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EXECUTIVE SUMMARY

The purpose of this study was to determine the effect(s) of removing MgO from DWPF frits to assess the impact on liquidus temperature (TL) and the durability of the glass product. Removal of MgO from the frit was hypothesized to lead to a decrease in liquidus temperature and thereby allow increased waste loading. 

Calculations were carried out in order to produce several glass compositions without magnesium oxide.  The new glasses, in addition to pre-existing glass frits, were then used to create an experimental matrix that would encompass the entire range of compositions and temperatures of interest.  Liquidus temperatures predicted by the current or a first draft and a proposed DWPF (herein after referred to as draft DWPF correlation) liquidus correlation were used as guidelines.  The current liquidus model has no MgO dependency, while the draft DWPF correlation liquidus model suggests a dependency.

Liquidus temperature was measured using two techniques, specifically an isothermal method and a gradient furnace method.  Two glasses with previously measured TL were used to aid in assessing the accuracy of the measurement techniques.  These were the DWPF-10/27 start-up frit and the National Institute of Standards and Technology (NIST) SRM-773 liquidus measurement standard glass. Durability was determined using the standardized  Product Consistency Test (PCT-A, ASTM C1285-97).


Analysis on the liquidus samples was carried out using a transmitted-light stereo optical microscope with magnification capabilities up to 108X.  In some instances, other microscopic methods (1000X microscope or SEM) were used in an attempt to clarify observations made at lower magnifications.  


Overall, the results appear to indicate that the predicted benefit of a lower liquidus temperature by removal of MgO from the frit was not realized.  In most cases, the liquidus temperature measured was higher than values predicted by either correlation. In addition, the two standard glasses used to test the accuracy of the measurement method were inconsistent with previously measured results.  The NIST glass TL was measured accurately with isothermal method but not with the gradient method.  The DWPF 10/27 start up frit had lower TL values than previously measured using both techniques.  Therefore, it appears that additional study and refinement of the liquidus measurement techniques is necessary before TL values can be assigned with any degree of confidence. 

In most cases, durability did not appear to be negatively affected by the removal of MgO.  Glasses with equivalent compositions, with and without MgO, appeared to have equivalent durabilities except for the WCP Purex glass that became significantly less durable when the MgO was removed.
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TECHNICAL REPORT ON THE IMPACT OF MgO ON DWPF GLASS LIQUIDUS TEMPERATURE AND DURABILITY (U)

INTRODUCTION


In the on-going goal to increase waste loading in the Defense Waste Processing Facility (DWPF), a program was developed to study the effects of removing magnesium oxide from the frit.  It was proposed that removing or decreasing the MgO would lower the liquidus temperature and, therefore, allow for increased additions of waste. The objectives of this project were to determine what effect altering the magnesium oxide content of the glass would have on liquidus temperature (TL) as well as the durability of the glass over a range of compositions and waste loadings. Data gathered would also assist in testing a proposed version of the DWPF liquidus correlation.  A series of statistically designed experiments were conducted on glasses made with and without MgO at waste loadings ( 28 wt% to determine the liquidus temperature.  Glass durability was measured using the Product Consistency Test (PCT, ASTM C-1285-97).

BACKGROUND

The liquidus temperature (TL) for a glass is the maximum temperature at which the molten glass and the primary crystalline phase (i.e., spinel for DWPF) are at equilibrium. The constraint on TL
 in the DWPF melter reduces the possibility of melt pool crystallization, i.e., volume crystallization from nucleation sites, during routine operation. This type of crystallization can involve almost simultaneous nucleation of the entire melt pool volume. Furthermore, minimizing volume crystallization simultaneously minimizes subsequent devitrification of the glass once it is poured into a canister. Thus, prevention of volume crystallization is of primary concern for DWPF process control. 

Glasses must be produced in DWPF with TL values below 1050ºC (the lowest expected temperature in the lower melt pool); this limit was defined to allow a 100°C margin below the DWPF operating temperature of ~1150ºC. However, the TL of a glass cannot be measured in situ and is currently related to glass composition and is controlled based on feed composition (a parameter that can be measured in DWPF).  The model currently employed by DWPF to relate TL to composition (and thus to define the necessary processing constraint) was defined using a total of 22 data. However, only as-fabricated compositions were available for the glasses (and were thus used in modeling). This model is currently being used for DWPF process control and is the main constraint on increasing the loading of sludge in DWPF glass.

However, two sets of new information became available that indicated that the above TL model needed revision. These are the 1) SG Study data1, and 2) additional information for the glasses upon which the original DWPF model was developed
. The SG Study glasses, which were based upon a statistically designed composition matrix2 were fabricated (at varying melt temperatures), measured for TL by Pacific Northwest National Laboratory (PNNL), and measured for composition by the SRTC-Mobile Laboratory. There were also additional measured TL values and compositions for the original DWPF glasses. Both sets of information indicated that 1) the model currently used by DWPF did not adequately describe the new model data and 2) the form of the existing DWPF model required revision.

To revise the necessary model, SRTC related the measured TL to a function, ƒ(z), of the molar melt composition, z, using a mechanistic approach based upon the solution to a freezing point depression problem, or:
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[image: image2.wmf]fus

H

D

 is the fusion enthalpy, TS* the melt temperature, and KS is the equilibrium constant of the primary crystalline phase expected in DWPF glasses (i.e., spinel
), which is denoted as S. The form of the relationship between TL and molar melt composition, z, is based upon thermodynamics; this basic form of relationship is fundamental and should not change significantly with the acquisition of additional information (unless multiple crystalline phases are identified that have very different properties).

After considerable effort, a composition term, ƒ(z)  [NiO] + [MgO] + 2[Cr2O3] + [Fe2O3], based upon the theory of site populations was found to fit both the model and validation data adequately well.
 This approach provided a parsimonious model (i.e., few independent variables) with small prediction uncertainties, which, if correct, would maximize the available glass-processing window for DWPF. 

The aforementioned model had the effect that an increase in any of the components in ƒ(z) (which causes increases in ƒ(z)) increases predicted TL. Furthermore, because there is MgO in the frits used in DWPF, the removal of MgO from the frit should decrease TL if the model is accurate. However, the mechanistic information used to develop the improved TL does not appear to support the originally predicted effect of MgO on TL for DWPF glasses. In order to verify that the new model was sufficiently accurate and that the removal of MgO would have the predicted impact on TL, a series of tests were proposed to help discern whether or not the apparent MgO effect on liquidus temperature was real.

EXPERIMENTAL – METHODS AND MATERIALS

The experiments were conducted in accordance with the technical task and quality assurance plan
.  The glass compositions were formulated as shown in Tables 1-3.  The Waste Form Compliance Plan3 (WCP) glasses shown in Table 1 had been fabricated and analyzed by Corning Engineering Laboratory Services (CELS). These glasses represent the composition range of all glasses expected to be produced over the lifetime of the DWPF.  The DWPF start-up frit given in Table 1 was fabricated by Ferro and analyzed by CELS (and SRTC).  The NIST standard glass was fabricated by Libby-Owens-Ford Co. and analyzed by several laboratories under the auspices of NIST.  The remaining glasses in Tables 2 and 3 were fabricated for this study by SRTC. These glasses were prepared using reagent grade chemicals and the instructions found in procedure GTOP-3-003.  It was not possible to melt the required 500g batches in a single crucible. In order to ensure a homogenous glass product, an initial melting run (1150°C for 4 hours) was completed followed by fritting in water. The sample was then dried and re-melted (1 hour at 1150°C).  Fritting was accomplished by pouring the glass into a stainless steel bucket containing de-ionized water.  The frit was removed from the water immediately upon cooling and placed in a drying oven. This material was then re-melted, fritted again, dried and stored for experimental use. A total of 10 glass compositions were fabricated using this procedure. 

The next step was to select a range of temperatures that would span the predicted liquidus values and develop an experimental matrix as shown in Table 4.  In order to establish the effect of MgO removal from DWPF-type glasses had on the liquidus temperature, two techniques were used.  These were an isothermal and a gradient furnace method. For the isothermal experiments, each sample weighed approximately 20g and when removed from the crucible had a depth of approximately 0.5 inches. To begin the isothermal process, glasses grouped by temperature were placed in a Thermolyne furnace (Model #48000) that was pre-heated to 1150°C and held at that temperature for 4 hours.   The samples were then immediately moved to the Carbolite furnace  (Model CWF12/13, GTI-446) also pre-heated to a specified temperature.  A grid pattern was established so that like glasses would always be placed in the same general location within the furnace as illustrated in Figure 1.  Glasses remained at the selected isothermal temperature (875-1125°C) for 24 hours.  Samples were removed from the furnace and immediately placed in a pre-heated annealing oven (Thermolyne Model #1400) for 1 hour at 450°C.  After 1 hour, the oven was turned-off and the samples were allowed to furnace cool.  Glasses were removed intact from the crucibles (Pt/Au), placed in labeled bags and stored prior to cutting and polishing operations.

The gradient furnace method is a standardized procedure as set forth in ASTM procedure C829-97, method A (see Appendix A).   For each sample in the gradient furnace study, 17-18g of glass frit ground to –20 mesh was placed in a zirconia grain-stabilized platinum/gold boat fabricated to the dimensions specified in the procedure. The boat was placed in a quartz sample holder/positioner (see Figure 2). The entire assembly was carefully placed at a pre-determined location within the furnace (Harrop Model GTF-23-SV) and held at the specified temperature range for 24 hours.  The position of the boat, along with the initial and final temperature gradients was recorded in a laboratory notebook. After 24 hours, the sample was removed from the gradient furnace and immediately placed in a Thermolyne (Model #1300) oven and annealed as previously described.  Efforts were made to remove these samples intact from the boats, and in most cases, attempts were successful.  The final dimensions of the samples were approximately 5.25 in.L x 0.5 in.W x 0.19 in.D.  Special attention was given to labeling the samples so that orientation of the sample within the oven (cool versus hot end) was maintained during all subsequent phases of preparation and examination.  Samples were placed in labeled plastic bags and stored until cutting and polishing operations were initiated.

Table 1.  Starting Compositions Used to Examine the MgO Effect on Liquidus Temperature.

