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SUMMARY OF TESTING 
 
 
A)  Objectives 
 

This report presents results from the High Level Waste (HLW) glass formulation testing 
performed at the Vitreous State Laboratory (VSL) of the Catholic University of America (CUA) 
to support the development of an immobilized high-level waste (IHLW) formulation algorithm 
for the River Protection Project-Hanford Waste Treatment and Immobilization Plant (RPP-WTP). 
The WTP Project is developing a IHLW formulation algorithm for calculating acceptable HLW 
glass compositions for the vitrification facility. The preliminary IHLW formulation algorithm 
(version 3) employs various property-composition models to implement the product quality 
requirements and key processing constraints on the calculated glass compositions. The primary 
objective of this work is to assess the acceptability of the glass compositions formulated by the 
preliminary algorithm. Specifically, this report presents testing results on glasses calculated by 
the formulation algorithm with respect to Product Consistency Test (PCT), melt viscosity, 
electrical conductivity, and one-percent crystal fraction temperature (T1%). Completion of the test 
objectives is addressed in the table below. Since the IHLW formulation algorithm is preliminary 
in nature and will be revised in the future with updated property-composition models, extremes 
in compositions and/or properties were preferred in glasses selected for testing in order to 
explore the boundaries and limitations of applicability of the algorithm. 
 

Test Objective 
Objective 

Met Discussion 

Verify the acceptability of the glass 
compositions formulated by the 
preliminary glass formulation 
algorithm and identify potential areas 
of improvement. 

Yes 

The WTP Project provided VSL with candidate HLW 
glasses calculated by the formulation algorithm. Section 
2 discusses the selection by VSL of 40 HLW algorithm 
glasses to be tested. Test data of the selected glasses for 
PCT, melt viscosity, electrical conductivity, and T1% are 
presented in Section 4. The data are compared to 
established requirements to determine the acceptability 
of the glass formulations. Due to the preliminary nature 
of the formulation algorithm and the need to explore the 
boundaries and limitations of applicability of the 
algorithm, not all glasses tested were expected to meet 
the constraint requirements. Potential areas of 
improvement for subsequent versions of the algorithm 
are discussed in Section 5. 

Develop property-composition models 
and supporting data that relate IHLW 
performance on the PCT to IHLW 
composition and are suitable for 
predicting the PCT performance of 
IHLW glasses to be produced in the 
WTP. 

Yes; 
partially 

The PCT data collected on 40 HLW algorithm glasses 
are presented in Section 4. The IHLW PCT property-
composition model will be augmented and refined using 
these data. The new models will be reported separately. 
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Develop property-composition models 
that relate viscosity and electrical 
conductivity of glass melts to IHLW 
composition and are suitable for 
predicting the properties of IHLW 
glasses to be produced in the WTP. 

Yes; 
partially 

Viscosity and electrical conductivity data were collected 
on 40 HLW algorithm glasses. The data are given in 
Section 4. The collected data will be used together with 
data from 152 modeling glasses to support development 
of the respective models. 

Develop models for liquidus 
temperature (TL) suitable for predicting 
the primary liquidus phase in 
RPP-WTP glasses. This phase is 
expected to be spinel for AZ-101, 
AZ-102, and AY-102/C-106 wastes, 
and thorium-containing phases for 
AY-101/C-104 wastes. 

Yes; 
partially 

As directed by WTP, instead of models used to predict 
TL, data were collected to develop models for prediction 
of T1% (see Section B below). The collected data, which 
are described in Section 4, are not only used to 
determine the acceptability of the HLW algorithm 
glasses, but will also support future updates of the T1%-
property model for spinel (as the principal phase) that 
was previously developed and reported. Data were 
collected and T1% values were estimated for a number of 
HLW algorithm glasses that precipitated thorium- and 
zirconium-containing phases. However, models have not 
yet been developed to predict T1% when thorium or 
zirconium phases are the major crystalline phase. 

 
Other objectives in the Test Specification and Test Plans for this work relate to the 

development of models for other properties. Property-composition models have been developed 
to predict the Toxicity Characteristic Leaching Procedure (TCLP) performance of IHLW glasses. 
The TCLP models and associated data are the subjects of a separate report. The scope of testing 
and data analyses in this report do not include TCLP model development work or assessment of 
the adequacy of existing TCLP models for the glass compositions described herein, which are 
intended to support the development and revision of the IHLW formulation algorithm. Section 1 
of this report provides more discussion of these test objectives and references to the 
corresponding reports. 
 
 
B)  Test Exceptions 
 

One of the initial test objectives was to develop models for predicting the liquidus 
temperature (TL) of the primary liquidus phase in HLW glasses, which addresses a WTP process 
requirement to avoid formation and subsequent settling of crystals in the melter. However, in 
practice, all HLW glasses are in fact produced below the liquidus temperature because of the 
presence of noble metals in the wastes. In addition, a strict application of the liquidus 
temperature for phases other than noble metals is overly restrictive on waste loading. In view of 
these considerations, the WTP has instead adopted an operational definition of the original 
liquidus temperature requirement: the glass must contain less than 1% by volume of crystalline 
phases at 950°C. Accordingly, WTP R&T directed the change from modeling TL to modeling 
T1%, which was documented in a Test Exception (24590-WTP-TEF-RT-03-078, Rev. 0). The 
IHLW formulation algorithm also employs a T1% model to implement the requirement that glass 
compositions are acceptable with respect to formation of secondary crystalline phases. The 
current tests followed the same directive and determined T1% instead of TL. 
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C)  Results and Performance Against Success Criteria 
 

The data reported in this work were collected on 40 HLW glasses generated by the 
preliminary IHLW formulation algorithm. The data collected for PCT releases, melt viscosity, 
electrical conductivity, and estimated T1% values are important product- and process-related 
properties of the glasses to be processed at the WTP. Data were collected for each of the 40 
glasses and compared to the various requirements driven by product specifications and melter 
system operations. The comparison was intended to verify the acceptability of the glasses 
calculated by the formulation algorithm. 

 
The comparison showed that, of the 40 HLW algorithm glasses tested, 20 did not meet 

one or more of the constraint requirements. This resulted primarily because: (1) constraints were 
not used in the formulation algorithm to limit the formation of non-spinel (i.e., zirconium- and 
thorium-containing) phases, (2) the PCT models found in the formulation algorithm under-
predicted the PCT releases when the releases were high, (3) the viscosity model over-predicted 
for some glasses that were close to the lower constraint target of η1150 ≥ 20 P, (4) the electrical 
conductivity model under-predicted for some glasses that were near the upper constraint target of 
ε1150 ≤ 0.7 S/cm. A review of the data collected shows that the majority of the glasses that do not 
meet one or more constraint requirements are either outside the modeling compositional range or 
crystallize Zr- and Th-containing phases (see Section 4). The IHLW formulation algorithm 
performed reasonably well for glass compositions that are limited to the ranges used in 
developing the Phase 1 property-composition models and are limited by iron (instead of 
zirconium or thorium). It is therefore expected that, with upcoming refinement of the various 
HLW property-composition models (which will also expand the validity ranges of the models) 
and their subsequent incorporation into the next version of the IHLW formulation algorithm, the 
calculated glass compositions should more fully meet the constraint requirements.  

 
The current data show the importance of ensuring that the validity ranges of various 

models are wide enough to encompass the expected glass compositions. The data also suggest 
two additional areas for improvement of the IHLW algorithm: (1) a constraint should be included 
to limit the formation of zirconium- and thorium-phases if some of the current waste projections 
are found to be realistic, and (2) a constraint that limits the formation of nepheline also needs to 
be considered to avoid its adverse impact on product quality. Subsequent versions of the IHLW 
algorithm are expected to take advantage of the testing data to better define the validity and 
applicability ranges, while future testing of algorithm glasses will be directed towards validation 
of the algorithm as applied to the anticipated range of WTP glass compositions and properties 

 
 
D)  Quality Requirements 
 

This work was conducted under a quality assurance (QA) program compliant with 
Nuclear Quality Assurance (NQA)-1 (1989) and NQA-2a (1990) subpart 2.7 and 
DOE/RW-0333P, Rev. 13, “Quality Assurance Requirements and Description” (QARD). This 
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program is supplemented by a Quality Assurance Project Plan for RPP-WTP work performed at 
VSL. Test and procedure requirements by which the testing activities are planned and controlled 
are also defined in this plan. The program is supported by VSL standard operating procedures 
that were used for this work. Since TCLP testing was not part of the current work scope, 
requirements found in “Quality Assurance Project Plan for Testing Programs Generating 
Environmental Regulatory Data,” PL-24590-QA00001, (WTP QAPjP) were not applicable. 
 

The following specific areas are subject to QARD: glass preparation, glass compositional 
analysis, and PCT testing. All work in these areas was performed according to VSL QA 
programs and implementing procedures that are compliant with QARD.  
 
 
E)  R&T Test Conditions 

 
The WTP Project calculated over 100 glass compositions using the preliminary IHLW 

formulation algorithm (version 3). These compositions were supplied to VSL, from which 40 
glasses were chosen in 4 rounds of selection. The selection was based on considerations of the 
compositions (i.e., glasses that occupy previously untested compositional regions were selected) 
and the calculated properties. 

 
The 40 selected glasses were fabricated and characterized with respect to composition, 

PCT responses, melt viscosity, electrical conductivity, and crystal formation (volume %) vs. 
heat-treatment temperature. Regression of the volume % crystal fraction data as a function of 
temperature provided estimates of T1%. All of these data are reported herein and compared with 
product- and process-related constraint limits. 
 

Crucible melts of the glasses (about 420 g) were prepared by melting mixtures of reagent 
grade or higher purity chemicals in platinum-gold crucibles at 1150°C for 120 minutes. Mixing 
of the batched chemicals was accomplished by dry blending, while mixing of the melt was 
accomplished mechanically using a platinum stirrer. Samples of the resulting glasses were then 
analyzed by XRF on solid samples. 

 
The PCT (at 90oC for seven days) was performed on the HLW algorithm glasses and the 

leachates were analyzed by Direct Current Plasma-Atomic Emission Spectroscopy (DCP-AES). 
The melt viscosities of the glasses were measured, typically in the temperature range of 950 ºC to 
1250ºC, using a rotating spindle viscometer, with the viscosity determined from the relation 
between torque and rotation speed. Electrical conductivity was determined by measuring the 
impedance of the glass melt as a function of frequency using a calibrated platinum/rhodium 
probe attached to an impedance analyzer. Measurements were performed over temperature 
ranges similar to those employed for the viscosity measurements, with the results extrapolated to 
zero frequency to obtain the direct current conductivity. Both the measured viscosity and 
electrical conductivity data were fitted to the Vogel-Fulcher equation to give, respectively, 
interpolated values of viscosity and electrical conductivity at standard temperatures (e.g., 
1150ºC). The HLW algorithm glasses were also heat treated isothermally between 650°C and 
1200°C (after a pre-melt at 1200°C for 1 hour) at selected temperatures for 70 hours. The heat-
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treated samples were examined by Scanning Electron Microscopy and Energy Dispersive X-ray 
Spectroscopy (SEM/EDS) to identify the crystalline phases and to estimate their volume fraction. 

 
Heat treatment with the HLW canister centerline cooling (CCC) temperature profile was 

performed on 10 of the 40 HLW algorithm glasses. The resulting CCC samples were examined 
with SEM/EDS and subjected to PCT. 
 
 
F)  Simulant Use 
 
 While simulated glasses were prepared for this work, no waste simulants were used. 
Waste simulants, which are chemical mixtures normally prepared to simulate the physical, 
chemical, and/or rheological properties of the actual waste, are generally more suited for melter 
tests than crucible-scale preparation of glasses. All of the simulated glasses in this work were 
instead prepared from reagent grade chemicals in combinations designed to achieve the target 
compositions provided to VSL by the WTP Project. 
 
 
G)  Discrepancies and Follow-On Tests 
 
 There were no discrepancies. The work reported herein establishes whether or not the 
glass compositions calculated by the preliminary IHLW formulation algorithm are acceptable for 
production. Potential areas for improving the preliminary algorithm have been identified. Efforts 
to improve upon the algorithm will follow before its implementation at the WTP vitrification 
facility. Additional glasses will be prepared and tested to support the update and improvement of 
the IHLW formulation algorithm. 
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SECTION 1 
INTRODUCTION 

 
 

Acceptable glass formulations for vitrification of high-level waste (HLW) waste streams 
at the Hanford Tank Waste Treatment and Immobilization Plant (WTP) must meet a number of 
product quality, processability, and waste loading requirements. Glass formulation development 
and testing has been ongoing at the Vitreous State Laboratory (VSL) to address these 
requirements, supporting the WTP Project in the diverse areas of melter testing, actual waste 
testing, and property-composition model development. In general, when the objective was to 
support melter runs or actual waste testing, glass formulations were designed actively to 
concentrate on the waste compositions that had been defined or analyzed. This active approach 
made extensive use of past experience and databases developed at VSL. By contrast, when the 
objective was to support development of property-composition models, glass formulations were 
statistically designed after the compositional regions and design constraints had been defined. 
This approach could provide more even and complete coverage of the compositional regions 
under study and the data were better suited to property-composition modeling. Regardless of the 
design approach, however, testing of the glass formulations began with fabrication of the glasses 
on crucible scale. The prepared glasses were then analyzed for composition before 
characterization with respect to the various product and processability requirements. In the 
active-design approach, iterations of this testing process might be necessary if the glass 
formulated did not meet the various constraints, with the collected data fed back for use in the 
formulation of the next set of glasses. 

 
Current WTP flow-sheet models and projections predict that the HLW feed compositions 

delivered to the HLW vitrification facility will change continuously, even though initially only 
four major waste groups are involved. In addition, the processing schedule will not allow 
sufficient time to formulate glass compositions using an active-design and testing-based process. 
Acceptable HLW glass compositions instead will be calculated for each batch of waste 
transferred to the HLW vitrification facility. The algorithm for calculating these immobilized 
high-level waste (IHLW) glass compositions is being developed at the WTP [1]. The initial 
IHLW formulation algorithm employs constraints that are designed to address the various 
product quality, processability, and waste loading requirements. It also employs preliminary 
HLW property-composition models developed from previous HLW glass formulation testing to 
predict various properties of the glasses. Verification and validation of the IHLW formulation 
algorithm is needed to identify potential deficiencies and areas for possible improvement before 
its implementation at the WTP. 

 
This report is responsive to the Test Specification [2], Test Plan [3], Test Exception [4], 

and Test Guidance [5] for HLW property-composition modeling. The principal objective of the 
work described in these documents is to develop property-composition models to support HLW 
waste form qualification and processing. A staged approach has been adopted for these tests to 
allow continual incorporation of evolving information and data on waste compositions and 
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process knowledge. Preliminary models that have been developed are now used in the IHLW 
formulation algorithm but updates of the preliminary models with additional data have been 
planned. The current work was intended to not only establish whether or not the glass 
compositions formulated by the preliminary IHLW formulation algorithm are acceptable for 
production, but also to identify areas of improvement for future updates of the algorithm. 
 
 
1.1 Test Objectives 
 

The primary objective of the current work is to verify the acceptability of the glass 
compositions formulated by the preliminary IHLW formulation algorithm and to identify 
potential areas of improvement for the algorithm [5]. In the course of the present work, the range 
of applicability of the IHLW formulation algorithm was assessed, and the need for extra 
constraints to be included in the algorithm was identified. Additionally, the data collected for the 
HLW algorithm glasses will be used to update and improve the various property-compositions 
models used in the algorithm. The specific objectives of the HLW glass property-composition 
modeling work as given in the Test Plan [3] are listed below along with the strategy to address 
them. The relationship between earlier results and the current work is also discussed below. 

 
• Develop property-composition models and supporting data that relate IHLW 

performance on the PCT to IHLW composition and are suitable for predicting the PCT 
performance of IHLW glasses to be produced in the WTP. 

 
Development of the Phase 1 Product Consistency Test (PCT) property-composition 

models has been reported previously [6]. Data collected from 102 HLW glasses 
(including replicates) from two statistically designed matrices were used as the basis for 
model development. Additional PCT data, which have been collected for 75 modeling 
matrix glasses, will be used in future update of the PCT model [7, 8]. The Phase 1 PCT 
model is included in the IHLW formulation algorithm to calculate the normalized PCT 
releases of boron, sodium, and lithium from the HLW glasses. The Waste Acceptance 
System Requirements Document (WASRD) [9], Rev. 4 requires that HLW glasses have 
PCT normalized releases of boron, sodium, and lithium lower than the corresponding 
releases from the Defense Waste Processing Facility-Environmental Assessment (DWPF-
EA) glass. 

 
The collected PCT data from this work will not only be used to verify the 

performance of the HLW algorithm glasses, but will also be used to update and refine the 
PCT model. 

 
• Develop models for liquidus temperature (TL) suitable for predicting the primary liquidus 

phase in RPP-WTP glasses. This phase is expected to be spinel for AZ-101, AZ-102, and 
AY-102/C-106 wastes, and thorium-containing phases for AY-101/C-104 wastes. 

 
As directed by the Test Exception [4], instead of liquidus temperature (TL) models, 

models to predict one-percent crystal fraction temperatures (T1%) have been developed. 
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The T1% results for HLW modeling glasses have been reported previously [6]. The 
change to modeling T1% instead of TL was made because WTP is adopting an operational 
definition of liquidus temperature and corresponding limit. Specifically, the amount of 
crystalline phases that are present in equilibrium with the glass melt at 950°C must be 
less than 1 volume %. This is a less conservative operational definition and is adopted in 
recognition of the fact that all HLW glasses are, in actuality, produced below the liquidus 
temperature of the glass melt as a result of the presence of sparingly soluble species such 
as noble metals in the wastes. A strict application of the liquidus temperature criterion 
(for phases other than noble metals) is also overly restrictive on waste loading. 
Accordingly, the IHLW formulation algorithm employs the processing requirement of 
T1% (plus uncertainty) ≤ 950°C. 

 
The difference in compositions between (i) AZ-101, AZ-102, and AY-102/C-106 

wastes and (ii) AY-101/C-104 wastes was addressed in Phase 1 by the development of 
two different experimental glass composition regions (EGCRs), each focusing on the 
expected characteristic compositions of the two groups [6]. Preliminary T1% models 
suitable for predicting spinel as the primary crystalline phase have been developed and 
reported [6, 7]. The recommended spinel model has been adopted in the IHLW 
formulation algorithm to calculate T1% and to avoid glasses that do not meet the 
processing limit. Similar T1% models for predicting non-spinel (i.e., zirconium- and 
thorium-containing) phases have not been developed, partly because of a relative lack of 
data. The current IHLW formulation algorithm therefore does not constrain T1% for 
secondary phases other than spinel. 

 
As with the case of PCT, the collected T1% data from this work will not only be used 

to verify the processability of the HLW algorithm glasses, but will also be used to update 
and refine the T1% model. 

 
• Develop property-composition models and supporting data that relate IHLW 

performance in the TCLP to IHLW composition and are suitable for predicting the TCLP 
performance of IHLW glasses to be produced in the WTP. 

 
Toxicity Characteristic Leaching Procedure (TCLP) data have been collected on 118 

HLW glasses (including replicates and spiked glasses) and the data were used to support 
the development of a TCLP cadmium release model. The data and the model have been 
reported previously [10]. The recommended TCLP cadmium-release model has been 
used in the IHLW formulation algorithm to calculate the TCLP release of cadmium from 
HLW glasses. The current testing, however, did not include TCLP. The WTP Poject has 
elected to defer further TCLP testing and corresponding related updates to the IHLW 
algorithm because it is not cost effective at this time. Current data indicate that TCLP is 
one of the least restrictive constraints; thus, a graded approach to IHLW algorithm 
development is being implemented for TCLP testing. Once the acceptable compositional 
range has been adequately defined by other constraints (e.g., T1%, PCT, conductivity, 
etc.), additional testing for TCLP response can be initiated as needed. Such testing, and a 
corresponding revision of the TCLP cadmium release model and IHLW algorithm, will 
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be required if the WTP processes feeds outside of the composition ranges described by 
the current version of the TCLP model and IHLW algorithm. (Archived samples of the 
algorithm glasses will be available for future TCLP testing, if so directed by the Project.) 

 
• Develop property-composition models that relate viscosity and electrical conductivity of 

glass melts to IHLW composition and are suitable for predicting the properties of IHLW 
glasses to be produced in the WTP. 

 
Viscosity and electrical conductivity data have been collected on 102 HLW glasses 

(including replicates) and part of the data (60 glasses) were used in the investigation of 
model forms and development of viscosity and conductivity models. These data and 
models have been reported previously [11]. Viscosity and conductivity data for 50 
additional glasses have been collected during the Phase 2HLW matrix glass testing [8]. 
The initial viscosity and electrical conductivity models are used in the IHLW formulation 
algorithm to ensure that the glass melt will meet the processing requirements of the 
melter system. 

 
As with the other data collected, the viscosity and electrical conductivity data 

measured for the HLW algorithm glasses will be used to establish their acceptability as 
well as to improve and refine the HLW viscosity and electrical conductivity models. 

