0.180 <0.180 <0.010 cO.O1O
20.9 50.7 <0.010 <0.010
18.4 59.3 0.870 1.87
17.4 56.1 0.830 1.87
17.4 57.5 0.830 1.69
25.2 53.2 0.350 <0.100

0.600
0.550
0.430

<0.100
<().1()()
<0.100

0.760
0.620
0.720
0.600
0.790
0.610
0.380

-=0.100
<0.100
<0.010
<().()10

0.590
0.490
0.710
0.600
0.620
0.660
0.800

0.690
0.450
0.430
0.550
0.790
0.740
0.710
2.53
0.800
1.04
0.300
0.350
0.250

<().()1()
<0.010

0.580
0.850
0.620
0.190
0.240

6.62
7.24
6.91

16.1
15.8
16.4
6.73
5.98
6.65

13.3
12.2
12.9
a.oo
C2.oo
C2.oo
<().2()()

3.98
13.2
13.0
13.7
8.87
9.60
9.98
8.44

8.78
‘9.24
8.58
8.79
8.23
7.76
8.42
7.22
6.73
7.80
8.25
7.83
8.00

<0.200
4.04
7.14
7.17
7.52
6.43
6.25

64.8
66.4
59.4

499
520
525
60.4
53.5
49.4

244
252
245
144
163
162
<0.530
87.3
53.8
49.0
47.9
54.9
57.1
54.1
81.5

80.6
82.9
81.8
80.4
68.8
69.3
70.3
81.4
80.2
82.2
55.4
57.1
62.4
<0.530
84.9
86.2
77.0
80.7

100
0.460 2.29 26.8 54.1 0.300 <0.100
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Table B-1 Continued

Dduted Concentration, pi, in Test Solution (m@L)
SampIelD pH Zn Fe B Si m Ti z’ ~ Na

HL.P.14 10.65 0.650 2.55 31.1 62.8 0.470 <0.100 0.280 7.34 100
HL.P-15 10.47 1.40
HL.p-15 10.43 1.04
HLP-15 10.42 0.890
HLP-16 10.57 <0.400
HL.P-16 10.54 <0.400
I-ILP-16 10.54 cO.400
HL,p-17 10.45 0.830
HL,p-17 10.47 0.560
HL,p-17 10.45 0.690
HJ-,p-18 10.63 2.71
HLp-18 10.61 2.57
~p-18 10.6 2.65
HLP-19 10.6 <0.400
HLP-19 10-54 <0.400
HLP-19 10.52 <0.400
Blank 6ti7~ <0.040
STD <0.040

HLP-20 10.57 1.72
HLP-20 10.52 1.22
HL.P-20 10.52 1.58
HLP-21 10.59 <0.400
HLP-21 10.55 <0.400
HLP-21 10.55 <0.400
HLP-22 9.8 0.110
HLP-22 9.82 0.280
HLP-22 9.79 <0.400
HLP-23 11.15 2.26
rip-23 11.17 1.91
HLP-23 11.18 2.14
HLP-24 10.11 0.410
HLp-24 10.17 0.470
~p-24 10.13 0.460
HLP-25 10.54 0.580
~p-zs 10.51 0.590
HLP-25 10.46 0.570
Blank 6.34 <0.040
STD nla <0.040

HLP-26 10.47 1.51
HLP-26 10.44 1.04
~P-26 10.45 1.14
HLP-27 11.36 <0.400
HLP-27 11.36 <0.400
HLP-27 11.35 <0.400
HLP-28 9.65 <0.400
IILP-28 9.57 0.400
HLP-28 9.54 0.350
HLp-29 11.05 0.860
HLP-29 11.07 1.02
HLP-29 11.08 2.37
HL,p-30 10.14 1.04
HLP-30 10.19 0.960
HL,p-30 10.19 0.890
Blank 5.61 0.109

B.2

5.45
4.46
4.01
6.04
5.84
6.11
1.20
0.970
1.09
8.21
8.80
8.58
0.580
0.450
0.480

<0.020
4.65
7.69
6.13
7.18
0.820
1.55
0.840
2.11
2.18
1.68
7.85
7.17
7.63
2.78
2.94
2.89
3.55
3.66
2.99

<0.020
4.49
6.21
4.19
4.32

<0.200
0.220
0.480
2.63
3.15
2.83
3.77
4.69
5.08
1.73
1.55
1.30
0.077

13.8
13.2
11.0
14.5
13.5
14.2
17.4
16.0
15.3
19.6
19.7
20.2

8.90
11.6
9.21
0.214

22.2
15.8
12.2
14.9
20.8
22.8
22.0

9.76
10.4
9.02

30.5
34.5
41.0
13.0
12.7
13.2
17.0
16.6
15.8
<0.180
23.9
23.5
18.3
18.0
99.7

106
107

11.8
12.1
11.9
8.03
8.74

10.2
3.76
3.36
3.42

<0.180

65.1
59.6
55.1
58.6
57.8
57.7
55.7
50.7
52.8
71.1
70.3
68.6
42.5
44.0
43.3
<0.180
55.0
61.7
50.6
60.2
58.9
67.0
63.2
50.7
57.1
45.6
77.3
77.0
88.2
53.5
55.4
55.8
56.6
58.2
55.6
<0.180
55.8
76.4
57.2
56.7
70.7
70.9
73.2
73.1
49.0
48.8
62.2
67.1

114
46.2
46.2
45.2
<o.180

0.940
0.750
0.720
1.03
0.980
1.01

<0.100
<0.100
Co.loo

1.83
1.72
1.79

<0.100
<0.100
<().10()
<0.010
<0.010
<().100
<0.100
<0.100

0.240
0.470
0.260
0.160
0.240
0.160
1.76
1.55
1.80
0.360
0.360
0.350
0.430
0.400
0.430

<().010
<0.010

0.870
0.630
0.650

<0.100
<0.100”
<().1()()
<().1()()
<0.100
<0.100

0.550
0.680
1.03
0.210
0.180
0.170

<0.010

4.42
3.73
3.58
2.31
2.31
2.30
0.400
0.320
0.360
3.53
3.63
3.45

<0.100
<0.100
<0.100
Co.olo
<0.010

3.20
2.70
2.98
0.220
0.340
0.240
0.610
0.790
0.620
3.03
2.60
2.82
1.00
1.14
1.12
1.07
1.06
1.03

<0.010
<().010

2.08
1.59
1.79

<0.100
<0.100
<0.100

0.950
1.11
1.09
1.57
1.74
2.55
0.890
0.870
0.850

<0.010

0.920
0.680
0.710
0.700
0.850
0.460

<0.100
<0.100
-=0.100
<0.100
<().100
<0.100
<0.100
<0.100
<0.100
<0.010
<0.010

1.14
1.24
1.05

<0.100
<0.100
<0.100
<0.100

0.250
0.150
1.01
0.660
0.550
0.350
0.370
0.210
0.150
0.110
0.370

<0.010
<0.010

0.380
0.440
0.710

<0.100
<0.100
<().1()0

0.100
0.160
0.190
0.280
0.440
1.51

<().1()0
<0.100

0.140
<0.010

9.04
8.24
7.49
8.25
8.08
8.35
5.94
5.47
6.34
9.48
8.88
9.52
6.18
6.03
6.23

<0.200
4.34
9.33
7.14
8.18
5.10
6.22
5.10
6.02
7.18
5.90
9.70
9.09

10.2
7.12
7.30
7.42
9.92
7.14
7.37

<0.20(3
4.29
9.85
7.43
8.09

16.5
16.6
17.0
10.5
12.3
12.1
15.4
17.8
27.1
12.0
11.8
11.1
0.234

60.2
61.2
62.9
67.1
68.8
66.4
75.2
73.9
72.2
87.0
82.1
84.8
54.3
48.9
50.2
<().530
82.6
59.1
63.8
62.4
83.6
80.0
85.6
36.4
31.8
32.9

145
167
169
59.2
55.0
58.7
77.7
72.5
77.5 .
<0.530
86.9
62.7
66.7
76.6

325
329
347
33.7
28.7
26.6
90.9

104
159
35.4
36.8
32.5
<0.530



Table B-1 Continued

Dikteci Concentration, pi, in Test Solution (m#L)
Samplell) PH Zn Fe B Si Mz . Ti Zr Al Na

0.940 <0.200 297 457 0.:90 0.140 cO.1OO q.00 985 “-HLP-31 11.4
HLp-31 11.4
HL,P-31 11.4
HLP-32 9.88
HLP-32 9.81
HLP-32 9.83
HLP-33 11.36
HL.P-33 11.35
HLP.33 11.34
HLp-34 10.22
HLp-34 10.2
HLP-34 10.19
HL.P-35 11.21
HLP-35 11.14
HLP-35 11?12
HLP-36 9.92
HLP-36 9.86
HLP-36 9.83
HLP-37 11.61
HL.P-37 11.6
HLP-37 11.58
Blank 5.39
STD nla

HLP-37Q 11.47
HLP-37’Q 11.43
HLP-37Q 11.44
HLP-38 10.55
~p-38 10.54
HLP-38 10.54

HLP-38Q 10.61
HLP-38Q 10.57
HLP-38Q 10.57
HLP-39 11.48
HL,P-39 11.45
HL.P-39 11.44
HLp-4(1 10.05
HLP-40 ‘ 10.05
HLP-40 10.06

HLP-40Q 10.02
HLP-40Q 10.03
HLP-40Q 10.04

Blank 5.62
HLP-41 12.17
HL,p-41 12.22
HLp-41 12.22
HLP-42 10.85
HLP-42 10.86
HLP-42 10.89

HLP-42Q 11.01
HLP-42Q 10.98
HLP-42Q 10.98

0.190 <0.200
0.920 <0.200
0.540 <0.200
0.660 <0.200
0.600 <0.200
3.39 7.94
5.09 11.7
3.41 6.53
0.450 -=0.200
0.470 <0.200
0.530 <0.200
1.03 “<0.200
0.900 . 0.590
0.940 <0.200
0.530 <0.200
0.580 cO.200
0.580 <0.200
7.99 14.0
8.14 14.2
8.67 14.9
0.106 <0.020

<().04() 4.04
0.610 <0.200
0.510 <0.200
0.670 <0.200
0.350 <0.200
0.320 <0.200
0.330 <0.200
0.310 <0.200
0.260 <0.200
0.350 <0.200
0.460 <0.200
0.450 -=0.200
0.380 <0.200
0.370 <0.200
0.320 <0.200
0.350 <0.200
0.270 <0.200
0.310 <0.200
0.210 <0.200
0.083 cO.020
2.93 3.31
1.33 0.710
1.51 0.960
0.200 -=0.200
0.200 <0.200
0.290 <0.200
0.250 cO.200
0.210 <0.200
0.250 cO.200

HLP-43 10.54 ‘ 1.87 4.12
HLP-43 10.47 2.05 4.77

307
296

21.0
23.3
19.7
38.7
59.2
36.9

8.95
8.47
8.07

63.6
56.4
61.0
20.0
18.5
18.6
28.7
29.1
28.9

0.343
20.8
14.3
14.1
13.9
9.00
9.00
8.65
8.64
8.26
8.77

106
102
97.8
39.8
38.9
42.0
34.7
34.8
33.7

0.263
152
148
145

16.6
14.7
14.3
20.4
19.1

‘ 19.8
14.7
15.3

456
418

49.1
60.0
53.0

211
332
197
53.8
57.9
56.1
43.7
44.7
43.6
32.4
<().10()
31.0
77.5
80.3
85.7
<0.180
53.3
61.6
61.0
57.9
36.8
36.2
38.4
34.6
34.5
35.2
83.2
78.2
74.9
38.6
40.0
40.7
40.0
40.3
38.8
<o.180

223
210
211

50.1
47.4
46.4
50.7
47.7
48.5
50.0
51.7

<0.100
0.280

<0.100
<0.100”
<().1()()

1.63
2.65
1.74

<().1()0
<0.100
<().1()()

0.320
0.110
0.130

<().1()()
<0.100
<().10()

4.34
4.71
4.84

<().010
<0.010”
<0.100
<(.).100”
<0.100”
<().1()()
<().10()
<0.100
<().1()0
<0.100
<0.100
<().1()0
<0.100
<0.100
<0.100
<0.100
<0.100
.<0.100
<0.100”
<0.100
<0.010

2.58
0.780
0.970

<0.100
<().100
<0.100
<0.100
<().10()
<0.100

0.630
0.550

<0.100
0.140

<().10() -
<().100
<0.100

2.07
3.79
2.78

<0.100
<().100
<0.100

0.260
0.170
0.240

<0.100”
<().1()()
<0.100
<().1()0
<().10()
<().10()
<0.010.
<().()1()
<0.100
<0.100
<0.100
<().1()()
<().1()()
<().1()()
<().10()
<0.100”
<0.100
<().1()0
<0.100
<().1()()
<0.100”
<0.100
<().1()()
<0.100”
<0.100”
<().100
<().()10
<0.100”
<0.100
<0.100
<0.100
<0.100
<0.100”
<0.100
<0.100
<0.100 ‘

1.89
1.90

<().1()0
<0.100
<().100
<0.100
<0.100

0.900
‘1.98
0.710

<0.100
<0.100
<0.100
<().1()()
<0.100
<().1()0
<0.100
<().1()()
-=0.100
<0.100
<().10()
<0.100
<0.100
Co.olo
<0.100
<0.100
<0.100
<0.100
<0.100
<0.100
‘4.loo
<0.100
<0.100
<0.100
<().1()0
<().1()0
<().1()0
<o.joo
<0.100
<0.100
<0.100
<0.100
<0.010
<0.100
<0.100
<().10()
<0.100”
<().1()()
<().1()()
<0.100
<0.100
-=0.100

0.570
0.560

-=2.00 1000
~.00 958

3.35 49.7
3.83 48.9
3.21 50.0
2.04 223
2.94 422
2.19 408
3.59 57.8
4.09 50.2
3.85 46.9

15.5 242
15.3 211
16.0 178
12.2 47.8
12.7 47.6
11.6 51.2
50.5 222
49.8 235
49.5 248
<0.200 <0.530

3.78 83.3
22.1 158
23.0 150
21.7 148
14.4 62.4
14.6 43.1
14.1 49.3 “
13.6 49.0
13.6 49.6
13.9 54.1
4.53 306
4.04 283
3.71 312
2.06 100
2.03 96.2
2.48 100
2.53 85.8
2.53 84.8
2.16 88.2

<0.200 <().530
4.15 915
3.51 876
3.18 950
4.20 ‘81.6
4.01 73.1
4.03 76.6
2.93 93.8
2.68 91.2
2.69 92.7
7.54 65.7
7.54 58.7
7.65 57.6HLP-43 10.47 1.82 3.70 15.7 52.2 0.480 1.84 0.590
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Table B-1 Continued

Diluted Concentration, pi, in Test Solution (m@)
SaIIIDk?~ DH Zn Fe B Si Mz Ti Zr Al Na

1.11 1.41
1.15 1.45
1.03 1.72
1.12 1.99
1.19 2.31
1.13 1.78
0.100 <0.200
0.310 0.130
0.150 <0.200
1.11 <0.200
1.20 <0.200
1.11 <0.200
0.090 <0.020

<().040 4.08
<().400 <0.200
<0.400 <0.200
<0.400 <0.200

0.460 <0.200
0.490 <0.200
0.430 <0.200
0.450 1.30
0.700 1.09
0.460 1.38
0.390 <0.200
0.510 <0.200
0.410 <0.200
0.400 <0.200
0.350 <0.200
0.420 -=0.200
0.410 <0.200
0.400 <0.200
0.390 <0.200
0.088 <0.020

<0.040 4.03

Sio “da <0.040 3.78 ‘-- “- “ ‘z-- ‘--- “--- ‘--
HLP-44 10.49
HLP-44 10.47
HL.P44 10.48
HLP45 10.47
HLP45 10.46
HLP-45 10.46
HLP-47 10.94
HLP-47 10.88
HLP-47 10.89
HL.P-48 10.93
HLP-48 10.93
HLP-48 10.93
Blank 5.46
STD da

HLP49 10.57
HLP-49 10.59
HLP-49 10.54
HLP-51 10.86
HLP-51 10.89
HLP-51 10.86
HLP-52 12.66
HLP-52 12.68
HLP-52 12.7
HL.P-54 10.41
HLP-54 10.31
HLP-54 10.27
HLP-55 10.36
HLP-55 10.31
HLP-55 10.3
HLP-46 11.39
HLP-46 11.37
HLP-46 11.33
Blank 5.35
STD da