G/100g glass
WCP HM
WCP PX
WCP BL
DWPF SF
NIST SRM 773**

Frit used
Frit 202
Frit 200
Frit 202
n/a
n/a

Al2O3
7.15
2.99
4.16
4.6
0.15

B2O3
7.03
10.33
8.05
8.51
0

BaO
0.11
0.2
0.18
0.1
0

CaO
1.01
1.09
1.03
1.47
8.58

Cr2O3
0.091
0.15
0.13
0.09
0

Cs2O
0.06
0.06
0.08
0
0

CuO
0.25
0.42
0.44
0
0

Fe2O3
7.78
13.25
10.91
14.2
0.12

K2O
2.21
3.41
3.68
2.7
0.03

Li2O
4.62
3.22
4.44
3.25
0

MgO
1.49
1.41
1.41
0.84
3.93

MnO
1.75
1.69
1.67
1.93
0

MoO3
0.22
0.08
0.15
0
0

Na2O
8.56
12.62
9.13
11.53
13.84

Nd2O3
0.55
0.06
0.22
0
0

NiO
0.41
1.19
0.89
1.11
0

RuO2*
0.042
0.014
0.032
0
0

SiO2
55.8
46.5
51.9
47.9
73.1

TiO2
0.56
0.68
0.89
1.18
0.012

ZrO2
0.33
0.045
0.14
0.11
0

Oxides
100.02
99.41
99.53
99.52
100.0**

Measurements

NC(B), g/L
0.45
2.34
0.74
0.78
n/a

TL, ºC
n/a
N/a
n/a
1064
988

@1150ºC, poise
n/a
N/a
n/a
46
n/a

Predictions

NC(B), g/L
0.32
3.17
0.99
1.06
n/a

TL, ºC (cur.)
928
1034
977
1055
n/a

TL, ºC (draft)
960
1051
1014
1031
n/a

@1150ºC, poise
137
25
61
43
n/a

*
The RuO2 concentrations for the WCP glasses were not provided in WSRC-93-672, Rev.1; the concentrations provided in this table were taken from the original CELS analyses for these glasses upon which the other concentrations in this table were computed.

**
The NIST SRM 773 glass also contains 0.27% SO3 by weight.

Table 2.  New Compositions Necessary to Test MgO Effect on Liquidus Temperature*.

g/100g glass
WCP HM-MG
WCP PX-MG
WCP BL-MG
DWPF SF-MG

Frit Used
Frit 202
Frit 200
Frit 202
n/a

Al2O3
7.15
2.99
4.16
4.6

B2O3
7.1446
10.7897
8.353
8.7309

BaO
0.11
0.2
0.18
0.1

CaO
1.01
1.09
1.03
1.47

Cr2O3
0.091
0.15
0.13
0.09

Cs2O
0.06
0.06
0.08
0

CuO
0.25
0.42
0.44
0

Fe2O3
7.78
13.25
10.91
14.2

K2O
2.21
3.41
3.68
2.7

Li2O
4.62
3.22
4.44
3.25

MgO
0.0
0.0
0.0
0.0

MnO
1.75
1.69
1.67
1.93

MoO3
0.22
0.08
0.15
0

Na2O
8.9046
12.8635
9.4103
11.6875

Nd2O3
0.55
0.06
0.22
0

NiO
0.41
1.19
0.89
1.11

RuO2
0.042
0.014
0.032
0

SiO2
56.8308
47.2068
52.7267
48.3616

TiO2
0.56
0.68
0.89
1.18

ZrO2
0.33
0.045
0.14
0.11

Oxides
100.02
99.41
99.53
99.52

Predictions

NC(B), g/L
0.32
3.17
0.99
1.06

TL, ºC (cur.)
925
1030
974
1052

TL, ºC (draft)
858
980
935
989

@1150ºC, poise
137
25
61
43

* The shaded values represent those concentrations that were changed. The values in this table have not been rounded since these concentrations will be subsequently converted to the appropriate oxide masses for batching.

Table 3.  Higher Waste Loading Glass Compositions.


WCP PX
WCP HM
WCP BL

PHA fraction, p
0.100
0.093
0.092
0.067
0.108
0.104

Sludge fraction, s
0.312
0.253
0.610
0.394
0.392
0.315

Frit fraction, f
0.588
0.654
0.298
0.539
0.500
0.581

Liquidus constraint
Revised

(draft)
Current
Revised

(draft)
Current
Revised

(draft)
Current

Current TL (ºC)
1114
1025
1723
1025
1118
1025

Revised (draft) T L (ºC)
1035
985
1035
935
1035
984

TL Difference (ºC)
79
40
688
90
83
41

Predicted NC(B), g/L
3.17
3.17
0.32
0.32
0.99
0.99

Predicted , poise
17
27
51
110
44
52


Grams per 100 grams of glass

Al2O3
3.65
2.97
15.20
9.84
6.36
5.17

B2O3
9.88
10.49
5.32
6.41
6.64
7.60

BaO
0.23
0.20
0.21
0.14
0.21
0.20

CaO
1.34
1.08
2.16
1.39
1.59
1.29

Cr2O3
0.18
0.15
0.19
0.13
0.20
0.16

Cs2O
0.06
0.06
0.10
0.07
0.07
0.08

CuO
0.46
0.41
0.43
0.31
0.40
0.45

Fe2O3
16.25
13.18
16.60
10.73
15.76
12.71

K2O
3.62
3.35
3.77
2.71
3.18
3.73

Li2O
2.94
3.27
2.08
3.77
3.65
4.07

MgO
0.15
0.12
0.36
0.23
0.22
0.18

MnO
2.07
1.68
3.74
2.42
2.59
2.09

MoO3
0.09
0.08
0.44
0.29
0.18
0.17

Na2O
13.16
12.96
11.58
9.80
10.26
9.95

Nd2O3
0.07
0.06
1.17
0.76
0.34
0.27

NiO
1.46
1.18
0.88
0.57
1.52
1.22

RuO2
0.02
0.01
0.09
0.06
0.05
0.04

SiO2
43.61
48.03
34.03
49.22
45.73
49.46

TiO2
0.72
0.67
0.95
0.68
0.82
0.98

ZrO2
0.06
0.04
0.70
0.46
0.22
0.17

( Oxides
100.02
99.99
100.0
99.99
99.99
99.99

Table 4.  Isothermal Experimental Matrix Designed to Examine MgO Effect on TL and Higher Waste Loading Glasses.




Glasses to Include at Isothermal Temperature, T(ºC)




With MgO
Without MgO
Without MgO in Frit (r-revised, c-current)

T (ºC)
N
NBS
SF
HM
PX
BL
SF
HM
PX
BL
PX-r
PX-c
HM-r
HM-c
BL-r
BL-c

875
4
















900
5
















925
10
















950
10
















975
12
















1000
14
















1025
12
















1050
11
















1075
10
















1100
12
















1125
12
















Originally, the gradient furnace runs were to be carried out in a manner such that for each glass composition and isothermal temperature, there would be a corresponding gradient furnace run (over 30 gradient furnace runs).  In some cases, one gradient furnace run could be used to simulate several isothermal temperatures.  However, due to time constraints only a portion of gradient furnace runs were completed.

Sample Preparation for Optical Microscopy

Isothermal Samples.  Specimens obtained from the isothermal runs were prepared for microscopic examination as shown in Figure 3a.  The samples were first cut in half using the Isomet 4000 diamond saw and then a thin section was taken from one of the halves.  The thin section was mounted to a petrographic glass slide using Crystalbond 509 adhesive.  The sample/slide was then placed in the Petrothin grinder (water-cooled) and the top surface of the sample was removed incrementally until the sample was translucent.  The samples were then wet-polished to a 600-grit finish and stored prior to examination.

Gradient Samples.  The procedure for preparing the gradient furnace samples was similar to that of the isothermal samples.  When the glass was removed from the gradient boat, tape was placed around the end of the sample that was exposed to the cooler temperatures (“front end”).  To prepare the sample for cutting, the glass was mounted on-edge to a fabricated glass slide using the Crystalbond adhesive as shown in Figure 3b. At this time, the slide was then marked to indicate the front end of the sample. The sample was cut in half using the Isomet 4000. The fresh 

ISOTHERMAL TEMPERATURE:  1075°C   RUN #2
TIME IN/OUT 1150°C

TIME IN/OUT 1075°C

GLASS ID
CRUCIBLE ID
WEIGHT (g)

DWPF-SF-1027



WCP-PX



DWPF-SF-MG



WCP-PX-MG



WCP-PX-REVHWL-MG



WCP-PX-CURHWL-MG



WCP-HM-REVHWL-MG



WCP-HM-CURHWL-MG



WCP-BL-REVHWL-MG



WCP-BL-CURHWL-MG





Figure 1.  Example of data record sheet and sample placement within the isothermal furnace.
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Figure 2.  Schematic of gradient furnace set-up.  The gradient furnace has 7 R-type thermocouples, evenly spaced 2 inches apart.  Total length of the span under the thermocouples is 12 inches.  The unit operates using 120V, 20amp and has a separate resistor box with positionable resistors that enable the user to adjust the temperature gradient within the furnace.  
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Figure 3.  A).  Preparation steps for optical microscopic examination of isothermal samples; B).  Preparation steps for microscopic examination of gradient furnace samples.

edge generated from halving the sample was then adhered to a second glass slide (face down) and a thin section was cut.  Unfortunately, these samples were too large for automated grinding in the Petrothin.  Therefore, additional time was spent wet-polishing the samples using a series of grinding papers (240, 320, 400, 600) in order to remove excess material and achieve a smooth surface suitable for microscopic examination.  Preparing a thin section suitably translucent for microscopic examination was challenging with the equipment available.  Often the sample would crack or small sections would chip off, making accurate measurement difficult.  These problems can be resolved given sufficient time and proper preparation equipment.

RESULTS

Isothermal Liquidus Measurements


Standards.  Two standard glasses were used to define the accuracy and repeatability of the isothermal liquidus measurement technique used in this study.  The first was a clear glass standard (SRM-773).  The SRM-773 glass is a soda-lime-silica glass used as a liquidus standard for the ASTM-C829 liquidus measurement method.  The reported liquidus for measurement by gradient boat was 988( 3°C.