 
• Develop property-composition models that relate density of IHLW glasses to composition 

in order to predict overall volumes of IHLW that would be produced from a given waste 
feed. 

 
The density property-composition model may be developed and reported at a later 

date if so directed by WTP R&T. 
 
 
1.2 Test Overview 
 

The WTP Project calculated target glass compositions for a series of example waste 
compositions using the preliminary IHLW formulation algorithm. The waste compositions 
originated from various sources (see Section 2). The resulting HLW algorithm glass 
compositions were then provided to VSL, where a total of 40 glasses were selected in 4 stages 
for testing. The compositions of the selected glasses and the rationale for their selection were 
transmitted to WTP for information before glass preparation and testing began. 

 
Each of the HLW algorithm glasses selected was fabricated with laboratory chemicals on 

crucible scale. The prepared glasses were tested for (i) product consistency test (PCT) response, 
(ii) viscosity and electrical conductivity as functions of temperature, and (iii) crystal type and 
fraction at equilibrium as functions of temperature. The data collected from (iii) were used to 
estimate T1% for each glass. The measured data were compared to the calculated values and used 
to determine whether the glasses met all product quality and processability requirements. After 
completion of testing, 10 glasses were selected from the original set of 40 glasses for canister 
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centerline cooling (CCC) heat treatment. The CCC glass samples were characterized with respect 
to secondary phase formation and PCT responses. 

 
The selection of HLW algorithm glasses to be tested is discussed in Section 2. The 

experimental procedures used in testing the glasses are described in Section 3. Section 4 presents 
the data collected. 
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SECTION 2 
SELECTION OF HLW ALGORITHM GLASSES 

 
 

The IHLW formulation algorithm is being developed for use at the WTP for batching 
HLW and glass-forming chemicals (GFCs) to produce HLW glass compositions that meet all 
product quality requirements and key processing constraints. In cases where multiple glass 
compositions can meet all constraints, the composition is optimized to increase the robustness of 
the process and to lower the risk of processing difficulties (e.g., it is advantageous to process 
some distance from, rather than too close to, any one property limit). The formulation algorithm 
also incorporates process measurement and property prediction uncertainties. In generating 
glasses for the present testing, the IHLW algorithm was extended beyond the ranges of validity 
of the property-composition models that it employs in order to explore the boundaries and 
limitations of its applicability,  

 
A detailed description of the IHLW formulation algorithm can be found in Reference [1]. 

This section briefly summarizes the algorithm constraints that are important to the present glass 
testing and the waste bases that were used in calculating the HLW algorithm glasses (Section 
2.1). It also discusses the selection of the 40 HLW algorithm glasses that were tested (Section 
2.2). 
 
 
2.1 HLW Algorithm Glass Calculations 
 

The primary inputs for the IHLW formulation algorithm are compositions of the blended 
HLW and the individual GFCs. The algorithm calculates the following outputs: (i) the volume of 
HLW to be transferred to the melter feed preparation vessel (MFPV), (ii) the mass of each GFC 
to be added to the MFPV batch, (iii) the composition of the glass to be produced, and (iv) the 
predicted properties of the resulting IHLW glass with associated uncertainties. The IHLW 
formulation algorithm employs three sets of constraints in the calculation: 

 
• Hard Constraint. These constraints must be met by all glass compositions for a 

formulation to be accepted. The hard constraints are key product and processing 
related property limits for a processable and compliant glass to be produced. Since 
the glass properties are estimated using HLW property-composition models, with 
appropriate uncertainties incorporated, the hard constraints also include single glass 
component concentration constraints to ensure that the glasses produced will be 
within the compositional ranges within which the models were developed. The 
IHLW formulation algorithm hard constraints, as provided by the WTP Project, are 
reproduced in Tables 2.1 and 2.2. Note that there are overlaps for the two 
constraints listed each for viscosity and electrical conductivity in Table 2.1, which 
may involve some redundancy. For example, the upper constraint for electrical 
conductivity at 1100°C is met automatically if the upper constraint for the same 
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property at 1200°C is met. This affects the way in which the uncertainties are 
included in the constraints. The glass component limits in Table 2.2 are mostly 
identical to those found for glasses used to develop Phase 1 HLW property-
composition models, with the major exception being Al2O3 and Na2O. The upper 
limits for Al2O3 and Na2O in glasses used to develop Phase 1 models were, 
respectively, 8.5 wt% and 15 wt% [6, 11]. In contrast, the algorithm glasses tested 
range up to 13 wt% of Al2O3 and 20 wt% of Na2O. This was designed, as stated 
above, to explore the boundaries and limitations of the IHLW formulation 
algorithm applicability. 

 
• Firm Constraint. There is one “firm” constraint of waste loading, which is defined 

by the WTP Contract (Table T.S-1.1) [12]. The constraint is met by obtaining the 
waste fraction of at least one component (or group of components) in glass at the 
level listed in the table. In other words, the waste loading factor (defined as 
maximum mass ratio of glass component (or group of components) to the waste 
loading limit in Table TS-1.1) needs to be ≥ 1 to meet the constraint. Table 2.3 lists 
the firm constraint of waste loading. If this constraint is met with a glass 
composition that meets all the hard constraints, then it will be met. Otherwise, if no 
composition can be found to simultaneously meet all the hard constraints and waste 
loading constraint, then waste loading will be lowered (below the constraint) to 
produce a glass with the highest possible waste loading while meeting all the hard 
constraints. 

 
• Soft Constraint. For many waste compositions, the hard and firm constraints can be 

met with additional degrees of freedom left in the glass composition. These degrees 
of freedom are used to meet WTP operations goals such as increasing waste loading 
above the minimum limits, moving the glass composition closer to those previously 
tested in pilot scale melters, improving product durability beyond the required 
values, and moving away from various constraints to increase the “robustness” of 
the glass composition. To implement the soft constraints, target component 
concentrations, property values, and waste loading are set along with weighting 
factors. A penalty is assigned to a given soft constraint depending on the distance 
from the target and the weight factor. The algorithm seeks to minimize the summed 
penalties. Table 2.4 provides an example set of soft constraints used in the IHLW 
formulation algorithm, which is the same set of constraints that was used in the 
calculation of the glass compositions used in this work. These constraints can be 
changed to address changing project priorities. 

 

The formulation algorithm seeks to calculate a glass composition that meets all the above 
constraints by varying the relative concentrations of the HLW and the GFCs in the MFPV. 
Compositions of the GFCs are given in Table 2.5. 
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In formulating target glass compositions for the current tests, the IHLW formulation 
algorithm made use of a series of example waste compositions. The waste compositions came 
from the following sources: 

 
• The WTP dynamic flow-sheet model (G2) output data from runs 3.1vv [13], 3.1.1a 

[14], 4.0.3.b [15], and 4.0.8a [16]. For the version 3 runs, chemical snapshots from 
the HLW Concentrate Receipt Vessel batch composition data were used. For the 
version 4 runs, chemical snapshots from the MFPV batch composition data were 
used, with the GFC contribution in the MFPV heels subtracted. The G2 runs were 
pre-screened for these calculations by limiting the batches considered to those that 
resulted from one of the four WTP Research and Technology tanks (AZ-101, 
AZ-102, AY-102/C-106, and AY-101/C-104). Multiple batches of roughly the same 
composition were also removed. For consecutive batches with slowly varying 
compositions, only the extreme and/or endpoint compositions were used. 

 
• Characterization data from actual tank waste samples that were pretreated and 

blended with various prototypic process additions and recycles were used. Five 
compositions were used: one for AZ-101 [17], one for AZ-102 [18], and three for 
AY-102/C-106 [19]. 

 
• An average G2 composition was calculated. For each of the four G2 runs 

considered, a weighted average composition of all batches for the four tanks being 
considered was taken. A numerical average was then determined for the four 
weighted average compositions. This average composition was used by itself and 
also as a basis for manually adjusted waste compositions discussed below. 

 
• Waste compositions from above provide good estimates of the currently expected 

HLW feed compositions. They resulted in glass compositions relatively close to 
those found in earlier HLW glass testing. Few of these glass compositions were 
expected to give surprising results when fabricated and tested. Another set of 
compositions was therefore manually developed to challenge the boundaries of 
what may be formulated when the wastes delivered would be sufficiently far from 
current expectations. The average composition discussed above was used as the 
starting point in generating the made-up wastes. With the exception of CaO, those 
components that made up more than 1 wt% of the average composition were 
selected together with CdO and Cr2O3 as major components. The sum of all minor 
components was 7.02 wt% and was held constant, while the concentrations of the 
12 major components were varied in relative proportions. Each of these wastes was 
developed to challenge the algorithm to formulate an acceptable glass. It should be 
noted that these wastes were not systematically varied to cover the entire possible 
waste composition region. However, an attempt was made to cover as effectively as 
possible the composition “types” that are likely to be problematic. 
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Over 100 HLW algorithm glasses were calculated using the constraints and waste 
compositions described above (version 3 of the preliminary algorithm was used in the 
calculation). The constraints and waste compositions were varied to purposely generate extreme 
glass compositions for use in defining the range of algorithm applicability. The calculated glass 
compositions were supplied in several stages by the WTP Project to VSL, where a total of 40 
glasses were selected for testing. The selected glasses are discussed in Section 2.2. 
 
 
2.2 HLW Algorithm Glass Selection 
 

To support development and verification of the IHLW formulation algorithm, VSL 
selected 40 glasses for testing from the algorithm calculation results provided by the WTP 
Project. The selection was made in several rounds, with the results obtained used as feedback in 
subsequent rounds. Table 2.6 lists the 40 HLW algorithm glasses that were selected, with their 
corresponding algorithm identifications and highlights in compositions and calculated properties. 
Table 2.7 summarizes for each selected glass, the waste composition basis, the melter feed mix, 
and the calculated glass properties. 

 
The first round of selection yielded 8 glasses (HLW-ALG-01 through -08), all of which 

were based on “made-up” wastes. This was because, as discussed above, the vast majority of the 
algorithm glasses calculated for the wastes from flow-sheet model results are relatively similar in 
composition to those found in earlier HLW glass and melter testing. In general, the wastes from 
G2 model runs are high in Fe2O3 while the glasses are limited by Fe2O3, (Al2O3+Fe2O3+ZrO2) or 
ThO2. Testing of these model-based glasses was not expected to give results much different than 
from previous testing. The “made-up” wastes, by contrast, are compositionally more extreme; for 
example, HLW-ALG-04 was formulated for a waste with 83.08 wt% Fe2O3, 6.60 wt% of NiO 
and 3.3 wt% Cr2O3. Another example (HLW-ALG-05) shows high concentrations of SrO 
(27.50 wt%) and MnO (19.20 wt%). High concentrations of ZrO2 and ThO2 are also found in 
some of these “made-up” wastes (e.g., HLW-ALG-07). As a result, the selected glasses occupy 
rather different compositional regions compared to those from earlier testing: HLW-ALG-07, for 
example, meets the TS-1.1 requirement by incorporating more than 14 wt% of (Al2O3+ZrO2), a 
component limit that has not been invoked in previous testing. Some of the made-up waste 
glasses simultaneously meet more than one of the TS-1.1 constraints (e.g., HLW-ALG-18 meets 
the TS-1.1 loading requirements for Al2O3 and Al2O3+Fe2O3+ZrO2). 
 

In addition to glass compositions, calculated properties also helped guide the selection. In 
particular, glasses with high predicted viscosity (> 55 P at 1150ºC) were of interest since 
relatively few data in this region were available for the development of the property-composition 
model used in the algorithm. For the same reason, glasses with high predicted PCT releases were 
chosen (e.g., the predicted normalized PCT B release for HLW-ALG-03 was 5.029 g/l). Finally, 
the predicted T1% values (plus uncertainty) of the selected glasses covered a wide range from 
721.2ºC up to the constraint limit of 950.0ºC. 
 

The second round of selection involved some new candidate glasses and resulted in 15 
glasses (HLW-ALG-09 through -23). Additional algorithm calculations supplied the new 
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candidate glasses, many of which were formulated with a new constraint to limit the total alkali 
concentration (i.e., (Na2O+2*Li2O+0.66*K2O) ≤ 21.5 wt%). It should be noted that the new 
constraint was implemented only for the purpose of generating HLW glasses for testing and not 
intended as a new compositional constraint in the IHLW formulation algorithm. This new 
constraint was adopted to reflect concerns with respect to increased melter refractory corrosion at 
these high alkali contents. Glasses with high alkali concentrations from the first round were 
found in preliminary testing to result in little formation of secondary phases after heat treatment. 
Since the high alkali contents were generally driven by the T1% constraint, it was decided to 
artificially limit the total alkalis. Many of the selected glasses therefore contain ≤ 21.5 wt% of 
total alkalis. Additionally, to investigate the effects of varying the alkali concentrations, the glass 
selection included series of glasses that were based on the same waste composition, but with 
different alkali concentrations. For example, HLW-ALG-19 and -20 were formulated for the 
same waste composition as for HLW-ALG-03, but with reduced total alkali concentration (25.1 
wt% in HLW-ALG-03, 23.3 wt% and 21.5 wt% in -20 and -19, respectively). Another series of 
glasses with a similar design of gradually lowered alkali concentrations included HLW-ALG-21, 
-22 and -23. The selection process otherwise followed closely that used in the first round in that 
unusual composition combinations were chosen, while emphasis was also placed on calculated 
properties in regions where there was a relative deficiency of data during earlier HLW modeling 
studies. Among the compositional highlights in the selected glasses are high ThO2 (6.01 wt%) 
and low Fe2O3 (1.93 wt%) in HLW-ALG-11 (Fe2O3 was in fact added as a GFC). Relatively high 
concentrations of ZrO2 (9.19 wt%), ThO2 (5.51 wt%), and UO3 (6.13 wt%) were simultaneously 
found in HLW-ALG-13. 

 
A total of 7 glasses were selected during the third round (HLW-ALG-24 through -30). 

The selected glasses included a Cr2O3-limited glass with low (Al2O3+Fe2O3+ZrO2) content 
(13.90 wt% in HLW-ALG-25). For comparison, HLW-ALG-29 was chosen for an unusually 
high concentration of (Al2O3+Fe2O3+ZrO2), at 26.89 wt%. The glass HLW-ALG-30 was 
formulated for the actual waste found in AZ-101. 

 
New algorithm calculations were performed for the last round of glass selection. The new 

calculations were performed with modified constraints and waste compositions from the 
dynamic flow-sheet modeling (G2) runs. The constraints were modified because preliminary 
testing results for glasses from earlier rounds showed that the viscosity data were often below the 
constraint limit of η1150 ≥ 20 P and that the T1% constraint might be overly restrictive. It should 
again be noted that the new constraints were implemented only for the purpose of generating 
candidate glasses for testing and were not meant to replace the constraints discussed in Section 
2.1. The constraint modifications included: 
 

• Increase of the T1% limit by 125ºC to 1075ºC; 

• Setting the weight on the T1% soft constraint to 0; 

• Setting the weight on waste loading soft constraint to 1000, which effectively 
forced the waste loading to the maximum value. 

 



The Catholic University of America  Preparation and Testing of Glasses to Support 
Vitreous State Laboratory   Development of WTP IHLW Formulation Algorithm 
  Final Report, VSL-06R1240-1, Rev. 0 

22 

The final set of HLW glasses selected (HLW-ALG-31 through -40) primarily consisted 
of glasses calculated using the modified constraints so that they could be compared with glasses 
that were formulated with different constraints for the same waste bases from earlier rounds. 
Since the T1% constraint was relaxed, the waste loadings of the selected glasses were 
considerably higher than those formulated for the same wastes found in earlier rounds. For 
example, the waste loading for HLW-ALG-40, which was formulated for the actual AZ-101 
waste, is 39.53%, compared with 31.09% for HLW-ALG-30, which was also formulated for the 
same waste composition. 

 
Table 2.8 lists the target compositions of the 40 HLW algorithm glasses selected. Note, 

however, that the compositions of the HLW algorithm glasses provided by the WTP comprised 
up to 63 component oxides, many of which were uncommon and present only at very low 
concentrations (e.g., Pa2O5 at << 0.01 wt%). In order to keep the number of components 
manageable and to avoid handling of extremely radioactive materials, oxides that were present at 
less than 0.025 wt% were omitted from the WTP formulations. The radioactive thorium oxide 
and uranium oxide were retained in the formulations if their concentrations were above 
0.025 wt%. The contributions of the omitted oxides were generally very small (< 0.25 wt% total). 
The compositions were then re-normalized to 100 wt% after dropping the very minor oxides 
before glass preparation. The target compositions listed in Table 2.8 are therefore slightly 
different than those provided by the WTP Project. The slight changes in compositions are not 
expected to impact the measured glass properties (for example, the estimated uncertainties 
associated with measurements of electrical conductivity are ± 20%, which is larger than the 
expected effect of the < 0.25 wt% of oxides omitted). 
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SECTION 3 
EXPERIMENTAL PROCEDURES 

 
 

After the selection of HLW algorithm glass compositions, the glasses were fabricated at 
VSL on a crucible scale (about 420 grams). The resulting glass products were sub-divided into 
portions that were used for the various tests, including PCT, measurements of viscosity and 
electrical conductivity, and T1% determination. The experimental procedures employed in 
preparing and characterizing the 40 HLW algorithm glasses are summarized in this section. 
 
 
3.1 Glass Batching and Preparation 
 

All selected HLW algorithm glasses were fabricated at VSL using reagent grade 
chemicals. The Technical Procedure Crucible Melts [20] describes the details of crucible 
preparation of HLW glasses. The following briefly summarizes the procedural steps. 

 
Glass preparation began with a batching sheet that provided information on the required 

starting materials. The information included the chemicals needed, identification of the 
chemicals according to the vendors and catalog numbers, the associated purity, together with the 
amount required to produce a given amount of glass. Chemicals were weighed and batched 
according to the batching sheets. 

 
After the starting materials were weighed and batched, a blender was used to mix and 

homogenize the starting materials before they were loaded into platinum/gold crucibles that were 
engraved with individual identification numbers. The loaded platinum/gold crucible was placed 
inside a Deltech DT-28 (or DT-29) furnace, the heating of which was controlled by a Eurotherm 
2404 temperature controller. The melting temperature was 1150°C, at which the melt was kept 
for 2 hours. Mixing of the melt was accomplished mechanically using a platinum stirrer, 
beginning 20 minutes after the furnace temperature reached 1150°C and continuing for the next 
90 minutes. The molten glass was poured at the end of 120 minutes onto a graphite plate to cool 
before recovery. 
 
 
3.2 Analyses of Glass Composition 
 

Compositions of the HLW glasses were analyzed using x-ray fluorescence spectroscopy 
(XRF). Powdered glass samples (−200 mesh) were analyzed with an ARL 9400 wavelength 
dispersive XRF spectrometer, which was calibrated over a range of glass compositions using 
standard reference materials traceable to the National Institute of Standards and Technology 
(NIST), as well as waste glasses including the Argonne National Laboratory – Low Activity 
Waste Reference Material (ANL-LRM), the Defense Waste Processing Facility – Environmental 
Assessment (DWPF-EA) glass, and WTP HLW and LAW glasses. 
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3.3 Viscosity 
 

The viscosity of the glass melt, η, was measured using a Brookfield viscometer and the 
Technical Procedure Glass Viscosity and Conductivity [21]. The viscosity was determined from 
the relation between torque and rotation speed. Measurements were normally performed in the 
temperature range of 950ºC to 1250ºC and the data were interpolated to standard temperatures 
using the Vogel-Fulcher equation:  
 

ln η = [A/(T − To)] + C , 
 
where A, C, and To are fitting parameters. The equipment was calibrated at room temperature 
using standard oils of known viscosity and then checked from 950ºC to 1250ºC using a NIST 
standard reference glass (SRM 711). Both precision and accuracy of the viscosity measurement 
are estimated to be within ± 15 relative%. 
 
 
3.4 Electrical Conductivity 
 

The electrical conductivity, σ, was determined, according to the VSL Technical 
Procedure Glass Viscosity and Conductivity [21], by measuring the impedance of the glass melt 
as a function of frequency using a calibrated platinum/rhodium probe attached to a Hewlett-
Packard model 4194A impedance analyzer. Measurements were performed over temperature 
ranges similar to those employed for the viscosity measurements (950ºC to 1250ºC). The results 
were extrapolated to zero frequency to obtain the direct current conductivity. The measured data 
were then interpolated to standard temperatures using the Vogel-Fulcher equation:  
 

ln σ = A + [B/(T − To)] , 
 
where A, B, and To are fitting parameters. Estimated uncertainties in the conductivity 
measurements are ± 20 relative%. 
 