2(.).9

18.5
17.1
16.1
15.4
16.5
15.6
17.0
14.8
15.3
19.4
20.5
20.8

0.431
21.0

9.08
9.03
8.75

11.0
12.1
11.6
<1.80
<1.80
<1.80
15.8
16.6
14.4
5.43
5.17
5.07

<1.80
<1.80
<1.80

0.318
21.0

49.4

50.7
49.4
45.2
48.2
49.4
47.4
48.8
45.6
44.5
36.0
36.7
37.3
<0.180.
51.6
21.4
22.5
22.0
33.5
35.7
34.5

153
177
165
64.5
66.5
63.4
42.1
42.0
42.1
37.8
37.9
37.0

0.070
50.1

<().(J1(J

0.220
0.280
0.260
0.390
0.380
0.360

<0.100
<0.100
<().1()()
<().1()()
<0.100
<0.100
<().01()
<().100
<0.100
<0.100
<0.100
<().100”
<().100
<0.100
<0.100
<0.100
<0.100
<0.100
<0.100
<0.100
<0.100
<().100
<0.100
<0.100
<0.1(.)()
<0.100
<0.100

0.021

<(J.(J1(J

0.800
0.890
0.870
1.08
1.02
0.990

<0.100
<0.100
<0.100
<0.100
<0.100”
<0.100
<0.010
<0.100
<0.100
<0.100
<0.100
<0.100
<0.100
<().10()
<0.100
<0.100
<0.100
<0.100”
<().100
<0.100
<0.100
<().100
<0.100
<0.100
<0.100
<0.1(.)0
<0.100”
<0.010

<(JJJIU

0.220
0.250
0.100
0.280
0.370
0.390
0.490
0.540
0.540

<0.100
<0.200
<0.100
<0.100
Co.olo
<0.100”
<0.100
<0.100
<0.100
<0.100
-=0.100
<().100
<().1()0
<0.100
<0.100
<0.100
<0.100”
-=0.100
<0.100
<0.100
<0.100
<0.100
<0.100
<0.010
<().()1()

3.93

6.64
6.81
7.08
7.29
7.16
6.99
8.66
8.34
7.90

11.1
11.4 “
11.4
<0.200

4.08
3.88
4.21
4.04
8.82
9.24
9.08

40.6
43.9
42.2

5.46
5.69
5.85

11.2
10.1
10.5
9.41
8.36
8.31

<0.200”
3.84

84.0
81.5
68.3
68.9
69.8
68.8
65.5
95.9
89.5
95.5
89.7
91.7
95.5

<().530
84.1
26.3
24.5
23.6
64.2
66.2
71.0

1490
1420
1410

92.2
80.2
85.8
53.4
47.3
47.5
91.3
91.6
89.7

<0.530
82.9
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Measured Concentrations in 10-h PCT-B Solutions

Table B-2. SRTC Mobile Laboratory Results for the Measured Concentrations for the 10-h Hanford
PCT-B Series. Results Reported on 9/10/1999 and 9/13/1999, Test Temperature= 90”C,
Test Duration =10 ~ (WV)= 20,000/m, and Dilution Factor= 5/3.

Diluted Concentration.D. in TestSolution(mfi)
SampIeID pH B Si Al Zri -Fe Mg “ ‘Tie ‘ Zr Na

STD nfa 20.1 55.3 4.18 <0.200 4.50 . <0.200 <0.200 <0.100 82.7
HLP-01 10.19
HLP-02 11.41
HLP-03 10.27
HLP-04 11.07
HLP-05 10.57
HLP-06 10.35
HLP-07 10.44
HLP-08 10.92
HL.P-09 10.38
HLP-10 10.74
Blank 7.03

HLP-11 10.63
HLP-12 10.5
HLP-13 10.66
HLP-14 10.71
HLP-15 10.59
HLP-16 10.67
HLP-17 10.68
EILP-18 10.67
HLP-19 10.7
HLP-20 10.65
Blank 7.04
STD da

EILP-21 10.63
HLP-22 10.15
HLP-23 11.24
HLP-24 10.4
HLP-25 10.68
HLP-26 10.7
HLP-27 11.05
HLP-28 9.71
HLP-29 11.21
HLP-30 10.28
Blank 6.74
STD da

HL.P-31 10.94
HLP-32 9.88
HLP-33 11.34
HLP-34 10.43
HLP-35 10.91
HLP-36 10.19
HLP-37 11.32

HLP-37Q 11.41
HLP-38 10.67

HLP-38Q 10.73

13.3
178

10.1
60.0
34.1

6.00
9.15
4.12

17.3
5.99

<1.80
23.2

9.57
11.7
19.5
8.79

13.5
9.35

13.3
6.07

12.6
<1.80
20.2
17.1
3.66

29.2
8.49

13.2
14.8
74.1

9.18
3.74

<1.80
<1.80
19.9

195
18.3
16.4
2.67

37.2
12.9
4.44
7.16
4.14

<1.80

46.7
70.6
48.5
57.8
90.0
37.9
51.3
63.5
44.7
54.1
<1.80
70.0
50.0
57.7
60.4
52.5
58.2
55.1
66.3
37.8
56.8
<1.80
55.0
58.7
36.7
88.8
47.6
58.3
56.9
67.8
28.5
60.7
33.3
<1.80
54.9

296
51.8

138
46.7
44.0
26.2
47.7
44.8
29.6
26.0

5.27
15.1
4.23
9.85
1.55
9.95
9.09
7.71
5.11
7.13

C2.oo
4.54
5.78
5.37
4.89
5.46
6.05
5.64
6.69
4.72
5.39

C2.oo
4.10
3.88
4.02
7.06
4.97
5.06
5.51
8.28
6.15

13.3
7.75

C2.oo
4.16

C2.oo
C2.oo

3.72
2.23

17.7
9.86

30.5
19.4
13.6
11.1

0.583
2.39
0.667
2.48
0.249
0.743
1.15
1.23
0.653
0.850
0.252
0.973
0.648
0.920
0.913
0.923
0.278
1.14
1.92
0.330
1.28
0.247

<0.200
0.668
0.417
1.36
0.606
0.809
0.820
2.15
0.483
0.938
0.449
0.245
0.208
2.31
0.422
1.14
0.373
0.502
0.333
2.59
0.468
0.335
0.327

1.51
2.18
1.74
2.56
0.234
1.72
3.16
3.39
1.67
2.29
0.235
0.224
2.39
1.63
2.19
2.44
2.06
1.29
5.86
0.438
3.88
0.183
4.60
1.26
0.759
4.02
1.35
2.09
2.23
1.52
0.982
2.42
1.00
0.144
4.62
1.79
0.667
3.38
0.533
0.956
0.321
5.17
0.815
0.410

~0.321

0.367
1.85
0.383
1.97

<().2()0
0.387
0.667
0.857
0.351
0.531

<().2()()
0.897
0.349
0.695
0.887
0.609
0.520
0.486
1.42
0.222

<0.200
-=0.200
-=0.200

1.20
0.259
1.54
0.395
0.647
tl.54.5
1.72
0.219
0.638
0.279

<0.200
<0.200

2.01
0.270
1.26
0.279
0.322
0.253
1.82

.0.277
0.316
0.226

0.608
1.13
0.703
1.29

<0.200
0.750
1.38
1.36
0.672
0.967

<0.200”
1.24
0.629
1.10

<().2()()
2.08
0.819
0.468
2.51

-=0.200
1.69

<0.200”
‘<().2()0

0.436
0.320
1.39
0.587
0.764
0.912
1.04
0.389
1.06
0.362

<0.200
<().2()()

1.26
0.311
1.14
0.227
0.351

<0.200
<().2()()

0.217
<0.200
<().20()

0.317
<0.100

0.348
<0.100
<().1()()

0.390
0.491
0.642
0.351
0.466
0.101
0.535
0.331
0.503
0.315
0.548
0.423
0.244

<0.100
0.224
0.711

<0.100”
4.100

0.179
0.193
0.517
0.290
0.386
0.437

<1.00
0.204
0.434
0.207

<0.100
<0.100
<1.00

0.184
0.380
0.149
0.228
0.140
0.101
0.117
0.176
0.134

93.6
615
75.9
26.9

160
62.1
79.3

115
90.6
94.1
<().530

134
80.9

102
125
88.4

107
91.5

107
74.2
96.8
<().530
85.0

107
37.6

226
67.3

112
106 .
265
39.4

150
41.6
<0.530
84.1

604
62.7

243
57.1

169
58.4

160
181
66.1
52.9

Blank 6.75 <1.80 <1.80 -=2.00 0.247 0.144 <0.200 <0.200 <0.100 47.2
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Table B-2 Continued

Dduted Concentration, pi. in Test Solution (mg/L)
SampleH) pH B Si Al Zn Fe Mg Ti Zr Na

HLP-39 11.49 120 72.9 3.21 2.40 2.94 2.03 1.14 <1.00 433
HLP-40 10.38 26.3 39.1 2.15 0.391 0.419 0.331 <0.200 0.112 92.7

HLP-40Q 10.36 19.6 34.4 2.68 0.292 0.309 0.251 <().2()() <0.100 80.4
HLP-41 11.77 47.82 94.4 4.59 2.45 2.42 1.84 1.14 <1.00 435
HLP42 11.03 6.75 40.9 3.61 0.394 0.469 0.344 <0.200 0.100 91.6

HLP-42Q 10.95 7.96 32.7 3.88 0.376 0.436 0.301 <0.200 0.103 81.3
HLP-43 10.74 13.3 45.8 4.80 0.710 2.04 0.393 0.823 0.389 88.6
HLP-47 11.04 16.7 57.8 5.50 0.292 0.941 -=0.200 <0.200 0.355 144
HLP=18 11.07 19.8 42.5 14.8 0.824 0.686 0.383 <0.200 0.143 112
HLP-49 10.68 9.13 26.8 4.32 0.365 0.310 0.223 <0.200 cO.1OO 34.4

STD da 20.9 54.5 4.01 0.210 4.78 <0.200 <0.200” <0.100 80.4
HLP-52 12.49 <1.80 116 24.7 2.84 2.00 1.78 1.06 <1.00 59.0
HLP-54 11.01 7.39 34.2 6.24 0.301 0.199 <0.200 <0.200 <0.100 134
HLP-55 10.49 25.1 74.3 2.38 0.303
HLP-46 11.42

0.198 <0.200 cO.200 cO.1OO 163
3.32 54.2 8.86 0.246 0.141 <0.200 <0.200 <0.100 <0.530

HLP-44 10.5 15.5 49.5 5.58 0.522 5.70 0.252 0.651 0.150 87.8
HLP-45 10.59 16.1 50.4 5.33 0.523 1.80 0.309 0.613 0.213 95.6
HLP-51 10.8 13.2 34.1 8.80 0.361 1.13 <0.100 <0.100 <0.100 99.9
Blank 6.21 <1.80 <1.80 ‘C2.00 0.223 0.274 <0.200 <0.200 <0.100 -=0.530
Blank 6.30 <1.80 <1.80 -=2.00 0.241 0.148 <0.200 <0.200 <0.100 <0.530
Blank 6.25 <1.80 <1.80 Q.oo 0.250 0.187 <0.200 <0.200 cO.1OO <0.530
Blank 6.08 <1.80 <1.80 e.oo 0.238 0.143 <0.200 <0.200 <0.100 <0.530
Blank 6.01 <1.80 <1.80 C2.oo 0.263 0.141 <0.200 <0.200 <0.100 <0.530
Blank 6.02 <1.80 <1.80 C2.oo 0.243 0.141 <0.200 <0.200 <0.100 <0.530
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Measured Concentrations in 100-h PCT-B Solutions

Table B-3. SRTC Mobile Laboratory Results for the Measured Concentrations for the 100-h Hanford
PCT-B Series. Results Reported on 9/13/1999, Test Temperature= 90°C, Test Duration=
100 @ (WV)= 20 000/~ and Dilution Factor= 5/3.

DilutedConcentration,pi, in Test Solution (mg/L)
SampleID pH B Si Al Zn Fe “ Mg Ti Zr Na

STD nla 21.7 53.5 4.10 <().04() 4.24 <0.100 <0.100 <0.100 87.0
HLP-01 10.95 60.8 92.8 6.39 2.79 4.86 2.79 2.69 1.27 258
HLP-02 12.09 532 114 18.6 0.530 <0.200 0.680 <1.00 <1.00 1740
HLP-03 10.92 49.3 99.2 4.63 2.58 5.29 2.41 2.80 1.28 221
HLP-04 11.84 338 110 11.8 0.710 0.740 0.950 1.08 <1.00 1020
HLP-05 11.56 524 528 e.oo 0.420 .<0.200 0.670 1.00 <1.00 1560
HLP-06 10.98 33.7 54.7 15.8 2.53 4.65 2.11 2.79 1.21 148
HLP-07 11.09 45.5 78.8 11.6 3.32 5.83 2.93 3.13, 1.32 188
HLP-08 11.63 26.4 125 12.5 3.83 8.10 3.22 3.66 1.19 275
HLP-09 10.92 106 73.6 6.45 3.58 5.05 4.03 2.20 1.08 286
HLP-10 11.44 38.7 109 9.44 2.96 6.27 2.57 3.22 1.26 250
Blank 6.76 0.369 <().18() 0.202 0.109 ‘<0.020 <0.100 <0.100 <0.100 <0.530

HLP-11 11.3 185 226 1.82 4.34 <().2()0 4.49 1.85 1.10 589
HLP-12 11.17 50.7 88.0 7.41 2.38 6.51 2.23 2.18’ 1.04 214
HLP-13’ 11.33 89.7 130 4.58 3.66 3.92 4.11 3.09 1.45 336
HLP-14 11.47 149 151 4.41 4.76 7.41 4.94 <1.00 1.28 487
HLP-15 11.28 48.3 103 8.31 2.75 5.74 2.67 5.03 1.27 236
HLP-16 11.36 75.3 111 6.85 <0.400 . 7.11 4.15 3.14 1.41 291
HLP-17 11.29 66.7 109 6.23 8.30 5.57 3.18 2.72 1.15 282
HLP-18 11.34 92.1 147 8.62 7.36 13.1 ‘7.14 5.74 <1.00 335
HLP-19 11.29 38.9 72.3 5.83 1.22 1.81 1.53 1.40 1.24 185 ,
HLP-20 11.33 56.4 96.0 6.70 2.20 7.22 0.670 3.84 1.53 250
Blank 7.11 0.370 cO.180 <0.200 0.090 <0.200 <().1()0 <0.100 0.112 <0.530
STD nla 21.6 51.4 4.00 <0.040 4.38 <0.100 <0.100 <0.100 83.6

HLP-21 11.33 110 121 7.82 2.55 3.27 4.94 1.82 1.18 373
HLP-22 10.34 37.9 66.2 4.79 2.02 3.50 2.09 2.16 1.08 119
HLP-23 11.92 152 187 6.72 2.31 4.65 2.79 2.06 1.09 726
HLP-24 10.89 54.0 86.3 5.40 2.63 4.74 2.67 2.75 1.32 . 186
HLP-25 11.36 80.5 113 6.29 3.64 5.90 3.74 2.71 1.22 309
HLP-26 11.33 78.0 111 6.67 3.35 5.90 3.43 2.87 1.40 282
HLP-27 12.01 384 138 16.6 <0.400 0.300 <1.00 <1.00 <1.00 1110
HLP-28 10.04 42.5 46.8 10.0 0.990 2.01 <1.()() 1.62 <1.()() 94.3
HLP-29 11.87 27.0 126 25.8 2.02 4.44 1.91 2.53 1.16 340
HLP-30 10.95 12.0 60.8 14.0 1.42 3.28 1.39 2.18 1.09 88.4
Blank 5.17 0.409 <0.180 <0.200 0.103 <0.200 <0.100 <0.100 <0.100 <0.530
STD nla 21.7 52.2 3.99 <().040 4.42 <Q.loo <0.100 <0.100, 85.4

HLP-31 11.71 714 804 e.oo 0.500 <0.200 <1.00 <1.00 <1.00 2200
HL.P-32 9.96 101 95.9 C2.oo 1.49 . 2.18 1.73 1.72 <1.00 206
HLP-33 12.34 376 “1270 e.oo 0.790 0.470 <1.00 1.00 c1.00 2300
HLP-34 11 31,9 122 2.31 1.79 3.56 1.82 2.18 1.12 163
HLP-35 11.76 270 65.5 20.0 0.950 1.09. 1.06 1.17 <1.00 739
HLP-36 10.22 82.8 35.2 12.0 2.05 1.16 1.86 1.22 1.07 174
HLP-37 12.06 89.0 97.2 62.2 4.74 7.68 2.69 1.07 <1.00 580

HLP-37Q 12.08 38.9 106 40.9 0.780 1.06 <1.00 1.08 <1.00 502
HLP-38 11.3 26.3 52.2 22.2 0.990 1.18 1.51 1.35 <1.()() 143

HLP-38Q 11.35 19.9 54.9 21.2 1.10 1.45 1.28 1.49 1.15 144
Blank 5.15 0.523 <0.180 <0.200 <0.040 <0.200 Co.loo <0.100 <0.100 <0.530



.