The second standard glass used in this study was the DWPF Startup Frit fabricated by Ferro Corporation (Lot SG-565).  Over 15,000 pounds of the DWPF Startup Frit was fabricated by Ferro Corporation in 1987 in three lots.  These were labeled by date as 10/26, 10/27, and 10/28.  Each lot was chemically analyzed once by Ferro, 6 times by Corning Engineering Laboratory Services (CELS), and in triplicate by SRTC-ADS.
  The CELS measured the liquidus of each lot using ASTM C829A (gradient boat) and values of 1066, 1012, and 1062°C for the internal liquidus for each of the three lots were recorded (Table 5) . The lot identified as 10/27 had two phases present: spinel (the liquidus phase) and acmite that appeared to crystallize at 831°C.  Additional liquidus measurements were made at SRTC using an isothermal crucible technique for each lot and the liquidus values for all three lots was found to be between 1050-1075°C indicating that the 1012°C liquidus measurement by CELS was in error.  Therefore, the average liquidus value was computed as (1066 + 1062)/2.  In addition, the liquidus of the 10/27 lot was measured by PNNL using their isothermal measurement technique (being submitted to ASTM for consideration as a standardized procedure) several times.  The temperatures are provided in Table 5 and confirm the measurements made at SRTC.

Table 5  Liquidus Measurements on the DWPF Startup Frit.

Sample ID
CELS Liquidus (°C)
SRTC

Liquidus (°C)
PNNL 

Liquidus (°C)

DWPF Startup Frit 10/26
1066
1050-1075
---

DWPF Startup Frit 10/27
1012
1050-1075
1053-1062 

DWPF Startup Frit 10/28
1062
1050-1075
---

Average
1064
1050-1075
1058

The results for the standards used in this study are summarized in Tables 6-8. The NIST glass has a reported liquidus  temperature of 988°C ( 3°C.  As indicated in Table 7, crystals were observed at 975°C, but not at 1000°C, indicating a liquidus somewhere between the two temperatures. If the true liquidus lies half way between the two temperatures measured, a liquidus of 988°C is indicated.  This is in excellent agreement with the standard value provided by NIST.  

Based on the information found in Table 5, the DWPF Startup Frit appears to have a liquidus temperature of ~1064°C .  However, initial results from this study indicated a liquidus temperature between 1025-1050°C (Table 6).  Five replicate liquidus measurements were made of the DWPF-10/27 glass at the start of this study before the thin sectioning equipment was available. It was difficult to determine whether crystals or perhaps undissolved solids existed in some of these samples since foreign bodies appeared to have become imbedded in the mounting media during preparation.  The liquidus was evaluated only when cubic or triangular spinel crystals could be identified.  

In order to verify that the apparent undissolved solids had come from the sample preparation and not from contamination of the 10/27 lot of DWPF Startup Frit which had been in storage for an extended period of time, additional testing of the Startup Frit was completed.  In addition, examination at higher magnification was performed. To this end, two approaches were taken.  First, selected glasses were re-examined with a higher power microscope, and some glasses were submitted for SEM.  Four glasses were examined using an optical microscope with magnifications of 500-1000X.  This met with limited success because the surfaces were not adequately polished for that level of magnification.  It was expected that by increasing magnification a greater number of crystals would be observed when compared to those found at 108X.  This was not the case for these glasses: increasing the magnification allowed for clarification of some artifacts and verified findings observed at lower magnifications.  One glass from each of the initial isothermal runs (5 repeats of DWPF-10/27 glass at each temperature) was submitted for SEM analysis.  Exhaustive searches on each of the glasses revealed no crystals in any of the samples at magnifications up to 400X. The second action taken was to re-run the experiments with the DWPF-10/27 that was taken from a previously unopened 55-gallon drum.  Due to better thin section preparation, the results from the third study were more clearly defined and are presented in Table 8.  These data also gave a measured liquidus somewhere between 1025 and 1050°C indicating good reproducibility between the measurements (see Tables 6,8 and 9).  Assuming that the true liquidus lies half way between the two temperatures measured, the DWPF 10/27 frit would have a liquidus of ~1038°C.  This is biased ~27°C below the values reported in Table 5. Sources of this bias need to be investigated, but appear to indicate that the liquidus values measured in this study are conservative for the MgO effect being studied.

Table 6.  DWPF Start-up Frit Summary of Initial Isothermal Runs.

T (°C)
DWPF-A

Crystals

Y            N
DWPF-B

Crystals

Y            N
DWPF-C

Crystals

Y            N
DWPF-D

Crystals

Y            N
DWPF-E

Crystals

Y            N

1000
X

X

X

X

X


1025
X

X

X

X

X


1050

X

X

X

X

X

1075

X

X

X

X

X

1100

X

X

X

X

X

Table 7.  SRM-773 NIST Reference Glass Isothermal Runs (maximum magnification 108X).

T (°C)
SRM-773-A

Crystals

Y            N
SRM-773-B

Crystals

Y            N

975
X

X


1000

X

X

Table 8.  Repeat Isothermal Runs with DWPF Start-Up Frit (55-gallon drum feed - maximum magnification 108X).

TEMPERATURE (°C)
DWPF-A

Crystals

     Y                             N
DWPF-B

Crystals

       Y                            N

975
X

X


1000
X

X


1025
X

X


1050

X

X

1075

X

X

1100

X

X

Waste Glasses.  The results for the isothermal study are summarized in Table 9. Representative micrographs are shown in Figure 4 (remaining photos available in Appendix B).  In most cases, the data indicate that the liquidus temperature measured by the isothermal method appears to be higher than values predicted by both models (see Tables 1-3 and Table 11).  If these values were biased corrected by the 27°C indicated by the DWPF Startup frit standard, they would be even higher.

Table 9.  Summary of Optical Microscopic Examination of Isothermal Liquidus Measurement Samples - Results Compiled as a Function of Composition, Temperature and Degree of Crystallization.

GLASS COMPOSITION
875°C
925°C
975°C
1000°C
1025°C
1050°C
1075°C
1100°C
1125°C
Estimated TL

SRM-773^


Sp
N





~988

DWPF-SF 10/27^


Sp
EB
EB
N
N
N

1038

DWPF-SF-MG


EB
EB
N*
N

N

1013

WCP-BL


STN
STN
STN
STN



>1050

WCP-BL-MG
Sp
Sp
STN,B
STNC
B
Sp



>1050

WCP-BL-CUR

X
Sp
STNC
STNC
Sp,B
Sp,B
Sp,B

>1100

WCP-BL-REV



H
H
H
C
C
C
>1125

WCP-HM
H
H
C
Sp



Sp,B

>1100

WCP-HM-MG
Sp
Sp
Sp






>975

WCP-HM-CUR
H
H
C
C
C
Sp,B
Sp,B
Sp,B

>1100

WCP-HM-REV



X
X
X
X

H
>1125

WCP-PX


Q
Q
N
N
N


1013

WCP-PX-MG

Sp
B
EB
B
B
B


>1075

WCP-PX-CUR

B
B
B
B
B
B


>1075

WCP-PX-REV



Sp,B
B
Sp,B
B

B
>1125

N
=
no crystals at 108X

EB
=
edge and bottom crystals

Q
=
questionable crystal

X
=
almost completely crystallized

Sp
=
sparsely crystallized
C
=
crystals throughout

H
=
heavily crystallized

STN
=
stars and needles

B
=
bottom crystals

STNC
=
stars, needles, some cubic

* = revised data based on 500X and 1000X data from Clemson microscope;  
 ^ = follow-up data from Tables 6,7, 8

Gradient Furnace Results
Standards. For gradient boat liquidus measurements, ASTM C829 states that the liquidus temperature should be read halfway between the upper and lower surfaces of the glass. The liquidus measurement for the SRM-773 glass is lower (~963°C) than previously measured isothermally.  The same holds true for the DWPF-10/27 Start Up frit, which based on the data gathered , would have a liquidus of ~1008°C according to sample #2 or less than 995°C based on the remaining DWPF samples.  If one takes into account that the 7 internal thermocouples generally read on average 13°C lower than the calibrated external thermocouple, then the range of liquidus temperatures would be ~1001-1021°C.  

[image: image5.wmf]A)  WCP-BL-REV at 1050°C, 8.4X

B)  WCP-BL-REV at 1050°C, bottom at 108X

C)  WCP-HM-CUR at 1050°C, 8.4X.

D)  WCP-HM-CUR at 1050°C, bottom at 108X.

E)  WCP-HM-REV at 1050°C, 8.4X.

F)  WCP-HM-REV at 1050°C, bottom at 108X


Figure 4.  Representative optical micrographs of various glasses processed isothermally at 1050°C.

Waste Glasses. The gradient furnace runs are summarized in a series of plots, as well as in table format.  A representative graph of the data for WCP-BL glass is shown in Figure 5 (graphs for the other glasses and temperatures tested are located in Appendix C).  A summary of the glasses tested, temperatures and observations are found in Table 10.  The data gathered from this portion of the study is inconclusive as not all temperature ranges were tested.  


For the most part, these data agree with isothermal data, however, not all temperatures were tested.  A comparison of gradient temperature values with those predicted by the current and draft revised correlations, and those measured isothermally is found in Table 11.  The exceptions are the DWPF-10/27 Startup Frit, the SRM-773 glass, WCP-BL (see Figure 6) and WCP-PX all of which had a lower TL when compared to predicted values and isothermal measurements.
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Figure 5.  Representative plot of temperature versus thermocouple position for the WCP-BL glass.  The plot indicates the position of the sample within the furnace as well as the range of temperatures to which the sample was exposed.  Test duration was 24 hours.

Table 10.  Summary of Gradient Furnace Liquidus Temperature Measurements on DWPF and WCP Glasses (temperatures as indicated by internal thermocouples which were on average  ~13°C lower when compared with readings taken on an external thermocouple during earlier calibration run).