 
3.5 Product Consistency Test 
 

The PCT data for the HLW algorithm glasses were collected at VSL from tests performed 
at 90°C for 7 days according to ASTM C1285 [22], as required in Specification 1 of the WTP 
contract [12]. Samples of crushed glasses (4 g, 100-200 mesh or 75-149 µm) were placed in 
40 ml of test solution (de-ionized water) inside 304L stainless steel vessels. All tests were 
conducted in triplicate, and in parallel with the DWPF-EA standard glass included in each test 
set. The leachates were sampled after 7 days, when 1 ml of sampled leachate was mixed with 
20 ml of 1M HNO3 and the resulting solution analyzed by direct current plasma atomic emission 
spectroscopy (DCP-AES). Another 3 ml of the sampled leachate was used for pH measurement. 
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In addition to the leachate concentrations themselves, it is convenient and conventional to 
also consider the normalized leachate concentrations. The normalization is performed by 
dividing the concentration measured in the leachate for any given component by its fraction in 
the glass. Target mass fractions in glass are used in this work. Thus, the normalized 
concentration ri of element i is calculated from the elemental concentration ci measured in the 
leachate (in ppm) as: 
 

i

i
i f

cr =  ,     (3.5.1) 

 
where fi is the target mass fraction of element i in the glass (i = B, Li, Na, and Si). The 
normalized mass loss is then obtained from: 
 

)/( VS
rL i

i =  ,     (3.5.2) 

 
where S/V is the ratio of the glass surface area to the volume of the leachant, which for the 
standard PCT is 2000 m-1. Assuming this value of S/V, if ri is expressed in g/l, one need only 
divide by two to obtain Li in g/m2 (because 1 g/l = 1000 g/m3). Finally, the 7-day normalized 
PCT leach rate can be calculated as the normalized mass loss per day (i.e., normalized leach rate 
in g/(m2-day) = Li/7). This report presents the PCT results in leachate concentration (ppm) and 
normalized leachate concentration (g/l). 
 

Specification 1 of the WTP contract requires that the normalized mass losses of B, Na, 
and Li in PCT be below the respective values for the DWPF-EA glass. The nominal values for 
normalized leachate concentrations from the DWPF-EA glass are 16.695, 13.346, and 9.565 g/l 
for B, Na, and Li, respectively [9]. The corresponding value for Si is 3.922 g/l. 
 
 
3.6 Determination of One-Percent Crystal Fraction Temperature (T1%) 
 

Glass samples (about 5 grams each) were heat-treated in platinum, platinum-gold, or 
platinum-rhodium crucibles (5 ml) at a pre-melt temperature of 1200°C for 1 hour, followed by 
heat treatment for 70 hours at prescribed temperatures between 650°C and 1200°C. At the end of 
the heat-treatment period, the glass samples were quenched by contacting the crucible with cold 
water. This quenching freezes in the phase assemblage in equilibrium with the melt at the 
heat-treatment temperature. The sample was then prepared for Scanning Electron 
Microscopy/Energy Dispersive X-ray Spectroscopy (SEM/EDS) examination by grinding and 
sieving (−18 mesh). The microscopic and spectroscopic examinations (Model JSM-5910LV, 
equipped with Oxford Instruments INCAEnergy 300 system) were used to determine the volume 
fraction of crystalline phases and identify the dominant crystalline phases. For each glass, heat 
treatments were performed to obtain non-zero vol% data for at least three temperatures in order 
to reasonably constrain the T1% value. Efforts were also made to bracket the T1% temperature so 
that it could be obtained by interpolation rather than extrapolation. 
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The crystalline phases found in the heat-treated glasses were characterized by SEM/EDS 

and the volume percents were obtained as the average of 4 to 10 viewing area counts from glass 
sub-samples collected at different locations in the crucible (e.g., near the bottom, center, side of 
the crucible, etc.). The selection of the glass fragments and viewing areas was intended to 
provide a representative measure of the overall crystal fraction in the sample. 

 
The T1% value for each glass was obtained by linear regression of the heat-treatment 

temperature (°C) as the dependent variable versus crystal fraction (vol%) as the independent 
variable. The choice of vol% (which has the larger measurement error) as the independent 
variable, rather than the temperature (which has the smaller measurement error), is contrary to 
the selection that would normally be made for regression. However, as discussed in a previous 
T1% modeling report [6], there are significant advantages to using this “inverse regression” 
approach in the present application. The differences in the T1% values estimated using either 
choice of independent variable were small. 
 
 
3.7 Canister Centerline Cooling 
 

Selected HLW algorithm glasses underwent canister centerline cooling (CCC) heat 
treatment before additional testing was performed. Samples that underwent CCC were 
distinguished from the original glass samples by adding the extension “CCC” to the sample IDs 
(e.g., HLW-ALG-08CCC is the sample resulting from CCC treatment of HLW-ALG-08). The 
CCC temperature profile was provided by the WTP Project [23] (see Table 3.1 and Figure 3.1). 
As in the case of isothermal heat-treatment, the glass samples (about 80 g) in platinum crucibles 
were maintained at a pre-melt temperature of 1200°C for 1 hour before initiation of the CCC 
treatment. The samples recovered after CCC treatment were subjected to PCT and SEM/EDS 
examination. 
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SECTION 4 
RESULTS AND DISCUSSION 

 
 

This section presents the characterization and test data of the selected HLW algorithm 
glasses. Chemical compositions of the glasses, determined by XRF analyses, are presented in 
Section 4.1. The Product Consistency Test (PCT) data are discussed in Section 4.2. Section 4.3 
summarizes the viscosity and electrical conductivity data. Section 4.4 summarizes the 
heat-treatment data for the 40 HLW algorithm glasses. Section 4.4 also presents the one-percent 
crystal fraction temperature (T1%) results, which were estimated by regression of the 
heat-treatment data. The results of CCC heat treatment of selected glasses are provided in 
Section 4.5. 
 

4.1 Chemical Composition 
 

Results of compositional analysis by XRF of the HLW algorithm glasses are given in 
Table 4.1. Note, however, that the batched (target) compositions are used below for calculating 
normalized PCT responses since they are derived from simple weighings of pure chemicals, 
which are believed to provide the best compositional data; previous work followed the same 
approach [6]. Since target glass compositions are used in modeling, the principal role of the 
composition analysis is one of confirmation. 
 

The analyzed compositions for the major components generally show good agreement 
with the targets. The primary exception is Al2O3 when the concentration is low (< 5 wt%), with 
the analyzed values for Al2O3 in those cases generally higher than the targets. This is believed to 
be due to a relative lack of XRF calibration data in this region. Alternative analyses of selected 
samples by direct current plasma-atomic emission spectrometry yielded results that are in better 
agreement with the targets. For selected minor components, especially barium and magnesium, 
discrepancies are also evident. For example, analysis of HLW showed no presence of BaO in 
selected glasses, even though the target values in these glasses were as high as 0.1 wt% (e.g., see 
the target and analyzed BaO values for HLW-ALG-24). The “non-detect” for barium was traced 
to spectral interferences from other components, chiefly strontium in this case. Thus while the 
presence of barium was actually detected, the analytical software reported that as insignificant 
because of the high background due to strontium. In some cases, interferences from Ce2O3 also 
appeared to result in “non-detect” of La2O3 and TiO2. 
 

4.2 Product Consistency Test (PCT) Results 
 

The data for PCT releases of boron, lithium, sodium, and silicon for the 40 HLW 
algorithm glasses are listed in Table 4.2. The PCT results are presented as raw leachate 
concentrations (in ppm) and normalized leachate concentrations (in g/l). Normalized PCT 
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releases were calculated using target mass fractions in glass. Figures 4.1 through 4.3 show, 
respectively, the measured PCT boron, lithium, and sodium releases for the 40 glasses with the 
predicted releases (plus uncertainties). Table 4.3 summarizes the measured values of the various 
properties, with those that do not meet the hard property constraints highlighted in boldface. 
Glasses that were outside the compositional range of HLW glasses used to develop Phase 1 
models, are also highlighted. 

 
It is seen in Table 4.3 that all algorithm glasses except one (HLW-ALG-03) meet the 

PCT constraints. Furthermore, Figures 4.1 to 4.3 suggest that the PCT models employed in the 
algorithm calculations perform sufficiently well for most glasses, especially when the release 
concentrations are relatively low and the glasses are within the compositional ranges used to 
develop the PCT models. The models, however, noticeably under-predict at high PCT releases. 
The glass HLW-ALG-03, which is outside the compositional range for Phase 1 PCT models 
development, has normalized PCT releases of B and Li that do not meet the hard property 
constraints of 16.7 g/l for B and 9.6 g/l for Li, with the predicted normalized releases 
significantly below the measured values (e.g., 5.03 g/l predicted for B, compared with the 
measured value of 21.90 g/l). The relatively unsatisfactory performance of the PCT models at 
high release concentrations, however, is perhaps not unexpected since it has been noted 
previously during model development that there is a general deficiency of data in the high PCT 
release regions [8]. More importantly, the PCT model employed in the formulation algorithm is 
an interim model which has yet to incorporate all of the HLW modeling data. For example, the 
design range for Na2O in Phase 1 HLW models development was 3.7 wt% to 20.0 wt%. 
However, the interim PCT models were developed using a subset of the data that only ranged 
from 5.0 wt% to 14.0 wt% Na2O, while all algorithm glasses with large under-prediction for PCT 
releases have high Na2O contents (> 14 wt%) that exceed the modeling range. Future model 
updates are set to make use of all available data. Additionally, the high alkali contents in the 
algorithm glasses were driven primarily by the T1% constraint and the T1% model will also be 
updated.  
 

4.3 Viscosity and Electrical Conductivity Results 
 

Table 4.4 lists the measured and fitted viscosity results of 39 HLW algorithm glasses 
(one glass showed non-newtonian behavior over the entire temperature range and is excluded; 
crystallization was suspected as the cause of the non-newtonian behavior but was not further 
investigated), and Table 4.5 lists the measured and fitted electrical conductivity results of all 40 
algorithm glasses. Figures 4.4 and 4.5, respectively, compare the fitted viscosity at 1150°C and 
1100°C with the algorithm predictions at the corresponding temperatures. The respective 
constraint limits are also included in the figures. 
 

Figures 4.4 and 4.5 show that the agreement between the predicted and measured 
viscosity values is far from satisfactory. Many of the predicted viscosity values at 1150°C are 
near the lower constraint limit of 20 P because of the high alkali contents used in order to meet 
the T1% constraint. Figure 4.4 shows that a good portion of those glasses with low predicted 
viscosity values in fact fail to meet the lower constraint limit (the upper constraint limit is not 
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exceeded, see Table 4.3). All HLW algorithm glasses meet the constraint limits for η1100, which 
are less restrictive. As is the case with PCT modeling, the preliminary viscosity model was 
developed with only a subset of available data and future updates of the model are expected to 
improve the predictions. Table 4.3 shows that most of the HLW algorithm glasses that do not 
meet the viscosity constraints are compositionally outside the range used to develop the Phase 1 
viscosity models. 

 
Figures 4.6 and 4.7 compare the fitted electrical conductivity with the predicted values at 

1100°C and 1200°C, respectively. It is seen that one glass failed to meet the constraint limits at 
1100°C while seven glasses were outside the limits at 1200°C. All the HLW algorithm glasses 
that do not meet the electrical conductivity constraints are outside the compositional range used 
to develop the Phase 1 conductivity model (see Table 4.3). Several of the glasses that exceeded 
the conductivity limits also did not meet the viscosity and/or PCT constraint limits (see Table 
4.3), suggesting again the importance of expanding the validity ranges of the property models 
used in the algorithm.  
 

4.4 Heat-Treatment and One-Percent Crystal Fraction Temperature (T1%) Results 
 

Heat treatment of the HLW algorithm glasses was conducted between 650°C and 1200°C 
(time duration = 70 hours, after 1 hour at 1200°C for all heat-treatment temperatures other than 
1200°C) at selected temperatures that were normally 50°C apart. Table 4.6 lists the measured 
crystal vol% data. Fitting of these data to a regression equation of the form 

 
 T = a0 + a1X, (4.1) 
 
where T = temperature, 
 X = volume % crystallinity at temperature T, 

a0 = fitted intercept, 
a1 = fitted slope, 
 

provided estimates of T1% for the algorithm glasses. Table 4.7 presents the regression results (i.e., 
a0 and a1 in Equation 4.1), estimated T1%, and identification of the dominant crystalline phases 
near T1%. Plots of the crystallization data along with the linear regressions are given in Appendix 
A. Figure 4.8 compares the estimated T1% values with the values predicted by the algorithm 
calculation. 
 

The collected heat-treatment data show the same general characteristics that have been 
observed previously in HLW modeling studies [8]. The typical relationship found between 
crystal vol% and heat treatment temperature is relatively simple and can be adequately described 
by a linear relationship (Equation 4.1). In some cases, the temperature dependence is non-linear 
and the data may show a change of sign of the slope. This change is presumably due to the 
increases in melt viscosity at lower temperatures, which reduces the rate of crystallization, 
preventing the system from reaching equilibrium during the experimental duration (70 hours). In 
a few other cases, the data show an abrupt change of slope, characteristic of the appearance of a 
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second phase. Similar observations were noted previously [8]. In contrast, the current data set 
shows more scatter and more frequent occurrences of insignificant crystallization. Consequently, 
the estimates of T1% in a few cases were based on relatively few points (as few as two); in other 
cases, large extrapolation was necessary (see Table 4.7). Nevertheless, it is still possible to 
estimate T1% based on the linear trend defined by crystallization of the predominant phase at 
around 1 vol%, with omission of the data points that clearly depart from the linear trend for the 
reasons described above. 

 
Overall, T1% was estimated for 32 of the 40 algorithm glasses. The other eight glasses did 

not show sufficient crystallization even at low temperatures to allow estimation of T1%; they are 
considered to meet the constraint limit of ≤ 950°C. Figure 4.8 shows that the estimated T1% 
values are well correlated with the primary crystalline phases: when the primary phase is spinel, 
the T1% values are estimated to be ≤ 1000°C, when the primary phase is non-spinel (mainly 
zirconium- and thorium-containing phases), the estimated T1% are normally ≥ 1000°C. Table 4.3 
identifies the algorithm glasses that crystallized non-spinel phases. This clearly demonstrates the 
need for the formulation algorithm to constrain the formation of non-spinel phases with some of 
the current waste composition projections. However, when spinel is the primary phase, the 
formulation algorithm performs reasonably well in confining the T1% of calculated glasses to 
≤ 950°C — only two glasses tested exceed the constraint limit (955.1°C for HLW-ALG-06, 
which is outside the compositional range used in Phase 1 model development, and 991.7°C for 
HLW-ALG-14). 

 
For glasses with an elevated constraint limit of T1% ≤1075°C, the formulation algorithm 

performed comparatively well when the primary phase is spinel (Figure 4.8). As is the case with 
the other property-composition models, future update of the T1% model is expected to improve 
performance of the IHLW formulation algorithm. 
 

4.5 Testing of Canister Centerline Cooled Glass Samples 
 

After completion of the testing described above, 10 HLW algorithm glasses were selected 
to undergo the HLW canister centerline cooling (CCC) treatment. The resulting CCC samples 
were examined for secondary phases and tested for PCT releases. The selection included glasses 
with high PCT releases (e.g., HLW-ALG-34 with normalized PCT B release of 14.15 g/l) and/or 
a low ratio of SiO2/(SiO2+Na2O+Al2O3) (e.g., HLW-AL-27 with a ratio of 0.55). 

 
Table 4.8 provides the PCT data of the 10 CCC samples and Table 4.9 lists the SEM 

examination results of the same glasses. Figure 4.9 is a comparison of the PCT normalized boron 
releases of the CCC samples with their respective as-melted (air quenched) counterparts. It is 
seen that the PCT data of the CCC samples are generally comparable with the untreated glasses, 
while the crysallinity data in Table 4.9 are consistent with the heat-treatment data in Table 4.6. 
The two notable exceptions are HLW-ALG-27 and HLW-ALG-33: the normalized B release, for 
example, from HLW-ALG-27 is 1.93 g/l, compared with 37.68 g/l for the CCC sample (the 
corresponding numbers for HLW-ALG-33 are 0.63 g/l and 7.59 g/l). These large increases in 
PCT releases can be explained by the presence of large amounts of nepheline (NaAlSiO4) in 
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CCC samples. Figure 4.10 shows the presence of NaAlSiO4 in the CCC sample of HLW-ALG-
27. It is expected that heavy crystallization of nepheline during canister cooling could also 
significantly impact the product performance with respect to TCLP testing (the current work 
scope does not include TCLP testing). 

 
Since the formation of NaAlSiO4 during CCC sufficiently alters the product durability in 

some glasses (the sample HLW-ALG-27CCC fails to meet all three PCT constraint limits), an 
additional constraint to limit the formation of NaAlSiO4 may be needed in the IHLW formulation 
algorithm. 
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SECTION 5 
SUMMARY AND CONCLUSIONS 

 
 

In order to support the development of IHLW formulation algorithm at the WTP, testing 
of glass compositions that were generated by the preliminary IHLW algorithm was performed to 
assess their acceptability with respect to the various product- and process-related requirements 
and the need for additional constraints. Over 100 glass compositions were calculated using the 
IHLW formulation algorithm (version 3) with different sources of waste compositions. These 
glass compositions were supplied to VSL, from which a total of 40 glasses were selected for 
fabrication and testing. The selection was based on considerations of the compositions (i.e., 
glasses that occupy previously untested compositional regions were selected) and the predicted 
properties. Extremes in compositions and/or properties were preferred in glass selection in order 
to explore the boundaries and limitations of applicability of the algorithm. The testing included 
measurement of PCT releases, melt viscosity, electrical conductivity, and estimates of T1% using 
heat-treatment data. The collected data were compared to the various constraint limits to 
determine if the glass compositions were acceptable to treat HLW at the WTP. 

 
Of the 40 HLW algorithm glasses tested, 20 did not meet one or more of the constraint 

requirements. This resulted primarily because: (1) constraints were not used in the formulation 
algorithm to limit the formation of non-spinel (i.e., zirconium- and thorium-containing) phases, 
(2) the preliminary PCT models under-predicted the PCT releases when the releases were high, 
(3) the preliminary viscosity model over-predicted for some glasses that were close to the lower 
constraint target of η1150 ≥ 20 P, and (4) the preliminary electrical conductivity model under-
predicted for some glasses that were near the upper constraint target of ε1150 ≤ 0.7 S/cm. 
Furthermore, it was discovered that the formation of nepheline (NaAlSiO4) during canister 
cooling may be important in some instances since it may greatly diminish the product durability. 

 
The fact that a good proportion of the glasses tested did not meet all the constraint 

requirements, however, does not necessarily suggest that the preliminary formulation algorithm 
performs unsatisfactorily. Indeed the algorithm works reasonably well for glass compositions 
that are limited to the ranges used in developing the Phase 1 property-composition models and 
are limited by iron (instead of zirconium or thorium). A review of the present data shows that the 
majority of the glasses that do not meet one or more constraint requirements are either outside 
the modeling compositional range or crystallize Zr- and Th-containing phases (Table 4.3). The 
collected data will be of value in updating and refining the various property-composition models 
since they provide additional coverage on the more extreme composition regions. It is therefore 
important, as items (2) to (4) above clearly demonstrate, to ensure that the validity ranges of 
various models are wide enough to encompass the expected glass compositions. For the present 
testing with the preliminary IHLW formulation algorithm, the total alkali (and sodium in 
particular) and Al2O3 concentrations are frequently higher than those found in the data that 
supported the development of the preliminary property models. Updates of these preliminary 
models, with already-collected data, will considerably expand the glass compositional regions 
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that can be covered by the IHLW formulation algorithm. Two additional areas are recommended 
for further improvement of the IHLW algorithm: (1) a constraint should be included to limit the 
formation of zirconium- and thorium-phases if some of the current waste projections are found to 
be realistic, and (2) a constraint that limits the formation of NaAlSiO4 also needs to be 
considered to avoid its adverse impact on product quality. Subsequent versions of the IHLW 
algorithm are expected to take advantage of the testing data to better define the validity and 
applicability ranges, while future testing of algorithm glasses will be directed towards validation 
of the algorithm as applied to the anticipated ranges of WTP glass compositions and properties. 
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SECTION 6 
QUALITY ASSURANCE 

 
 

This work was conducted under a quality assurance program compliant with Nuclear 
Quality Assurance (NQA)-1 (1989) and NQA-2a (1990) subpart 2.7, and the Quality Assurance 
Requirements and Description (QARD) Document (DOE/RW-0333P, Rev. 13) [24]. This 
program is supplemented by a Quality Assurance Project Plan for RPP-WTP work performed at 
VSL [25]. Test and procedure requirements by which the testing activities are planned and 
controlled are also defined in that plan. The program is supported by VSL standard operating 
procedures that were used for this work [26]. 

 
The following specific areas of this work are subject to the QARD: glass preparation, 

glass compositional analysis, and PCT testing. All work in these areas was performed according 
to VSL QA program and implementing procedures that are compliant with QARD. Since TCLP 
testing was not part of the current work scope, requirements found in “Quality Assurance Project 
Plan for Testing Programs Generating Environmental Regulatory Data,” PL-24590-QA00001, 
(WTP QAPjP) were not applicable. 
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Table 2.1.  Glass Property (Hard) Constraints in IHLW Formulation Algorithm. 
 