Table B-3 Continued

Diluted Concentration, pi, in Test Solution (mg/L)
SampleID pH B Si Al Zn Fe Mg Ti Zr Na

HLP-39 12.2 931 312 e.oo 0.540 <0.200 <1.()() <1.00 <1.oO 2460
HLP-40 10.18 361 66.0 e.oo

HLP40Q 10.1 378 46.2 C2.oo
HLP-41 12.72 694 55.1 6.21
HLP-42 11.75 125 176 2.35

EILP-42Q 11.67 120 127 2.93
HLP-43 11.32 99.5 124 36.4
HLP-47 10.67 96.8 147 8.60
HLP-48 11.74 97.6 70.6 20.1
HLP-49 11.32 33.8 56.1 9.19

STD nla 23.2 53.6 4.14
I-ILP-52 13.19 15.2 367 36.7
HLP-54 11.29 40.7 78.2 11.2
HLP-55 11.26 102 196 e.oo
HLP-46 12.1 ‘ 18.6 142 26.1
Blank 5.43 0.805 <0.180 <0.200
Blank 5.52 0.773 <0.180 <0.200
Blank 5.29 0.713 <0.180 <0.200
Blank 5.22 0.632 <0.180 <0.200
Blank 5.10 <0.180 <o.180 <0.200
Blank 5.10 <0.180 <0.180 <0.200
Bkmk 6.68 0.595 <o.180 <0.200

HLP-44 10.97 “ 53.7 86.0 5.80
HLP-45 11.13 57.0 99.0 6.57
HLP-51 11.48 45.9 65.7 13.8

STD nia 21.8 55.2 4.01

1.51 1.41
0.410 0.260
2.24 1.16
2.28 3.17
2.43 4.66

15.3 42.4
<0.040 1.54

4.46 2.46
0.560 0.220

<().040 4.54
0.400 1.42
0.320 <0.200
0.330 <0.200
0.310 <0.200
0.105 0.028
0.127 0.035
0.107 0.026
0.095 <0.020
0.179 0.084
0.164 0.174
0.168 0.059
2.14 3.72
2.37 4.94
1.68 0.650

<0.040 4.62

1.82
<1.00
<1.()()

2.25
2.40
9.87

<1.00
1.59

<1.00
<0.100
<1.00
<1.00
<1.00
<1.00
<0.100
<0.100
<0.100
<().100
<0.100
<0.100
<0.100

2.25
2.38
1.06

<0.100

1.11
<1.00
<1.00

1.36
1.62

17.9
<1.00

1.51
<1.00
<().1()0
<1.00
<1.00
<1.00
<1.00
<0.100

0.101
<0.100
<0.100
<0.100
<().100
<0.100

2.21
2.48
1.05

co. 100

<1.00
<1.00
<1.00
<1.00
<1.00

1.18
1.34
1.16

<1.00
<0.100
<1.00
<1.00
<1.00
C1.oo
<0.100
<0.100
<0.100
<0.100
<0.100
-=0.100
<0.100

1.13
1.14

<1.00
<0.100

655
660

3260
463
395
350
459
361

80.3
83.6

5700
214
368
470
<0.530
<0.530
<0.530
<0.530
<0.530
<0.530
<0.530

205
238
232

82.2
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Measured Concentrations in 1000-h PCT-B Solutions

Table B-4. SRTC Mobile Laboratory Results for the Measured pH and Concentrations for the 1000-h
Hanford PCT-B Series. Results Reported on 9/19/1999, 9/29/1999, and 10/20/19999, Test
Temperature= 90”C, Test Duration= 1000 ~ and (WV)x20000/m. Dilution factors are
also provided.

Dilution Diluted Concentration,pi, in Test Solution(mg/L)
Samdem DH Factor Zn Fe B Si MP Ti Zr Al Na. .

0.115 0.020 <0.180 0.308 cO.O;O <0.060 <0.060 <0.200 <0.530Blank 6.72
HLP-47 12.13
HLP-02 12.51
HLP-03 11.11
HLP-04 12.22
HLP-05 11.86
HLP-09 11.05
HLP-11 11.73
HLP-13 11.51
HLP-14 11.74
HLP-15 11.33
HLP-16 11.58
HLP-17 11.45
HLP-18 11.61
HLP-19 11.35
HLP-20 11.38
HLP-21 11.64
HLP-22 10.16
HLP-23 12.18
HLP-24 10.83
HLP-25 11.57

STD nla
Blank 6.46

HLP-26 11.49
HLP-27 12.34
HLP-28 9.57
HLP-29 12.18
HLP-30 10.94
HLP-31 11.99
HLP-32 9.85
HLP-33 12.65
HLP-34 11.28
HLP-35 12.09
HLP-36 9.72
HLP-37 12.42

HLP-37Q 11.66
HLP-38Q 11.67
HLP-39 12.39

HLP-40Q 10.1
HLP-40 10.04
HLP-41 12.99

HLP-42Q 12.34
HLP-43 11.6
HLP-46 12.37

STD da
HLP-01 11.47

513
5/3
513
513
915
915
513
513
513
513
5/3
5/3
513
513
5/3
513
513
5/3
5/3
5/3
5/3
5/3
5/3
513
5/3
513
915
915
5f3
5/3
5/3
5/3
5/3
513
513
5/3
513
513
5/3
9/5
5/3
5/3
5/3
5/3
513

<0.400 0.340
0.410 0.250
3.95 5.27

<0.400 <0.200
0.300 <0.200
1.25 1.67
1.50 <0.200
3.41 2.45
0.620 0.740
2.37 3.64

<0.400 3.51
7.64 4.08
0.440 0.630
1.91 3.05
2.85 7.57
2.04 2.79
2.97 4.29

<0.400 0.520
3.81 4.87
3.88 5.29

<0.040 3.96
0.099 <0.020
4.21 5.46

<0.400 <0.200
1.61 1.52

<().400 0.670
1.56 3.48

<0.400 <0.200
8.33 9.54

<0.400 <0.200”
5.60 11.2

<0.400 <0.200
7.13 3.09

<().4()0 0.400
2.48 3.77

<0.400 <0.200
<0.400 <0.200
<0.400 <0.200

2.44 1.00
<0.400 <0.200

5.26 7.22
<0.400 <0.200
<0.040 4.28

273
1007
110
634
1102
361
329
190
275
96.7

147
140
200
71.3

107
211
77.0

252
116
172
21.4

1.41
152
893
92.6
50.2
21.9

1270
275
1410
64.9

530
328

76.0
43.4

1130
706
675
930
880
174
55.7
20.7

215 <0.100 <0.600
162 <0.100 cO.600
133 2.83 2.36
139 <0.100 <0.600
875 cO.1OO <0.600
80.5 <0.100 0.900

247 1.18 0.880
160 3.69 1.82
182 0.210 <0.600
116 1.82 2.98
125 2.45 1.64
130 2.09 1.93
165 . <0.100 0.750
83.9 1.44 1.30

116 <0.100 3.46
157 3.78 1.21
71.2 1.96 2.34

223 <0.100 0.650
9.89 3.07 2.43

146 3.61 1.87
49.3 <0.010 <0.060
co.180 <0.060 <0.060
142 4.05 2.31
181 cO.1OO <0.600
38.7 0.570 1.09

152 <0.100 0.700
64.3 .0.740 “1.97

1150 <0.100 cO.600
123 6.67 3.11
485 -=0.100 cO.600
188 3.87 3.29
68.8 <0.100 cO.600
29.8 5.03 1.35

Lost sample
134 <0.100 <0.600
72.7 1.59/ 1.54

421 <0.100 <0.600
54.1 -=0.100 <0.600
53.2 <0.100 <0.600

867 <0.100 <0.600
270 <o.1oo <o.6oo
148 4.59 2.54
252 <0.100 <0.600
49.6 0.035 <0.010

<().6()()
<0.600

1.14
<o.6oo
<0.600
<o.6oo
<o.6oo

0.840
<0.600

1.03
0.890
0.880

<o.600
1.22
1.51
0.860
1.16
0.640
1.30
1.01

<0.060
<0.200”

2.07
<0.600

0.660
<0.600

0.870
<0.600

1.11
<0.6c)(I

1.29
<o.6oo

0.980

<0.600
1.07

<o.6oo
<0.600
<o.600
cO.600
<0.600

1.58
<o.6oo
<0.080

11.4
21.9

3.53
11.2.
e.oo
<.00

1.57
3.56
2.55
6.39
5.29
4.82
3.85
5.77
6.44
4.47
3.87
7.01
4.35
5.64
3.87

<0.530
5!31

22.1
6.25

30.4
13.6
C2.oo
C2.oo
e.oo

2;86
20.6
8.79

49.4
25.0

1.27
‘C2.00
-=2.00

4.82
1.38
5.44

16.3
3.93

1080
2850
371

1740
2960
781
986
611

.755
367
513
438 .
602
282
377
638
183

1030
318
515

78.8
0.745

518
2140

151
572
134

3700
405

7230
244

1520
551

854
248

3190
1320
1300
4660
2440
498
778
<0.530

513 4.73 5.54 139 126 4.44 0.730 cO.800 6.02 505
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Table B-4 Continued

Dilution Diluted Concentration, pi, in Test Solution (mg/L)
SamnIeID DEI Factor Zn Fe B Si MQ Ti Zr Al Na
‘HL;-06 1i.29 5/3 4.11 4.82 50.7 67.2 2.7; 0.870 <0.800 15.8 227
HLP-07 11.5
HLP-08 12.05
HLP-10 11.85
HLP-12 11.59

STD da
HL.P-38 11.66
HLP-42 12.42
HLP48 11.87
HLP-49 11.41
HLP-52 13.57
HL.P-54 11.52
FILP-55 11.73

STD da
Blank 5.61

HLP4’4 11.34
HLP-45 11.45
HLP-51 11.48

STD da
Blank 5.90
Bkmk 7.0

5/3
5/3
5/3
513
513
5/3
513
9/5
513
915
513
5/3
513
5/3
5/3
5/3
5/3
5/3
5/3
513

5.00
2.22
4.40
4.74

<0.040
3.86
0.680
1.68
0.630

<0.400
<().40()
-=0.400
21.4

0.279
142
119
114
22.2

0.317
0.243

5.93
3.49
6.47

10.7
4.40
3.29

<0.200
<0.200
<0.200”

4.80
<().2()()
<0.200
50.3

0.308
132
136

80.6
49.8

0.285
0.243

89.6
37.1
63.8
98.0
21.0
41.6

835
200
45.8
12.4
82.4

235
3.98
0.629
6.53
7.50

15.6
3.99
0.208

<0.200

92.8
168
153
114
51.4
70.0

509
86.5
78.8

4900
92.6

265
0.114
0.279
4.65
3.82
2.81
0.114
0.186
0.166

3.79
1.63
3.58
3.70
0.032
4.05
0.310
0.570
0.380
0.300
0.330
0.300
4.28

<0.020
3.08
2.76

<0.200
3.99

<0.020
<0.020

1.22
<().1()0

1.00
1.04

<0.010
<().100
<0.100
co. 100
<0.100
<0.100
<0.100
<0.100

0.051
0.077
3.95
3.04
1.04
0.050
0.060
0.056

<().8()()
<().8()0
<().8()()
<().8(30
<0.080
<o.8oo
<0.800
<0.800
<0.800

1.91
<0.800
<o.8oo

0.129
<0.100

1.87
1.77

<0.100
<0.100
<0.100
<0.100

11.7
14.3
11.2
7.47
3.96

28.8
Q.oo
22.6
13.4
64.7

9.97
2.85

<o.080
<o.080

0.690
0.790
0.510

<o.080
<o.080
<o.080

353
485
419
377

81.0
252

3000
744
137

17000
360
851

85.0
0.902

543
567
577

78.8
0.927
0.774
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PCT-A Normalized Release Information

Table B-5. Dilution Adjusted Release Values for the PCT-A Boron, Sodium, and Silicon Results for the
Hanford Glasses. Test Temperature = 90”C, Test Duration= 165 h (WV) = 2000/m, and
Dilution Factor = 5/3. For these glasses, (S/V)t is approximately 330000 Mm.

Mean ln[~ (mg/L)] NCi (g/L) NL~(g/m*)

HLP-01
HL.P-02
HL.P-03
HL.P-04
HL.P-05
HLP-06
HLP-07
HL.P-08
HLP-09
HLP-10
HLP-11
HL.P-12
HL.P-13
HLP-14
HL.P-15
HLP-16
HLP-17
HLP-18
HLP-19
HLP-20
HLP-21
HLP-22
HLP-23
HLP-24
HLP-25
HLP-26
HLP-27
HLP-28
HL.P-29
H.LP-30
HL.P-31
HLP-32
HL.P-33
HLP-34
HLP-35
HLP-36
HLP-37

HLP-37Q(’)
HLP-38

HLP-38Q(’)
HLP-39
HLP-40

HLP-40Q(’)
HLP-41
HLP-42

HLP-42Q(’)

5.42
2.83
4.96
4.41
2.91
2.95
2.50
3.64
2.86
3.42
3.19
3.39
3.83
3.05
3.15
3.30
3.50
2.80
3.17
3.60
2.78
4.07
3.07
3.31
3.50
5.16
2.99
2.70
1.77
6.21
3.57
4.29
2.65
4.61
3.46
3.87
3.16
2.69
2.66
5.13
4.21
4.05
5.51
3.23
3.49

SampleII) B Na Si B Na Si B Na Si
2.83 4.66 4.37 0.54 0.71 0.34 0.27 0.36 0.17

0.67 . 2.89

HLP-43 3.23

6.75
4.50
6.02
5.56
4.43
4.52
4.91
4.91
4.75
4.91
4.58
4.91
5.14
4.63
4.72
4.81
4.95
4.44
4.63
4.93
4.03
5.59
4.56
4.84
4.74
6.32
3.90
5.25
4.06
7.40
4.41
6.33
4.45
5.85
4.40
5.97
5.53
4.44
4.44
6.21
5.10
4.97
7.33
4.85
5.04
4.61

4.72
4.47
4.74
5.29
4.40
4.40
4.64
4.32
4.55
4.60
4.59
4.56
4.55
4.60
4.57
4.48
4.76
4.28
4.56
4.65
4.44
4.90
4.52
4.55
4.65
4.78
4.53
4.87
4.34
6.61
4.50
5.99
4.53
4.29
3.97
4.91
4.61
4.13
4.06
4.88
4.19
4.19
5.88
4.38
4.40
4.45

5.77
0.58
3.90
2.57
0.62
0.63
0.65
1.03
0.70
0.93
0.81
0.93
1.44
0.70
0.74
0.89
1.05
0.55
0.75
1.20
0.49
1.96
0.68
0.88
1.06
4.66
0.53
0.80
0.31

13.42
0.95
3.93
0.76
2.70
0.85
2.59
1.26
0.79
0.77
4.56
1.80
1.54

13.27
1.36
1.77
0.82

4.60
0.65
2.35
.1.70
0.60
0.64
0.87
0.94
0.76
0.86
0.68
0.89
1.12
0.71
0.75
0.85
0.94
0.60
0.68
0.96
0.47
1.56
0.72
0.85
0.77
3.26
0.41
1.12
0.49
9.58
0.70
3.30
0.72
2.04
0.69
2.29
1.48
0.72
0.71
2.93
1.39
1.21
8.92
1.08
1.30
0.68

0.36
0.61
0.84
0.37
0.36
0.43
0.34
0.40
0.41
0.45
0.41
0.40
0.45
0.42
0.40
0.50
0.33
0.41
0.47
0.35
0.61
0.39
0.41
0.46
0.49
0.38
0.54
0.31
3.04
0.37
1.64
0.38
0.44
0:31
0.80
0.60
0.37
0.34
0.78
0.39
0.39
2.13
0.47
0.48
0.37