Glass Composition
Temperature Range (°C)
TL  Range (°C)
Observations

SRM-773 –2*
917-1031
(963
Crystals observed up to  ~963°C

DWPF-SF 10/27-1**
1036-1093
<1036
No crystals were observed 

DWPF-SF10/27-2
988-1091
<988
Possible crystals observed up to  ~1008°C

DWPF-SF 10/27-3
988-1087
<988
No crystals observed at 108X

DWPF-SF10/27-4
993-1091
(995
Possible crystal observed up to  ~995°C

DWPF-SF10/27-5
990-1091
<990
No crystals observed at 108X

WCP-BL, 03/09/00
895-993
895-936
Well-defined crystal front with the center of the front corresponding to a temperature of 933°C

(crystals 895-936°C)

WCP-BL-MG 03/07/00
797-965
>965
Crystals observed throughout sample, decreasing in number as temperature increased

WCP-BL-MG 03/27/00
941-1002
>1002
Sparse crystals observed throughout, most on bottom of melt

WCP-BL-MG 04/04/00
985-1051
>1051
Sparse crystals throughout sample, most on bottom of melt

WCP-BL-CUR 03/22/00
876-990
>990
Sample is crystallized throughout

WCP-PX 04/03/00
941-1044
~944
Possible crystals located at cool end of sample corresponding to final temperature of ~944°C

WCP-PX-MG 03/10/00
898-993
>993
Sparse crystals throughout sample, most on bottom of melt

WCP-PX-CUR-MG 03/13/00
909-994
>994
Sparse crystals observed throughout most of the sample, both ends of sample were inconclusive due to polish/cutting operations.  There was also a dark demarcation line located at 3.98-4.09 inches in the sample, however, crystals were found on both sides of the line.

WCP-PX-CUR-MG 04/10/00
984-1052
>1052
Sparse crystals throughout the sample, most on bottom of melt 

WCP-HM, 02/29/00
845-965
>965
Crystallized throughout, dark swirls and cubic crystals observed, decreasing with increasing  temperature

WCP-HM, 03/30/00
950-1000
>1000
Sparsely crystallized throughout, most on bottom of melt

WCP-HM-MG, 03/02/00
795-962
~879
Crystals observed only up to ~ 0.83in (879°C)

WCP-HM-MG 03/23/00
938-1001
>1001
Crystals dispersed throughout

WCP-HM-CUR-MG 03/08/00
796-959
>959
Sample is completely crystallized

WCP-HM-CUR-MG 04/12/00
897-1037
>1037
Crystals observed throughout entire sample

*SRM-773 #1 was broken during secondary polishing operations.

** Same feed as initial DWPF isothermal runs - Table 6.

Table 11.  Predicted Versus Measured Liquidus Temperatures for Isothermal Versus Gradient Methods.  (Gradient furnace results represent only a portion of the temperature ranges that were tested.  Values displayed are from internal thermocouples). 

Glass Composition
Predicted TL (current)
Predicted TL (draft-rev)
Prev. Meas. TL
Meas. TL Values

Isothermal
Meas. TL Values

Gradient

SRM-773
--
--
988
975-1000
963

DWPF-SF-10/27
1055
1031
1064
1025-1050
988-1008

DWPF-SF-MG
1052
989
--
1000-1025
--

WCP-BL
977
1014
--
>1050
895-936

WCP-BL-MG
974
935
--
>1050
>1051

WCP-BL-CUR
1025
984
--
>1100
>990

WCP-BL-REV
1118
1035
--
>1125
--

WCP-HM
928
960
--
>1100
>965

WCP-HM-MG
925
858
--
>975
~879/>1001

WCP-HM-CUR
1025
935
--
>1100
>1037

WCP-HM-REV
1073
1035
--
>1125
--

WCP-PX
1034
1051
--
1000-1025
~944

WCP-PX-MG
1030
980
--
>1075
>993

WCP-PX-CUR
1025
985
--
>1075
>1052

WCP-PX-REV
1114
1035
--
>1125
--

[image: image7.jpg]



Figure 6.  Photograph of the WCP-BL sample showing leading edge of crystal front.  Crystals are found to the right the curved edge in temperature range ~895-936°C.

Durability Results – Product Consistency Test  ASTM C-1285-97

Version A of the Product Consistency Test
 (or PCT-A)4 was used to test the durabilities of the glasses produced in this study to assure that no unanticipated effects were observed.  The raw, diluted PCT-A measurements (in ppm) are provided in Table 12.  As illustrated in this table, triplicate measurements were made for the unknown glasses (although the third measurement for the WCP BL – no MgO, Rev. TL  glass, designated by bl-revhwl-mg-3 in the study, was not available because the sample dried during testing).  Because these measurements are likely distributed (at least approximately) as lognormals
, the common logarithms are taken of the measurements (in ppm) and these averaged.  For example, the mean, undiluted WCP PUREX release for boron is:
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when 1.667 is the appropriate dilution factor for these measurements.  These mean values are provided in Table 13.  However, to estimate the normalized release for a component in a glass requires the concentration of that component in the glass that was tested.

The measured compositions for the glasses from this study are provided in Table 14 (for the analyses from the LiBO2 dissolutions) and Table 15 (for the analyses from the Na2O2 dissolutions).  The averages for each dissolution (when available) were then averaged to provide the concentrations necessary to estimate normalized releases for the glasses in this study.  These compositions are provided in reference.  Note that all such compositions satisfy the 95  Oxides(v)  105% criterion used as a measure to indicate a satisfactory glass analysis.

For example, the normalized release, NCB in g/L, for boron is normally represented by:
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where pB is the concentration of boron in the leachate (in ppm) and xB is the concentration of boron in the glass (in wt%).  However, since the concentration of boron in the leachate is likely lognormally distributed, the normalized release should instead be represented as:
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where it is assumed that the measured glass concentrations used for normalization are far enough from their detection limits so as to not be sensitive to distribution effects and 3.2201 is the gravimetric factor for converting B2O3 to B.  Using the values from Table 13 (for the leachate) and Table 16 (for the glass), the normalized release for boron in the WCP PUREX glass can be estimated as follows:
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and then
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as provided in Table 17.
 From the information in the THERMO document5, the corresponding historic values (bolded in Table 17) were 0.368 and 2.36 g/L, respectively, indicated excellent agreement.  The normalized releases for the other cations of interest were estimated in a similar manner and also indicate reasonable agreement for all but the DWPF startup frit and Environmental Assessment (EA) glass. The startup frit appeared to be significantly less durable than historic information would suggest although there were some concerns regarding the location from where the sample material was collected and whether or not the sample was the same as that measured previously. The value estimated for the EA glass was lower than the mean from historic measurements but within the range of known measurements for the EA glass6.  

When historical data were not available, the normalized releases for B, Li, Na, and Si were predicted using the Gp-based correlations available in THERMO5.  As illustrated in Table 17 and Figure 7, the results from this study compared favorably to both the available historic measurements as well as the predictions based upon historic measurements. All measured releases (as represented by the ordinates from Figure 7) were also significantly lower than the EA glass values.

Effect of MgO on Durability


Historically, MgO has been added to the frits that will be used in DWPF to improve glass durability;  the effect of MgO documented in the literature is primarily as a key element in the formation of clay mineral species that form on the glass surface during durability testing and inhibit leaching.  Therefore, any proposal that would remove MgO from frit might impact the durability of glasses that would be produced. In this study, a series of four glasses were fabricated by replacing the MgO in each of the compositions from the historic WCP BLEND, PUREX, and HM glasses as well as the DWPF Startup Frit by an equivalent mass of B2O3, Na2O, and SiO2 so that the predicted durability (and melt viscosity at 1150ºC) would be equivalent to the original glass. Thus, according to the THERMO durability prediction5, there should be little change in the measured PCT-A values between each pair of glasses.
 


Table 18 indicates the durability and composition changes between the modified and original glasses. As is shown in this table, only the WCP PUREX glass appeared to be made significantly less durable by removal of the MgO; the other glasses either were affected little or improved in durability. Furthermore, the WCP PUREX and DWPF startup frit had changes in measured durability that appear to be outside what would be expected from relevant prediction information, although the results are generally inconclusive concerning the effect of MgO on durability. This may be due to the short term of the PCT-A testing and the fact that the MgO concentrations in this study only varied between 0-2.5 wt%.

CONCLUSIONS


Based on the data gathered to date, the following conclusions can be drawn:

· Removal of MgO from the frit does not appear to lower the liquidus temperature of the glasses tested.  For the most part, the liquidus temperatures were higher than those predicted by the proposed model. 
· Significantly higher waste loaded glasses will not be obtained in DWPF by simply removing MgO from the frits used.

· Data from both the isothermal and gradient liquidus measurements were biased low for the DWPF Startup Frit.  Refinement of both methods appears necessary before accurate liquidus temperature values can be assigned.
·  In most cases, durability did not appear to be negatively affected by the removal of MgO.  Glasses with equivalent compositions, with and without MgO, appeared to have equivalent durabilities except for the WCP Purex glass that became significantly less durable when the MgO was removed.
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Table 12.  Raw, Diluted PCT Measurements (in ppm) for the MgO/New Frit Study Glasses.



Final
Raw, Diluted Leachate Concentration (ppm)