Property Constraint Unit Reference 

PCT Normalized B Release rB + U(a) < 16.7 g/l [9] 

PCT Normalized Li Release rLi + U < 9.6 g/l [9] 

PCT Normalized Na Release rNa + U < 13.3 g/l [9] 

TCLP Cd Concentration cCd + U < 0.48 mg/l [27] 

Mass Fraction of Tl2O in Glass gTl2O < 0.145 wt% [28] 

Mass Fraction of Sb2O3 in Glass gSb2O3 < 1.2 wt% [27] 

Liquidus Temperature  T1% + U ≤ 950ºC ºC [29] 

Viscosity at 1150ºC 20 ≤ η1150 ± U ≤ 80 P none 

Viscosity at 1100ºC 10 ≤ η1100 + U ≤ 150 P [29] 

Electrical Conductivity at 1100ºC 0.2 ≤ ε1100 − U ≤ 0.7 S/cm [29] 

Electrical Conductivity at 1200ºC 0.2 ≤ ε1200 + U ≤ 0.7 S/cm [29] 
 

(a) U = Uncertainty. 
(b) T1% = Temperature at which the melt is in equilibrium with 1 vol% of solid phase(s). 
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Table 2.2.  Glass Component (Hard) Constraints in IHLW Formulation Algorithm. 
 

Oxide Lower 
Limit 

Upper 
Limit 

Al2O3 1.92 13 

B2O3 4.8 14 

CdO —(a) 1.6 

Cr2O3 — 0.5 

Fe2O3 1.92 14 

Li2O 1.92 6 

MnO — 7 

Na2O 3.9 20 

NiO — 1 

Sb2O3 — 1.2 

SiO2 35 53 

SrO — 10 

ThO2 — 6 

Tl2O — 0.145 

UO3 — 6.31 

ZnO — 4 

ZrO2 — 9.7 
 

(a) — indicates empty data field. 
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Table 2.3.  Waste Loading (Firm) Constraints in IHLW Formulation Algorithm. 
 

Component (s) Wt% in HLW Glass 

Fe2O3 12.5 
Al2O3 11.0 

Na2O + K2O 15.0 
ZrO2 10.0 
UO3

(a) 8.47 
ThO2 4.0 
CaO 7.0 
MgO 5.0 
BaO 4.0 
CdO 3.0 
NiO 3.0 
PbO 1.0 
TiO2 1.0 
Bi2O3 2.0 
P2O5 3.0 

F 1.7 
Al2O3 + ZrO2 14.0 

Al2O3 + Fe2O3 + ZrO2 21.0 
MgO + CaO 8.0 

Cr2O3 0.5 
SO3 0.5 

Ag2O 0.25 
Rh2O3 + RuO2 + PdO(b) 0.25 

 
(a)The Contract TS-1.1 lists UO2 at 8.0 wt%, which is equivalent to UO3 at 8.47 wt%. 
(b)The Contract TS-1.1 lists Ru2O3 as a component in the noble metals constraint; it was 

converted to RuO2 to be consistent with WTP reporting with no change in the value of 
the limit. 
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Table 2.4.  Soft Constraints in IHLW Formulation Algorithm. 
 

Constraint Target 
Value 

Lower 
Weight 

Upper 
Weight Comment 

T1% + U(a) 850C One sided 3 Most constraining factor; also most 
sensitive to composition fluctuations 

rB + U 4 g/l One sided 1 None 

η1150 50 P 1 1 Roughly mean value for pilot melter 
tests 

Waste Loading Factor 1.03 1 1 Fraction of minimum required waste 
loading 

Mass Fraction of B2O3 in 
Glass (gB2O3) 11.02 wt% 1 0.4791 Roughly mean value for pilot melter 

tests 

Mass Fraction of Li2O in 
Glass (gLi2O) 3.11 wt% 0.4104 1 Roughly mean value for pilot melter 

tests 

Mass Fraction of Na2O in 
Glass (gNa2O) 12.02 wt% 1 0.3760 Roughly mean value for pilot melter 

tests 

Mass Fraction of SiO2 in 
Glass (gSiO2) 47.64 wt% 1 0.4241 Roughly mean value for pilot melter 

tests 

Mass Fraction of ZnO in 
Glass (gZnO) 1.71 wt% 0.7467 1 Roughly mean value for pilot melter 

tests 
 

(a)U = Uncertainty. 
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Table 2.5.  Compositions of Glass Forming Chemicals (mass oxide per mass GFC). 

 

 Silica Borax Na2CO3 Li2CO3 Hematite Kyanite Zincite 

Al2O3 0.0014 — — — 0.015 0.5703 — 

B2O3 —(a) 0.375 — — — — — 

CaO 0.0001 — — — 0.0004 0.0003 — 

CdO — — — — — — 0.0001 

Cl — — 0.0002 0.0001 — — — 

Cr2O3 — — — 0.0001 — — — 

Fe2O3 0.0002 — — — 0.97 0.0078 — 

Li2O — — — 0.402 — — — 

MgO 0.0001 — — 0.0001 0.001 0.0001 — 

MnO — — — — 0.0012 — — 

Na2O 0.0002 0.167 0.5837 0.0008 — 0.0042 — 

P2O5 — — — — 0.0027 — — 

SO3 — — 0.0001 0.0003 0.0007 — — 

SiO2 0.997 — — — 0.0135 0.4067 — 

TiO2 0.0001 — — — — 0.0079 — 

ZnO — — — — — — 0.999 
 

(a) — indicates empty data field. 
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Table 2.6.  HLW Algorithm Glasses Selected for Testing. 

 

Glass ID Formulation Algorithm ID Glass Characteristics 

HLW-ALG-01 Made Up Glass #2 High Predicted Viscosity. 

HLW-ALG-02 Made Up Glass #6 High Predicted Viscosity. 
Low Predicted PCT Releases. 

HLW-ALG-03 Made Up Glass #11 High Total Alkalis. 
High Predicted PCT Releases. 

HLW-ALG-04 Made Up Glass #12 High SiO2. 
High Predicted PCT Releases. 

HLW-ALG-05 Made Up Glass #13 
High MnO and SrO. High Predicted T1%. 
Several Predicted Properties Near Constraint 
Limits and High Soft Constraint Penalty. 

HLW-ALG-06 Made Up Glass #4 
High Predicted T1%. 
High Soft Constraint Penalty. 
High TCLP Cd Releases (TCLP not tested). 

HLW-ALG-07 Made Up Glass #7 
High Predicted η1150+U. 
Low Predicted PCT Releases. 
Low Fe2O3 (Al2O3 + ZrO2 > 14 wt%). 

HLW-ALG-08 Made Up Glass #9 High ZrO2 and Predicted T1%. 
High Soft Constraint Penalty. 

HLW-ALG-09 High Waste Loading 3.1vv 37 High Waste Loading and Fe2O3. 
High Predicted T1%. 

HLW-ALG-10 D8, alk≤21.5% 
High Predicted PCT and TCLP (Cd) Releases 
(TCLP not tested). 
Constrained Total Alkalis. 

HLW-ALG-11 Max WL, 7-MW 
(Same waste as HLW-ALG-07) 

High Waste Loading (50% >HLW-ALG-07). 
High ThO2. 
Low Fe2O3 (Al2O3 + ZrO2 ≈ 21 wt%). 

HLW-ALG-12 Min ηT01, D10 Low Predicted Viscosity. 

HLW-ALG-13 Max WL, D3-MW 
High UO3. 
Medium Al2O3 and Fe2O3. 
Low SiO2.and Total Alkalis. 

HLW-ALG-14 Min Immiscibility, D9 Low total alkalis. 
Low Predicted Viscosity. 
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Table 2.6.  HLW Algorithm Glasses Selected for Testing (continued). 

 

Glass ID Formulation Algorithm ID Glass Characteristics 

HLW-ALG-15 8-MW, alk≤21.5% High (Al2O3+Fe2O3+ZrO2) (26.36 wt%). 
Constrained Total Alkalis. 

HLW-ALG-16 D5, alk≤21.5% 
Low Fe2O3. 
High Predicted Viscosity with Constrained 
Total Alkalis. 

HLW-ALG-17 D6, alk≤21.5% High Predicted PCT Releases with Constrained 
Total Alkalis. 

HLW-ALG-18 Made Up Glass # 1 High Al2O3. 
High Predicted Viscosity. 

HLW-ALG-19 Made Up Glass #11, alk=21.5 
(same waste as HLW-ALG-03) 

Varied Total Alkalis for Comparison with 
HLW-ALG-03 and HLW-ALG-20. 

HLW-ALG-20 Made Up Glass#11, alk=23.3 
(same waste as HLW-ALG-03) 

Varied Total Alkalis for Comparison with 
HLW-ALG-03 and HLW-ALG-19. 

HLW-ALG-21 16 Glass-wl High ThO2. 
High Predicted T1%. 

HLW-ALG-22 16 Glass-wl, alk = 21.5 
(same waste as HLW-ALG-22) 

Varied Total Alkalis for Comparison with 
HLW-ALG-21 and HLW-ALG-23. 

HLW-ALG-23 16 Glass-2l, alk = 23.5 
(same waste as HLW-ALG-22) 

Varied Total Alkalis for Comparison with 
HLW-ALG-21 and HLW-ALG-22. 

HLW-ALG-24 New Glasses, Max WL, D4-MW 
High Al2O3, ThO2, UO3 and ZrO2 (Meets TS-1.1 
Requirements with Al2O3 + ZrO2 > 14 wt% and 
ThO2 > 4 wt%). 

HLW-ALG-25 New Glasses, D7, alk≤21.5% High Cr2O3 (Cr2O3-limited glass). 
Low (Al2O3+Fe2O3+ZrO2). 

HLW-ALG-26 New Glasses, limit EC, D3 Low Total Alkalis. 
Low Predicted T1% and Conductivity. 

HLW-ALG-27 New Glasses, 1-MW, alk≤21.5% 
(same waste as HLW-ALG-18) 

High Predicted T1% with Constrained Total 
Alkalis. 
Increased Waste Loading vs. HLW-ALG-18. 

HLW-ALG-28 New Glasses, 3-MW, alk≤21.5% High Predicted T1% with Constrained Total 
Alkalis. 
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Table 2.6.  HLW Algorithm Glasses Selected for Testing (continued). 

 

Glass ID Formulation Algorithm ID Glass Characteristics 

HLW-ALG-29 New Glasses, 6-MW, alk≤21.5% 
(same waste as HLW-ALG-02) High (Al2O3+Fe2O3+ZrO2) (26.89 wt%). 

HLW-ALG-30 Actual Waste, AZ-101 Glass Glass calculated for Actual Waste Composition. 

HLW-ALG-31 
Newer High T01 Made up Waste 

Glass #11 
(same waste as HLW-ALG-03) 

Relaxed T1% Constraint for Comparison with 
HLW-ALG-03. 

HLW-ALG-32 
Newer High T01 Made up Waste 

Glass #13 
(same waste as HLW-ALG-05) 

Relaxed T1% Constraint for Comparison with 
HLW-ALG-05. 

HLW-ALG-33 Newer High T01 8-MW, alk≤21.5% 
(same waste as HLW-ALG-15) 

Relaxed T1% Constraint for Comparison with 
HLW-ALG-15.  
Highest (Al2O3+Fe2O3+ZrO2) (30.87 wt%). 

HLW-ALG-34 New Glasses, max PCT, D6 
(same waste as HLW-ALG-17) Maximum Predicted PCT Releases. 

HLW-ALG-35 High T01 Glasses 3.1vv batch 37 
(same waste as HLW-ALG-09) 

Relaxed T1% Constraint for Comparison with 
HLW-ALG-09. 

HLW-ALG-36 
Newer High T01 New glasses, min 

ηT01, D10 
(same waste as HLW-ALG-12) 

Relaxed T1% Constraint for Comparison with 
HLW-ALG-12. 

HLW-ALG-37 Newer High T01, limit EC, D3 
(same waste as HLW-ALG-26) 

Relaxed T1% Constraint for Comparison with 
HLW-ALG-26. 

HLW-ALG-38 High T01 Glasses, Alt LAW batch 
57 

Relaxed T1% Constraint for Comparison with 
HLW-ALG-39. 

HLW-ALG-39 G2 57 - Orp Alt Law Glass 
(same waste as HLW-ALG-38) High Predicted Viscosity. 

HLW-ALG-40 Newer High T01 AZ101 Glass 
(same waste as HLW-ALG-30) 

Relaxed T1% Constraint for Comparison with 
HLW-ALG-30. 
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Table 2.7. Summary of Waste Compositions, Melter Feed Mix, and Calculated 
Properties for Selected HLW Algorithm Glasses. 

 

Glass ID HLW-ALG-01 HLW-ALG-02 HLW-ALG-03 HLW-ALG-04 HLW-ALG-05 

Algorithm 
Formulation ID 

Made Up Glass 
#2 

Made Up Glass 
#6 

Made Up Glass 
#11 

Made Up Glass 
#12 

Made Up Glass 
#13 

Al2O3 48.50% 33.00% 0.00% 0.00% 4.81% 

CdO 0.00% 0.00% 0.00% 0.00% 3.33% 

Cr2O3 2.20% 1.15% 2.15% 3.30% 1.15% 

Fe2O3 42.28% 29.66% 54.19% 83.08% 34.82% 

MnO 0.00% 0.00% 9.00% 0.00% 19.20% 

NiO 0.00% 2.17% 4.30% 6.60% 2.17% 

SrO 0.00% 0.00% 0.00% 0.00% 27.50% 

ThO2 0.00% 0.00% 0.00% 0.00% 0.00% 

UO3 0.00% 0.00% 0.00% 0.00% 0.00% 

ZrO2 0.00% 27.00% 23.34% 0.00% 0.00% 

Na2O 0.00% 0.00% 0.00% 0.00% 0.00% 

SiO2 0.00% 0.00% 0.00% 0.00% 0.00% 

W
as

te
 C

om
po

si
tio

n 
 (w

t%
) 

Others 7.02% 7.02% 7.02% 7.02% 7.02% 

Waste oxides 22.69% 24.01% 23.24% 15.15% 35.90% 
Silica 45.31% 44.69% 43.06% 50.58% 46.11% 

Borax 15.04% 15.79% 12.24% 15.93% 6.62% 

Na2CO3 12.61% 10.42% 15.15% 11.02% 6.86% 

Li2CO3 3.33% 3.55% 3.06% 2.88% 4.28% 

Hematite 0.00% 0.00% 0.00% 0.00% 0.00% 

Kyanite 0.00% 0.00% 3.26% 3.24% 0.23% 

M
el

te
r 

Fe
ed

 M
ix

  
(o

xi
de

 w
t%

) 

Zincite 1.03% 1.54% 0.00% 1.20% 0.00% 

rB+UPB (g/l) 1.340 0.891 5.029 4.458 2.945 

rNa+UPNa (g/l) 1.190 0.756 4.047 2.970 2.355 

rLi+UPLi (g/l) 1.087 0.886 2.888 2.704 2.214 

cCd+UPtc (mg/l) 0.000 0.000 0.000 0.000 0.366 

T1%+Upt1 (°C) 863.8 853.0 890.7 862.0 949.8 

η1150+UPh (P) 59.2 59.9 24.4 48.0 24.5 

η1150-UPh (P) 47.9 51.9 20.4 39.1 20.0 

η1100+UPh (P) 95.5 96.7 36.9 76.3 37.0 

ε1100-UPe (S/cm) 0.315 0.309 0.384 0.264 0.200 C
al

cu
la

te
d 

G
la

ss
 P

ro
pe

rt
ie

s 

ε1200+UPe (S/cm) 0.479 0.482 0.595 0.429 0.380 

Waste Loading Factor 1.000 1.029 1.008 1.007 1.000 
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Table 2.7. Summary of Waste Compositions, Melter Feed Mix, and Calculated 
Properties for Selected HLW Algorithm Glasses (continued). 

 

Glass ID HLW-ALG-06 HLW-ALG-07 HLW-ALG-08 HLW-ALG-09 HLW-ALG-10 

Algorithm 
Formulation ID 

Made Up Glass 
#4 

Made Up Glass 
#7 

Made Up Glass 
#9 

High Waste 
Loading 3.1vv 37 D8, alk≤21.5% 

Al2O3 24.00% 30.20% 0.00% 11.11% 2.00% 

CdO 3.30% 0.00% 3.30% 0.17% 3.75% 

Cr2O3 0.50% 0.00% 1.15% 0.43% 2.20% 

Fe2O3 26.48% 0.02% 17.82% 28.52% 48.13% 

MnO 10.00% 8.71% 8.71% 8.02% 30.80% 

NiO 1.20% 0.00% 2.17% 0.39% 4.40% 

SrO 20.00% 15.33% 15.33% 15.32% 0.00% 

ThO2 4.00% 15.38% 9.80% 1.24% 1.00% 

UO3 1.50% 0.00% 11.36% 2.79% 0.00% 

ZrO2 2.00% 23.34% 23.34% 5.25% 0.70% 

Na2O 0.00% 0.00% 0.00% 17.78% 0.00% 

SiO2 0.00% 0.00% 0.00% 1.33% 0.00% 

W
as

te
 C

om
po

si
tio

n 
 (w

t%
) 

Others 7.02% 7.02% 7.02% 7.66% 7.02% 

Waste oxides 40.01% 26.78% 40.82% 48.74% 22.73% 
Silica 37.30% 44.09% 35.38% 38.23% 46.14% 

Borax 6.58% 15.20% 6.58% 6.70% 13.43% 

Na2CO3 13.58% 7.06% 11.88% 4.35% 13.23% 

Li2CO3 2.52% 3.26% 2.07% 1.97% 2.02% 

Hematite 0.00% 1.98% 0.00% 0.00% 0.00% 

Kyanite 0.00% 0.00% 3.28% 0.00% 2.45% 

M
el

te
r 

Fe
ed

 M
ix

  
(o

xi
de

 w
t%

) 

Zincite 0.00% 1.63% 0.00% 0.00% 0.00% 

rB+UPB (g/l) 1.424 0.765 1.830 1.601 7.368 

rNa+UPNa (g/l) 1.494 0.553 1.506 1.652 5.172 

rLi+UPLi (g/l) 1.085 0.744 1.406 1.239 3.399 

cCd+UPtc (mg/l) 0.454 0.000 0.477 0.027 0.480 

T1%+Upt1 (°C) 950.0 721.2 950.0 950.0 905.7 

η1150+UPh (P) 23.0 59.4 23.9 22.9 30.2 

η1150-UPh (P) 20.0 51.6 20.0 20.0 24.2 

η1100+UPh (P) 34.6 95.8 36.1 34.4 46.3 

ε1100-UPe (S/cm) 0.270 0.215 0.272 0.242 0.222 C
al

cu
la

te
d 

G
la

ss
 P

ro
pe

rt
ie

s 

ε1200+UPe (S/cm) 0.450 0.373 0.473 0.392 0.392 

Waste Loading Factor 1.000 1.030 1.000 1.112 1.000 
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Table 2.7. Summary of Waste Compositions, Melter Feed Mix, and Calculated 
Properties for Selected HLW Algorithm Glasses (continued). 

 

Glass ID HLW-ALG-11 HLW-ALG-12 HLW-ALG-13 HLW-ALG-14 HLW-ALG-15 

Algorithm 
Formulation ID 

Max WL, 7-MW min ηT01, D10 Max WL, D3-MW min Immisc., D9 8-MW, alk≤21.5% 

Al2O3 30.20% 14.50% 10.00% 4.05% 33.00% 

CdO 0.00% 1.00% 0.10% 4.25% 0.00% 

Cr2O3 0.00% 0.70% 0.01% 0.00% 1.15% 

Fe2O3 0.02% 30.88% 11.77% 35.81% 33.32% 

MnO 8.71% 5.00% 5.00% 19.20% 0.00% 

NiO 0.00% 2.00% 0.10% 2.17% 2.17% 

SrO 15.33% 15.00% 10.00% 27.50% 0.00% 

ThO2 15.38% 4.00% 9.00% 0.00% 0.00% 

UO3 0.00% 4.00% 10.00% 0.00% 0.00% 

ZrO2 23.34% 5.90% 15.00% 0.00% 23.34% 

Na2O 0.00% 5.00% 12.00% 0.00% 0.00% 

SiO2 0.00% 5.00% 10.00% 0.00% 0.00% 

W
as

te
 C

om
po

si
tio

n 
 (w

t%
) 

Others 7.02% 7.02% 7.02% 7.02% 7.02% 

Waste oxides 39.01% 40.52% 61.15% 34.90% 29.27% 
Silica 35.05% 38.34% 28.95% 46.14% 37.45% 

Borax 17.23% 6.58% 6.40% 6.63% 19.98% 

Na2CO3 0.72% 11.82% 0.17% 2.72% 11.39% 

Li2CO3 6.01% 2.74% 3.34% 6.01% 1.92% 

Hematite 1.98% 0.00% 0.00% 0.00% 0.00% 

Kyanite 0.00% 0.00% 0.00% 3.60% 0.00% 

M
el

te
r 

Fe
ed

 M
ix

  
(o

xi
de

 w
t%

) 

Zincite 0.00% 0.00% 0.00% 0.00% 0.00% 

rB+UPB (g/l) 0.690 1.822 0.703 1.521 1.131 

rNa+UPNa (g/l) 0.396 1.859 0.562 1.203 0.852 

rLi+UPLi (g/l) 0.722 1.375 0.747 1.540 0.926 

cCd+UPtc (mg/l) 0.000 0.116 0.016 0.351 0.000 

T1%+Upt1 (°C) 870.0 950.0 950.0 949.3 950.0 

η1150+UPh (P) 25.4 22.7 23.2 24.3 43.8 

η1150-UPh (P) 21.3 20.0 20.0 20.0 36.6 

η1100+UPh (P) 38.6 34.2 34.9 36.7 69.1 

ε1100-UPe (S/cm) 0.254 0.314 0.243 0.200 0.266 C
al

cu
la

te
d 

G
la

ss
 P

ro
pe

rt
ie

s 

ε1200+UPe (S/cm) 0.468 0.495 0.422 0.375 0.428 

Waste Loading Factor 1.500 1.001 1.376 1.000 1.250 
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Table 2.7. Summary of Waste Compositions, Melter Feed Mix, and Calculated 
Properties for Selected HLW Algorithm Glasses (continued). 