0.29
1.95
1.28
0.31
0.31
0.33
0.51
0.35
0.47
0.41
0.46
0.72
0.35
0.37
0.45
0.52
0.28
0.38
0.60
0.25
0.98
0.34
0.44
0.53
2.33
0.27
0.40
0.16
6.71
0.48
1.96
0.38
1.35
0.43
1.29
0.63
0.40
0.38
2.28
0.90
0.77
6.63
0.68
0.88
0.41

2.30
0.32
1.18
0.85
0.30
0.32
0.44
0.47
0.38
0.43
0.34
0.44
0.56
0.36
0.37
0.42
0.47
0.30
0.34
0.48
0.24
0.78
0.36
0.43
0.38
1.63
0.21
0.56
0.24
4.79
0.35
1.65
0.36
1-02
0.34
1.15
0.74
0.36
0.36
1.47
0.69
0.61
4.46
0.54
0.65
0.34

0.33
0.18
0.31
0.42
0.19
0.18
0.22
0.17
0.20
0.21
0.22
0.20
0.20
0.22
0.21
0.20
0.25
0.16
0.20
0.23
0.18
0.31
0.19
0.21
0.23
0.25
0.19
0.27
0.16
1.52
0.18
0.82
0.19
0.22
0.16
0.40
0.30
0.18
0.17
0.39
0.20
0.20
1.06
0.24
0.24
0.19
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Table B-5 Continued

Mean In[pi (m#L)] NCi (g/L) NLi (g/m*)
Samplelll B Na Si B Na Si B Na Si

HLP-44 3.36 4.80 5.16 0.92 0.82 0.35 0.46 0.41 0.18
HLP-45 3.27 4.73 4.39 0.85 0.76 0.35 0.42 0.38 0.18
HLP-46 o.41@’) 5.02 4.14 0.096 1.00 0.24 0.048 0.50 0.12
HLP-47 3.26 5.05 4.35 1.05 1.05 0.30 0.53 0.53 0.15
HLP-48 3.52 5.04 4.11 1.23 1.04 0.34 0.61 0.52 0.17
HLP-49 2.70 3.72 3:60 0.60 0.56 0.18 0.30 0.28 0.09
HLP-50 No results for this glass
HL.P-51 2.96 4.72 4.05 0.67 0.75 0.29 0.34 0.38 0.15 “
HLP-52 _(c) 7.78 5.62 _(c) 11.3 1.32 _(c) 5.65 0.66
EIU-53 No results for this glass
HLP-54 3.26 4.96 4.68 0.93 0.97 0.41 0.46 0.48 0.20
HLP-55 2.16 4.41 4.25 0.31 0.55 0.25 0.16 0.28 0.13

(a) This indicatesthatthisglasswasquenchedbecausetheheat-treatedglassexhiiitedcrystallinematerial.
(b) Themeasuredboron releasefor HLP-46waslessthan1.80mg/L.A valueof one-halfthisconcentrationwas

usedfor theB concentrationfor thisglass.
(c) As indicatedin Table2-1, GlassHLP-52contained no boron so the test solution concentration cannot be

normalized using the concentration in the glass.
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PCT-B Normalized Release Information

Table B-6. Normalized Release Values for the PCT-B Boron, Sodium, andSilicon Results for the
Hanford Glasses. Test Temperature= 90°~ Test Duration= 10,100, and 1000 ~ and
(WV) z 20,000/m.

Time, t (S/V)t NCi (g/L) NLj (g/m*)
SampleID (hours) w) B Na Si “ B Na Si
HLP-01 10 2X:’ 0.71 1.05 1.25 0.036 0.053 0.062
HLP-01
HLP-01
HLP-02
HLP-02
HL.P-02
HLP-03
HLP-03
HLP-03
HLP-04
HLP-04
HL.P-04
HL.P-05
HLP-05
HLP-05
HLP-06
HLP-06
HLP-06
HLP-07
HLP-07
HLP-07
HLP-08
HLP-08
HLP-08
HLP-09
HLP-09
HLP-09
HL.P-10
HLP-10
HLP-10
HLP-11
HLP-11
HLP-11
HLP-12
HLP-12
HLP-12
HLP-13
HLP-13
HLP-13
HLP-14
HL.P-14
HL.P-14
HLP-15

100
1000
10
100
1000
10 “
100
1000
10
100
1000
10
100
1000
10
100
1000
10
100
1000
10
100
1000
10
100
1000
10
100
1000
10
100
1000
10
100
1000
10
100
1000
10
100
1000
10

2X106
2X107
2X105
2X106
2X107
2X105
2X106
2X107
2X10S
2X106
2X107
2X105
2X106
2X107
2X105
2X106
2X107
2X105
2X106
2X107
2X105
2X106
2X107
2X105
2X106
2X107
2X105
2X106
2X107
2X105
2X106
2X107
2X105
2X106
2X107
2X105
2X106
2X107
2X105
2X106
2X107
2X105

3.26
7.46
7.60

22.71
42.99

0.57
2.81
6.26
2.73

15.40
31.20

1.77
27.25
61.89

0.34
1.91
2.87
0.50
2.49
4.91
0.37
2.36
3.32
0.77
4.74

16.15
0.40
2.60
6.57
1.18
9.38

16.69
0.53
2.83
5.46
0.61
4.69
9.93
1.02
7.76

14.32
0.49

2.90
5.67
5.50

15.55
25.47

0.90
2.63
4.42
0.26
9.72

17.91
1.74

16.97
34.78

0.74
1.76
2.69
0.91
2.16
4.05
1.24
2.96
5.22
1.04
3.29
8.97
1.03
2.75
4.14
1.42
6.25

10.46
0.94
2.50
4.40
1.12
3.68
6.69
1.36
5.31
8.23
1.02
2.73

2.48
3.37
2.57
4.15
5.90
1.22
2.50
3.35
1.90
3.61
4.92
2.33

13.7
24.5

1.07
1.54
1.90
1.40
2.15
2.54
1.63
3.20
4.30
1.22
2.01
2.20
1.41
2.85
2.98
1.77
5.71
6.24
1.39
2.44
3.16
1.50
3.39
4.17
1.57
3.92
4.72
1.45

HLP-15 100 2X106 2.68 2.84

0.16
0.37
0.38
1.14
2.15
0.029
0.14
0.31
0.14
0.77
1.56
0.09
1.36
3.09
0.017
0.10
0.14
0.03
0.12
0.25
0.018
0.12
0.17
0.039
0.24
0.81
0.020
0.13
0.33
0.06
0.47
0.83
0.027
0.14
0.27
0.031
0.23
0.50
0.051
0.39
0.72
0.024
0.13

0.14
0.28
0.27
0.78
1.27
0.045
0.13
0.22
0.01
0.49
0.90
0.09
0.85
1.74
0.037
0.09
0.13
0.05
0.11
0.20
0.062
0.15
0.26
0.052
0.16
0.45
0.052
0.14
0.21
0.07
0.31
0.52
0.047
0.12
0.22
0.056
0.18
0.33
0.068
0.27
0.41
0.051
0.14

0.12
0.17
0.13
0.21
0.30
0.061
0.12
0.17
0.095
0.18
0.25
0.12
0.68
1.22
0.054
0.077,
0.095
0.070
0.11
0.13
0.081
0.16
0.22
0.061
0.10
0.11
0.071

‘0.14
0.15
0.088
0.28
0.31
0.069
0.12
0.16
0.075
0.17
0.21
0.078
0.20
0.24
0.072
0.14
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Table B-6 Continued

Time, t (S/V)t NCi @L) NLi (g/m2)
SampleII)

----
(hOura) w) B Na Si B Na Si ‘

HLP-15 1000 2X:’ 5.36 4.25 3.20 0.27 0.21 0.16
HLP-16
HLP-16
HLP-16
HLP-17
HLP-17
HLP-17
HLP-18
HLP-18
HLP-18
HLP-19
HLP-19
HLP-19
HLP-20
HLP-20
HLP-20
HLP-21
HLP-21
HLP-21
HLP-22
HLP-22
HLP-22
HLP-23
HLP-23
HLP-23
HLP-24
HLP-24
HLP-24
HLP-25
HLP-25
HLP-25
HLP-26
HLP-26
HLP-26
HLP-27
HLP-27
HLP-27
HLP-28
HLP-28
HLP-28
HLP-29
HLP-29
HLP-29
HLP-30
HLP-30
HLP-30
HLP-31
HLP-31
HLP-31
HLP-32

10 2X105
100 2X106
1000 2X107
10 2X105
100 2X106
1000 2X107
10 2X105
100 2X106
1000 2X107
10 2X105
100 2X106
1000 2X107
10 2X105
100 2X106
1000 2X107
10 2X105
100 2X106
1000 2X107
10 2X105
100 2X106
1000 2X107
10 2X105
100 2X106
1000 2X107
10 2X105
100 2X106
1000 2X107
10 2X105
100 2X106
1000 2X107
10 2X105
100 2X106
1000 2X107
10 2X105
100 2X106
1000 2X107
10 2X105
100 2X106
1000 2X107
10 2X105
100 2X106
1000 2X107
10 2X105
100 2X106
1000 2X107
10 2X105
100 2X106
1000 2X107
10 2X105

0.71
3.98
7.77
0.51
3.67
7.71
0.70
4.87

10.58
0.34
2.19
4.01
0.67
2.98
5.66
0.94
6.05

11.61
0.19
1.93
3.92
1.63
8.49

14.07
0.44
2.82
6.06
0.71
4.32
9.23
0.79
4.19
8.16
3.31

17.17
39.94

0.41
1.90
4.14
0.33
2.42
4.85
0.08
1.07
2.12
8.72

31.93
56.80

0.82

1.18
3.22
5.67
1.05
3.25
5.05
1.18
3.71
6.66
0.87
2.18
3.32
1.07
2.77
4.17
1.23
4.30
7.35
0.53
1.67
2.57
2.21
7.09

10.06
0.84
2.32
3.97
1.26
3.47
5.79
1.19
3.17
5.82
2.59

10.84
20.90

0.55
1.32
2.12
1.47
3.32
6.03
0.58
1.24
2.03
5.90

21.49
36.14

0.88

1.53
2.92
3.29
1.51
2.99
3.57
1.75
3.87
4.34
1.06
2.03
2.35
1.50
2.53
3.05
1.61
3.32
4.31
0.93
1.68
1.81
2.47
5.20
6.21
1.24
2.25
0.26
1.56
3.02
3.90
1.52
2.97
3.80
1.71
3.48
4.57
0.72
1.18
0.98
1.53
3.18
4.14
0.84
1.53
1.75
7.47

20.3
29.0

1.31

0.036
0.20
0.39
0.026
0.18
0.39
0.035
0.24
0.53
0.017
0.11
0.20
0.033
0.15
0.28
0.047
0.30
0.58
0.009
0.10
0.20
0.082
0.42
0.70
0.022
0.14
0.30
0.035
0.22
0.46
0.040
0.21
0.41
0.166
0.86
2.00
0.021
0.10
0.21
0.017
0.12
0.24
0.004
0.054
0.11
0.436
1.60
2.84
0.041

0.059
0.16
0.28
0.053
0.16
0.25
0.059
0.19
0.33
0.044
0.11
0.17
0.054
0.14
0.21
0.062
0.21
0.37
0.026
0.084
0.13
0.11
0.35
0.50
0.042
0.12
0.20
0.063
0.17
0.29
0.060
0.16
0.29
0.129
0.54
1.05
0.028
0.07
0.11
0.073
0.17
0.30
0.029
0.062
0.10
0.295
1.07
1.81
0.044

0.077
0.15
0.16
0.076
0.15
0.18
0.087
0.19
0.22
0.053
0.10
0.12
0.075
0.13
0.15
0.081
0.17
0.22
0.047
0.084
0.090
0.12
0.26
0.31
0.062 .
0.11
0.013
0.078
0.15
0.20
0.076
0.15
0.19
0.086
0.17
0.23
0.036
0.059
0.049
0.077
0.16
0.21
0.042
0.077
0.088
0.37
1.01
1.45
0.065

.

.

.

.
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Table B-6 Continued

.

Time, t (S/V)t NC*(g/I-J NIJi (g/mz)
SampleIi) (hours) (h/m) B Na sl B Na Si
HLP-32 100 2XIO” 4.52 2.89 2.42 0.23 ~ 0.14 0.12
HLP-32
HLP-33
HLP-33
HLP-33
HLP-34
HLP-34
HLP-34
HLP-35
HLP-35
HLP-35
HLP-36
HLP-36
HLP-36
HLP-37
HLP-37
HLP-37
HLP-37Q
HLP-37Q
HLP-37Q
HLP-38
HLP-38
HLP-38
HLP-38Q
HLP-38Q
HLP-38Q
HLP-39
HLP-39
HLP-39
HLP-40
HLP-40
HLP-40
HLP-40Q
HLP-40Q
HLP-40Q
HLP-41
HLP-41
HLP-41
HLP-42
HLP-42
HLP-42
HLP-42Q
HLP-42Q
HLP-42Q
HLP-43
HLP-43
HLP-43
HLP-44
HLP-44
HLP-44

1000
10
100
1000
10
100
1000
10
100
1000
10
100
1000
10
100
1000
10
100
1000
10
100
1000
10
100
1000
10
100
1000
10
100
1000
10
100
1000
10
100
1000
10
100
1000
10
100
1000
10
100
1000
10
100
1000

2X107 12.30
2X105 1.47
2X106 33.63
2X107 126.12
2X105 0.24
2X106 2.85
2X107 5.81
2X10S 1.66
2X106 12.08
2X107 23.70
2X105 0.58
2X106 3.70
2X107 14.67
2X105 0.40
2X106 7.96
2X107
2X10S
2X106 ;.:
2X107 6.80
2X105 0.37
2X106 2.35
2X107 3.72
2X105 0.081
2X106 1.78
2X107 3.88
2X105 5.37
2X106 41.64
2X107 50.54
2X10S 1.18
2X106 16.15
2X107 31.57
2X105 0.88
2X106 16.91
2X107 32.60
2X105 4.28
2X106 62.08
2xlo7” 83.19
2X105 0.60
2X106 11.18
2X107 74.69
2X105 0.71
2X106 10.73
2X107 78.71
2X105 0.71
2X106 5.34
2X107 9.34
2X105 0.83
2X106 0.31
2X107 7.62

5.69
2.37

22.47
70.62

0.80
2.29
3.43
1.65
7.22

14.85
0.82
2.44
7.74
1.56
5.67

1.77
4.90
8.34
0.93
2.01
3.54
0.74
2.02
3.48
4.23

24.03
31.16

1.30
9.20

18.54
1.13
9.27

19.71
4.25

31.84
45.52

1.29
6.50

42.13
1.14
5.55

34.26
1.00
3.93
5.59
0.99
2.30
6.10

3.10 0.61
3.48 0.073

32.0 1.68
12.2 6.31

1.18 0.012
3.08 0.14
4.74 0.29
1.60 0.083
2.39 0.60
2.51 1.19
0.95 0.029
1.28 0.19
1.09 0.73
1.74 0.020
3.54 0.40
Sample was lost
1.63
3.86
4.88
1.08
1.90
2.55
0.95
2.00
2.65
2.66
11.37

15.34
1.42
2.40
1.97
1.25
1.68
2.09
3.44
2.01

31.59
1.49
6.41

18.55
1.19
4.63
9.84
1.22
3.31
3.96
1.32
0.06
3.53

0.032
0.17
0.34
0.019
0.12
0.19
0.0040
0.089
0.19
0.27
2.08
2.53
0.059
0.81
1.58
0.044
0.85
1.63
0.21
3.104
4.16
0.030
0.56
3.73
0.036
0.54
3.94
0.036
0.27
0.47
0.042
0.016
0.38

0.28 0.16
0.119 0.17
1.12 1.60
3.53 0.61
0.040 0.059
0.11 0.15
0.17 0.24
0.083 0.080
0.36 0.12
0.74 0.13
0.041 0.048
0.12 0.064
0.39 0.054
0.078. 0.087
0.28 0.18

0.088 0.082
0.25 0.19
0.42 0.24
0.046 0.054
0.10 0.095
0.18 0.13
0.037 0.047
0.10 0.10
0.17 0.13
0.21 0.13
1.20 0.57
1.56 0.77
0.065 0.071
0.46 0.12
0.93 0.099
0.056 0.063
0.46 0.084
0.986 0.10
0.21 0.17
1.59 0.10
2.28 1.58
0.064 0.075
0.33 0.32
2.11 0.93
0.057 0.060
0.28 0.23
1.71 0.49
0.050 0.061
0.20 0.17
0.28 0.20
0.049 0.066
0.12 2.9E-3
0.31 0.18
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a