Glass/Standard/Blank
SampleID
pH
B
Fe
K
Li
Na
Si

Solution Standard
std1
n/a
23.1
4.71
10.5
10.2
85.7
53.8

Blank
Blk1
5.75
0.052
0.012
<0.018
<0.010
0.083
<0.023

Blank
Blk2
5.66
0.032
0.014
<0.018
<0.010
0.083
<0.023

ARM-1
arm1
10.14
11.6
0.036
<0.018
8.49
23.3
38.9

ARM-1
arm2
10.13
13.5
0.044
<0.018
9.50
26.1
42.6

ARM-1
arm3
10.14
12.5
0.025
<0.018
9.13
24.8
41.0

WCP PUREX (PX)
px-1
10.67
36.5
6.00
16.7
14.9
92.0
92.0

WCP PUREX (PX)
px-2
10.66
48.5
6.37
22.4
18.1
123
115

WCP PUREX (PX)
px-3
10.68
46.2
11.0
22.4
17.4
119
116

WCP PX – no MgO
Px-mg-1
10.80
66.3
5.10
24.5
25.5
165
150

WCP PX – no MgO
Px-mg-2
10.82
65.3
5.76
23.7
25.1
160
147

WCP PX – no MgO
Px-mg-3
10.86
69.3
4.11
25.4
26.5
171
151

WCP PX – no MgO, Rev. TL
px-revhwl-mg-1
10.92
37.9
3.22
18.0
14.6
109
93.0

WCP PX – no MgO, Rev. TL
px-revhwl-mg-2
10.98
43.4
3.86
20.5
16.5
122
101

WCP PX – no MgO, Rev. TL
px-revhwl-mg-3
11.01
45.0
4.01
20.7
17.8
128
106

WCP PX – no MgO, Cur. TL
px-curhwl-mg-1
10.92
73.6
11.4
27.6
28.3
187
171

WCP PX – no MgO, Cur. TL
px-curhwl-mg-2
10.86
70.5
13.3
26.0
27.5
179
166

WCP PX – no MgO, Cur. TL
px-curhwl-mg-3
10.93
72.9
11.6
27.6
28.2
185
170

Solution Standard
std2
n/a
21.0
4.26
10.3
9.88
83.2
51.7

WCP BLEND (BL)
b1-1
10.35
11.8
1.33
9.37
10.1
32.7
65.4

WCP BLEND (BL)
b1-2
10.39
12.1
1.45
9.96
10.4
33.9
66.9

WCP BLEND (BL)
b1-3
10.40
12.1
1.40
9.70
10.5
33.0
67.2

WCP BL – no MgO
B1-mg-1
10.42
9.96
2.54
7.21
8.42
28.0
58.7

WCP BL – no MgO
B1-mg-2
10.38
9.73
2.53
7.16
8.60
28.5
59.5

WCP BL – no MgO
B1-mg-3
10.38
8.73
2.42
6.99
8.25
27.3
57.1

WCP BL – no MgO, Rev. TL
b1-revhwl-mg-1
10.62
7.43
2.21
6.82
7.33
33.9
53.2

WCP BL – no MgO, Rev. TL
b1-revhwl-mg-2
10.59
7.24
2.17
6.91
7.35
34.5
53.0

WCP BL – no MgO, Rev. TL
b1-revhwl-mg-3
No data available for this sample as there was no liquid remaining.

WCP BL – no MgO, Cur. TL
b1-curhwl-mg-1
10.92
7.14
2.27
7.59
7.64
29.9
54.7

WCP BL – no MgO, Cur. TL
b1-curhwl-mg-2
10.51
6.93
2.35
7.54
7.56
29.8
53.9

WCP BL – no MgO, Cur. TL
b1-curhwl-mg-3
10.53
7.49
2.98
7.94
7.95
31.7
56.9

Solution Standard
std3
n/a
20.7
4.14
10.1
9.91
82.1
52.1

WCP HM
hm-1
10.27
5.83
0.831
3.02
7.49
17.5
48.9

WCP HM
hm-2
10.28
5.72
0.763
3.15
7.61
18.3
49.8

WCP HM
hm-3
10.24
5.73
0.787
3.20
7.72
18.1
51.3

WCP HM – no MgO
Hm-mg-1
10.24
6.14
7.21
3.31
8.26
19.1
61.1

WCP HM – no MgO
Hm-mg-2
10.21
4.52
5.70
2.64
6.82
15.9
50.1

WCP HM – no MgO
hm-mg-3
10.24
4.49
5.70
2.68
6.85
16.0
50.4

Solution Standard
std4
n/a
21.9
4.50
10.8
10.6
86.9
54.8

WCP HM – no MgO, Rev. TL
hm-revhwl-mg-1
10.68
6.06
0.656
7.46
3.25
35.2
28.8

WCP HM – no MgO, Rev. TL
hm-revhwl-mg-2
10.75
5.29
0.756
7.83
3.42
37.9
30.4

WCP HM – no MgO, Rev. TL
hm-revhwl-mg-3
10.76
5.00
0.745
7.85
3.43
37.5
30.4

WCP HM – no MgO, Cur. TL
hm-curhwl-mg-1
10.43
4.37
1.49
3.82
5.87
21.8
43.3

WCP HM – no MgO, Cur. TL
hm-curhwl-mg-2
10.45
4.57
1.65
3.80
5.91
21.6
43.4

WCP HM – no MgO, Cur. TL
hm-curhwl-mg-3
10.46
4.11
1.54
3.72
5.72
21.0
42.1

Solution Standard
std5
n/a
20.0
4.15
9.99
9.76
81.3
51.2

DWPF Startup Frit – 10/27 (SF)
1027-dwpf-1
10.34
21.4
2.65
7.76
10.9
69.2
78.8

DWPF Startup Frit – 10/27 (SF)
1027-dwpf-2
10.32
19.4
2.37
6.68
9.74
61.1
68.6

DWPF Startup Frit – 10/27 (SF)
1027-dwpf-3
10.40
19.1
2.34
6.84
9.64
61.5
69.1

DWPF SF – no MgO
dwpf-sf-mg-1
10.38
10.0
2.20
5.49
6.20
37.6
56.0

DWPF SF – no MgO
dwpf-sf-mg-2
10.44
10.1
2.19
5.52
6.22
38.6
55.6

DWPF SF – no MgO
dwpf-sf-mg-3
10.44
9.77
2.05
5.37
6.06
37.2
54.9

Environmental Assessment (EA)
ea1
No data available for this sample as there was no liquid remaining.

Environmental Assessment (EA)
ea2
11.59
247
0.117
0.456
87.0
676
424

Environmental Assessment( EA)
ea3
11.65
285
0.077
0.505
94.9
811
455

Solution Standard
std6
n/a
25.8
4.09
9.51
10.4
79.1
50.8

Table 13. Log-transformed Undiluted Leachate Concentrations for the MgO/New Frit Study.



Mean log10[Undiluted Concentration (ppm)]

Glass
No.
B
Fe
K
Li
Na
Si

ARM-1
3
1.32
-1.25
-1.82
1.18
1.61
1.83

DWPF SF - no MgO
3
1.22
0.55
0.96
1.01
1.80
1.97

DWPF Startup Frit - 10/27 (SF)
3
1.52
0.61
1.07
1.23
2.03
2.08

Environmental Assessment (EA)
2
2.65
-0.80
-0.10
2.18
3.09
2.86

WCP BL - no MgO
3
1.20
0.62
1.07
1.15
1.67
1.99

WCP BL – no MgO, Cur. TL
3
1.08
0.62
1.11
1.11
1.71
1.96

WCP BL – no MgO, Rev. TL
2
1.09
0.56
1.06
1.09
1.76
1.95

WCP BLEND (BL)
3
1.30
0.37
1.21
1.24
1.74
2.04

WCP HM
3
0.98
0.12
0.72
1.10
1.48
1.92

WCP HM - no MgO
3
0.92
1.01
0.68
1.08
1.45
1.95

WCP HM – no MgO, Cur. TL
3
0.86
0.41
0.80
0.99
1.55
1.85

WCP HM – no MgO, Rev. TL
3
0.96
0.08
1.11
0.75
1.79
1.70

WCP PUREX (PX)
3
1.86
1.10
1.53
1.45
2.26
2.25

WCP PX - no MgO
3
2.05
0.92
1.61
1.63
2.44
2.40

WCP PX – no MgO, Cur. TL
3
2.08
1.30
1.65
1.67
2.49
2.45

WCP PX – no MgO, Rev. TL
3
1.84
0.79
1.52
1.43
2.30
2.22

Table 14.  Measured Concentrations (in wt% on a glass basis) From the LiBO2 Preparation.



Measured grams of cation per 100 grams of glass using the LiBO2 preparation

Glass
SampleID
Al
Ba
Ca
Cr
Cu
Fe
K
Mg
Mn
Mo
Na
Nd
Ni
Ru
Si
Ti
Zr

WCP PUREX (PX)
Px-a
1.58
0.168
0.74
0.098
0.326
9.37
3.04
0.82
1.27
0.053
9.26
0.078
0.89
0.029
21.1
0.396
0.043

WCP PUREX (PX)
Px-b
1.51
0.181
0.741
0.106
0.327
9.18
2.82
0.843
1.27
0.054
9.2
0.077
0.911
0.03
20.8
0.4
0.043

WCP HM – no MgO, Cur. TL
px-curhwl-mg-a
1.5
0.181
0.753
0.114
0.33
9.01
2.84
0.063
1.29
0.053
9.66
0.066
0.929
0.03
21.4
0.405
0.033

WCP HM – no MgO, Cur. TL
px-curhwl-mg-b
1.53
0.18
0.756
0.105
0.326
8.95
2.87
0.064
1.29
0.054
9.58
0.066
0.916
0.03
21.4
0.404
0.031

WCP PX – no MgO
Px-mg-a
1.53
0.181
0.771
0.106
0.335
9.16
2.9
0.01
1.3
0.055
9.4
0.066
0.938
0.03
21.1
0.415
0.045

WCP PX – no MgO
px-mg-b
1.57
0.184
0.768
0.104
0.335
9.24
2.92
0.01
1.32
0.056
9.41
0.068
0.938
0.03
21
0.414
0.041

WCP PX – no MgO, Rev. TL
px-revhwl-mg-a
1.91
0.207
0.938
0.12
0.359
11
2.99
0.082
1.58
0.06
9.1
0.076
1.12
0.035
19.4
0.435
0.055

WCP PX – no MgO, Rev. TL
px-revhwl-mg-b
1.92
0.207
0.935
0.122
0.361
11.1
3
0.083
1.52
0.06
9.47
0.076
1.12
0.035
19.4
0.435
0.054

WCP HM
Hm-a
3.5
0.112
0.688
0.063
0.206
5.41
1.9
0.897
1.34
0.138
6.11
0.463
0.347
0.024
24.8
0.343
0.262

WCP HM
Hm-b
3.47
0.11
0.709
0.062
0.201
5.43
1.89
0.885
1.31
0.136
6.41
0.463
0.322
0.026
24.5
0.342
0.294

WCP HM – no MgO
hm-mg-a
3.67
0.093
0.711
0.065
0.202
5.43
1.91
0.01
1.36
0.149
6.6
0.407
0.331
0.021
25.5
0.346
0.237

WCP HM – no MgO
hm-mg-b
3.54
0.092
0.691
0.062
0.2
5.27
1.82
0.01
1.3
0.145
6.38
0.394
0.335
0.021
24.5
0.334
0.231

WCP HM – no MgO, Cur. TL
hm-curhwl-mg-a
4.94
0.12
0.961
0.085
0.246
7.38
2.26
0.129
1.79
0.193
6.86
0.545
0.462
0.028
21.5
0.407
0.318

WCP HM – no MgO, Cur. TL
hm-curhwl-mg-b
5.05
0.122
0.961
0.084
0.246
7.35
2.27
0.129
1.82
0.194
6.96
0.554
0.444
0.027
21.9
0.407
0.317