 

Glass ID HLW-ALG-16 HLW-ALG-17 HLW-ALG-18 HLW-ALG-19 HLW-ALG-20 

Algorithm 
Formulation ID 

D5, alk≤21.5% D6, alk≤21.5% Made Up Glass #1 Made Up Glass 
#11, alk=21.5 

Made Up Glass 
#11, alk=23.3 

Al2O3 41.00% 0.00% 48.50% 0.00% 0.00% 

CdO 0.10% 0.10% 0.00% 0.00% 0.00% 

Cr2O3 2.00% 2.21% 0.00% 2.15% 2.15% 

Fe2O3 16.88% 55.07% 44.48% 54.19% 54.19% 

MnO 0.00% 30.50% 0.00% 9.00% 9.00% 

NiO 3.00% 4.40% 0.00% 4.30% 4.30% 

SrO 0.00% 0.00% 0.00% 0.00% 0.00% 

ThO2 0.00% 0.00% 0.00% 0.00% 0.00% 

UO3 0.00% 0.00% 0.00% 0.00% 0.00% 

ZrO2 15.00% 0.70% 0.00% 23.34% 23.34% 

Na2O 5.00% 0.00% 0.00% 0.00% 0.00% 

SiO2 10.00% 0.00% 0.00% 0.00% 0.00% 

W
as

te
 C

om
po

si
tio

n 
 (w

t%
) 

Others 7.02% 7.02% 7.02% 7.02% 7.02% 

Waste oxides 25.00% 22.62% 23.25% 23.25% 23.25% 
Silica 41.28% 44.56% 46.01% 45.26% 45.63% 

Borax 19.76% 14.72% 15.82% 13.72% 10.98% 

Na2CO3 10.03% 12.83% 9.90% 11.86% 13.97% 

Li2CO3 2.02% 2.02% 3.44% 2.66% 2.92% 

Hematite 0.16% 0.00% 0.00% 0.00% 0.00% 

Kyanite 0.00% 3.25% 0.00% 3.25% 3.25% 

M
el

te
r 

Fe
ed

 M
ix

  
(o

xi
de

 w
t%

) 

Zincite 1.75% 0.00% 1.58% 0.00% 0.00% 

rB+UPB (g/l) 0.998 8.359 0.909 2.722 3.096 

rNa+UPNa (g/l) 0.781 5.610 0.775 2.075 2.607 

rLi+UPLi (g/l) 0.855 3.665 0.851 1.922 2.140 

cCd+UPtc (mg/l) 0.012 0.014 0.000 0.000 0.000 

T1%+Upt1 (°C) 860.5 939.6 852.5 944.4 925.8 

η1150+UPh (P) 80.9 24.7 57.1 44.4 40.7 

η1150-UPh (P) 64.4 20.0 51.2 37.0 34.0 

η1100+UPh (P) 133.7 37.3 91.9 70.1 64.0 

ε1100-UPe (S/cm) 0.249 0.223 0.262 0.274 0.323 C
al

cu
la

te
d 

G
la

ss
 P

ro
pe

rt
ie

s 

ε1200+UPe (S/cm) 0.403 0.388 0.397 0.427 0.500 

Waste Loading Factor 1.000 1.000 1.029 1.008 1.008 
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Table 2.7. Summary of Waste Compositions, Melter Feed Mix, and Calculated 
Properties for Selected HLW Algorithm Glasses (continued). 

 

Glass ID HLW-ALG-21 HLW-ALG-22 HLW-ALG-23 HLW-ALG-24 HLW-ALG-25 

Algorithm 
Formulation ID 

16 Glass-wl 16 Glass-wl, 
alk=21.5 

16 Glass-wl, 
alk=23.5 

New Glasses- 
Max WL, D4-MW 

New Glasses- 
D7, alk≤21.5% 

Al2O3 5.98% 5.98% 5.98% 20.00% 2.00% 

CdO 0.31% 0.31% 0.31% 0.10% 0.10% 

Cr2O3 1.15% 1.15% 1.15% 0.01% 2.20% 

Fe2O3 22.49% 22.49% 22.49% 0.27% 51.78% 

MnO 2.76% 2.76% 2.76% 5.00% 30.80% 

NiO 1.26% 1.26% 1.26% 0.10% 4.40% 

SrO 0.04% 0.04% 0.04% 6.50% 0.00% 

ThO2 13.73% 13.73% 13.73% 9.00% 1.00% 

UO3 10.49% 10.49% 10.49% 9.00% 0.00% 

ZrO2 20.77% 20.77% 20.77% 14.50% 0.70% 

Na2O 10.83% 10.83% 10.83% 12.50% 0.00% 

SiO2 3.40% 3.40% 3.40% 16.00% 0.00% 

W
as

te
 C

om
po

si
tio

n 
 (w

t%
) 

Others 6.81% 6.81% 6.81% 7.02% 7.02% 

Waste oxides 42.84% 42.34% 40.71% 62.53% 22.73% 
Silica 37.53% 37.26% 38.14% 25.02% 45.49% 

Borax 6.08% 8.67% 6.12% 6.38% 14.37% 

Na2CO3 11.07% 9.32% 12.96% 0.00% 12.94% 

Li2CO3 2.48% 2.41% 2.07% 4.25% 2.02% 

Hematite 0.00% 0.00% 0.00% 1.81% 0.00% 

Kyanite 0.00% 0.00% 0.00% 0.00% 2.46% 

M
el

te
r 

Fe
ed

 M
ix

  
(o

xi
de

 w
t%

) 

Zincite 0.00% 0.00% 0.00% 0.00% 0.00% 

rB+UPB (g/l) 3.389 3.242 4.087 0.395 8.000 

rNa+UPNa (g/l) 2.673 2.330 3.292 0.343 5.418 

rLi+UPLi (g/l) 2.099 2.005 2.345 0.503 3.560 

cCd+UPtc (mg/l) 0.045 0.046 0.046 0.018 0.014 

T1%+Upt1 (°C) 950.0 950.0 890.6 950.0 924.6 

η1150+UPh (P) 24.1 24.1 24.0 41.3 26.6 

η1150-UPh (P) 20.0 20.0 20.0 34.3 21.5 

η1100+UPh (P) 36.4 36.4 36.2 64.9 40.5 

ε1100-UPe (S/cm) 0.406 0.361 0.421 0.267 0.221 C
al

cu
la

te
d 

G
la

ss
 P

ro
pe

rt
ie

s 

ε1200+UPe (S/cm) 0.651 0.581 0.672 0.489 0.388 

Waste Loading Factor 1.470 1.4536 1.397 1.541 1.000 
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Table 2.7. Summary of Waste Compositions, Melter Feed Mix, and Calculated 
Properties for Selected HLW Algorithm Glasses (continued). 

 

Glass ID HLW-ALG-26 HLW-ALG-27 HLW-ALG-28 HLW-ALG-29 HLW-ALG-30 

Algorithm 
Formulation ID 

New Glasses- 
limit EC, D3 

New Glasses- 
1-MW, alk≤21.5% 

New Glasses- 
3-MW, alk≤21.5% 

New Glasses- 
6-MW, alk≤21.5% 

Actual Waste, 
AZ101 Glass 

Al2O3 10.00% 48.50% 32.80% 33.00% 23.10% 

CdO 0.10% 0.00% 0.00% 0.00% 2.03% 

Cr2O3 0.01% 0.00% 1.20% 1.15% 0.45% 

Fe2O3 11.77% 44.48% 48.08% 29.66% 35.38% 

MnO 5.00% 0.00% 8.70% 0.00% 1.04% 

NiO 0.10% 0.00% 2.20% 2.17% 1.56% 

SrO 10.00% 0.00% 0.00% 0.00% 0.49% 

ThO2 9.00% 0.00% 0.00% 0.00% 0.00% 

UO3 10.00% 0.00% 0.00% 0.00% 2.93% 

ZrO2 15.00% 0.00% 0.00% 27.00% 10.74% 

Na2O 12.00% 0.00% 0.00% 0.00% 10.83% 

SiO2 10.00% 0.00% 0.00% 0.00% 3.81% 

W
as

te
 C

om
po

si
tio

n 
 (w

t%
) 

Others 7.02% 7.02% 7.02% 7.02% 7.64% 

Waste oxides 45.70% 26.70% 26.73% 29.86% 31.09% 
Silica 38.65% 37.72% 39.96% 36.87% 43.78% 

Borax 10.38% 20.00% 20.00% 19.97% 13.67% 

Na2CO3 0.90% 11.39% 11.39% 11.39% 7.72% 

Li2CO3 3.02% 1.92% 1.92% 1.92% 3.10% 

Hematite 0.00% 0.00% 0.00% 0.00% 0.00% 

Kyanite 0.00% 0.00% 0.00% 0.00% 0.00% 

M
el

te
r 

Fe
ed

 M
ix

  
(o

xi
de

 w
t%

) 

Zincite 1.36% 2.28% 0.00% 0.00% 0.64% 

rB+UPB (g/l) 0.709 1.486 2.781 1.014 1.094 

rNa+UPNa (g/l) 0.534 1.103 1.948 0.768 0.975 

rLi+UPLi (g/l) 0.758 1.044 1.593 0.868 0.998 

cCd+UPtc (mg/l) 0.013 0.000 0.000 0.000 0.176 

T1%+Upt1 (°C) 807.7 950.0 950.0 950.0 871.6 

η1150+UPh (P) 44.8 30.5 26.3 47.2 46.2 

η1150-UPh (P) 39.7 26.2 22.8 39.0 42.3 

η1100+UPh (P) 70.7 46.8 39.9 75.0 73.2 

ε1100-UPe (S/cm) 0.200 0.249 0.244 0.267 0.289 C
al

cu
la

te
d 

G
la

ss
 P

ro
pe

rt
ie

s 

ε1200+UPe (S/cm) 0.338 0.392 0.376 0.439 0.428 

Waste Loading Factor 1.028 1.182 1.029 1.280 1.025 
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Table 2.7. Summary of Waste Compositions, Melter Feed Mix, and Calculated 
Properties for Selected HLW Algorithm Glasses (continued). 

 

Glass ID HLW-ALG-31 HLW-ALG-32 HLW-ALG-33 HLW-ALG-34 HLW-ALG-35 

Algorithm 
Formulation ID 

High T01 Madeup 
Waste Glass #11 

High T01 Madeup 
Waste Glass #13 

High T01 8-MW, 
alk ≤ 21.5% 

New Glasses-Max 
PCT, D6 

High T01 Glasses 
3.1 vv batch 37 

Al2O3 0.00% 4.81% 33.00% 0.00% 11.11% 

CdO 0.00% 3.33% 0.00% 0.10% 0.17% 

Cr2O3 2.15% 1.15% 1.15% 2.21% 0.43% 

Fe2O3 54.19% 34.82% 33.32% 55.07% 28.52% 

MnO 9.00% 19.20% 0.00% 30.50% 8.02% 

NiO 4.30% 2.17% 2.17% 4.40% 0.39% 

SrO 0.00% 27.50% 0.00% 0.00% 15.32% 

ThO2 0.00% 0.00% 0.00% 0.00% 1.24% 

UO3 0.00% 0.00% 0.00% 0.00% 2.79% 

ZrO2 23.34% 0.00% 23.34% 0.70% 5.25% 

Na2O 0.00% 0.00% 0.00% 0.00% 17.78% 

SiO2 0.00% 0.00% 0.00% 0.00% 1.33% 

W
as

te
 C

om
po

si
tio

n 
 (w

t%
) 

Others 7.02% 7.02% 7.02% 7.02% 7.66% 

Waste oxides 23.24% 36.36% 34.28% 22.62% 49.07% 
Silica 46.37% 38.17% 36.55% 45.09% 40.28% 

Borax 15.51% 6.62% 11.24% 11.66% 6.69% 

Na2CO3 6.89% 7.22% 14.15% 15.36% 0.00% 

Li2CO3 3.08% 3.97% 3.78% 2.02% 2.79% 

Hematite 0.00% 0.00% 0.00% 0.00% 0.00% 

Kyanite 3.25% 7.32% 0.00% 3.25% 0.00% 

M
el

te
r 

Fe
ed

 M
ix

  
(o

xi
de

 w
t%

) 

Zincite 1.66% 0.35% 0.00% 0.00% 1.17% 

rB+UPB (g/l) 1.579 1.405 0.865 9.020 0.785 

rNa+UPNa (g/l) 1.082 1.314 0.884 6.824 0.788 

rLi+UPLi (g/l) 1.382 1.228 0.861 3.912 0.819 

cCd+UPtc (mg/l) 0.000 0.395 0.000 0.014 0.023 

T1%+Upt1 (°C) 1061.4 1075.0 1075.0 924.1 1045.9 

η1150+UPh (P) 59.9 23.8 38.1 24.7 31.8 

η1150-UPh (P) 49.6 20.0 30.7 20.0 28.0 

η1100+UPh (P) 96.8 36.0 59.6 37.4 49.1 

ε1100-UPe (S/cm) 0.208 0.200 0.403 0.255 0.200 C
al

cu
la

te
d 

G
la

ss
 P

ro
pe

rt
ie

s 

ε1200+UPe (S/cm) 0.332 0.359 0.656 0.441 0.326 

Waste Loading Factor 1.008 1.013 1.464 1.000 1.119 
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Table 2.7. Summary of Waste Compositions, Melter Feed Mix, and Calculated 
Properties for Selected HLW Algorithm Glasses (continued). 

 

Glass ID HLW-ALG-36 HLW-ALG-37 HLW-ALG-38 HLW-ALG-39 HLW-ALG-40 

Algorithm 
Formulation ID 

High T01 - min η 
T01, D10 

Newer High T01 
Limit EC, D3 

High T01 Glasses 
Alt LAW batch 57 

G2 57-Orp Alt 
Law Glass 

Newer High T01 
AZ101 Glass 

Al2O3 14.50% 10.00% 5.98% 5.98% 23.10% 

CdO 1.00% 0.10% 0.31% 0.31% 2.03% 

Cr2O3 0.70% 0.01% 1.15% 1.15% 0.45% 

Fe2O3 30.88% 11.77% 22.49% 22.49% 35.38% 

MnO 5.00% 5.00% 2.76% 2.76% 1.04% 

NiO 2.00% 0.10% 1.26% 1.26% 1.56% 

SrO 15.00% 10.00% 0.04% 0.04% 0.49% 

ThO2 4.00% 9.00% 13.73% 13.73% 0.00% 

UO3 4.00% 10.00% 10.49% 10.49% 2.93% 

ZrO2 5.90% 15.00% 20.77% 20.77% 10.74% 

Na2O 5.00% 12.00% 10.83% 10.83% 10.83% 

SiO2 5.00% 10.00% 3.40% 3.40% 3.81% 

W
as

te
 C

om
po

si
tio

n 
 (w

t%
) 

Others 7.02% 7.02% 6.81% 6.81% 7.64% 

Waste oxides 44.65% 61.35% 43.49% 31.07% 39.54% 
Silica 35.95% 28.93% 40.11% 46.90% 38.95% 

Borax 9.00% 6.39% 10.52% 14.10% 11.94% 

Na2CO3 7.50% 0.00% 2.66% 3.31% 6.37% 

Li2CO3 2.90% 2.57% 2.88% 3.11% 3.05% 

Hematite 0.00% 0.00% 0.33% 0.00% 0.00% 

Kyanite 0.00% 0.00% 0.00% 0.00% 0.00% 

M
el

te
r 

Fe
ed

 M
ix

  
(o

xi
de

 w
t%

) 

Zincite 0.00% 0.77% 0.00% 1.51% 0.15% 

rB+UPB (g/l) 1.145 0.570 1.317 1.498 0.713 

rNa+UPNa (g/l) 1.048 0.452 0.838 0.936 0.683 

rLi+UPLi (g/l) 0.992 0.639 1.156 1.275 0.748 

cCd+UPtc (mg/l) 0.117 0.017 0.032 0.028 0.198 

T1%+Upt1 (°C) 1075.0 1004.7 1075.0 851.2 1075.0 

η1150+UPh (P) 22.8 29.8 48.1 59.9 44.9 

η1150-UPh (P) 20.0 25.5 39.2 50.7 39.1 

η1100+UPh (P) 34.3 45.6 76.3 96.7 70.9 

ε1100-UPe (S/cm) 0.249 0.200 0.223 0.217 0.268 C
al

cu
la

te
d 

G
la

ss
 P

ro
pe

rt
ie

s 

ε1200+UPe (S/cm) 0.397 0.353 0.378 0.362 0.418 

Waste Loading Factor 1.103 1.380 1.493 1.066 1.304 
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Table 2.8.  Target Compositions (wt%) of HLW Algorithm Glasses(a). 
 

 HLW-ALG-01 HLW-ALG-02 HLW-ALG-03 HLW-ALG-04 HLW-ALG-05 
Ag2O 0.046% 0.048% 0.047% 0.030% 0.072% 
Al2O3 11.086%(b) 8.001%(b) 1.926% 1.926% 1.927% 
B2O3 10.560% 11.088% 8.621% 11.134% 4.810% 
BaO 0.035% 0.037% 0.036% — 0.056% 
Bi2O3 —(c) — — — — 
CaO 0.331% 0.350% 0.339% 0.224% 0.521% 
CdO — — — — 1.198% 

Ce2O3 0.050% 0.053% 0.051% 0.033% 0.079% 
Cl — — — — — 

Cr2O3 0.501% 0.278% 0.501% 0.501% 0.415% 
Cs2O — — — — — 
CuO — — — — — 

F 0.032% 0.033% 0.032% — 0.050% 
Fe2O3 9.619% 7.145% 12.650% 12.639% 12.536% 
K2O 0.124% 0.132% 0.127% 0.083% 0.197% 

La2O3 0.101% 0.107% 0.103% 0.067% 0.160% 
Li2O 3.329% 3.550% 3.057% 2.876% 4.286% 
MgO 0.096% 0.101% 0.098% 0.066% 0.149% 
MnO — — 2.095% — 6.906% 
Na2O 17.280% 15.318% 18.966% 15.980% 8.937% 
Nd2O3 0.085% 0.090% 0.087% 0.057% 0.134% 
NiO — 0.522% 1.001% 1.001% 0.781% 
P2O5 0.096% 0.101% 0.098% 0.064% 0.151% 
PbO 0.202% 0.214% 0.207% 0.135% 0.320% 
PdO — — — — — 

Pr2O3 — — — — 0.027% 
Rb2O — — — — — 
Rh2O3 — — — — — 
RuO2 0.028% 0.030% 0.029% — 0.045% 
SO3 0.052% 0.055% 0.054% 0.036% 0.080% 
SiO2 45.286% 44.674% 44.365% 51.881% 46.197% 
SrO — — — — 9.891% 

ThO2 — — — — — 
TiO2 — — 0.043% 0.039% 0.026% 
UO3 — — — — — 
WO3 — — — — — 
ZnO 1.062% 1.577% 0.032% 1.226% 0.050% 
ZrO2 — 6.495% 5.433% — — 

TOTAL 100.00% 100.00% 100.00% 100.00% 100.00% 
 
(a) Oxide compositions are rounded to 3 decimal places. 
(b) Boldface indicates component meets TS-1.1 constraint by itself; underline indicates component meets constraint as part of a group. 
(c)— indicates empty data field. 
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Table 2.8.  Target Compositions (wt%) of HLW Algorithm Glasses(a) (continued). 
 