Table B-6 Continued

Time, t (S/V)t NCI (IYU NLi (g/mz)
SampleIll (hours) (h/m) B Na Si B Na Si
HLP-45 10 2X1O’ 0.86 1.07 1.35 0.043 0.054 0.067
HLP-45
HLP-45
HLP-46
HLP-46
HLP-46
HLP-47
HLP-47
HLP-47
HLP-48
HLP-48
l-ILP-48
HLP-49
HLP-49
HLP-49
HLP-50
HLP-50
HLP-50
HLP-51
HLP-51
HLP-51
HLP-52
HLP-52
HLP-52
HLP-53
H.LP-53
HLP-53
HLP-54
HLP-54
HLP-54
HLP-55
HLP-55
HLP-55

100
1000
10
100
1000
10
100
1000
10
100
1000
10
100
1000
10
100
1000
10
100
1000
10
100
1000
10
100
1000
10
100
1000
10
100
1000

2X106
2X107
2X105
2X106
2X107
2X105
2X106
2X107
2x 10s
2X106
2X107
2X105
2X106
2X107
2X105
2X106
2X107
2X105
2X106
2X107
2X105
2X106
2X107
2X105
2X106
2X107
2X105
2X106
2X107
2X105
2X106
2X107

0.35
6.39
0.35
1.98
5.92
1.12
6.49

18.31
1.20
5.92

13.10
0.61
2.25
3.05

0.77
0.80
6.61

_(a)
_(a)

_(a)

0.44
2.43
4.91
1.50
6.08

14.01

2.67 0.063 0.018 0.13
6.37 3.64 0.32 0,32
2.9E-03 1.27 0.018 1.OE-04
5.17 3.33 0.10 0.26
8.56 5.91 0.30 0.43
1.62 1.39 0.056 0.081
5.16 3.55 0.32 0.26

12.13 5.19 0.92 0.61
1.26 1.46 0.060 0.063
4.06 2.42 0.30 0.20
9.03 3.20 0.65 0.45
0.77 0.80 0.030 0.039
1.80 1.68 0.11 0.09
3.08 2.35 0.15 0.15

No results for this sample
No results for this sample
No results for this sample

1.12 1.07 0.038 0.056
2.61 0.053 0.04 0.13
6.48 2.52 0.33 0.32
0.46 3.42 --(a) 0.023

44.74 10.8 --(a) 2.24
144.1 156 _(l) 7.21

No results for this sample
No results for this sample
No results for this sample

1.51 0.79 0.022 0.075
2.40 1.81 0.12 0.12
4.04 2.14 0.25 0.20
1.83 1.63 0.075 0.092
4.13 4.30 0.30 0.21
9.56 5.82 0.70 0.48

3.2E-3
0.18
0.064
0.17
0.30
0.070
0.18
0.26
0.073
0.12
0.16
0.040
0.084
0.12

0.053
2.6E-3
0.13
0.17
0.54
7.81

0.040
0.090
0.11
0.082
0.22
0.29

As indicated in Table 2-1, glass HLP-52 contained no boron. so the test solution concentration cannot be.-
normalizedusingtheconcentrationin theglass.

.
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Short-term Release Rates Based Upon PCT-B Results

Table B-7. Short-termBoron Release Rates Based Upon Measured NL~

Release Rate, r, in g/mL-Day Release Rate. ~A(a)

Glass 10 hours 100 hours 1000 hours 100 hours 1000-hours

HLP-01 8.57E-02 3.92E-02 8.95E-03 3.40E-02 5.60E-03
HLP-02
HLP-03
HLP-04
HLP-05
HLP-06
HLP-07
HLP-08
HLP-09
HLP-10
HLP-11
HLP-12
HLP-13
HLP-14
HLP-15
HLP-16
HLP-17
HLP-18
HLP-19
HLP-20
HLP-21
HLP-22
HLP-23
HLP-24
HLP-25
HLP-26
HLP-27
HLP-28
HLP-29
HLP-30
HLP-31
HLP-32
HLP-33
HLP-34
HLP-35
HLP-36
HLP-37
HLP-37Q
,HLP-38
HLP-38Q
HLP-39
HLP-40
HLP-40Q
HLP-41
HLP-42

9.12E-01
6.90E-02
3.28E-01
2.13E-01
4.08E-02
6.02E-02
4.42E-02
9.28E-02
4.82E-02
1.41E-01
6.40E-02
7.34E-02
1.22E-01
5.84E-02
8.57E-02
6.18E-02
8.44E-02
4.09E-02
7.99E-02
1.13E-01
2.24E-02
1.96E-01
5.32E-02
8.50E-02
9.53E-02
3.98E-01
4.93E-02
4.OIE-02
9.66E-03
1.05E+O0
9.82E-02
1.76E-01
2.87E-02
2.00E-01
6.92E-02
4.77E-02
7.69E-02
4.44E-02
9.66E-03
6.44E-01
1.41E-01
1.05E-01
5.13E-01.
7.25E-02

2.73E-01
3.37E-02
1.85E-01
3:27E-01
2.29E-02
2.99E-02
2.83E-02
5.69E-02
3.12E-02
1.13E-01
3.39E-02
5.62E-02
9.31E-02
3.21E-02
4.78E-02
4.41E-02
5.84E-02
2.62E-02
3.58E-02
7.27E-02
2.32E-02
1.02E-01
3.39E-02
5.18E-02
5.02E-02
2.06E-01
2.28E-02
2.90E-02
1.29E-02
3.83E-01
5.42E-02
4.04E-01
3.42E-02
1.45E-01
4.44E-02
9.55E-02
4.18E-02
2.82E-02
2.14E-02
5.00E-01
1.94E-01
2.03E-01
7.45E-01
1.34E-01

5.16E-02
7.51E-03
3.74E-02
7.43E-02
3.45E-03
5.89E-03
3.98E-03
1.94E-02
7.89E-03
2.00E-02
6.55E-03
1.19E-02
1.72E-02
6.43E-03
9.33E-03
9.25E-03
1.27E-02
4.81E-03

6 6.79E-03
1.39E-02
4.71E-03
1.69E-02
7.27E-03
1.llE-02
9.79E-03
4.79E-02
4.97E-03
5.82E-03
2.54E-03
6.82E-02
1.48E-02
1.51E-01
6.97E-03
2.84E-02
1.76E-02

nla
8.16E-03
4.47E-03
4.66E-03
6.06E-02
3.79E-02
3.91E-02
9.98E-02
8.96E-02

2.02E-01
2.97E-02
1.69E-01
3.40E-01
2.09E-02
2.66E-02
2.66E-02
5.29E-02
2.93E-02
1.09E-01
3.06E-02
5.43E-02
8.99E-02
2.92E-02
4.36E-02
4.21E-02
5.56E-02
2.46E-02
3.09E-02
6.82E-02
2.33E-02
9.14E-02
3.17E-02
4.82E-02
4.52E-02
1.85E-01
1.99E-02
2.77E-02
1.32E-02
3.09E-01
4.93E-02
4.29E-01
3.49E-02
1.39E-01
4.17E-02
1.OIE-01
3.79E-02
2.64E-02
2.27E-02
4.84E-01
2.00E-01
2.14E-01
7.71E-01
1.41E-01

2.70E-02
4.61E-03
2.llE-02
4.62E-02
1.28E-03
3.22E-03
1.28E-03
1.52E-02
5.30E-03
9.74E-03
3.51E-03
6.99E-03
8.75E-03
3.57E-03
5.05E-03
5.38E-03
7.61E-03
2.43E-03
3.57E-03
7.41E-03
2.66E-03
7.45E-03
4.32E-03
6.55E-03
5.30E-03
3.04E-02 “
2.99E-03
3.25E-03
1.39E-03
3.32E-02
1.04E-02
1.23E-01
3.94E-03
1.55E-02
1.46E-02

nla
4.42E-03
1.82E-03
2.80E-03
1.19E-02
2.06E-02
2.09E-02
2.81E-02
8.47E-02
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Table B-7 Continued

Release Rat%r, in g/m’-Day Release Rate, ?’A(a)
Glass 10 hours
HLP-42Q 8.54E-02
HLP-43 8.57E-02
HLP-44 9.98E-02
HLP-45 1.04E-01
HLP-46 4.23E-02
FILP-47 1.34E-01
HLP-48 1.44E-01
HLP-49 7.29E-02
HLP-50
HLP-51 9.19E-02
HLP-52
HLP-53
HLP-54 5.29E-02
HLP-55 1.80E-01

100hours 1000hours 100 hours
1.29E-01 9.45E-02 1.34E-01
6.41E-02 1.12E-02 6.17E-02
3.74E-03 9.15E-03 -6.94E-03
4.23E-03 7.66E-03 -6.82E-03
2.37E-02 7.1OE-O3 2.17E-02
7.79E-02 2.20E-02 7.16E-02
7.1OE-O2 1.57E-02 6.29E-02
2.70E-02 3.66E-03 2.19E-02

No resultsfor this glass
9.61E-03 7.94E-03 4.64E-04

This glass contains no boron
No resultsfor this glass

2.91E-02 5.90E-03 2.65E-02
7.30E-02 1.68E-02 6.llE-02

1000 hours
9.06E-02
5.33E-03
9.75E-03
8.05E-03
5.26E-03
1.58E-02
9.57E-03
1.06E-03

7.75E-03

3.32E-03
1.06E-02

(a) Thereleaserates,randrharethesameatlOhours.
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Table B-8. Short-termSodiumReleaseRatesBasedUponMeasuredNLN~

ReleaseRatq r, in g/m’-Day Release Ratq r~)
Glass 10 hours 100 hours 1000 hours 100 hours 1000 hours

3.48E-02 6.81E-03
. . . . . .

3170E-03HLP-01
HLP-02
HLP-03
HLP-04
HLP-05
HLP-06
HLP-07
HLP-08
HLP-09
HLP-10
HLP-11
HLP-12
HLP-13
HLP-14
HLP-15
HLP-16
HLP-17
HLP-18
HLP-19
HLP-20
HLP-21
HLP-22
HLP-23
HLP-24
HLP-25
HLP-26
HLP-27
HLP-28
HLI?-29
HLP-30
HLP-31
HLP-32
HLP-33
HLP-34
HLP-35
HLP-36
HLP-37
HLP-37Q
HLP-38
HLP-38Q
HLP-39
HLP-40
HLP-40Q
HLP-41
HLP-42
HLP-42Q
HLP-43

1.26E-01
6.60E-01
1.09E-01
3.08E-02
2.09E-01
8.84E-02
1.09E-01
1.48E-01
1.25E-01
1.24E-01
1.71E-01
1.13E-01
1.34E-01
1.63E-01
1.23E-01
1.42E-01
1.27E-01
1.42E-01
1.05E-01
1.28E-01
1.48E-01
6.34E-02
2.65E-01
1.OIE-01
1.51E-01
1.43E-01
3.llE-01
6.64E-02
1.76E-01
7.OIE-02
7.08E-01
1.06E-01
2.85E-01
9.62E-02
1.98E-01
9.84E-02
1.88E-01
2.12E-01
1.llE-01
8.91E-02
5.08E-01
1.56E-01
1.35E-01
5.1OE-O1
1.54E-01
1.37E-01
1.19E-01

1.87E-01
3.16E-02
1.17E-01
2.04E-01
2.llE-02
2.59E-02
3.55E-02
3.94E-02
3.30E-02
7.50E-02
3.00E-02
4.41E702
6.37E-02
3.28E-02
3.86E-02
3.90E-02
4.45E-02
2.61E-02
3.32E-02
5.16E-02
2.OIE-02
8.51E-02
2.79E-02
4.17E-02
3.80E-02
1.30E-01
1.59E-02
3.99E-02
1.49E-02
2.58E-01
3.47E-02
2.70E-01
2.75E-02
8.66E-02
2.93E-02
6.80E-02
5.88E-02
2.41E-02
2.43E-02
2.88E-01
1.1OE-O1
1.llE-01
3.82E-01
7.80E-02
6.66E-02
4.72E-02

3.06E-02
5.31E-03
2.15E-02’
4.17E-02
3.23E-03
4.86E-03
6.26E-03
1.08E-02
4.97E-03
1.26E-02
5.28E-03
8.02E-03
9.87E-03
5.1OE-O3
6.81E-03
6.06E-03
7.99E-03
3.98E-03
5.00E-03
8.82E-03
3.08E-03
1.21E-02
4.76E-03
6.94E-03
6.98E-03
2.51E-02
2.54E-03
7.24E-03
2.44E-03
4.34E-02
6.82E-03
8.47E-02
4.1lE-03
1.78E-02’
9.28E-03

nla
1.00E-02
4.25E-03
4.18E-03
3.74E-02
2.22E-02
2.37E-02
5.46E-02
5.06E-02
4.1lE-02
6.71E-03

A4bJHLZ

1.34E-01
2.31E-02
1.26E-01
2,03E-01
1.36E-02
1.66E-02
2.29E-02
2.99E-02
2.28E-02
6.44E-02
2.07E-02
3.41E-02
5.26E-02
2.28E-02
2.71E-02
2.93E-02
3.36E-02
1.74E-02
2.26E-02
4.09E-02
1.52E-02
6.51E-02
1.98E-02
2.95E-02
2.64E-02
1.1OE-O1
1.03E-02
2.47E-02
8.76E-03
2.08E-01
2.68E-02
2.68E-01
1.98E-02
7.42E-02
2.16E-02
5.47E-02
4.18E-02
1.44E-02
1.71E-02
2.64E-01
1.05E-01

. 1.09E-01
3.68E-01
6.95E-02
5.87E-02
3.92E-02

1.32E-02
2.38E-03
1.09E-02
2.37E-02
1.25E-03
2.53E-03
3.OIE-03
7.58E-03
1.86E-03
5.62E-03
2.54E-03
4.OIE-03
3.89E-03
2.02E-03
3.27E-03
2.40E-03
3.94E-03
1.52E-03
1.87E-03
4.07E-03
1.20E-03
3.96E-03
2.20E-03
3.09E-03
3.53E-03
1.34E-02
1.06E-03
3.62E-03
1.05E-03
1.95E-02
3.73E-03
6.42E-02
1.52E-03
1.02E-02
7.06E-03

nla
4.58E-03
2.04E-03
1.95E-03
9.51E-03
1.25E-02
1.39E-02
1.82E-02
4.75E-02
3.83E-02
2.22E-03
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TableB-8 Continued

Release Rat%r, in g/m’-Day Release Rate, rA(a)
Glass 10 hours 100 hours 1000 hours 100 hours 1000 hours
HLP-44 1.18E-01 2.76E-02 7.32E-03 1.76E-02 5.06E-03
HLP-45
HLP-46
HLP-47
HLP-48
HLP-49
HLP-50
HLP-51
HLP-52
HLP-53
HLP-54

1.29E-01
3.50E-04
1.94E-01
1.5lE-01
9.27E-02

1.35E-01
5.56E-02

1.81E-01

3.21E-02 7.64E-03 2.13E-02
6.21E-02 1.03E-02 6.89E-02
6.19E-02 1.46E-02 4.72E-02
4.87E-02 1.08E-02 3.73E-02
2.16E-02 3.69E-03 1.37E-02

No results for this glass
3.13E-02 7.78E-03 1.98E-02
5.37E-01 1.73E-01 5.90E-01

No results for this glass
2.88E-02 4.85E-03 1.20E-02

4.93E-03
4.52E-03
9.30E-03
6.63E-03
1.70E-03

5.17E-03
1.33E-01

2.19E-03
HLP-55 2.20E-01 4.96E-02 1.15E-02 3.07E-02 7.23E-03

(a)Thereleaserates, randrharethesame atlOhours.
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Relationship Between StandardDeviations and Means from PCT-A Data

ExhibitB-1. RelationshipBetween StandardDeviations and Means for Boron and Sodium
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APPENDIX C
WIT Alteration Extents

Table C-1. ResultsfromTerminatedWIT Tests

HLP-01
HLP-01
HLP-01
HLP-01
HLP-01
HLP-02

HL.P-02
HLP-02
HLP-02
HLP-02
HLP-02
HLP-02
HLP-03
HLP-03
HLP-03
HLP-03
HLP-03
HLP-04
HLP-04
HLP-04
HLP-04
HLP-04
HLP-04
HL.P-04
I-ILP-04

‘HLP-05
HLP-05
HLP-05
HLP-05
HLP-05
HLP-05
HLP-05
HLP-05
HL.P-05
HLP-06
HLP-06
HLP-06

199.7
199.8
200.7
200.7
200.7
199.8

200.5
200.5
200.5
200.5
200.5
200.5
199.7
199.8
200.4
200.7
200.7
199.7
199.8
199.9
200.4
200.4
200.4
200.6
200.7
199.7
199.8
200.3
200.3
200.4
200.4
200.6
200.7
200.8
199.7
199.8
200.4