WCP HM – no MgO, Rev. TL
hm-revhwl-mg-a
7.79
0.19
1.5
0.134
0.338
11.6
3.3
0.209
2.81
0.295
8.46
0.842
0.672
0.041
15.2
0.564
0.517

WCP HM – no MgO, Rev. TL
hm-revhwl-mg-b
7.77
0.189
1.5
0.129
0.338
11.7
3.16
0.21
2.8
0.295
8.53
0.849
0.669
0.04
15.3
0.568
0.526

WCP BLEND (BL)
b1-a
2.11
0.16
0.703
0.085
0.345
7.55
3.16
0.851
1.25
0.094
6.52
0.212
0.679
0.027
22.8
0.532
0.126

WCP BLEND (BL)
b1-b
2.16
0.161
0.707
0.084
0.345
7.54
3.09
0.858
1.26
0.094
6.43
0.212
0.679
0.027
22.9
0.536
0.126

WCP BL – no MgO
b1-mg-a
2.12
0.164
0.724
0.089
0.349
7.59
3.19
0.01
1.28
0.103
6.7
0.173
0.7
0.026
23.5
0.541
0.109

WCP BL – no MgO
b1-mg-b
2.25
0.168
0.731
0.089
0.353
7.59
3.19
0.01
1.3
0.105
6.62
0.175
0.705
0.026
24
0.549
0.11

WCP BL – no MgO, Cur. TL
b1-curhwl-mg-a
2.65
0.176
0.919
0.106
0.347
8.34
3.08
0.104
1.57
0.112
7.84
0.208
0.929
0.032
21.8
0.58
0.217

WCP BL – no MgO, Cur. TL
b1-curhwl-mg-b
2.67
0.181
0.897
0.114
0.355
8.73
3.15
0.102
1.59
0.115
7.45
0.212
0.944
0.034
21.9
0.588
0.144

WCP BL – no MgO, Rev. TL
b1-revhwl-mg-a
3.17
0.186
1.1
0.128
0.317
10.8
2.75
0.121
1.93
0.12
7.32
0.26
1.13
0.04
20.1
0.486
0.154

WCP BL – no MgO, Rev. TL
b1-revhwl-mg-b
3.19
0.188
1.11
0.13
0.318
10.8
2.67
0.122
1.96
0.121
7.37
0.262
1.14
0.04
20.1
0.491
0.156

DWPF Startup Frit – 10/27 (SF)
1027-dwpf-a
2.26
0.067
0.99
0.065
0.009
10.3
2.34
0.512
1.41
0.004
8.5
0.23
0.805
0.019
21.1
0.685
0.134

DWPF Startup Frit – 10/27 (SF)
1027-dwpf-b
2.31
0.067
0.974
0.069
0.009
9.46
2.25
0.505
1.4
0.003
7.96
0.023
0.797
0.019
20.8
0.682
0.131

DWPF SF – no MgO
dwpf-sf-mg-a
2.3
0.0869
1.03
0.062
0.006
9.71
2.31
0.01
1.47
0.003
7.92
0.024
0.864
0.018
21.5
0.707
0.105

DWPF SF – no MgO
dwpf-sf-mg-b
2.31
0.084
1.03
0.062
0.007
9.78
2.28
0.01
1.44
0.004
8.27
0.024
0.874
0.018
21.3
0.698
0.126

Table 15. Measured Concentrations (in wt% on a glass basis) from the Na2O2 Preparation.



Measured grams of cation per 100 grams of glass using the Na2O2 preparation

Glass
SampleID
Al
B
Ba
Ca
Cr
Cu
Fe
K
Li
Mg
Mn
Mo
Nd
Ni
Ru
Si
Ti
Zr

WCP PUREX (PX)
px-a
1.57
3.09
0.122
0.787
0.085
0.318
9.17
3.06
1.47
0.82
1.33
0.023
0.04
0.902
0.01
21.7
0.376
0.042

WCP PUREX (PX)
px-b
1.62
3.2
0.121
0.787
0.084
0.321
9.2
3.12
1.47
0.82
1.33
0.021
0.037
0.9
0.01
22.1
0.378
0.05

WCP PX – no MgO, Cur. TL
px-curhwl-mg-a
1.55
3.24
0.126
0.784
0.121
0.312
9.37
3.04
1.51
0.004
1.32
0.018
0.024
0.915
0.01
20.1
0.373
0.025

WCP PX – no MgO, Cur. TL
px-curhwl-mg-b
1.47
3.2
0.123
0.797
0.09
0.31
9.09
3
1.5
0.002
1.31
0.018
0.021
0.899
0.01
22.3
0.37
0.041

WCP PX – no MgO
px-mg-a
1.59
3.31
0.131
0.835
0.101
0.328
9.41
3.28
1.52
0.001
1.36
0.005
0.026
0.92
0.01
21.9
0.39
0.03

WCP PX – no MgO
px-mg-b
1.58
3.29
0.127
0.813
0.096
0.324
9.25
3.18
1.5
0.001
1.34
0.016
0.025
0.915
0.01
22.6
0.383
0.039

WCP PX – no MgO, Rev. TL
px-revhwl-mg-a
1.86
2.96
0.156
1.02
0.112
0.348
11.3
3.3
1.36
0.022
1.63
0.019
0.034
1.12
0.01
20.5
0.406
0.052

WCP PX – no MgO, Rev. TL
px-revhwl-mg-b
1.88
2.93
0.159
1.03
0.112
0.351
11.3
3.36
1.37
0.022
1.64
0.025
0.036
1.12
0.01
20.7
0.409
0.053

WCP HM
hm-a
3.55
2.18
0.052
0.715
0.051
0.191
5.37
2.1
2.16
0.88
1.35
0.094
0.433
0.295
0.01
25.5
0.311
0.236

WCP HM
hm-b
3.61
2.2
0.054
0.697
0.052
0.192
5.43
2.13
2.17
0.885
1.38
0.104
0.436
0.293
0.01
25.9
0.313
0.247

WCP HM – no MgO
hm-mg-a
3.75
2.18
0.035
0.726
0.06
0.189
5.46
2.07
2.15
0.001
1.39
0.104
0.365
0.299
0.01
27.1
0.311
0.229

WCP HM – no MgO
hm-mg-b
3.69
2.16
0.034
0.714
0.067
0.19
5.42
2.05
2.14
0.001
1.39
0.072
0.362
0.296
0.01
27.1
0.309
0.215

WCP HM – no MgO, Cur. TL
hm-curhwl-mg-a
5.15
2
0.064
1.05
0.073
0.232
7.3
2.53
1.74
0.074
1.92
0.165
0.517
0.42
0.01
23.3
0.379
0.319

WCP HM – no MgO, Cur. TL
hm-curhwl-mg-b
5.12
1.93
0.064
1.06
0.073
0.232
7.3
2.54
1.73
0.072
1.92
0.162
0.521
0.409
0.01
23.3
0.38
0.309

WCP HM – no MgO, Rev. TL
hm-revhwl-mg-a
7.8
1.6
0.13
1.62
0.114
0.319
11.3
3.45
0.948
0.153
2.87
0.261
0.806
0.643
0.01
15.9
0.53
0.486

WCP HM – no MgO, Rev. TL
hm-revhwl-mg-b
7.96
1.58
0.134
1.65
0.112
0.323
11.3
3.48
0.97
0.153
2.88
0.263
0.827
0.633
0.012
16.1
0.537
0.494

WCP BLEND (BL)
b1-a
2.12
2.48
0.107
0.74
0.074
0.334
7.58
3.44
2.11
0.834
1.32
0.066
0.177
0.664
0.01
24.6
0.513
0.127

WCP BLEND (BL)
b1-b
2.09
2.5
0.1
0.73
0.069
0.323
7.41
3.25
2.05
0.811
1.28
0.061
0.418
0.65
0.01
24
0.497
0.15

WCP BL – no MgO
b1-mg-a
2.05
2.38
0.099
0.693
0.083
0.328
7.39
3.25
2
0.001
1.29
0.026
0.121
0.66
0.01
24.3
0.489
0.095

WCP BL – no MgO
b1-mg-b
2.14
2.39
0.107
0.739
0.086
0.339
7.55
3.36
2.04
0.001
1.31
0.041
0.128
0.669
0.01
24.5
0.506
0.097

WCP BL – no MgO, Cur. TL
b1-curhwl-mg-a
2.71
2.2
0.12
0.95
0.094
0.335
8.55
3.35
1.85
0.041
1.62
0.08
0.168
0.902
0.01
23
0.55
0.136

WCP BL – no MgO, Cur. TL
b1-curhwl-mg-b
2.57
2.18
0.116
0.922
0.092
0.325
8.41
3.27
1.82
0.038
1.59
0.078
0.164
0.896
0.01
22.5
0.54
0.138

WCP BL – no MgO, Rev. TL
b1-revhwl-mg-a
3.27
1.96
0.134
1.24
0.113
0.304
10.7
3.02
1.7
0.064
2.04
0.089
0.228
1.15
0.016
21.6
0.465
0.152

WCP BL – no MgO, Rev. TL
b1-revhwl-mg-b
3.24
1.97
0.127
1.22
0.111
0.297
10.6
2.9
1.66
0.063
2.01
0.086
0.22
1.13
0.012
21.1
0.455
0.149

DWPF Startup Frit – 10/27 (SF)
1027-dwpf-a
2.36
2.72
0.008
1.08
0.059
0.001
9.59
2.53
1.54
0.471
1.48
0.001
0.01
0.787
0.01
22.5
0.669
0.138

DWPF Startup Frit – 10/27 (SF)
1027-dwpf-b
2.28
2.64
0.003
1.04
0.053
0.001
9.42
2.47
1.46
0.458
1.44
0.001
0.01
0.778
0.01
22.1
0.649
0.128

DWPF SF – no MgO
dwpf-sf-mg-a
2.37
2.61
0.023
1.11
0.065
0.001
9.72
2.51
1.5
0.001
1.5
0.001
0.01
0.83
0.01
22.9
0.677
0.083

DWPF SF – no MgO
dwpf-sf-mg-b
2.34
2.44
0.022
1.08
0.063
0.001
9.75
2.5
1.52
0.001
1.49
0.001
0.01
0.829
0.01
22.8
0.675
0.082

Table 16.  Measured Oxide Compositions (in wt% on a glass basis) for the MgO/New Frit Study.