 HLW-ALG-06 HLW-ALG-07 HLW-ALG-08 HLW-ALG-09 HLW-ALG-10 
Ag2O 0.080% 0.054% 0.082% 0.053% 0.046% 
Al2O3 9.670%(b) 8.194%(b) 1.926% 5.480% 1.926% 
B2O3 4.807% 10.704% 4.807% 4.808% 9.448% 
BaO 0.062% 0.042% 0.064% 0.080% 0.035% 
Bi2O3 —(c) — — — — 
CaO 0.579% 0.390% 0.591% 0.560% 0.332% 
CdO 1.322% — 1.349% 0.084% 0.854% 

Ce2O3 0.088% 0.059% 0.090% 0.124% 0.050% 
Cl — — — 0.050% — 

Cr2O3 0.201% — 0.471% 0.211% 0.501% 
Cs2O 0.025% — 0.026% — — 
CuO 0.025% — 0.026% — — 

F 0.056% 0.037% 0.057% 0.076% 0.032% 
Fe2O3 10.620% 1.928% 7.318% 13.931% 10.984% 
K2O 0.219% 0.147% 0.224% 0.354% 0.125% 

La2O3 0.178% 0.119% 0.182% 0.387% 0.101% 
Li2O 2.530% 3.258% 2.081% 1.987% 2.020% 
MgO 0.164% 0.114% 0.167% 0.492% 0.096% 
MnO 4.007% 2.339% 3.560% 3.916% 7.010% 
Na2O 15.635% 11.777% 13.943% 15.116% 17.410% 
Nd2O3 0.149% 0.100% 0.152% 0.299% 0.085% 
NiO 0.481% — 0.887% 0.189% 1.001% 
P2O5 0.169% 0.118% 0.172% 0.204% 0.096% 
PbO 0.357% 0.239% 0.364% 0.410% 0.203% 
PdO — — — — — 

Pr2O3 0.030% — 0.031% 0.028% — 
Rb2O — — — — — 
Rh2O3 — — — — — 
RuO2 0.050% 0.034% 0.051% — 0.028% 
SO3 0.088% 0.061% 0.089% 0.229% 0.051% 
SiO2 37.279% 44.110% 36.699% 38.868% 47.112% 
SrO 8.015% 4.113% 6.267% 7.479% — 

ThO2 1.603% 4.126% 4.006% 0.603% 0.228% 
TiO2 0.025% — 0.052% — 0.036% 
UO3 0.601% — 4.644% 1.360% — 
WO3 0.026% — 0.026% — — 
ZnO 0.055% 1.675% 0.056% 0.059% 0.031% 
ZrO2 0.801% 6.262% 9.541% 2.565% 0.159% 

TOTAL 100.00% 100.00% 100.00% 100.00% 100.00% 
 
(a) Oxide compositions are rounded to 3 decimal places. 
(b) Boldface indicates component meets TS-1.1 constraint by itself; underline indicates component meets constraint as part of a group. 
(c)— indicates empty data field. 
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Table 2.8.  Target Compositions (wt%) of HLW Algorithm Glasses(a) (continued). 
 

 HLW-ALG-11 HLW-ALG-12 HLW-ALG-13 HLW-ALG-14 HLW-ALG-15 
Ag2O 0.078% 0.081% 0.123% 0.070% 0.059% 
Al2O3 11.886%(b) 5.938% 6.166%(b) 3.543% 9.731% 
B2O3 12.188% 4.807% 4.808% 4.809% 14.029% 
BaO 0.061% 0.063% 0.095% 0.054% 0.046% 
Bi2O3 —(c) — 0.033% — — 
CaO 0.565% 0.586% 0.882% 0.507% 0.424% 
CdO — 0.406% 0.061% 1.486% — 

Ce2O3 0.086% 0.089% 0.135% 0.077% 0.065% 
Cl — — 0.028% — — 

Cr2O3 — 0.285% — — 0.338% 
Cs2O — 0.025% 0.038% — — 
CuO — 0.026% 0.039% — — 

F 0.054% 0.056% 0.085% 0.048% 0.041% 
Fe2O3 1.928% 12.540% 7.216% 12.562% 9.780% 
K2O 0.214% 0.222% 0.335% 0.191% 0.161% 

La2O3 0.174% 0.180% 0.272% 0.155% 0.130% 
Li2O 6.013% 2.750% 3.354% 6.012% 1.928% 
MgO 0.163% 0.166% 0.247% 0.146% 0.121% 
MnO 3.408% 2.029% 3.063% 6.715% — 
Na2O 6.065% 15.899% 9.504% 4.804% 17.583% 
Nd2O3 0.146% 0.151% 0.228% 0.130% 0.109% 
NiO — 0.812% 0.061% 0.759% 0.636% 
P2O5 0.170% 0.171% 0.258% 0.147% 0.124% 
PbO 0.348% 0.361% 0.545% 0.311% 0.261% 
PdO — — — — — 

Pr2O3 0.029% 0.031% 0.046% 0.026% — 
Rb2O — — — — — 
Rh2O3 — — — — — 
RuO2 0.049% 0.051% 0.077% 0.044% 0.037% 
SO3 0.088% 0.089% 0.130% 0.078% 0.065% 
SiO2 35.076% 40.350% 35.058% 47.605% 37.449% 
SrO 5.994% 6.087% 6.125% 9.618% — 

ThO2 6.013% 1.623% 5.513% — — 
TiO2 — 0.026% 0.036% 0.052% — 
UO3 — 1.623% 6.125% — — 
WO3 0.025% 0.026% 0.040% — — 
ZnO 0.054% 0.056% 0.084% 0.048% 0.040% 
ZrO2 9.125% 2.394% 9.188% — 6.845% 

TOTAL 100.00% 100.00% 100.00% 100.00% 100.00% 
 
(a) Oxide compositions are rounded to 3 decimal places. 
(b) Boldface indicates component meets TS-1.1 constraint by itself; underline indicates component meets constraint as part of a group. 
(c)— indicates empty data field. 
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Table 2.8.  Target Compositions (wt%) of HLW Algorithm Glasses(a) (continued). 
 

 HLW-ALG-16 HLW-ALG-17 HLW-ALG-18 HLW-ALG-19 HLW-ALG-20 
Ag2O 0.050% 0.045% 0.047% 0.047% 0.047% 
Al2O3 10.329%(b) 1.926% 11.360%(b) 1.926% 1.926% 
B2O3 13.850% 10.338% 11.109% 9.652% 7.754% 
BaO 0.039% 0.035% 0.036% 0.036% 0.036% 
Bi2O3 —(c) — — — — 
CaO 0.363% 0.331% 0.339% 0.340% 0.340% 
CdO 0.025% — — — — 

Ce2O3 0.055% 0.050% 0.051% 0.051% 0.051% 
Cl — — — — — 

Cr2O3 0.501% 0.501% — 0.501% 0.501% 
Cs2O — — — — — 
CuO — — — — — 

F 0.035% 0.031% 0.032% 0.032% 0.032% 
Fe2O3 4.396% 12.515% 10.369% 12.652% 12.651% 
K2O 0.137% 0.124% 0.128% 0.127% 0.127% 

La2O3 0.111% 0.101% 0.103% 0.103% 0.103% 
Li2O 2.021% 2.020% 3.437% 2.659% 2.926% 
MgO 0.104% 0.095% 0.098% 0.098% 0.098% 
MnO — 6.912% — 2.096% 2.095% 
Na2O 17.406% 17.414% 14.807% 16.131% 17.400% 
Nd2O3 0.093% 0.085% 0.087% 0.087% 0.087% 
NiO 0.751% 0.997% — 1.001% 1.001% 
P2O5 0.106% 0.095% 0.098% 0.098% 0.098% 
PbO 0.223% 0.202% 0.207% 0.207% 0.207% 
PdO — — — — — 

Pr2O3 — — — — — 
Rb2O — — — — — 
Rh2O3 — — — — — 
RuO2 0.031% 0.028% 0.029% 0.029% 0.029% 
SO3 0.056% 0.051% 0.053% 0.053% 0.053% 
SiO2 43.773% 45.869% 45.993% 46.563% 46.929% 
SrO — — — — — 

ThO2 — — — — — 
TiO2 — 0.043% — 0.043% 0.043% 
UO3 — — — — — 
WO3 — — — — — 
ZnO 1.786% 0.031% 1.616% 0.032% 0.032% 
ZrO2 3.757% 0.159% — 5.434% 5.434% 

TOTAL 100.00% 100.00% 100.00% 100.00% 100.00% 
 
(a) Oxide compositions are rounded to 3 decimal places. 
(b) Boldface indicates component meets TS-1.1 constraint by itself; underline indicates component meets constraint as part of a group. 
(c)— indicates empty data field. 
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Table 2.8.  Target Compositions (wt%) of HLW Algorithm Glasses(a) (continued). 
 

 HLW-ALG-21 HLW-ALG-22 HLW-ALG-23 HLW-ALG-24 HLW-ALG-25 
Ag2O 0.140% 0.138% 0.133% 0.126% 0.046% 
Al2O3 2.619%(b) 2.588% 2.492% 12.589%(b) 1.926% 
B2O3 4.810% 6.599% 4.809% 4.808% 10.096% 
BaO 0.048% 0.048% 0.046% 0.097% 0.035% 
Bi2O3 —(c) — — 0.034% — 
CaO 0.642% 0.635% 0.611% 0.902% 0.332% 
CdO 0.131% 0.129% 0.124% 0.063% — 

Ce2O3 0.049% 0.049% 0.047% 0.138% 0.050% 
Cl — — — 0.029% — 

Cr2O3 0.493% 0.487% 0.469% — 0.501% 
Cs2O — — — 0.039% — 
CuO 0.034% 0.033% 0.032% 0.040% — 

F 0.039% 0.038% 0.037% 0.087% 0.032% 
Fe2O3 9.663% 9.548% 9.180% 1.927% 11.817% 
K2O 0.174% 0.172% 0.165% 0.343% 0.125% 

La2O3 0.136% 0.135% 0.130% 0.278% 0.101% 
Li2O 2.475% 2.407% 2.069% 4.265% 2.020% 
MgO 0.112% 0.111% 0.107% 0.255% 0.096% 
MnO 1.186% 1.172% 1.127% 3.134% 7.012% 
Na2O 17.623% 16.615% 19.298% 9.813% 17.414% 
Nd2O3 0.103% 0.101% 0.097% 0.234% 0.085% 
NiO 0.542% 0.535% 0.515% 0.063% 1.002% 
P2O5 0.118% 0.117% 0.112% 0.269% 0.096% 
PbO 0.180% 0.178% 0.171% 0.558% 0.203% 
PdO — — — — — 

Pr2O3 — — — 0.047% — 
Rb2O 0.030% 0.029% 0.028% — — 
Rh2O3 — — — — — 
RuO2 — — — 0.078% 0.029% 
SO3 0.121% 0.120% 0.116% 0.135% 0.051% 
SiO2 38.986% 38.701% 39.517% 35.060% 46.478% 
SrO — — — 4.071% — 

ThO2 5.894% 5.824% 5.599% 5.637% 0.228% 
TiO2 0.027% 0.027% 0.026% 0.036% 0.036% 
UO3 4.502% 4.449% 4.278% 5.637% — 
WO3 0.123% 0.121% 0.116% 0.040% — 
ZnO 0.084% 0.083% 0.079% 0.086% 0.031% 
ZrO2 8.915% 8.809% 8.469% 9.082% 0.159% 

TOTAL 100.00% 100.00% 100.00% 100.00% 100.00% 
 
(a) Oxide compositions are rounded to 3 decimal places. 
(b) Boldface indicates component meets TS-1.1 constraint by itself; underline indicates component meets constraint as part of a group. 
(c)— indicates empty data field. 
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Table 2.8.  Target Compositions (wt%) of HLW Algorithm Glasses(a) (continued). 
 

 HLW-ALG-26 HLW-ALG-27 HLW-ALG-28 HLW-ALG-29 HLW-ALG-30 
Ag2O 0.092% 0.054% 0.054% 0.060% 0.037% 
Al2O3 4.632% 13.025%(b) 8.839%(b) 9.926% 7.250% 
B2O3 7.474% 14.027% 14.027% 14.030% 9.597% 
BaO 0.071% 0.042% 0.042% 0.047% 0.065% 
Bi2O3 —(c) — — — — 
CaO 0.661% 0.387% 0.388% 0.433% 0.422% 
CdO 0.046% — — — 0.631% 

Ce2O3 0.101% 0.059% 0.059% 0.066% 0.233% 
Cl — — — — 0.058% 

Cr2O3 — — 0.322% 0.345% 0.141% 
Cs2O 0.029% — — — — 
CuO 0.029% — — — 0.029% 

F 0.063% 0.037% 0.037% 0.041% — 
Fe2O3 5.397% 11.905% 12.884% 8.882% 11.020% 
K2O 0.251% 0.146% 0.147% 0.164% 0.133% 

La2O3 0.203% 0.119% 0.119% 0.133% 0.259% 
Li2O 3.024% 1.928% 1.928% 1.928% 3.099% 
MgO 0.187% 0.111% 0.111% 0.123% 0.102% 
MnO 2.289% — 2.330% — 0.323% 
Na2O 9.610% 17.589% 17.589% 17.581% 15.321% 
Nd2O3 0.171% 0.100% 0.100% 0.112% 0.190% 
NiO 0.046% — 0.589% 0.649% 0.485% 
P2O5 0.193% 0.113% 0.113% 0.126% 0.393% 
PbO 0.408% 0.238% 0.238% 0.266% 0.073% 
PdO — — — — 0.101% 

Pr2O3 0.035% — — — — 
Rb2O — — — — — 
Rh2O3 — — — — — 
RuO2 0.057% 0.033% 0.034% 0.037% 0.075% 
SO3 0.098% 0.059% 0.059% 0.066% — 
SiO2 43.210% 37.713% 39.956% 36.865% 44.901% 
SrO 4.578% — — — 0.153% 

ThO2 4.120% — — — — 
TiO2 0.029% — — — — 
UO3 4.578% — — — 0.911% 
WO3 0.030% — — — — 
ZnO 1.427% 2.316% 0.037% 0.041% 0.654% 
ZrO2 6.866% — — 8.079% 3.343% 

TOTAL 100.00% 100.00% 100.00% 100.00% 100.00% 
 
(a) Oxide compositions are rounded to 3 decimal places. 
(b) Boldface indicates component meets TS-1.1 constraint by itself; underline indicates component meets constraint as part of a group. 
(c)— indicates empty data field. 



The Catholic University of America  Preparation and Testing of Glasses to Support 
Vitreous State Laboratory   Development of WTP IHLW Formulation Algorithm 
  Final Report, VSL-06R1240-1, Rev. 0 
 

T-23 

Table 2.8.  Target Compositions (wt%) of HLW Algorithm Glasses(a) (continued). 
 

 HLW-ALG-31 HLW-ALG-32 HLW-ALG-33 HLW-ALG-34 HLW-ALG-35 
Ag2O 0.047% 0.073% 0.069% 0.046% 0.053% 
Al2O3 1.926% 6.000% 11.389%(b) 1.926% 5.519%(b) 
B2O3 10.888% 4.810% 8.006% 8.223% 4.808% 
BaO 0.036% 0.057% 0.053% 0.035% 0.080% 
Bi2O3 —(c) — — — — 
CaO 0.340% 0.529% 0.497% 0.331% 0.564% 
CdO — 1.213% — — 0.085% 

Ce2O3 0.051% 0.080% 0.076% 0.050% 0.125% 
Cl — — — — 0.049% 

Cr2O3 0.501% 0.420% 0.396% 0.501% 0.212% 
Cs2O — — — — — 
CuO — — — — — 

F 0.032% 0.051% 0.048% 0.031% 0.076% 
Fe2O3 12.650% 12.753% 11.456% 12.515% 14.024% 
K2O 0.127% 0.200% 0.188% 0.124% 0.356% 

La2O3 0.103% 0.162% 0.153% 0.101% 0.390% 
Li2O 3.078% 3.972% 3.783% 2.020% 2.801% 
MgO 0.098% 0.151% 0.141% 0.096% 0.495% 
MnO 2.095% 6.996% — 6.912% 3.942% 
Na2O 11.711% 9.317% 17.656% 19.002% 10.818% 
Nd2O3 0.087% 0.136% 0.128% 0.085% 0.301% 
NiO 1.001% 0.791% 0.746% 0.997% 0.190% 
P2O5 0.098% 0.153% 0.145% 0.095% 0.205% 
PbO 0.207% 0.324% 0.306% 0.202% 0.413% 
PdO — — — — — 

Pr2O3 — 0.027% 0.026% — 0.028% 
Rb2O — — — — — 
Rh2O3 — — — — — 
RuO2 0.029% 0.046% 0.043% 0.028% — 
SO3 0.052% 0.080% 0.077% 0.051% 0.230% 
SiO2 47.666% 41.153% 36.552% 46.396% 40.921% 
SrO — 10.020% — — 7.529% 

ThO2 — — — — 0.607% 
TiO2 0.043% 0.082% — 0.043% — 
UO3 — — — — 1.369% 
WO3 — — — — — 
ZnO 1.699% 0.404% 0.047% 0.031% 1.228% 
ZrO2 5.433% — 8.019% 0.159% 2.582% 

TOTAL 100.00% 100.00% 100.00% 100.00% 100.00% 
 
(a) Oxide compositions are rounded to 3 decimal places. 
(b) Boldface indicates component meets TS-1.1 constraint by itself; underline indicates component meets constraint as part of a group. 
(c)— indicates empty data field. 
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Table 2.8.  Target Compositions (wt%) of HLW Algorithm Glasses(a) (continued). 
 

 HLW-ALG-36 HLW-ALG-37 HLW-ALG-38 HLW-ALG-39 HLW-ALG-40 
Ag2O 0.090% 0.123% 0.142% 0.102% 0.047% 
Al2O3 6.536%(b) 6.186% 2.661% 1.927% 9.195% 
B2O3 6.511% 4.808% 7.901% 10.207% 8.436% 
BaO 0.070% 0.096% 0.049% 0.035% 0.082% 
Bi2O3 —(c) 0.033% — — — 
CaO 0.645% 0.884% 0.652% 0.468% 0.535% 
CdO 0.447% 0.062% 0.133% 0.095% 0.802% 

Ce2O3 0.099% 0.135% 0.050% 0.036% 0.297% 
Cl — 0.028% — — 0.073% 

Cr2O3 0.314% — 0.501%(b) 0.358% 0.179% 
Cs2O 0.028% 0.039% — — — 
CuO 0.028% 0.039% 0.034% — 0.037% 

F 0.062% 0.085% 0.039% 0.028% — 
Fe2O3 13.819% 7.240% 9.809% 7.012% 14.008% 
K2O 0.245% 0.336% 0.176% 0.126% 0.170% 

La2O3 0.199% 0.273% 0.139% 0.099% 0.329% 
Li2O 2.903% 2.580% 2.880% 3.110% 3.054% 
MgO 0.182% 0.248% 0.114% 0.084% 0.128% 
MnO 2.236% 3.072% 1.204% 0.860% 0.411% 
Na2O 12.535% 9.358% 10.641% 11.054% 14.348% 
Nd2O3 0.167% 0.229% 0.104% 0.074% 0.242% 
NiO 0.894% 0.061% 0.550% 0.393% 0.616% 
P2O5 0.188% 0.259% 0.120% 0.086% 0.499% 
PbO 0.398% 0.547% 0.183% 0.131% 0.092% 
PdO — — — — 0.128% 

Pr2O3 0.034% 0.046% — — — 
Rb2O — — 0.030% — — 
Rh2O3 — — — — 0.031% 
RuO2 0.056% 0.077% — — 0.096% 
SO3 0.097% 0.130% 0.122% 0.088% — 
SiO2 38.173% 35.059% 41.588% 47.962% 40.399% 
SrO 6.709% 6.145% — — 0.195% 

ThO2 1.789% 5.530% 5.983% 4.274% — 
TiO2 0.028% 0.036% 0.028% — — 
UO3 1.789% 6.145% 4.570% 3.265% 1.158% 
WO3 0.029% 0.040% 0.124% 0.089% — 
ZnO 0.062% 0.853% 0.420% 1.572% 0.162% 
ZrO2 2.639% 9.217% 9.050% 6.465% 4.250% 

TOTAL 100.00% 100.00% 100.00% 100.00% 100.00% 
 
(a) Oxide compositions are rounded to 3 decimal places. 
(b) Boldface indicates component meets TS-1.1 constraint by itself; underline indicates component meets constraint as part of a group. 
(c)— indicates empty data field. 
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Table 3.1.  HLW Canister Centerline Cooling (CCC) Temperature Profile. 
 

Segment Time 
(min) 

Start 
Temperature 

(ºC) 

Cooling Rate 
(ºC/min) 

1 0−45 1050 −1.556 

2 45−107 980 −0.806 

3 107−200 930 −0.591 

4 200−329 875 −0.388 

5 329−527 825 −0.253 

6 527−707 775 −0.278 

7 707−1776 725 −0.304 

 
 

 



The Catholic University of America  Preparation and Testing of Glasses to Support 
Vitreous State Laboratory   Development of WTP IHLW Formulation Algorithm 
  Final Report, VSL-06R1240-1, Rev. 0 
 

T-26 

Table 4.1.  Compositional Analysis (wt%) of HLW Algorithm Glasses by XRF(a). 
 