0.2 3.0 10.17 9.72 1.5
0.2 8.8 9.74 10.04 1.5
0.2 36.6 9.71 10.38 1.5
0.2 32.8 9.67 10.17 1.6
0.2 36.5 9.74 10.30 1.6
0.2 8.8 9.64 10.27 1.4

0.2 3.0 10.30 9.76 1.3
0.2 5.0 10.17 9.73 1.5
0.2 3.0 10.17 9.73 1.5
0.2 1.6 10.39 9.801.4
0.2 1.0 10.29 “ 9.701.5
0.2 0.5 10.24 9.72 1.5
0.2 3.0 10.06 9.92 1.5
0.2 8.8 9.59 9.90 1.4
0.2 17.0 10.07 10.13 1.4
0.2 36.6 10.15 10.12 1.4
0.2 36.5 10.01 10.04 1.5
0.2 3.0 9.94 9.96 1.5
0.2 8.8 9.83 9.98 1.5
0.2 41.0 10.05 10.01 1.5
0.2 17.0 12.26 9.84 1.5
0.2 16.0 9.96 9.91 1.4
0.2 16.0 9.90 9.93 1.5
0.2 65.0 10.11 9.93 1.5 “
0.2 83.1 9.96 10.05 1.5
0.2 3.0 10.14 9.70 1.6
0.2 8.8 9.88 10.21 1.4
0.2 23.7 10.23 9.89 1.6
0.2 23.7 9.96 10.18 1.6
0.2 12.0 9.90 10.16 1.5
0.2 13.9 9.89 10.20 1.5
0.2 12.9 9.88 10.23 1.5
0.3 8.8 9.96 10.27 1.5
0.2 41.0 10.46 10.63 1.4
0.2 3.0 9.91 10.18 1.6
0.2 8.8 10.00 10.00 1.5
0.2 13.9 10.03 10.00 1.6’

0.401 ;0.03 10
0.383 -0.04 10
0.373 -0.06 8
0.413 -0.07 6
0.412 ~-0.06 10
0.373 -0.04 10

0.363 -0.02 8
0.399 -0.02 8
0.399 -0.02 8
0.393 -0.01 10
0.400 -0.02 -
0.402 -0.02 10
0.397 -0.03 10
0.383 -0.03 10
0.367 -0.04 10
0.373 -0.06 8
0.392 -0.06 10
0.394 -0.03 10
0.402 -0.03 10
0.388 -0.03 10
0.401 -0.04 10
0.372 -0.03 10
0.396 -0.02. 6
0.391 -0.05 8.
0.407 -0.08 7
0.411 -0.02 8
0.379 -0.03 5.
0.405 -0.03 6
0.409 -0.05 6
0.395 -0.03 5.
0.408 -0.03 8
0.405 -0.03 6
0.404 -0.08 6
0.420 -0.06 8.
0.408 -0.02 8
0.394 -0.03 5.
0.409 -0.03 8

0.00 205 1.1
0.03 392 9.5
0.01 232 8.1
0.02 434 9.8 ‘
0.071884 -

0.04 778, 122.0
0.041423 227.7
0.04 857 70.1
0.03 557 49.2

- 351 21.9
0.03 207 2.1
0.00 153 1.5
0.06 235 3.9
0.01 343 6.2
0.02 254 3.0
0.02 306 1.7
0.01 377 2.2

-0.05 ‘ 854 47.3
0.061775 319.5
0.04 879 34.7
0.05 904 202:5?
0.04 931 204.9
0.121947 -

‘0.062033 -
0.00 0 -
0.01 444 5.8
0.01 188 1.9
0.01 237 2.4
0.00 125 1.2
0.01 480 14.5
0.01 190 1.9
0.01 127 0.6
0.02 207 3.4
0.00 278 2.9
0.01 811 26.0
0.041178 62.4
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Table C-1 Continued

HLP-06
HLP-06
HLP-06
HLP-06
HLP-06
HLP-07
HLP-07
HLP-07
HLP-07
HLP-07
HLP-07
HLP-08
HLP-08
HLP-08
HLP-08
HLP-08
HLP-08
HLP-09
HLP-09
HLP-09
HLP-09
HLP-09
HLP-09
HLP-09
HLP-09
HLP-09
HLP-09
HLP-09
HLP-09
HLP-10
HL.P-10
HLP-10
HLP-10
HLP-10
HLP-11
HLP-11
HLP-11
HLP-11
HLP-12
HLP-12
HLP-12
HLP-12

200.4
200.6
200.6
200.6
200.7
199.7
200.2
200.2
200.4
200.5
200.6
199.7
200.2
200.2 “
200.4
200.5
200.6
199.7
199.8
200.4
200.6
200.6
200.7
200.7
200.7
299.6
299.6
299.7
299.9
199.7
199.8
200.7
299.9
300.0
199.8
200.1
200.6
200.7
199.8
199.9
200.1
200.4

0.2 16.0

0.2 5.1
0.2 21.7
0.2 32.8
0.2 108.7
0.2 108.7
0.2 12.9
0.2 44.9
0.2 16.0
0.2 77.9
0.2 21.7
0.2 108.7
0.2 12.9
0.2 44.9
0.2 16.0
0.2 77.9
0.2 21.7
0.2 3.0
0.2 8.8
0.2 12.0
0.2 19.0
0.2 19.0
0.2 26.7
0.2 32.8.
0.2 26.7
0.8 2.0
0.7 3.0
0.7 1.0
0.8 3.0
0.2 3.0
0.2 8.8
0.2 32.8
0.8 1.0
0.8 2.0
0.2 7.3
0.2 12.9
0.2 88.0
0.2 70.0
0.2 7.3
0.2 41.0
0.2 12.9
0.2 16.0

. .

10.02 10.03 1.5
10.04 10.15 1.6
10.09 10.05 1.5
10.16 10.05 1.5
10.20 10.03 1.5
10.11 10.00 1.5
10.09 10.12 1.5

9.99 10.10 1.5
10.01 10.03 1.5
10.03 10.06 1.5
10.07 10.03 1.6
10.24 10.07 1.6
10.09 10.17 1.5
10.05 10.07 1.5
10.09 10.10 1.6
10.13 10.16 1.6
10.13 10.12 1.5

9.84 10.04 1.4
9.90 10.09 1.5
9.86 10.22 1.6
9.85 10.30 1.5

10.10 10.00 1.6
9.93 10.29 1.5

10.22 9.76 1.5
9.95 10.16 1.5

10.15 10.08 1.5
10.05 10.15 1.5
10.10 10.08 1.5

9.87 9.95 1.4
10.11 10.10 1.5

9.09 10.02 1.4
9.98 10.13 1.5
9.91 9.98 1.4
9.79 9.86 1.5

10.20 10.11 1.5
9.90 10.09 1.5

10.08 10.15 1.5
10.10 10.13 1.5

9.86 10.36 1.5
10.06 10.08 1.5
10.22 9.76 1.5
10.24 10.96 1.7

0.415 -0.02 10 0.00 395
0.381 -0.04 10 0.02 427
0.393 -0.04 8 0.01 525
0.395 -0.09 10 0.02 569
0.399 -0.08 8. 0.03 1847
0.405 -0.03 5. 0.01 326
0.407 -0.02 10 0.021118
0.389 -0.03 6 0.02 329
0.401 0.00 9 0.021350
0.415 -0.03 10 0.01 552
0.428 -0.08 8. 0.041063
0.409 -0.03 5. 0.01 267
0.402 -0.02 10 0.02 532
0.423 -0.03 6 0.01 168
0.451 0.00 9 0.01 794
0.410 -0.03 10 0.01 308
0.365 -0.03 5. 0.00 103
0.396 -0.04 6 0.00 343
0.409 -0.02 6 0.00 88
0.390 -0.04 6 -0.01 49
0.401 -0.04 6 0.00 304
0.392 -0.06 6 0.01 201
0.394 -0.07 6 0.01 494
0.402 -0.06 6 0.01 214
0.408 -0.05 5. 0.03 1248
0.401 -0.20 6 0.03 1053
0.405 -0.02 5. 0.03 827
0.348 -0.04 5 0.041645
0.421 -0.03 5. 0.00 117
0.372 -0.04 6 0.00 138
0.425 -0.07 6 0.02 238
0.352 -0.03 7. 0.041416
0.378 -0.05 8 0.041958
0.412 -0.03 6 0.00 101
0.396 0.06 6 0.02 114
0.403 -0.10 6. 0.041267
0.399 -0.09 8 - 1170
0.402 -0.03 6 0.00 180
0.406 -0.03 10 0.03 837
0.394 -0.01 6 0.01 405
0.450 -0.03 10 0.03 484

13.2

7.7

13.5

7.5

398.9

3.6

80.5

3.7

155.5

10.2

38.8

4.2

10.3

2.4

28.0

8.4

1.1
3.8
0.8
0.2
3.2
4.2
6.1
1.1

31.0
42.7
13.2

236.9
0.6
1.4
2.4

70.3

1.9

1.7

16.3

27.2

2.8

13.5

9.4

8.1

C.2



Table C-1 Continued

HLP-12
HLP-12
HLP-12
HLP-12
HLP-12
HLP-12
HL.P-12
HLP-13
HLP-13
HLP-13
HLP-13
HLP-13
HLP-13
HLP-14
HLP-14
HLP-14
HL.P-14
HLP-14
HL.P-14
HLP-14
HLP-14
HLP-15
HLP-15
HLP-15
HLP-15
HLP-16
HL.P-16
HLP-16
HLP-16
HLP-17
HLP-17
HLP-17
HLP-17
HLP-18
HLP-18
HLP-18
HLP-18
HLP-18
HLP-19
HLP-19
HLP-20
HLP-20

% m
z z; g ~

5 g
fi g %

gL g T
~

g~

a :3 m : 3-~g_~
“=:~ = ~ ~ .9F
.:2 ~ *s:$z:s”””isg%mg-:’g.:q >-:E ~g S@

o z g a vv%i~E:. I“g~E z % G
G

* m ;
% ~ $~ :!~

200.4 0.2 16.o 10.28 9.94 1.5 0.415 -0.02 6 0.03 553 10.4
200.6 0.2 65.0 9.90 9.961.5 0.386 -0.05 8. 0.031043 42.3
200.7 0.2 96.7 9.93 10.26 1.6 0.422 -0.08 10 0.041677 155.8
200.7 0.2 83.1 9.98 10.16 1.5 0.389 -0.08 7 0.081348 82.6
300.0 0.8 1.5 9.93 10.34 1.5 0.408’-0.06 6 0.041584 184.0
300.0 0.8 0.5 10.04 10.08 1.5 0.401 -0.03 6 0.03 508 15.8
300.0 0.7 1.0 10.11 10.04 1.4 0.384 -0.05 6 0.03 895 24.8
200.5 0.2 150.0 9.79 10.26 1.5 0.395 -0.11 6 0.01 706 5.1
200.7 0.2 30.6 10.09 9.76 1.5 0.393 -0.09 5 0.02 518 6.5
200.7 0.2 8.7 9.73 10.24 1.4 0.368 -0.03 6 0.01 0 -
200.7 0.2 97.9 9.87 10.33 1.6 0.427 -0.07 8 0.04 782 10.8
200.7 0.2 15.6 10.10 9.81 1.5 0.405 -0.02 6 0.01 279 31.7
200.7 0.2 79.9 9.83 10.20 1.5 0.404 -0.07 5. 0.03 944 40.4
199.9 0.2 20.9 10.03 10.07 1.5 0.403 -0.04 5 0.04 656 9.1
200.5 0.2 150.0 9.94 9.98 1.5 0.380 -0.11 6 0.031915 -
200.7 0.2 30.6 9.95 9.80 1.4 0.372 -0.09 5 0.041324 21.2
200.7 0.2 8.7 10.09 9.93 1.4 0.376 -0.03 6 0.01 13 0.1
200.7 0.2 97.9 10.02 10.01 1.4 0.374 -0.07 8 0.051864. -
200.7 0.2 15.6 9.87 9.97 1.4 0.363 -0.02 6 0.06 392 28.0
200.7 0.2 79.9 9.93 9.88 1.5 0.380 -0.07 5. 0.051810 130.3
200.7 0.2 24.9 10.03 10.07 1.5 0.403 -0.04 9. 0.041055 52.0
200.7 0.2 30.6 10.06 9.89 1.4 0.382 -0.07 6 0.01 144 1.5
200.7 0.2 8.7 10.08 10.14 1.5 0.409 -0.07 10 0.00 0 -
200.7 0.2 15.6 9.93 10.04 1.5 0.400 -0.04 6 0.02 119 0.6
200.7 0.2 76.9 10.09 9.96 1.5 0.396 -0.11 8 0.00 326 1.9
200.7 0.2 30.6 8.29 11.62 1.4 0.358 -0.07 5 0.01 484 13.3
200.7 0.2 8.7 11.76 8.08 1.5 0.366 -0.07 10 0.00 0 -
200.7 0.2 15.6 8.25 11.42 1.5 0.372 -0.04 6 0.02 310 5.2
200.7 0.2 76.9 8.74 11.30 1.5 0.386 -0.11 8 0.01 792 18.8
200.7 0.2 8.7 9.95 9.90 1.4 0.376 -0.05 6 0.00 0 0.0
200.7 0.2 30.6 9.77 9.99 1.4 0.390 -0.06 5 0.01 416 5.1
200.7 0.2 76.9 10.02 9.89 1.4 0.381 -0.09 10 0.03 903 49.4
200.7 0.2 15.6 9.94 9.85 1.5 0.380 -0.04 6 0.01 334 9.6
200.1 0.2 84.1 9.90 10.09 1.5 0.396 -0.10 10 0.051789 257.6
200.2 0.2 73.0 9.97 10.16 1.5 0.400 -0.07 10 O.ti 1509 205.6
200.7 0.2 8.7 10.08 10.02 1.4 0.384 -0.06 6 0.01 128 0.7
200.7 0.2 30.6 10.00 10.04 1.3 0.352 -0.06 5 0.051022 50.7
200.7 0.2 15.6 9.71 9.76 1.5 0.368 -0.04 6 0.02 527 3.5
200.7 0.3 30.6 9.99 9.72 1.4 0.361 -0.07 5 0.01 0 -
200.7 0.2 15.6 10.35 9.70 1.4 0.389 -0.04 7 0.01 0 -
200.7 0.3 30.6 11.42 8.33 1.5 0.372 -0.07 5 0.02 142 2.2
200.7 0.2 15.6 8.64 11.51 1.5 0.398 -0.04 7 0.00 142 0.7

C.3 “



Table C-1 Continued

HLP-20
HLP-21
HLP-21
HLP-21
HLP-21
HLP-21
HLP-21
HL.P-22
HLP-22
HLP-22
HLP-23
HLP-23
HLP-23
HLP-23
HLP-23
HLP-23
HL.P-23
HLP-24
HLP-24
HLP-25
HLP-25
HLP-25
HLP-25
HL.P-25
HLP-25
HLP-25
HLP-26
HLP-26
HLP-26
HLP-26
HLP-26
HLP-26
HLP-26
HL.P-26
HLP-27
HLP-27
HLP-27
HLP-27
HLP-27
HLP-27
HLP-27
HLP-27

200.7

199.6
200.3
200.4
200.7
200.7
200.7
200.7
200.7
200.7
198.3
199.6
200.0
200.0
200.3
200.5
200.7
200.7
200.7
200.0
200.7
299.8
299.9
299.9
299.9
300.0
199.3
199.8
200.1
200.6
299.9
299.9
299.9
300.0
199.3
199.8
200.1
200.3
200.3
200.4
200.4
200.6

0.2 76.9

0.2 92.0
0.2 85.0
0.2 77.0
0.2 30.6
0.2 15.6
0.2 8.7
0.2 30.6
0.2 15.6
0.2 8.7
0.2 51.8
0.2 92.0
0.2 69.6
0.2 16.8
0.2 85.0
0.2 34.9
0.2 5.8
0.2 8.7
0.2 30.6
0.2 69.6
0.2 5.8
0.8 1.5
0.8 3.1
0.8 2.5
0.8 1.0
0.8 2.0
0.2 5.8
0.2 1.9
0.2 11.9
0.2 24.9
0.8 1.0
0.8 1.5
0.8 2.5
0.8 2.0
0.2 ,5.8
0.2 1.9
0.2 11.9
0.2 2.3
0.2 1.0
0.2 16.0
0.2 8.0
0.2 5.1