Mean grams of oxide per 100 grams of glass

Glass
Type
Al2O3
B2O3
BaO
CaO
Cr2O3
CuO
Fe2O3
K2O
Li2O
MgO
MnO
MoO3
Na2O
Nd2O3
NiO
RuO2
SiO2
TiO2
ZrO2
SUM

WCP PUREX (PX)
LiBO2
2.92
--
0.19
1.04
0.15
0.41
13.26
3.53
--
1.38
1.64
0.08
12.44
0.09
1.15
0.04
44.82
0.66
0.06
83.85


Na2O2
3.01
10.13
0.14
1.10
0.12
0.40
13.13
3.72
3.16
1.36
1.72
0.03
--
0.04
1.15
0.01
46.85
0.63
0.06
86.78


Average
2.97
10.13
0.17
1.07
0.14
0.40
13.20
3.63
3.16
1.37
1.68
0.06
12.44
0.07
1.15
0.03
45.83
0.65
0.06
98.18


Target
2.99
10.33
0.2
1.09
0.15
0.42
13.25
3.41
3.22
1.41
1.69
0.08
12.62
0.06
1.19
--
46.5
0.68
0.05
99.34

WCP PX – no MgO, Cur. TL
LiBO2
2.86
--
0.20
1.06
0.16
0.41
12.84
3.44
--
0.11
1.67
0.08
12.97
0.08
1.17
0.04
45.78
0.67
0.04
83.58


Na2O2
2.85
10.37
0.14
1.11
0.15
0.39
13.20
3.64
3.24
0.00
1.70
0.03
--
0.03
1.15
0.01
45.35
0.62
0.04
84.02


Average
2.86
10.37
0.17
1.08
0.16
0.40
13.02
3.54
3.24
0.06
1.68
0.05
12.97
0.05
1.16
0.03
45.57
0.65
0.04
97.09


Target
2.97
10.49
0.2
1.08
0.15
0.41
13.18
3.35
3.27
0.12
1.68
0.08
12.96
0.06
1.18
0.01
48.03
0.67
0.04
99.93

WCP PX – no MgO
LiBO2
2.93
--
0.20
1.08
0.15
0.42
13.15
3.51
--
0.02
1.69
0.08
12.68
0.08
1.19
0.04
45.03
0.69
0.06
83.00


Na2O2
2.99
10.63
0.14
1.15
0.14
0.41
13.34
3.89
3.25
0.00
1.74
0.02
--
0.03
1.17
0.01
47.60
0.64
0.05
87.21


Average
2.96
10.63
0.17
1.11
0.15
0.41
13.25
3.70
3.25
0.01
1.72
0.05
12.68
0.05
1.18
0.03
46.32
0.67
0.05
98.38


Target
2.99
10.79
0.2
1.09
0.15
0.42
13.25
3.41
3.22
0
1.69
0.08
12.86
0.06
1.19
--
47.21
0.68
0.05
99.34

WCP PX – no MgO, Rev. TL
LiBO2
3.62
--
0.23
1.31
0.18
0.45
15.80
3.61
--
0.14
2.00
0.09
12.52
0.09
1.43
0.05
41.50
0.73
0.07
83.80


Na2O2
3.53
9.48
0.18
1.43
0.16
0.44
16.16
4.01
2.94
0.04
2.11
0.03
--
0.04
1.43
0.01
44.07
0.68
0.07
86.81


Average
3.58
9.48
0.20
1.37
0.17
0.44
15.98
3.81
2.94
0.09
2.06
0.06
12.52
0.06
1.43
0.03
42.79
0.70
0.07
97.77


Target
3.65
9.88
0.23
1.34
0.18
0.46
16.25
3.62
2.94
0.15
2.07
0.09
13.16
0.07
1.46
0.02
43.61
0.72
0.06
99.96

WCP HM
LiBO2
6.58
--
0.12
0.98
0.09
0.25
7.75
2.28
--
1.48
1.71
0.21
8.44
0.54
0.43
0.03
52.73
0.57
0.38
84.58


Na2O2
6.76
7.05
0.06
0.99
0.08
0.24
7.72
2.55
4.66
1.46
1.76
0.15
--
0.51
0.37
0.01
54.98
0.52
0.33
90.20


Average
6.67
7.05
0.09
0.98
0.08
0.25
7.73
2.42
4.66
1.47
1.74
0.18
8.44
0.52
0.40
0.02
53.86
0.55
0.35
97.46


Target
7.15
7.03
0.11
1.01
0.09
0.25
7.78
2.21
4.62
1.49
1.75
0.22
8.56
0.55
0.41
--
55.8
0.56
0.33
99.92

WCP HM – no MgO
LiBO2
6.81
--
0.10
0.98
0.09
0.25
7.65
2.25
--
0.02
1.72
0.22
8.75
0.47
0.42
0.03
53.48
0.57
0.32
84.12


Na2O2
7.03
6.99
0.04
1.01
0.09
0.24
7.78
2.48
4.62
0.00
1.79
0.13
--
0.42
0.38
0.01
57.98
0.52
0.30
91.80


Average
6.92
6.99
0.07
0.99
0.09
0.24
7.71
2.36
4.62
0.01
1.76
0.18
8.75
0.45
0.40
0.02
55.73
0.54
0.31
98.14


Target
7.15
7.14
0.11
1.01
0.09
0.25
7.78
2.21
4.62
0
1.75
0.22
8.90
0.55
0.41
--
56.83
0.56
0.33
99.92

WCP HM – no MgO, Cur. TL
LiBO2
9.44
--
0.14
1.34
0.12
0.31
10.53
2.73
--
0.21
2.33
0.29
9.31
0.64
0.58
0.04
46.42
0.68
0.43
85.54


Na2O2
9.70
6.33
0.07
1.48
0.11
0.29
10.44
3.05
3.73
0.12
2.48
0.25
--
0.61
0.53
0.01
49.85
0.63
0.42
90.09


Average
9.57
6.33
0.10
1.41
0.12
0.30
10.48
2.89
3.73
0.17
2.40
0.27
9.31
0.62
0.55
0.02
48.13
0.66
0.43
97.51


Target
9.84
6.41
0.14
1.39
0.13
0.31
10.73
2.71
3.77
0.23
2.42
0.29
9.8
0.76
0.57
0.06
49.22
0.68
0.46
99.92

WCP HM – no MgO, Rev. TL
LiBO2
14.70
--
0.21
2.10
0.19
0.42
16.66
3.89
--
0.35
3.62
0.44
11.45
0.99
0.85
0.05
32.62
0.94
0.70
90.20


Na2O2
14.89
5.12
0.15
2.29
0.17
0.40
16.16
4.17
2.06
0.25
3.71
0.39
--
0.95
0.81
0.01
34.23
0.89
0.66
87.32


Average
14.79
5.12
0.18
2.19
0.18
0.41
16.41
4.03
2.06
0.30
3.67
0.42
11.45
0.97
0.83
0.03
33.43
0.92
0.68
98.08


Target
15.2
5.32
0.21
2.16
0.19
0.43
16.6
3.77
2.08
0.36
3.74
0.44
11.58
1.17
0.88
0.09
34.03
0.95
0.7
99.9

WCP BLEND (BL)
LiBO2
4.03
--
0.18
0.99
0.12
0.43
10.79
3.76
--
1.42
1.62
0.14
8.73
0.25
0.86
0.04
48.88
0.89
0.17
83.30


Na2O2
3.98
8.02
0.12
1.03
0.10
0.41
10.72
4.03
4.48
1.36
1.68
0.10
--
0.35
0.84
0.01
51.98
0.84
0.19
90.23


Average
4.01
8.02
0.15
1.01
0.11
0.42
10.75
3.90
4.48
1.39
1.65
0.12
8.73
0.30
0.85
0.02
50.43
0.87
0.18
97.39


Target
4.16
8.05
0.18
1.03
0.13
0.44
10.91
3.68
4.44
1.41
1.67
0.15
9.13
0.22
0.89
--
51.9
0.89
0.14
99.42

WCP BL – no MgO
LiBO2
4.13
--
0.19
1.02
0.13
0.44
10.85
3.84
--
0.02
1.67
0.16
8.98
0.20
0.89
0.03
50.81
0.91
0.15
84.41


Na2O2
3.96
7.68
0.12
1.00
0.12
0.42
10.68
3.98
4.35
0.00
1.68
0.05
--
0.15
0.85
0.01
52.20
0.83
0.13
88.20


Average
4.04
7.68
0.15
1.01
0.13
0.43
10.77
3.91
4.35
0.01
1.67
0.10
8.98
0.17
0.87
0.02
51.50
0.87
0.14
96.81


Target
4.16
8.353
0.18
1.03
0.13
0.44
10.91
3.68
4.44
0
1.67
0.15
9.41
0.22
0.89
--
52.73
0.89
0.14
99.42

WCP BL – no MgO, Cur. TL
LiBO2
5.03
--
0.20
1.27
0.16
0.44
12.20
3.75
--
0.17
2.04
0.17
10.31
0.24
1.19
0.04
46.74
0.97
0.24
85.18


Na2O2
4.99
7.05
0.13
1.31
0.14
0.41
12.12
3.99
3.95
0.07
2.07
0.12
--
0.19
1.14
0.01
48.67
0.91
0.19
87.46


Average
5.01
7.05
0.17
1.29
0.15
0.43
12.16
3.87
3.95
0.12
2.06
0.14
10.31
0.22
1.17
0.03
47.71
0.94
0.21
96.00


Target
5.17
7.6
0.2
1.29
0.16
0.45
12.71
3.73
4.07
0.18
2.09
0.17
9.95
0.27
1.22
0.04
49.46
0.98
0.17
99.91

WCP BL – no MgO, Rev. TL
LiBO2
6.01
--
0.21
1.55
0.19
0.40
15.44
3.26
--
0.20
2.51
0.18
9.90
0.30
1.44
0.05
43.00
0.81
0.21
85.67


Na2O2
6.15
6.33
0.15
1.72
0.16
0.38
15.23
3.57
3.62
0.11
2.61
0.13
--
0.26
1.45
0.02
45.67
0.77
0.20
88.52