Oxides HLW-ALG-01 HLW-ALG-02 HLW-ALG-03 HLW-ALG-04 HLW-ALG-05 
Ag2O 0.06% 0.05% 0.06% 0.04% 0.10%
Al2O3 11.60% 8.82% 3.02% 3.34% 3.90% 
As2O5 —(b) — — 0.01% — 

Au — — 0.00% — — 
B2O3 10.56%(c) 11.09% 8.62% 11.13% 4.81% 
BaO 0.03% 0.04% 0.03% — — 
Bi2O3 — — — — — 
CaO 0.37% 0.38% 0.40% 0.27% 0.56% 
CdO — — — — 1.29% 

Ce2O3 0.05% 0.07% 0.06% 0.04% 0.09% 
Cl — — — 0.00% — 

CoO 0.00% 0.01% — 0.01% — 
Cr2O3 0.57% 0.33% 0.61% 0.62% 0.49% 
Cs2O — — — — — 
CuO — — — — — 
Er2O3 0.01% 0.01% 0.01% 0.02% 0.02% 
Eu2O3 — — — — 0.02% 
Fe2O3 9.03% 6.79% 12.43% 12.47% 12.35% 
Gd2O3 — 0.01% — — — 
GeO2 — 0.00% — — 0.01% 
HfO2 — 0.15% 0.14% — — 
HgO — — — — 0.01% 

Ho2O3 — 0.01% — — — 
IrO2 — — — 0.01% — 
K2O 0.21% 0.24% 0.22% 0.19% 0.31% 

La2O3 0.07% 0.10% 0.07% 0.05% 0.17% 
Li2O 3.33% 3.55% 3.06% 2.88% 4.29% 
MgO 0.10% 0.10% 0.13% 0.06% 0.20% 
MnO 0.00% — 2.15% 0.02% 6.98% 
MoO3 — 0.01% — — — 
Na2O 17.65% 15.55% 18.67% 15.83% 8.51% 
Nd2O3 0.09% 0.12% 0.11% 0.08% 0.13% 
NiO — 0.49% 0.98% 0.97% 0.76% 
P2O5 0.14% 0.15% 0.14% 0.14% 0.19% 
PbO 0.17% 0.19% 0.21% 0.13% 0.32% 
PdO — — — — — 
Pr2O3 — — — — 0.04% 
Rb2O — 0.00% — — — 
Re2O7 — — — — 0.02% 
Rh2O3 — — — — — 
RuO2 0.03% 0.03% 0.02% — 0.03% 
SO3 0.07% 0.06% 0.07% 0.05% 0.08% 
SeO2 — 0.01% 0.01% — — 
SiO2 44.80% 44.34% 43.36% 50.27% 44.00% 

Sm2O3 — 0.01% — 0.02% 0.03% 
SnO2 — — 0.01% — — 
SrO 0.02% 0.02% 0.02% 0.04% 9.96% 

Tb4O7 0.01% 0.01% — 0.02% 0.026% 
ThO2 — — — — — 
TiO2 0.03% 0.04% 0.08% 0.08% 0.10% 
UO3 — — — — — 
WO3 — — — — — 
Y2O3 — 0.01% — 0.00% — 
Yb2O3 — — — 0.01% — 
ZnO 0.97% 1.46% 0.05% 1.19% 0.06% 
ZrO2 — 5.76% 5.28% 0.03% 0.02% 

TOTAL 100.0% 100.0% 100.0% 100.0% 99.9% 
 

(a) Compositional values are rounded to 2 decimal places. 
(b) — indicates empty data field.  
(c) Boldface indicates target values are used for B2O3 and Li2O, which were not measured by XRF. 
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Table 4.1. Compositional Analysis (wt%) of HLW Algorithm Glasses by XRF(a) 
(continued). 

 
Oxides HLW-ALG-06 HLW-ALG-07 HLW-ALG-08 HLW-ALG-09 HLW-ALG-10 

Ag2O 0.13% 0.08% 0.11% 0.07% 0.07%
Al2O3 9.33% 8.54% 2.63% 5.58% 2.99% 
As2O5 —(b) — — — 0.01% 

Au 0.01% — — — — 
B2O3 4.81%(c) 10.70% 4.81% 4.81% 9.45% 
BaO — — — — 0.04% 
Bi2O3 — — — — — 
CaO 0.69% 0.46% 0.67% 0.66% 0.39% 
CdO 1.54% — 1.51% 0.10% 0.91% 

Ce2O3 0.12% 0.07% 0.12% 0.16% 0.06% 
Cl — — — 0.05% 0.01% 

CoO — — — 0.01% 0.01% 
Cr2O3 0.27% — 0.62% 0.27% 0.62% 
Cs2O 0.02% — — — — 
CuO 0.08% 0.04% 0.05% 0.01% 0.02% 
Er2O3 — — — 0.01% 0.02% 
Eu2O3 — — — — 0.02% 
Fe2O3 11.61% 2.12% 7.80% 14.86% 11.06% 
Gd2O3 — — — — — 
GeO2 0.01% — — — — 
HfO2 0.04% 0.17% 0.28% 0.08% — 
HgO 0.01% — — — — 

Ho2O3 — — — — — 
IrO2 — — — — — 
K2O 0.33% 0.31% 0.33% 0.49% 0.28% 

La2O3 — — 0.18% 0.35% 0.06% 
Li2O 2.53% 3.26% 2.08% 1.99% 2.02% 
MgO 0.12% 0.08% 0.14% 0.38% 0.06% 
MnO 4.50% 2.54% 3.87% 4.29% 7.27% 
MoO3 — — — 0.02% — 
Na2O 13.86% 10.15% 12.36% 13.76% 16.16% 
Nd2O3 0.20% 0.14% 0.19% 0.40% 0.11% 
NiO 0.52% — 0.96% 0.20% 1.02% 
P2O5 0.24% 0.18% 0.24% 0.27% 0.17% 
PbO 0.39% 0.25% 0.39% 0.45% 0.20% 
PdO — — — — — 
Pr2O3 0.06% — 0.07% 0.05% — 
Rb2O — — — — — 
Re2O7 0.02% — — — — 
Rh2O3 — — — 0.01% — 
RuO2 0.05% 0.04% 0.03% — 0.03% 
SO3 0.12% 0.06% 0.08% 0.24% 0.08% 
SeO2 — 0.00% 0.01% — — 
SiO2 36.30% 43.95% 34.91% 37.34% 46.27% 

Sm2O3 — — — 0.03% 0.03% 
SnO2 — — — — 0.01% 
SrO 8.75% 4.33% 6.65% 8.03% 0.03% 

Tb4O7 0.02% — — 0.02% 0.03% 
ThO2 1.70% 4.26% 4.12% 0.61% 0.22% 
TiO2 — — 0.07% — 0.06% 
UO3 0.66% — 5.03% 1.51% — 
WO3 — — — — — 
Y2O3 — — — — — 

Yb2O3 — — — — 0.01% 
ZnO 0.06% 1.77% 0.06% 0.08% 0.04% 
ZrO2 0.84% 6.43% 9.61% 2.69% 0.17% 

TOTAL 99.9% 99.9% 100.0% 99.9% 100.0% 
 

(a) Compositional values are rounded to 2 decimal places. 
(b) — indicates empty data field.  
(c) Boldface indicates target values are used for B2O3 and Li2O, which were not measured by XRF. 
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Table 4.1. Compositional Analysis (wt%) of HLW Algorithm Glasses by XRF(a) 
(continued). 

 
Oxides HLW-ALG-11 HLW-ALG-12 HLW-ALG-13 HLW-ALG-14 HLW-ALG-15 

Ag2O 0.10% 0.12% 0.16% 0.13% 0.08%
Al2O3 12.15% 6.40% 6.60% 4.93% 9.98% 
As2O5 —(b) — — — — 

Au — — — — — 
B2O3 12.19%(c) 4.81% 4.81% 4.81% 14.03% 
BaO — — — — 0.05% 
Bi2O3 — — 0.05% — — 
CaO 0.68% 0.66% 0.99% 0.63% 0.49% 
CdO — 0.44% 0.05% 1.65% — 

Ce2O3 0.10% 0.12% 0.17% 0.08% 0.09% 
Cl — — 0.02% — — 

CoO — 0.01% 0.00% 0.01% 0.00% 
Cr2O3 — 0.37% — — 0.43% 
Cs2O — 0.03% 0.04% — — 
CuO 0.01% 0.05% 0.06% — — 
Er2O3 — 0.02% 0.01% 0.02% 0.01% 
Eu2O3 0.01% — — 0.02% — 
Fe2O3 2.19% 12.59% 7.30% 12.57% 9.67% 
Gd2O3 — — — — — 
GeO2 — — — 0.01% 0.00% 
HfO2 0.21% 0.07% 0.26% — 0.20% 
HgO — — — 0.01% — 

Ho2O3 — — — — — 
IrO2 — — — — — 
K2O 0.33% 0.34% 0.44% 0.32% 0.25% 

La2O3 0.20% — — 0.18% 0.09% 
Li2O 6.01% 2.75% 3.35% 6.01% 1.93% 
MgO 0.14% 0.09% 0.25% 0.13% 0.12% 
MnO 3.82% 2.19% 3.31% 6.94% 0.02% 
MoO3 — — 0.05% — 0.02% 
Na2O 5.75% 14.78% 9.03% 4.61% 16.73% 
Nd2O3 0.20% 0.20% 0.28% 0.17% 0.15% 
NiO — 0.86% 0.07% 0.76% 0.64% 
P2O5 0.27% 0.24% 0.31% 0.24% 0.20% 
PbO 0.38% 0.37% 0.57% 0.32% 0.27% 
PdO — — — — — 
Pr2O3 0.06% 0.05% 0.08% 0.04% — 
Rb2O — — — — — 
Re2O7 — — — 0.02% — 
Rh2O3 — — — — — 
RuO2 0.03% 0.04% 0.11% 0.06% 0.04% 
SO3 0.08% 0.25% 0.18% 0.10% 0.17% 
SeO2 — — 0.01% — — 
SiO2 35.64% 39.78% 34.62% 45.40% 37.74% 

Sm2O3 — — — 0.02% — 
SnO2 — 0.02% — — 0.02% 
SrO 6.45% 6.33% 6.28% 9.52% 0.04% 

Tb4O7 — — — 0.02% 0.01% 
ThO2 5.42% 1.67% 5.34% — — 
TiO2 0.04% — — 0.11% 0.02% 
UO3 — 1.72% 6.18% — — 
WO3 — — 0.05% — — 
Y2O3 — — — — 0.01% 

Yb2O3 — — — — — 
ZnO 0.06% 0.10% 0.11% 0.06% 0.08% 
ZrO2 7.40% 2.46% 8.82% — 6.43% 

TOTAL 99.9% 99.9% 99.9% 99.9% 100.0% 
 

(a) Compositional values are rounded to 2 decimal places. 
(b) — indicates empty data field.  
(c) Boldface indicates target values are used for B2O3 and Li2O, which were not measured by XRF. 
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Table 4.1. Compositional Analysis (wt%) of HLW Algorithm Glasses by XRF(a) 
(continued). 

 
Oxides HLW-ALG-16 HLW-ALG-17 HLW-ALG-18 HLW-ALG-19 HLW-ALG-20 

Ag2O 0.08% 0.06% 0.08% 0.09% 0.07%
Al2O3 10.87% 2.53% 11.20% 2.68% 2.54% 
As2O5 —(b) 0.01% — — — 

Au — — — — — 
B2O3 13.85%(c) 10.34% 11.11% 9.65% 7.75% 
BaO 0.04% 0.04% 0.05% 0.04% 0.04% 
Bi2O3 — — — — — 
CaO 0.42% 0.45% 0.41% 0.40% 0.40% 
CdO — — — — — 

Ce2O3 0.05% 0.05% 0.06% 0.04% 0.06% 
Cl — — — — — 

CoO — 0.01% — 0.01% 0.01% 
Cr2O3 0.62% 0.64% 0.01% 0.64% 0.63% 
Cs2O — — — — — 
CuO — — — — — 
Er2O3 — 0.02% 0.01% 0.02% 0.01% 
Eu2O3 — 0.03% — — — 
Fe2O3 4.19% 12.45% 10.66% 12.66% 12.58% 
Gd2O3 — — — — — 
GeO2 — — — — 0.01% 
HfO2 0.09% — — 0.15% 0.15% 
HgO — — — — — 

Ho2O3 — — — — 0.01% 
IrO2 — 0.00% — — — 
K2O 0.25% 0.23% 0.24% 0.24% 0.24% 

La2O3 0.07% 0.10% 0.07% 0.07% 0.08% 
Li2O 2.02% 2.02% 3.44% 2.66% 2.93% 
MgO 0.09% 0.08% 0.08% 0.07% 0.09% 
MnO — 7.36% — 2.25% 2.23% 
MoO3 0.01% — — 0.01% 0.01% 
Na2O 17.34% 16.47% 14.10% 15.46% 16.66% 
Nd2O3 0.12% 0.09% 0.11% 0.11% 0.11% 
NiO 0.72% 1.04% — 1.05% 1.04% 
P2O5 0.19% 0.18% 0.18% 0.22% 0.18% 
PbO 0.21% 0.19% 0.22% 0.20% 0.22% 
PdO — — — — — 
Pr2O3 — — — — — 
Rb2O — — — — — 
Re2O7 — — — — — 
Rh2O3 — — — — — 
RuO2 0.05% 0.02% 0.05% 0.04% 0.04% 
SO3 0.11% 0.24% 0.22% 0.23% 0.21% 
SeO2 0.01% — — 0.01% — 
SiO2 43.30% 44.93% 45.80% 45.52% 46.02% 

Sm2O3 0.01% 0.03% 0.02% — — 
SnO2 0.01% 0.03% 0.03% 0.02% 0.03% 
SrO 0.02% 0.02% 0.02% 0.02% 0.02% 

Tb4O7 — 0.02% 0.02% — — 
ThO2 — — — — — 
TiO2 0.03% 0.08% 0.02% 0.07% 0.07% 
UO3 — — — — — 
WO3 — — — — — 
Y2O3 — — 0.00% 0.01% 0.00% 

Yb2O3 — — — — 0.01% 
ZnO 1.73% 0.09% 1.79% 0.08% 0.08% 
ZrO2 3.50% 0.15% 0.00% 5.30% 5.45% 

TOTAL 100.0% 100.0% 100.0% 100.0% 100.0% 
 

(a) Compositional values are rounded to 2 decimal places. 
(b) — indicates empty data field.  
(c) Boldface indicates target values are used for B2O3 and Li2O, which were not measured by XRF. 
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Table 4.1. Compositional Analysis (wt%) of HLW Algorithm Glasses by XRF(a) 
(continued). 

 
Oxides HLW-ALG-21 HLW-ALG-22 HLW-ALG-23 HLW-ALG-24 HLW-ALG-25 

Ag2O 0.21% 0.19% 0.19% 0.14% 0.07%
Al2O3 3.23% 3.38% 3.28% 13.15% 3.08% 
As2O5 —(b) — — — 0.00% 

Au — — — — — 
B2O3 4.81%(c) 6.60% 4.81% 4.81% 10.10% 
BaO 0.05% 0.06% 0.05% — 0.04% 
Bi2O3 — — — 0.05% — 
CaO 0.73% 0.69% 0.66% 1.02% 0.37% 
CdO 0.14% 0.14% 0.12% 0.06% — 

Ce2O3 0.07% 0.07% 0.08% 0.14% 0.06% 
Cl — — — 0.02% — 

CoO 0.01% 0.00% — — — 
Cr2O3 0.63% 0.60% 0.58% — 0.62% 
Cs2O — — — 0.04% — 
CuO 0.05% 0.07% 0.07% 0.07% 0.02% 
Er2O3 — 0.01% 0.02% — 0.02% 
Eu2O3 — — — — 0.02% 
Fe2O3 10.03% 9.64% 9.28% 1.94% 11.26% 
Gd2O3 — — — — — 
GeO2 — — — — — 
HfO2 0.25% 0.25% 0.24% 0.22% — 
HgO — — — — — 

Ho2O3 — — — — — 
IrO2 — — — — — 
K2O 0.26% 0.28% 0.26% 0.48% 0.26% 

La2O3 0.15% 0.16% 0.09% 0.12% 0.06% 
Li2O 2.48% 2.41% 2.07% 4.27% 2.02% 
MgO 0.07% 0.10% — 0.22% 0.12% 
MnO 1.32% 1.29% 1.22% 3.28% 7.19% 
MoO3 0.04% — — 0.05% — 
Na2O 16.26% 15.32% 17.96% 9.55% 17.11% 
Nd2O3 0.14% 0.13% 0.12% 0.27% 0.10% 
NiO 0.57% 0.56% 0.55% 0.06% 1.00% 
P2O5 0.15% 0.17% 0.14% 0.32% 0.14% 
PbO 0.19% 0.19% 0.17% 0.56% 0.19% 
PdO — — — — — 
Pr2O3 — — — 0.07% — 
Rb2O 0.02% 0.03% 0.03% — — 
Re2O7 — — — — — 
Rh2O3 — — — — — 
RuO2 — — — 0.10% 0.02% 
SO3 0.19% 0.19% 0.19% 0.14% 0.20% 
SeO2 0.01% 0.01% 0.01% 0.00% — 
SiO2 37.90% 37.42% 38.52% 36.25% 45.31% 

Sm2O3 — — — — 0.02% 
SnO2 0.02% 0.01% 0.01% — 0.02% 
SrO 0.03% 0.02% 0.02% 3.91% 0.03% 

Tb4O7 — — — — 0.02% 
ThO2 5.56% 5.96% 5.71% 5.03% 0.21% 
TiO2 0.06% 0.06% 0.03% — 0.06% 
UO3 4.73% 4.65% 4.50% 5.30% 0.01% 
WO3 0.15% 0.14% 0.14% 0.07% — 
Y2O3 0.02% 0.02% 0.02% — 0.00% 

Yb2O3 — — — — — 
ZnO 0.12% 0.13% 0.12% 0.10% 0.07% 
ZrO2 9.35% 9.03% 8.70% 8.08% 0.17% 

TOTAL 100.0% 100.0% 100.0% 99.9% 100.0% 
 

(a) Compositional values are rounded to 2 decimal places. 
(b) — indicates empty data field.  
(c) Boldface indicates target values are used for B2O3 and Li2O, which were not measured by XRF. 
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Table 4.1. Compositional Analysis (wt%) of HLW Algorithm Glasses by XRF(a) 
(continued). 

 
Oxides HLW-ALG-26 HLW-ALG-27 HLW-ALG-28 HLW-ALG-29 HLW-ALG-30 

Ag2O 0.11% 0.06% 0.07% 0.08% 0.05%
Al2O3 5.31% 13.10% 9.08% 10.13% 7.92% 
As2O5 —(b) 0.00% — — — 

Au — — — — — 
B2O3 7.47%(c) 14.03% 14.03% 14.03% 9.60% 
BaO — 0.05% 0.04% 0.05% 0.09% 
Bi2O3 — — — — — 
CaO 0.74% 0.43% 0.42% 0.47% 0.45% 
CdO — — — — 0.67% 

Ce2O3 0.13% 0.08% 0.07% 0.09% 0.27% 
Cl — — — — 0.05% 

CoO — 0.01% 0.01% 0.00% — 
Cr2O3 — 0.01% 0.39% 0.42% 0.18% 
Cs2O 0.05% — — — — 
CuO 0.06% 0.00% 0.00% 0.00% 0.06% 
Er2O3 — 0.01% 0.02% 0.01% 0.01% 
Eu2O3 — — — — — 
Fe2O3 5.45% 11.76% 12.40% 8.57% 10.34% 
Gd2O3 — — — — 0.01% 
GeO2 — — — 0.00% — 
HfO2 0.20% — — 0.20% 0.08% 
HgO — — — — — 

Ho2O3 — — — — — 
IrO2 — 0.01% — — — 
K2O 0.37% 0.22% 0.22% 0.24% 0.26% 

La2O3 — 0.08% 0.07% 0.08% 0.17% 
Li2O 3.02% 1.93% 1.93% 1.93% 3.10% 
MgO 0.16% 0.11% — 0.12% 0.11% 
MnO 2.45% 0.02% 2.41% — 0.33% 
MoO3 — — — — — 
Na2O 8.91% 17.68% 17.90% 17.91% 14.84% 
Nd2O3 0.22% 0.13% 0.14% 0.16% 0.23% 
NiO 0.05% 0.00% 0.59% 0.64% 0.46% 
P2O5 0.25% 0.16% 0.17% 0.17% 0.47% 
PbO 0.43% 0.24% 0.23% 0.26% 0.08% 
PdO — — — — 0.05% 
Pr2O3 0.06% — — — — 
Rb2O — — — — — 
Re2O7 — — — — — 
Rh2O3 — — — — — 
RuO2 0.03% 0.04% 0.03% 0.04% 0.08% 
SO3 0.12% 0.20% 0.23% 0.15% 0.13% 
SeO2 0.00% — — 0.01% 0.01% 
SiO2 41.83% 37.06% 39.36% 36.64% 45.00% 

Sm2O3 — 0.02% — — — 
SnO2 0.01% 0.02% 0.02% 0.01% 0.02% 
SrO 4.80% 0.04% 0.02% 0.02% 0.16% 

Tb4O7 — 0.01% — 0.01% 0.02% 
ThO2 4.27% — — — — 
TiO2 — 0.01% 0.01% — — 
UO3 4.83% — — — 0.87% 
WO3 — — — — — 
Y2O3 — 0.00% 0.00% — 0.00% 

Yb2O3 — — — — — 
ZnO 1.52% 2.42% 0.08% 0.08% 0.66% 
ZrO2 7.08% 0.02% 0.00% 7.44% 3.17% 

TOTAL 99.9% 100.0% 99.9% 100.0% 100.0% 
 

(a) Compositional values are rounded to 2 decimal places. 
(b) — indicates empty data field.  
(c) Boldface indicates target values are used for B2O3 and Li2O, which were not measured by XRF. 
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Table 4.1. Compositional Analysis (wt%) of HLW Algorithm Glasses by XRF(a) 
(continued). 