-. w G

8.65 11.54 1.5
10.03 10.02 1.4
10.06 9.96 1.4
10.05 10.00 1.5

9.97 9.89 1.5
10.09 10.12 1.5

9.99 10.13 1.5
10.07 9.891.3

9.77 10.25 1.5
9.78 10.32 1.4
9.99 10.01 1.4

10.09 9.95 1.5
9.88 9.91 1.5
9.93 10.04 1.5
9.95 9.96 1.6

10.00 10.04 1.5
10.02 9.82 1.5
10.28 9.72 1.5

9.42 10.50 1.5
8.58 11.29 1.5
8.30 11.41 1.5
8.05 11.96 1.4
9.23 11.84 1.5
8.47 11.62 1.5
9.03 11.84 1.4
8.88 11.22 1.5
9.96 9.96 1.6

10.04 9.98 1.5
10.08 10.07 1.5
10.06 10.06 1.6
10.03 10.09 1.4
10.03 10.06 1.4
10.02 10.04 1.5
10.06 10.07 1.5

9.97 10.07 1.6
10.04 9.96 1.5
10.06 10.05 1.6
10.08 10.16 1.5
10.05 10.09 1.4
10.10 10.16 1.6
10.06 10.16 1.6
10.18 10.08 1.5

0.392 -0.09 10 0.02 646 8.9
0.380 -0.10 5. 0.02 723 17.0
0.382 -0.08 7. 0.02 627 9.0
0.391 -0.10 8 0.01 819 26.8
0.391 -0.05 10 0.01 248 1.3
0.397 -0.04 6 0.00
0.401 -0.02 6 0.00
0.356 -0.05 10 0.04
0.393 -0.04 6 0.00
0.361 -0.02 6 0.00
0.384 -0.05 8. 0.05
0.401 -0.10 5. 0.06

26 0.3
0-

90 1.0
0-
0-

920 -
997 -

0.397 -0.10 6 0.041911
0.388 -0.04 9 0.051077
0.416 -0.08 7. 0.062099
0.408 -0.06 8. 0.051229
0.394 -0.03 10 0.02 92
0.388 -0.06 6 0.00 51
0.390 -0.08 8 0.01 128
0.394 -0.10 6 0.00 621
0.375 -0.03 10 0.01 0
0.366 -0.04 9 0.03 1541
0.441 -0.27 10 - 1916
0.385 -0.04 8. 0.021956
0.408 -0.03 8 0.041357
0.401 -0.04 9 0.052012
0.408 -0.01 10 0.03 161
0.422 -0.02 10 0.00 82
0.410 -0.02 10 0.02 292
0.412 -0.05 6 0.02 506
0.385 -0.03 8 0.031264
0.384 -0.04 9 0.041525
0.396 -0.03 8 0.041968
0.395 -0.03 9 0.05 1950
0.401 -0.01 10 -0.08 1459
0.401 -0.02 10 0.051132
0.404 -0.02 10 - 1998
0.409 -0.03 10 0.101557
0.366 -0.02 - -0.05 236
0.405 -0.03 10 - 1973
0.413 -0.02 - - 1154
0.395 -0.02 10 - 1511

152.9
92.6

42.8
0.9

1.3
16.7

39.6
344.9

113.6

2.3
0.8
3.1
6.0

72.8
189.3

193.6
58.9

288.3
1.4

216.8
255.9

C.4



Table C-1 Continued

HL.P-27
tiP-28
HLP-28
HLP-28
HLP-28
HLP-28
HLP-28
HLP-28
HLP-28
HL.P-29
HLP-29
HLP-29
HLP-29
HLP-29
HL.P-29
HL.P-30
HLP-30
HLP-30
HLP-30
HLP-30
HLP-30
HLP-30
HL.P-30
HL.P-30
HLP-31
HL.P-31
HLP-31
HLP-31
HLP-31
HLP-31
HLP-31
HLP-32
HLP-32
HLP-32
HLP-33
HLP-33
HL.P-33
HLP-33
HLP-33
HLP-33
HLP-34
HLP-34

200.6
200.1
200.1
200.1
200.4
200.6
200.6
200.7
200.7
200.3
200.4
200.6
200.6
200.6
200.6
200.1
200.1
200.1
200.3
200.3
200.4
200.6
200.7
200.8
200.1
200.1
200.1
200.3
200.6
200.6
200.6
200.3
200.4
200.6
200.1
200.1
200.1
200.2
200.7
200.8
200.4
200.6

0.2
0.2
0.2
0.1
0.2
0:2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.5
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2

21.7

5.8
1.8

11.9
12.0
19.0
19.0
26.7
26.7
13.2

7.1
7.8

20.8
3.4
5.7
5.8
1.8

11.9
23.7
23.7
12.0
12.9

8.8
41.0

5.8
1.8

11.9
6.8
3.0
5.1

21.7
13.2

7.1
24.0

1.8
5.8

11.9
30.0
50.0
45.0

7.1
24.0

10.04 9.94 1.5
9.99 9.901.5
9.99 10.08 1.5

10.00 9.98 1.5
10.05 10.08 1.6
10.13 10.08 1.5
10.06 10.09 1.5
10.15 10.07 1.5
10.14 10.08 1.6
10.08 10.12 1.6

9.94 10.12 1.5
10.09 10.02 1.6

9.85 10.07 1.6
10.08 10.11 1.6
10.00 10.11 1.6
10.09 10.06 1.5
10.09 10.08 1.4
10.10 10.03 1.6
10.21 10.18 1.6
10.21 10.17 1.5
10.11 10.11 1.6
10.08 10.08 1.6

9.96 10.00 1.4
10.10 10.11 1.5
10.12 10.12 1.6
10.10 10.04 1.5
10.22 10.16 1.6
10.14 10.15 1.6
10.13 10.08 1.6
10.18 10.16 1.6
10.10 10.06 1.5
10.20 10.13 1.6
10.05 10.17 1.5
10.02 10.09 1.4
10.09 10.07 1.5
10.10 10.11 1.5
10.05 10.06 1.5
10.04 10.08 1.5

9.99 10.03 1.5
10.18 10.09 1.4
10.18 10.13 1.2

0.415 &14 10
0.383 -0.02 10
0.395 -0.02 10
0.389 -0.03 10
0.390 -0.02 6
0.393 -0.04. 6
0.380 -0.04 6
0,390 -0.06 6
0.390 -0.06 6
0.410 -0.01 10
0.408 -0.02 6
0.395 -0.04 6
0.405 -0.04 5
0.403 -0.03 6
0.407 -0.03 5
0.416 -0.02 10
0.415 -0.02 10
0.377 -0.02 10
0.409 -0.03 6
0.425 -0.05 6
0.414 -0.03 5.
0.427 -0.03 6
0.427 =0.03 6
0.370 -0.06 8.
0.418 -0.02 10
0.422 -0.02 10
0.412-0.03 10
0.422 -0.02 6
0.420 -0.02 6
0.421 -0.02 6
0.425 -0.03 6
0.391 -0.02 10
0.423 -0.02 6
0.413 -0.03 6
0.351 -0.02 10
0.419 -0.02 10
0.424 -0.02 10
0.420 -0.04 8.
0.401 -0.06 7
0.406 -0.06 8.
0.438 -0.02 10
0.425 -0.03 6

C.5

0.02 493 6.2
0.01 68 0.7
0.01 525 6.7
0.02 283 7.5
0.01 352 5.8
0.01 261 5.6
0.02 280 7.5
0.00 288 7.7
0.05 990 43.5
0.03 683 13.9
0.051395 109.2
0.061853 333.5
0.03 813 12.2
0.041036 38.7
0.01 464 10.8
0.00 113 1.1
0.00 768 19.5
0.02 263 8.1
0.01 568 17.5
0.02 404 4.6
0.01 617 7.6
0.01 315 ‘ 3.2
0.02 821 86.5
0.061137 11.7
0.04 336 5.4
0.08.1899 265.5
0.061537 198.6
0.061209 26.4
0.061502 24.6
0.071826 146.1
0.00 50 0.7
0.00 25 0.2
0.00 102 1.9
0.03 137 2.3
0.01 180 1.8
0.00 113 2.2
0.061656 0.0
0.05 1981 -
0.052026 -
0.00 152 0.8
0.00 102 3.2
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Table C-1 Continued

HL.P-35
HLP-35
HLP-35
HL.P-35
HLP-35
HLP-35
HL.P-35
HLP-35
HLP-35
HLP-35
HLP-36
HLP-36
HLP-36
HLP-37
HLP-37
HLP-37
HL.P-38
HLP-38
HLP-38
HLP-38
HLP-38
HLP-39
HLP-39
HLP-39
HLP-40
HLP-40
HLP-41
HLP-41
HLP-41
HLP-41
HLP-41
HLP41
HLP-41
HLP41
HLP42
HLP-42
HLP-42
HLP-42
HLP-42
HLP43
HLP-43
HLP-43

198.3

200.1
200.1
200.3
200.4
200.5
200.6
200.6
200.6
201.0
200.6
200.7
200.7
200.4
200.6
200.6
200.1
200.2
200.3
200.4
200.6
200.1
200.1
200.6
199.5
199.7
200.1
200.1
200.1
200.4
200.4
200.6
200.6
200.6
200.3
200.4
200.6
200.6
200.7
200.1
200.1
200.1

0.2 46.8

0.2 5.8
0.2 2.0
0.2 6.8
0.2 16.0
0.2 29.9
0.2 3.0
0.2 5.1
0.2 21.7
0.2 60.8
0.2 50.0
0.2 8.7
0.2 30.6
0.2 7.1
0.2 24.0
0.2 50.0
0.2 84.1
0.2 73.0
0.2 13.2
0.2 7.1
0.2 24.0
0.2 5.3
0.2 2.0
0.2 3.9
0.2 51.1
0.2 88.0
0.2 5.3
0.2 11.9
0.2 2.0
0.2 29.9
0.2 29.9
0.2 35.6
0.2 50.8
0.2 35.6
0.2 13.2
0.2 7.1
0.2 88.0
0.2 24.0
0.2 70.0
0.2 5.8
0.2 2.0
0.2 11.9

-- w

10.04 10.09 1.5
9.94 10.01 1.5

10.01 9.93 1.5
10.12 10.07 1.5

9.98 9.91 1.5
10.05 10.05 1.5
10.02 10.05 1.5
10.09 9.89 1.5
10.06 10.12 1.6

9.18 10.91 1.5
9.55 10.37 1.5
9.62 10.35 1.4
9.76 10.35 1.5

10.14 10.09 1.2
10.21 10.16 1.5
10.09 10.11 1.5
10.09 10.08 1.5
10.04 10.11 1.5
10.10 10.13 1.4
10.16 10.10 1.6
10.18 10.16 1.3

9.95 9.88 1.5
9.96 9.99 1.5
9.98 9.95 1.5
9.94 10.04 1.5
9.96 9.85 1.3

10.00 10.11 1.5
9.95 10.07 1.5

10.07 10.10 1.5
10.15 10.05 1.5
10.10 10.16 1.5
10.01 10.12 1.6
10.05 9.80 1.6
10.10 10.10 1.5
10.07 10.07 1.5
10.03 10.42 1.5
10.06 10.12 1.5
10.11 10.08 1.5
10.07 10.07 1.5
10.02 9.90 1.6

9.94 10.00 1.5
10.01 9.98 1.5

0.408 -0.04 8 0.05 1575
0.390 -0.02 10 -0.01 1166
0.400 -0.02 10 0.01 460
0.412 -0.02 6 0.03 966
0.391 -0.01 6 0.061178
0.400 -0.04 9. 0.071376
0.405 -0.02 6 0.03 653
0.405 -0.02 6 0.03 976
0.417 -0.03 6 0.041165
0.405 -0.06 9 0.05 1594
0.400 -0.06 10 0.00 575
0.395 -0.06 6 0.01 27
0.420 -0.08 8 0.02 697
0.402 -0.02 10 0.00 16
0.412 -0.03 6 0.01 101
0.421 -0.06 10 0.02 463
0.436 -0.09 10 -0.07 1030
0.438 -0.07 10 0.00 802
0.410 -0.02 10 0.01 470
0.456 -0.02 6 0.01 27
0.394 -0.03 6 0.04 602
0.416 -0.02 10 0.00 14
0.428 -0.02 10 0.01 195
0.396 -0.03 6 0.02 13
0.415 -0.10 8 0.01 179
0.363 -0.11 10 0.01 200
0.448 -0.02 10 0.00 280
0.435 -0.03 10 0.01 474
0.448 -0.02 10 0.00 209”
0.420 -0.06 6 0.00 350
0.434 -0.04 6 0.01 293
0.449 -0.08 6 0.02 322
0.434 -0.09 6 0.02 356
0.439 -0.07 8 0.03 206
0.462 -0.02 6 0.00 “143
0.471 -0.01 6 0.00 0
0.459 -0.10 6. 0.00 102
0.450 -0.04 6 0.00 142
0.462 -0.09 8 0.00 131
0.422 -0.02 10 0.01 283
0.414 -0.02 10 0.00 134
0.412 -0.03 10 0.02 425

133.4
107.6
22.5
117.3
175.1
63.2
39.9
120.0
85.1
139.1

7.7
0.1

33.5
0.2
1.9

16.5
55.6
41.3
18.3

0.4
55.9

0.6
8.7
0.3
6.5
8.1

13.2
17.0

5.3
15.3

6.2
8.2

11.4
4.2
2.1

1.0
0.7
0.6
2.8
2.6
9.8

C.6



Table C-1 Continued

HLP-43
HLP-43
HLP-44
HL.P-45
HLP-46
HL.P-46
HLP-46
HLP-46
HLP-46
HLP+6
HL.P-46
HLP-46
HLP-46
HLP-46
I-ILP-46
HLP-46
HLP-46
HLP-46
HLP-46
HLP-46
HLP-46
HLP-46
HLP-46
HLP-46
HL.P-46
HLP-46
HL.P-46
HLP-46
HLP-46
HLP-46
HLP-46
HLP-46
HLP-46
HLP-47
HLP-47
HLP-47
HLP-47
HL.P-47
HLP-47
HLP-47

299.9
300.0
200.4
200.4
149.7
149.7
149.8
149.8
150.1
150.1
150.2
150.2
150.4
150.4
175.2
175.2
175.3
175.3
175.4
175.4
175.4
175.4
175.4
199.9
199.9
200.0
200.0
200.0
200.0
200.1
200.1
200.2
200.2
200.0
200.0
200.0
200.2
200.6
200.6
200.6

0.8 1.0
0.8 2.0
0.2 120.0
0.2 120.0
0.1 41.2
0.1 41.2
0.1 34.3
0.1 34.3
0.1 23.3
0.1 23.3 .
0.1 15.0
0.1 15.0
0.1 7.3
0.1 7.3
0.1 6.2
0.1 6.2
0.1 11.1
0.1 11.1
0.1 8.1
0.1 8.1
0.1 3.1
0.1 12.0
0.1 12.0
0.2 4.9
0.2 4.9
0.2 1.1
0.2 3.9
0.2 3.9
0.2 1.1
0.2 2.1
0.2 2.1
0.2 3.0
0.2 3.0
0.2 18.0
0.2 10.0
0.2 29.9
0.2 38.0
0.2 5.0
0.2 22.0
0.2 15.0

9.90 10.01 1.5
9.90 9.991.5
9.99 10.08 1.5
9.93 10.00 1.4

10.01 10.06 1.4
10.13 10.12 1.5
10.02 10.08 1.6
10.15 10.03 1.5
10.08 9.98 1.6
10.09 10.02 1.6
10.02 10.08 1.5

9.99 10.03 1.5
10.07 10.10 1.5
10.01 10.01 1.6
10.00 10.01 1.4

9.92 9.99 1.5
10.01 10.08 1.6

9.99 10.05 1.5
9.98 10.11 1.4
9;98 10.11 1.6

10.05 9.90 1.6
10.01 10.09 1.6
10.00 10.05 1.5

9.95 9.95 1.4
10.16 10.08 1.5
10.09 10.03 1.6
10.05 10.08 1.6
10.06 10.09 1.5
10.20 9.97 1.6
10.13 10.01 1.5
10.03 10.10 1.6
10.06 10.01 1.5
10.07 9.95 1.5