Average
6.08
6.33
0.18
1.63
0.18
0.39
15.33
3.42
3.62
0.15
2.56
0.16
9.90
0.28
1.45
0.04
44.34
0.79
0.21
97.02


Target
6.36
6.64
0.21
1.59
0.2
0.4
15.76
3.18
3.65
0.22
2.59
0.18
10.26
0.34
1.52
0.05
45.73
0.82
0.22
99.92

DWPF Startup Frit – 10/27 (SF)
LiBO2
4.32
--
0.07
1.37
0.10
0.01
14.13
2.76
--
0.84
1.81
0.01
11.09
0.15
1.02
0.03
44.82
1.14
0.18
83.85


Na2O2
4.38
8.63
0.01
1.48
0.08
0.00
13.59
3.01
3.23
0.77
1.89
0.00
--
0.01
1.00
0.01
47.71
1.10
0.18
87.08


Average
4.35
8.63
0.04
1.43
0.09
0.01
13.86
2.89
3.23
0.81
1.85
0.00
11.09
0.08
1.01
0.02
46.26
1.12
0.18
96.94


Target
4.6
8.51
0.1
1.47
0.09
0
14.2
2.7
3.25
0.84
1.93
0
11.53
0
1.11
--
47.9
1.18
0.11
99.52

DWPF SF – no MgO
LiBO2
4.36
--
0.10
1.44
0.09
0.01
13.93
2.76
--
0.02
1.88
0.01
10.91
0.03
1.11
0.02
45.78
1.17
0.16
83.77


Na2O2
4.45
8.13
0.03
1.53
0.09
0.00
13.92
3.02
3.25
0.00
1.93
0.00
--
0.01
1.06
0.01
48.88
1.13
0.11
87.55


Average
4.40
8.13
0.06
1.49
0.09
0.00
13.93
2.89
3.25
0.01
1.90
0.00
10.91
0.02
1.08
0.02
47.33
1.15
0.13
96.81


Target
4.6
8.73
0.1
1.47
0.09
0
14.2
2.7
3.25
0
1.93
0
11.69
0
1.11
--
48.36
1.18
0.11
99.52


Table 17.  Normalized PCT Releases (in g/L) for the MgO/New Frit Study (bold values are based upon historical measurements).



NCB (g/L)

NCFe (g/L)

NCK (g/L)

Glass
Log[NCB (g/L)]
Measured
Historical
log[NCFe (g/L)]
Measured
Historical
log[NCK (g/L)]
Measured
Historical

ARM-1
-0.226
0.594
0.501
No Fe
No Fe
No Fe
No K
No K
No K

DWPF SF - no MgO
-0.182
0.657
0.887
-1.44
0.0367

-0.421
0.379


DWPF Startup Frit - 10/27 (SF)
0.0935
1.24
0.762
-1.38
0.0421
n/a
-0.308
0.492
0.427

Environmental Assessment (EA)
1.10
12.6
16.4
-2.51
0.0031
No Fe
0.382
2.41
No K

WCP BL - no MgO
-0.180
0.661
0.898
-1.26
0.0552

-0.437
0.365


WCP BL - no MgO, Cur. TL
-0.262
0.547
1.18
-1.31
0.0493

-0.399
0.399


WCP BL - no MgO, Rev. TL
-0.206
0.622
0.700
-1.47
0.0340

-0.394
0.404


WCP BLEND (BL)
-0.0952
0.803
0.740
-1.51
0.0309
n/a
-0.302
0.498
0.516

WCP HM
-0.358
0.438
0.451
-1.61
0.0244
n/a
-0.586
0.260
0.371

WCP HM - no MgO
-0.416
0.384
0.339
-0.720
0.190

-0.614
0.243


WCP HM - no MgO, Cur. TL
-0.433
0.369
0.300
-1.45
0.0354

-0.581
0.262


WCP HM - no MgO, Rev. TL
-0.245
0.569
0.347
-1.98
0.0104

-0.416
0.384


WCP PUREX (PX)
0.362
2.30
2.34
-0.869
0.135
n/a
0.0510
1.12
1.23

WCP PX - no MgO
0.529
3.38
3.36
-1.05
0.0889

0.124
1.33


WCP PX - no MgO, Cur. TL
0.573
3.74
3.61
-0.656
0.221

0.186
1.54


WCP PX - no MgO, Rev. TL
0.376
2.38
2.71
-1.26
0.0549

0.0162
1.04




NCLi (g/L)

NCNa (g/L)

NCSi (g/L)

Glass
Log[NCLi (g/L)]
Measured
Historical
log[NCNa (g/L)]
Measured
Historical
log[NCSi (g/L)]
Measured
Historical

ARM-1
-0.195
0.638
0.580
-0.241
0.574
0.514
-0.505
0.313
0.280

DWPF SF - no MgO
-0.168
0.680
0.900
-0.109
0.778
0.880
-0.379
0.418
0.451

DWPF Startup Frit - 10/27 (SF)
0.0491
1.12
0.740
0.111
1.29
0.757
-0.256
0.555
0.302

Environmental Assessment (EA)
0.884
7.65
9.41
0.996
9.90
13.2
0.507
3.21
3.86

WCP BL - no MgO
-0.158
0.695
0.910
-0.156
0.699
0.890
-0.393
0.404
0.455

WCP BL - no MgO, Cur. TL
-0.154
0.701
1.13
-0.178
0.664
1.15
-0.385
0.412
0.552

WCP BL - no MgO, Rev. TL
-0.138
0.728
0.743
-0.110
0.776
0.703
-0.370
0.427
0.381

WCP BLEND (BL)
-0.0820
0.828
0.790
-0.0683
0.854
0.775
-0.328
0.470
0.418

WCP HM
-0.232
0.586
0.586
-0.320
0.478
0.463
-0.480
0.331
0.304

WCP HM - no MgO
-0.247
0.566
0.412
-0.362
0.435
0.355
-0.465
0.343
0.227

WCP HM - no MgO, Cur. TL
-0.252
0.560
0.374
-0.286
0.518
0.316
-0.498
0.318
0.208

WCP HM - no MgO, Rev. TL
-0.233
0.585
0.420
-0.141
0.723
0.362
-0.497
0.318
0.231

WCP PUREX (PX)
0.278
1.90
1.98
0.300
1.99
2.18
-0.0794
0.833
0.844

WCP PX - no MgO
0.453
2.84
2.65
0.467
2.93
3.09
0.0605
1.15
1.16

WCP PX - no MgO, Cur. TL
0.491
3.10
2.81
0.503
3.18
3.31
0.121
1.32
1.22

WCP PX - no MgO, Rev. TL
0.297
1.98
2.22
0.331
2.14
2.52
-0.0798
0.832
0.996
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(a)  Boron
(b) Potassium
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(c) Lithium
(d) Sodium
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(e) Silicon

Figure 7.  Comparison of measured and historical data for the MgO/new frit study glasses.

Table 18.  Durability and Composition Changes for Modified and Original Glasses.


Original
Modified
Changes (or Modified – Original)


NCB(g/L)
NCB(g/L)
NCB(g/L)
B2O3
MgO
Na2O
SiO2

WCP BLEND

0.803

0.661

-0.142

+0.303

-1.41

+0.28

+0.827

WCP HM

0.438

0.384

-0.054

+0.115

-1.49

+0.345

+1.031

WCP PUREX

2.30

3.38

+1.08

+0.46

-1.41

+0.244

+0.707

DWPF Startup Frit

1.24

0.657

-0.583

+0.221

-0.84

+0.158

+0.462
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aThe constraint on TL tends to be most restrictive in terms of sludge loading in glass.  


� C.M. Jantzen, K.G. Brown and G. Ritzhaupt, “Relating Liquidus Temperature to Composition for the Defense Waste Processing Facility (DWPF) Process Control,” US DOE Report WSRC-TR-99-000431 – draft version, not issued as of the writing of this report.





c The spinel, S, controlling the DWPF liquidus is assumed to be actually a series of solid solutions of various spinel end members—not a single spinel—based primarily upon trevorite, NiFe2O4. These solid solutions should have similar thermodynamic properties.


d However, since the necessary properties (e.g., fusion enthalpy or � EMBED Equation.3  ���, melt temperature or TS*, and equilibrium constant or KS) of the primary crystalline phase (i.e., spinel), which will be denoted as S, were unavailable, these properties were estimated from the least-squares results obtained from experimental data representative of DWPF conditions.


� The PCT-A test is a 7 day durability test carried out at 90ºC in stainless steel vessels with a sample (S/V) of approximately 2000 m  (which represents 10 grams of deionized water per gram of glass sample between –100 and +200 mesh).


� This is the case since 1) the measured values cannot be less than zero and 2) some of the measured values are close to their detection limits. 


� The internal consistency for the normalized PCT-A results (i.e., NCLi, NCNa and NCSi versus NCB) were verified and no outliers were evident.


� This is especially interesting in that the B2O3 concentrations were altered (albeit by less than 5%) to define the new glass compositions which might, in fact, change the normalized releases slightly despite of their predictions (since the concentration of B in the glass is used for normalization); however, this small change should be well within the uncertainty associated with the PCT-A measurement. 
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2 T.B. Edwards, “A Statistically Designed Sampling Plan for Investigating Liquidus Temperature Versus Glass Composition (U),” Inter-Office Memorandum SRT-SCS-97-0022, Westinghouse Savannah River Company, Aiken, SC (1997).


3 DWPF Waste Form Compliance Plan, WSRC-IM-91-116-0, Rev. 6, September (1999).


4 ASTM C1285-97, “Standard Test Methods for Determining Chemical Durability of Nuclear, Hazardous, and Mixed Waste Glasses: The Product Consistency Test (PCT),” American Society for Testing and Material, West Conshohocken, PA (1997).


5 C.M. Jantzen, J.B. Pickett, K.G. Brown, T.B. Edwards, and D.C. Beam, “Process/Product Models for the Defense Waste Processing Facility (DWPF): Part I. Predicting Glass Durability from Composition Using a Thermodynamic Hydration Energy Reaction Model (THERMO),” WSRC-TR-93-672, Rev. 1, August 1 (1995).


6 C.M. Jantzen, “Characterization of the Defense Waste Processing Facility (DWPF) Startup Frit,” U.S. DOE Report WSRC-RP-89-18, Westinghouse Savannah River Co., Aiken, SC (April 18, 1989).
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