9.93 10.00 1.5
10.00 10.06 1.5
10.04 10.05 1.5
10.00 10.06 1.4

9.92 10.01 1.4
10.11 10.05 1.5

9.91 10.04 1.5

0.401 -0.03 8. 0.03 1302
0.400 -0.03 9 0.042022
0.400 -0.05 8. 0.021019
0.371 -0.05 8. 0.041310
0.372 -0.02 5. 0.071597
0.39 -0.02 5. 0.071685
0.396 -0.02 - 0.101593
0.399 -0.02 - 0.091592
0.406 -0.01 6. 0.07 1403
0.406 -0.01 6. 0.061585
0.408 -0.02 5. 0.071138
0.392 -0.01 5. 0.061089
0.407 -0.07 5. 0.00 176
0.424 -0.01 5. 0.02 378
0.362 -0.02 5. 0.061208
0.378 -0.02 5. 0.051424
0.412 -0.03 5 0.061779
0.388 -0.03 5 0.061562
0.375 -0.02 10 0.071537
0.407 -0.03 5 0.071435
0.399 -0.02 4. 0.05 989
0.401 -0.02 5 0.08 1851
0.391 -0.01 10 0.08 1862
0.365 -0.03 5 0.061809

0.4 -0.03 5 0.061871
0.401 -0.03 5 0.05 892
0.409 -0.03 5 0.061694
0.398 -0.03 5 0.061748
0.403 -0.02 5 0.05 898
0.373 -0.02 5 0.051053
0.403 -0.02 5 0.051289
0.375 -0.02 5 0.061568
0.38 -0.02 5. 0.05 1476
0.390 ‘-0.03 9 0.041381
0.391 -0.02 8 0.041103
0.406 -0.03 8 0.03 1324
0.390 -0.05 10 0.051724
0.368 -0.02 10 0.04 513

0.387 -0.02 6 0.021158
0.389 -0.03 8 0.03 785

56.2

29.3
65.8
222
262
201
117
76
128
44
27

2
5

64
59
115
178
190
151
18

278
107
179
156
19

103
139
22
105
33
161
50

64.8
142.3
70.6

232.8
6.9

41.7
18.6

HLP-48 150.6 0.1 214.7 9.91 10.05 1.5 0.375 -0.10 10 0.03 1004 64

C.7
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Table C-1 Continued

HLP38

HLP-48

HLP-48

HLP48

HLP-48

HLP-48

HLP-48

HLP-48

HLP-48

HLP-48

HLP-48

HLP-48

HLP-48

HLP48

HLP-48

HLP-48

HLPJ18

HLP-48

HLP-48

HLP-48

HLP-49

HLP-49

HLP-49

HLP-49

HLP-49

HLP-51

HL.P-51

HLP-51

HL.P-51

HLP-51

HLP-51

HLP-51

HLP-51

HLP-51

HLP-51

HLP-51

HLP-51

HLP-51

HLP-52

HLP-52

HLP-52

150.7 0.1 188.6 10.09 9.94 1.6 0.417 -0.04 - 0.01 1059
150.7 0.1 72.0 9.95 9.96 1.5 0.386 -0.02 6. 0.01 441
150.7 0.1 188.6 9.98 10.18 1.5 0.409 -0.05 - 0.041103
150.7 0.1 72.0 9.99 10.08 1.6 0.401 -0.04 10 0.02 647
174.8 0.1 41.9 10.02 9.80 1.6 0.418 -0.03 6. 0.061205
174.8 0.1 41.9 10.04 10.07 1.6 0.418 -0.03 5. 0.061397
175.2 0.1 78.6 10.18 10.00 1.6 0.44 -0.05 5. 0.05 1875
175.2 0.1 78.6 9.96 9.99 1.5 0.386 -0.05 5. 0.05 1727
175.3 0.1 68.9 10.24 10.07 1.5 0.42 -0.05 6. 0.071460
175.3 0.1 68.9 10.10 10.17 1.5 0.412 -0.04 6. 0.05 1617
175.4 0.1 14.7 9.97 9.97 1.6 0.427 -0.03 5. 0.07 634
175.4 0.1 14.7 10.01 10.20 1.6 0.422 -0.02 6. 0.08 969
199.6 0.2 14.0 9.95 10.01 1.4 0.377 -0.04 5. 0.041278
199.6 0.2 14.0 10.02 10.08 1.4 0.389 -0.04 5. 0.03 1372
199.8 0.2 22.2 10.11 9.95 1.5 0.381 -0.06 5. 0.021582
199.8 0.2 22.2 10.05 10.02 1.4 0.389 -0.06 5. 0.05 1704
199.9 0.2 11.2 10.01 10.13 1.6 0.422 -0.04 5. 0.061057
199.9 0.2 11.2 10.01 10.03 1.6 0.422 -0.03 6. 0.05 1273
200.1 0.2 6.2 10.17 9.98 1.6 0.415 -0.03 5. 0.03 762
200.1 0.2 6.2 10.05 10.04 1.5 0.392 -0.03 5. 0.04 881
199.5 0.2 51.1 9.95 10.06 1.5 0.424 -0.10 8 0.03 617
199.7 0.2 88.0 10.13 10.12 1.4 0.409 -0.11 10 0.04 714
200.3 0.2 13.2 9.94 10.30 1.4 0.384 -0.02 6 0.01 200
200.4 0.2 7.1 10.02 10.03 1.5 0.407 -0.01 6 0.02 135
200.6 0.2 24.0 10.27 9.90 1.5 0.407 -0.04 6 0.03 527
150.6 0.1 214.7 9.84 10.O9 1.3 0.359 -0.10 10 0.03 624
150.6 0.1 214.7 10.14 10.04 1.5 0.421 -0.04 10 0.03 468
150.7 0.1 188.6 10.10 10.00 1.5 0.421 -0.05 - 0.02 367
199.1 0.2 27.0 9.99 9.98 1.4 0.384 -0.05 10 0.04 671
199.6 0.2 14.0 10.05 10.00 1.5 0.411 -0.04 5. 0.00 547
199.8 0.2 22.2 10.03 10.07 1.5 0.412 -0.06 5. 0.04 586
199.8 0.2 22.2 10.07 10.01 1.5 0.395 -0.06 5. 0.02 472
199.9 0.2 11.2 10.01 9.96 1.6 0.418 -0.04 5. 0.01 274
199.9 0.2 11.2 10.08 10.05 1.5 0.393 -0.03 6. 0.02 407
200.1 0.2 33.2 9.96 10.05 1.5 0.391 -0.05 10 0.05 618
200.1 0.2 6.2 10.11 10.07 1.5 0.393 -0.03 5. 0.02 335
200.1 0.2 6.2 10.14 9.96 1.6 0.42 -0.03 5. 0.00 403
200.6 0.2 24.9 9.93 9.81 1.4 0.350 -0.05 6 0.02 484
200.5 0.2 3.0 10.11 10.08 1.5 0.419 -0.02 8 0.072056
200.5 0.2 1.6 10.06 10.10 1.5 0.390 -0.01 10 0.101791
200.5 0.2 1.0 10.06 10.06 1.4 0.400 -0.02 - - 1512

51

6

68

10

28

103

185

223

178

238

8

16

47

154

248

218

10
49

9

26

31.7

32.5

2.3

1.4

6.8

46

31

6

116

75

29

44

14

31

80

19

21

2.7

129.0

124.4

C.8



TabIe C-1 Continued

HLP-52
HLP-53
HLP-53
HLP-53
HL.P-53
HLP-54
HLP-54
HLP-54
HLP-54
HLP-54
HLP-55
HLP-55
HLP-55
HL.P-55
HLP-55
HLP-56

“ HLP-56
HLP-56
HLP-56
HLP-56
HLP-56
HLP-56
HLP-56
HLP-56
HLP-56

200.5
200.0
200.0
200.0
200,3
200.5
200.6
200.6
200.7
200.7
200.4
200.5
200.6
200.6
200.7
200.4
200.5
200.8
249.6
249.6
249.7
249.7
299.3
299.7
299.8

0.2 0.5 10.15 10.04 1.5 0.398 -~.02 10

0.2 2.9 9.99 10.05 1.5 0.413 -0.02 10
0.2 0.9 10.02 10.03 1.4 0.374 -0.07 10
0.2 2.0 9.86 10.06 1.4 0.390 -0.03 10
0.2 1.5 10.05 9.98 1.5 0.424 -0.01 10
0.2 6.9 9.96 9.92 1.4 0.340 -0.02 6
0.2 14.0 9.98 10.13 1.5 “0.380 -0.03 5
0.2 io.1 9.92 10.01 1.4 0.349 -0.03 6
0.2 28.6 10.03 9.89 1.5 0.379 -0.06 10
0.2 15.6 10.04 10.03 1.5 0.379 -0.05 8
0.2 41.2 9.92 9.83 1.5 0.360 -0.07 6
0.2 6.9 9.97 9.98 1.5 0.360 -0.02 6
0.2 14.0 9.94 9.941.6 0.380 -0.03 5
0.2 33.9 9.78 9.92 1.5 0.364 -0.04 8
0.2 8.1 9.82 9.87 1.4 0.341 -0.03 6
0.2 49.8 10.54 9.71 1.5 0.429 -0.07 7
0.2 34.8 10.36 9.64 1.4 0.382 -0.05 5.
0.2 69.0 10.60 9.41 1.5 0.407 -0.07 9
0.4 9.9 10.54 9.55 1.5 0.416 -0.07 6
0.4 12.1 10.39 9.55 1:5 0.392 -0.09 6
0.4 7.8 10.54 9.42 1.5 0.406 -0.06 7
0.4 5.3 10.58 9.58 1.5 0.416 -0.05 10
0.8 2.5 9.58 10.50 1.5 0.418 -0.06 5.
0.8 1.5 10.05 9.98 1.4 0.408 -0.04 6
0.8 1.0 10.04 9.97 1.5 0.406 -0.03 8

0.061892 0.0
“0.00 185 3.1
0.03 1376 89.3
0.00 149 0.7
0.03 537 7.9
0.041103 49.3
0.04 951 50.7
0.021373 272.1
0.03 1133 149.4

-0.01 1433 151.7
0.04 458 11.8
0.02 733 32.0
0.041101 89.5
0.04 606 31.5
0.00 199 2.0
0.00 169 5.5
0.00 121 1.8
0.05 1298 96.7
0.03 1409 94.4
0.051148 72.9
0.02 813 6.3
0.05 1878 90.1
0.041256 31.7
0.04 981 17.9

HLP-56 299.8 0.8 2.0 10.07 9.93 1.3 0.342 -0.04 % 0.061582 -

C.9



APPENDIX D

VHT Alteration Extent as a Function of Time (plots)
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VHT Alteration
APPENDIX D

Extent as a Function of Time (plots)
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APPENDIX E
VHT Alteration from Literature

Results on HLP46, HLP-55, and HLP-54 published by Feng et al. (1996) are summarized in Table
E-1 together with results on HLP+8 are published in McGrail et al. (1999). All testi were conducted
according to the Argonne National Laboratory vapor hydration test (WIT) procedure.

Table E-1. VHT Results Published in Literature

GlassIO Description Temperature[“C] Duration [days] Alterationlayerthickness [pm]
HLP-46 LD6-5412 70 - 56 0
HLP-46
HLP-46
HLP-46
HLP-46
HLP-46
HLP46
HLP-46
HLP-46
HLP-46
HLP46
HLP-46
HLP-46
HLP-46
HLP-46
HLP-46
“HLP-48
HLP-48
HLP-48
HLP-48
HLP-48
HLP-48
HLP-48
HLP-54
HLP-54
HLP-54
HLP-55
HLP-55
HLP-55

LD6-5412 120 28 0
LD6-5412 120 56 0
LD6-5412 150 3 0
LD6-5412 150 7 0
LD6-5412 150 11 200
LD6-5412 150 14 200
LD6-5412 150 18 Completely altered
LD6-5412 150 21 Completely altered
LD6-5412 175 1 200
LD6-5412 175 2 800
LD6-5412 175 3 1000
LD6-5412 175 5 . 800
LD6-5412 175 7 Completely reacted
LD6-5412 200 3 Completely reacted
LD6-5412 200 7 Completely reacted
LAWA33 150 14 0
LAWA33 150 28 5
LAWA33 150, 57 40
LAWA33 150 77 300
LAWA33 175 6 1
LAWA33 175 14 50
LAWA33 175 28 250
L4-912 150 7 0
L4-912 150 14 0
L4-912 150 28 0
L4-99 150 7 0
L4-99 150 14 0
L4-99 150 28 0

I



APPENDIX F

XRD Scans from VHT Samples
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APPENDIX F
XRD Scans from VHT Samples

HLP-08-200-100_Surface, SCAN 5.0/75.0/0.05/8 (SSC),Cu(25984kV,29472mA), I(q@=5153, 12/11/99.1542
HLP-O7-2OO-1OO,SCAM 5.0/75.0/0.05/30 (sac), Cu(25984kV,29472mA), l(c@=7290, 12/21/99 07’M4
HLPJM-200-125_Surface, SCAM 5.0/75.0/0.05/8 (sac), Cu(25984kV,29472rn4), l(c@=3204, 12118/99 0854
HLP-01-200-lX_Surfaca, SCAN 5.0/75.0/0.05/8 (see), Cu(25984kV,29472tnA), l(cps)=8306, 12/12/99 1552
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HLP-48-200-20, SCAN 5.0180.0/0.04130(See), cu, UIWIXF7534, o~04/99 M48
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HLP-13-200-080-Surfao% SCMJ 5.0175.010.0518(ssc),Cu(25964kV,29472mA), I(cPs)=6152, 12/21/99 1833
HLP-12-300-O02, SCAN 5.0)75.010.0518(s), Cu(25964kV,29472mA), @pSFl~, 11/26/99 0818
HLP-I2-2OO-1O5,SCAN: 5.O/75.O/O.05/8(sec),Cu(25964kV,29472mA), I(cPs)=3266, 11/28/99 1542
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HLP-18-200-032-1 O3199C,SCAM 5.0/75.0/0.05/8 (sac), Cu(25964kV,29472iA), I(cPs)=4542, 10/31/99 21:20
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HLP-56-25GO05W, SCAM 5.0/75.0/0.05/8 (see), Cu(25964kV,29472mA), l(cps)=7198, 12/07/99 09:40
HLP47-200-024-1 1199cj SCAM 5.O/75.O/O.05/6(sec),Cu(25964kV,29472mA), I(cPs)=4003, 11/01/99 19:27
HLP41-200-120, SCAN: 5.O/75.O/O.05/8(sec),Cu(25964kV,29472rnA), I(cPs)=3736, 12/04/99 1457
HLP-33-300-005, SCAN 5.0/75.0/0.05/8 (see), Cu(25964kV,29472mA), l(q@=1727, 11/26/99 1203
HLP-33-200-129W, SCAN: 5.0/75.0/0.05/8 (see), Cu(25964kV,29472mA), @@=3430, 12/06/99 1847
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2-Th~ta~)

HLP42-200-068_SuI%ce, SCAN 5.0/75.0/0.05/8 (see), CU. l(cps)=2979, 12/21/99 11:01
HLP-36-200-064, SCAN 5.0175.O/O.05/8(sec), Cu.I(cPs)=3794, 11/27199 21:28
HLP-36-200-024, SCAM 5.0/75.0/0.05/30 (see), Cu. l(cps)=12597, 09/06/99 2005

t 1

25.Oj I
I
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5.oj I

A h ‘w

1

I
41-1478> Analcime-C - Na(Si)06!H20 j

!
[ I

I I
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I I I I I f , J
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,
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HLP46-200-O04B, SCAN: 5.O/80.010.04/30(sec), Cu, I(cPs)=12898, 08/30/99 11:44
HLP46-200-001, SCAN: 5.O/75.O/O.05/8(sec), Cu. l(cps)=5664, 10/24/99 1954

2500j

8

I 41-147S> AnaMma-C - Na(Sii)CE!H20

I !

i l., t

75-1464> Gobbins-& - Ca.6NaZ6K2.X16Si10032(H20)12

I
II ,!/,l ..,.,,., ,, , , , ..;..,!,1

lb 2b ; 3b $0
,

6il ‘7’0’”
2-lT%ar)

HLP-53-200-O03, SCAN 5.0ff5.O/O.05/6(sec), Cu(24934kV,25955rnA), l(cps)=1847, 11/18/99 1524
HLP-52-200-013, SCAM 5.0i75.O/O.05/30(sec), Cu(24934kV,25955mA), l(cps)==941, 0~9/99 19:48
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1

I .9,, 1,

29-1459> Na14Zr2Si10031 - Sodium Zirconium Silicate

I I II I It , ,
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t
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3b’: !%’ do’. ’”?o’
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