 
Oxides HLW-ALG-31 HLW-ALG-32 HLW-ALG-33 HLW-ALG-34 HLW-ALG-35 

Ag2O 0.06% 0.10% 0.09% 0.06% 0.06%
Al2O3 2.59% 6.35% 12.07% 3.18% 6.26% 
As2O5 —(b) — — — — 

Au — 0.01% — — — 
B2O3 10.88%(c) 4.81% 8.01% 8.22% 4.81% 
BaO 0.04% — 0.06% 0.04% — 
Bi2O3 — — — — — 
CaO 0.39% 0.59% 0.55% 0.38% 0.61% 
CdO — 1.33% — — 0.08% 

Ce2O3 0.05% 0.08% 0.10% 0.05% 0.16% 
Cl — — — — 0.04% 

CoO 0.01% 0.01% 0.01% — 0.01% 
Cr2O3 0.61% 0.49% 0.49% 0.62% 0.27% 
Cs2O — — — — — 
CuO — — — — 0.01% 
Er2O3 0.01% 0.01% 0.01% 0.02% 0.02% 
Eu2O3 — 0.02% — 0.02% — 
Fe2O3 12.02% 11.93% 10.79% 12.17% 13.57% 
Gd2O3 — — — — — 
GeO2 — — 0.00% — 0.01% 
HfO2 0.13% — 0.18% — 0.06% 
HgO — 0.01% — — — 

Ho2O3 — — — — — 
IrO2 — — — — — 
K2O 0.21% 0.27% 0.28% 0.23% 0.50% 

La2O3 0.05% 0.18% 0.09% 0.07% 0.33% 
Li2O 3.08% 3.97% 3.78% 2.02% 2.80% 
MgO 0.13% 0.15% 0.11% 0.11% 0.43% 
MnO 2.12% 7.07% 0.00% 7.23% 4.05% 
MoO3 0.01% — 0.01% — — 
Na2O 12.15% 9.82% 18.38% 19.26% 10.17% 
Nd2O3 0.10% 0.15% 0.15% 0.10% 0.38% 
NiO 0.98% 0.73% 0.71% 1.02% 0.19% 
P2O5 0.17% 0.22% 0.20% 0.16% 0.26% 
PbO 0.19% 0.32% 0.30% 0.20% 0.41% 
PdO — — — — — 
Pr2O3 — 0.06% 0.03% — 0.05% 
Rb2O 0.00% — — — — 
Re2O7 — 0.02% — — 0.01% 
Rh2O3 — — — — — 
RuO2 0.02% 0.05% 0.04% 0.02% — 
SO3 0.20% 0.24% 0.22% 0.22% 0.38% 
SeO2 0.00% — — — — 
SiO2 46.92% 40.54% 36.18% 44.19% 40.61% 

Sm2O3 — — — 0.03% — 
SnO2 0.02% 0.02% 0.02% 0.02% 0.03% 
SrO 0.02% 9.71% 0.02% 0.02% 7.48% 

Tb4O7 — 0.01% 0.01% 0.03% — 
ThO2 — — — — 0.57% 
TiO2 0.07% 0.11% 0.02% 0.08% — 
UO3 — — — — 1.42% 
WO3 — — — — — 
Y2O3 — — 0.01% — — 

Yb2O3 — — — 0.01% — 
ZnO 1.69% 0.43% 0.09% 0.07% 1.29% 
ZrO2 5.07% — 6.99% 0.16% 2.54% 

TOTAL 100.0% 99.8% 100.0% 100.0% 99.9% 
 

(a) Compositional values are rounded to 2 decimal places. 
(b) — indicates empty data field.  
(c) Boldface indicates target values are used for B2O3 and Li2O, which were not measured by XRF. 
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Table 4.1. Compositional Analysis (wt%) of HLW Algorithm Glasses by XRF(a) 
(continued). 

 
Oxides HLW-ALG-36 HLW-ALG-37 HLW-ALG-38 HLW-ALG-39 HLW-ALG-40 

Ag2O 0.12% 0.16% 0.19% 0.13% 0.08%
Al2O3 7.00% 6.73% 3.95% 3.15% 9.60% 
As2O5 —(b) — — — — 

Au — — — — — 
B2O3 6.51%(c) 4.81% 7.90% 10.20% 8.44% 
BaO — — 0.06% 0.05% 0.09% 
Bi2O3 — 0.04% — — — 
CaO 0.73% 0.99% 0.70% 0.50% 0.58% 
CdO 0.49% 0.06% 0.13% 0.09% 0.80% 

Ce2O3 0.14% 0.17% 0.08% — 0.35% 
Cl — 0.01% — — 0.08% 

CoO 0.01% — — 0.01% 0.01% 
Cr2O3 0.38% — 0.58% 0.43% 0.22% 
Cs2O 0.03% 0.03% — — — 
CuO 0.05% 0.06% 0.05% — 0.06% 
Er2O3 0.03% — 0.01% 0.01% 0.01% 
Eu2O3 — — — — — 
Fe2O3 13.40% 7.22% 9.21% 6.77% 13.31% 
Gd2O3 — — — — — 
GeO2 — — — — — 
HfO2 0.07% 0.24% 0.23% 0.17% 0.10% 
HgO — — — — — 

Ho2O3 — — — — — 
IrO2 — — — — — 
K2O 0.35% 0.45% 0.26% 0.25% 0.27% 

La2O3 — — 0.14% 0.08% 0.26% 
Li2O 2.90% 2.58% 2.88% 3.11% 3.05% 
MgO 0.19% 0.24% 0.12% 0.06% 0.11% 
MnO 2.32% 3.24% 1.22% 0.90% 0.42% 
MoO3 — — 0.03% 0.03% — 
Na2O 12.43% 9.09% 10.90% 10.97% 14.58% 
Nd2O3 0.21% 0.28% 0.12% 0.07% 0.30% 
NiO 0.89% 0.08% 0.52% 0.37% 0.59% 
P2O5 0.25% 0.33% 0.18% 0.16% 0.60% 
PbO 0.41% 0.56% 0.18% 0.13% 0.09% 
PdO — — — — 0.04% 
Pr2O3 0.06% 0.07% — — — 
Rb2O — — 0.02% — — 
Re2O7 — — — — — 
Rh2O3 — — — — 0.03% 
RuO2 0.03% 0.11% — — 0.11% 
SO3 0.26% 0.19% 0.21% 0.14% 0.18% 
SeO2 — — 0.01% 0.00% 0.00% 
SiO2 37.46% 34.90% 41.16% 47.04% 39.98% 

Sm2O3 — — — — — 
SnO2 0.02% 0.01% 0.01% 0.01% 0.02% 
SrO 6.77% 6.19% 0.03% 0.03% 0.20% 

Tb4O7 — — — — 0.01% 
ThO2 1.77% 5.26% 5.54% 4.02% 0.01% 
TiO2 — — 0.08% 0.02% — 
UO3 1.89% 6.20% 4.50% 3.33% 1.16% 
WO3 — 0.06% 0.14% 0.10% — 
Y2O3 — — 0.01% — 0.00% 

Yb2O3 — — — — — 
ZnO 0.11% 0.91% 0.44% 1.58% 0.21% 
ZrO2 2.62% 8.64% 8.20% 6.08% 4.05% 

TOTAL 99.9% 99.9% 100.0% 100.0% 100.0% 
 

(a) Compositional values are rounded to 2 decimal places. 
(b) — indicates empty data field.  
(c) Boldface indicates target values are used for B2O3 and Li2O, which were not measured by XRF. 
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Table 4.2. PCT Release Data (Leachate Concentration in ppm and Normalized 
Release in g/l) for the HLW Algorithm Glasses. 

 

Glass ID PCT-B 
(ppm) 

PCT-Li 
(ppm) 

PCT-Na 
(ppm) 

PCT-B 
(g/l) 

PCT-Li 
(g/l) 

PCT-Na 
(g/l) 

Leachate 
pH 

HLW-ALG-01 40.76 11.37 115.30 1.24 0.74 0.90 11.08 
HLW-ALG-02 24.75 9.54 70.73 0.72 0.58 0.62 10.78 
HLW-ALG-03 586.30 151.60 1663.00 21.90 10.68 11.82 12.18 
HLW-ALG-04 305.60 82.35 678.80 8.84 6.16 5.73 10.87 
HLW-ALG-05 52.34 65.41 212.30 3.50 3.29 3.20 11.62 
HLW-ALG-06 15.44 11.73 144.80 1.03 1.00 1.25 11.55 
HLW-ALG-07 11.50 5.80 32.58 0.35 0.38 0.37 10.66 
HLW-ALG-08 13.86 7.93 99.08 0.93 0.82 0.96 11.33 
HLW-ALG-09 22.25 11.25 149.90 1.49 1.22 1.34 11.45 
HLW-ALG-10 365.10 62.06 1006.00 12.44 6.62 7.79 11.53 
HLW-ALG-11 14.66 13.44 17.56 0.39 0.48 0.39 10.55 
HLW-ALG-12 15.23 10.18 124.90 1.02 0.80 1.06 11.45 
HLW-ALG-13 1.78 9.53 45.65 0.12 0.61 0.65 11.06 
HLW-ALG-14 5.73 24.60 28.71 0.38 0.88 0.81 10.97 
HLW-ALG-15 63.32 7.71 144.80 1.45 0.86 1.11 10.54 
HLW-ALG-16 97.74 13.02 196.60 2.27 1.39 1.52 10.55 
HLW-ALG-17 412.90 60.28 1155.00 12.86 6.42 8.94 11.43 
HLW-ALG-18 22.12 8.98 62.78 0.64 0.56 0.57 10.53 
HLW-ALG-19 86.26 24.40 217.20 2.88 1.98 1.81 11.02 
HLW-ALG-20 133.90 47.36 416.70 5.56 3.48 3.23 11.61 
HLW-ALG-21 12.20 6.75 157.20 0.82 0.59 1.20 11.54 
HLW-ALG-22 18.60 6.84 126.80 0.91 0.61 1.03 11.43 
HLW-ALG-23 15.59 5.50 193.70 1.04 0.57 1.35 11.65 
HLW-ALG-24 5.02 11.19 42.03 0.34 0.56 0.58 10.98 
HLW-ALG-25 373.10 63.36 967.40 11.90 6.75 7.49 11.41 
HLW-ALG-26 0.17 6.02 28.03 0.01 0.43 0.39 10.53 
HLW-ALG-27 84.16 11.78 141.40 1.93 1.32 1.08 10.47 
HLW-ALG-28 101.50 14.36 177.50 2.33 1.60 1.36 10.67 
HLW-ALG-29 46.97 5.68 99.16 1.08 0.63 0.76 10.48 
HLW-ALG-30 9.78 6.14 61.71 0.33 0.43 0.54 10.67 
HLW-ALG-31 53.31 17.82 91.65 1.58 1.25 1.05 10.18 
HLW-ALG-32 6.57 11.55 43.68 0.44 0.63 0.63 11.01 
HLW-ALG-33 15.75 8.59 113.60 0.63 0.49 0.87 11.27 
HLW-ALG-34 361.20 65.55 1208.00 14.15 6.99 8.57 11.59 
HLW-ALG-35 5.81 9.26 61.32 0.39 0.71 0.76 11.02 
HLW-ALG-36 18.93 14.54 107.20 0.94 1.08 1.15 11.30 
HLW-ALG-37 2.68 6.50 36.41 0.18 0.54 0.52 10.88 
HLW-ALG-38 9.50 1.89 26.19 0.39 0.14 0.33 9.79 
HLW-ALG-39 22.19 10.88 43.68 0.70 0.75 0.53 10.18 
HLW-ALG-40 9.54 8.18 66.10 0.36 0.58 0.62 10.85 
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Table 4.3.  Summary of Measured Properties for the HLW Algorithm Glasses. 

 

 Constraint 
Limits HLW-ALG-01 HLW-ALG-02 HLW-ALG-03 HLW-ALG-04 HLW-ALG-05 

rB (g/l) 16.7 1.243 0.719 21.903(a) 8.839 3.505 

rNa (g/l) 13.3 0.899 0.622 11.819 5.726 3.202 

rLi (g/l) 9.6 0.735 0.578 10.675 6.164 3.285 

T1% (ºC) 950 ND(b) ND 758.9 ND 949.2 

η1150 20-80 29.55 37.88 17.26 29.46 15.74 

η1100 10-150 43.08 59.04 25.75 42.72 23.18 

ε1100 0.2-0.7 0.489 0.396 0.572 0.408 0.276 

ε1200 0.2-0.7 0.650 0.519 0.760 0.532 0.402 
Outside Phase 1 Modeling 

Compositional Range? Yes Yes Yes Yes No 

Major Crystalline Phase at T1% Spinel Spinel Spinel Spinel Spinel 

       

 Constraint 
Limits HLW-ALG-06 HLW-ALG-07 HLW-ALG-08 HLW-ALG-09 HLW-ALG-10 

rB (g/l) 16.7 1.034 0.346 0.929 1.490 12.445 

rNa (g/l) 13.3 1.248 0.373 0.958 1.337 7.788 

rLi (g/l) 9.6 0.998 0.383 0.820 1.219 6.615 

T1% (ºC) 950 955.1 ND 1170.5 800.8 775.0 

η1150 20-80 30.35 63.92 23.46 20.30 19.30 

η1100 10-150 46.36 105.29 41.28 31.29 28.21 

ε1100 0.2-0.7 0.385 0.259 0.316 0.386 0.518 

ε1200 0.2-0.7 0.520 0.368 0.452 0.574 0.729 
Outside Phase 1 Modeling 

Compositional Range? Yes No No Yes Yes 

Major Crystalline Phase at T1% Spinel RuO2 (Trace) ZrO2 Spinel Spinel 
 

(a) Highlighted values do not meet the constraint limit. 
(b) ND = Not determined. 
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Table 4.3.  Summary of Measured Properties for the HLW Algorithm Glasses (continued). 
 

 Constraint 
Limits HLW-ALG-11 HLW-ALG-12 HLW-ALG-13 HLW-ALG-14 HLW-ALG-15 

rB (g/l) 16.7 0.387 1.020 0.119 0.384 1.454 

rNa (g/l) 13.3 0.390 1.059 0.647 0.806 1.110 

rLi (g/l) 9.6 0.481 0.797 0.612 0.881 0.861 

T1% (ºC) 950 1181.8(a) 880.3 1293.2 991.7 797.4 

η1150 20-80 27.23 24.45 42.4(c) 18.73 33.82 

η1100 10-150 44.09 38.84 ND 27.78 53.81 

ε1100 0.2-0.7 0.370 0.460 0.298 0.350 0.455 

ε1200 0.2-0.7 0.487 0.596 0.438 0.515 0.613 
Outside Phase 1 Modeling 

Compositional Range? Yes Yes No No Yes 

Major Crystalline Phase at T1% ZrO2/ThO2 Spinel ZrO2/ThO2 Spinel Spinel 

       

 Constraint 
Limits HLW-ALG-16 HLW-ALG-17 HLW-ALG-18 HLW-ALG-19 HLW-ALG-20 

rB (g/l) 16.7 2.273 12.863 0.641 2.878 5.562 

rNa (g/l) 13.3 1.522 8.940 0.571 1.815 3.228 

rLi (g/l) 9.6 1.387 6.424 0.563 1.976 3.485 

T1% (ºC) 950 ND(b) 819.7 635.7 750.0 637.9 

η1150 20-80 43.3 18.98 61.92 32.34 26.3 

η1100 10-150 68.52 26.82 92.32 50.4 40.2 

ε1100 0.2-0.7 0.477 0.391 0.372 0.408 0.532 

ε1200 0.2-0.7 0.682 0.543 0.512 0.560 0.732 
Outside Phase 1 Modeling 

Compositional Range? Yes Yes No Yes Yes 

Major Crystalline Phase at T1% Spinel Spinel/NaMnFe 
Silicate Spinel Spinel Spinel 

 
(a) Highlighted values do not meet the constraint limit. 
(b) ND = Not determined. 
(c) Fitting not performed. Measured value at 1154ºC used. 
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Table 4.3.  Summary of Measured Properties for the HLW Algorithm Glasses (continued). 
 

 Constraint 
Limits HLW-ALG-21 HLW-ALG-22 HLW-ALG-23 HLW-ALG-24 HLW-ALG-25 

rB (g/l) 16.7 0.817 0.908 1.044 0.336 11.902 

rNa (g/l) 13.3 1.202 1.029 1.353 0.577 7.488 

rLi (g/l) 9.6 0.587 0.612 0.573 0.565 6.752 

T1% (ºC) 950 1129.4(a) 995.9 1023.6 1277.8 773.5 

η1150 20-80 37.3 32.55 33.75 ND 17.69 

η1100 10-150 68.31 54.86 57.31 ND 25.79 

ε1100 0.2-0.7 0.477 0.546 0.731 0.336 0.452 

ε1200 0.2-0.7 0.613 0.742 0.928 0.442 0.585 
Outside Phase 1 Modeling 

Compositional Range? Yes Yes Yes Yes Yes 

Major Crystalline Phase at T1% ZrO2/ThO2 ZrO2/ThO2 Na2ZrSi2O7/ZrO2 ZrO2/ThO2 Spinel 

       

 Constraint 
Limits HLW-ALG-26 HLW-ALG-27 HLW-ALG-28 HLW-ALG-29 HLW-ALG-30 

rB (g/l) 16.7 0.007 1.932 2.331 1.078 0.328 

rNa (g/l) 13.3 0.393 1.084 1.360 0.760 0.543 

rLi (g/l) 9.6 0.429 1.316 1.604 0.634 0.427 

T1% (ºC) 950 ND(b) 800.1 855.8 ND 730.8 

η1150 20-80 63.43 33.42 22.53 38.79 40.18 

η1100 10-150 107.17 49.82 33.13 62.64 61.64 

ε1100 0.2-0.7 0.250 0.491 0.448 0.441 0.458 

ε1200 0.2-0.7 0.374 0.664 0.599 0.620 0.609 
Outside Phase 1 Modeling 

Compositional Range? No Yes Yes Yes Yes 

Major Crystalline Phase at T1% ThO2 
Spinel/NaAlFe 

Silicate Spinel Spinel Spinel 
 

(a) Highlighted values do not meet the constraint limit. 
(b) ND = Not determined. 

 



The Catholic University of America  Preparation and Testing of Glasses to Support 
Vitreous State Laboratory   Development of WTP IHLW Formulation Algorithm 
  Final Report, VSL-06R1240-1, Rev. 0 
 

T-38 

 
Table 4.3.  Summary of Measured Properties for the HLW Algorithm Glasses (continued). 
 

 Constraint 
Limits HLW-ALG-31 HLW-ALG-32 HLW-ALG-33 HLW-ALG-34 HLW-ALG-35 

rB (g/l) 16.7 1.577 0.440 0.634 14.147 0.389 

rNa (g/l) 13.3 1.055 0.632 0.867 8.569 0.764 

rLi (g/l) 9.6 1.246 0.626 0.489 6.986 0.712 

T1% (ºC) 1075 1003.7 1124.8(a) 1133.5 824.6 998.5 

η1150 20-80 40.2 15.81 32.56 15.14 31.68 

η1100 10-150 64.36 24.1 50.23 22.09 50.49 

ε1100 0.2-0.7 0.253 0.330 0.549 0.520 0.266 

ε1200 0.2-0.7 0.376 0.495 0.729 0.720 0.393 
Outside Phase 1 Modeling 

Compositional Range? No No Yes Yes No 

Major Crystalline Phase at T1% Spinel Spinel ZrO2/Spinel Spinel Spinel 

       

 Constraint 
Limits HLW-ALG-36 HLW-ALG-37 HLW-ALG-38 HLW-ALG-39 HLW-ALG-40 

rB (g/l) 16.7 0.936 0.180 0.387 0.700 0.364 

rNa (g/l) 13.3 1.153 0.524 0.332 0.533 0.621 

rLi (g/l) 9.6 1.078 0.542 0.141 0.753 0.577 

T1% (ºC) 1075 1029.7 1510.9 1138.7 ND 1012.4 

η1150 20-80 22.63 67.88 50.28(c) 65.13 42.26 

η1100 10-150 35.5 123.89 ND(b) 106.54 64.78 

ε1100 0.2-0.7 0.392 0.255 0.204 0.278 0.450 

ε1200 0.2-0.7 0.573 0.362 0.298 0.392 0.598 
Outside Phase 1 Modeling 

Compositional Range? No No No No Yes 

Major Crystalline Phase at T1% Spinel ZrO2/ThO2 ZrO2/ThO2/Spinel Spinel Spinel 
 

(a) Highlighted values do not meet the constraint limit. 
(b) ND = Not determined. 
(c) Fitting not performed. Measured value at 1154ºC used. 
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Table 4.4.  Measured and Fitted Viscosity Data for HLW Algorithm Glasses. 
 

Measured Viscosity Fitted Viscosity 
Glass ID Temperature 

(°C) 
Viscosity 

(P) 
Temperature 

(°C) 
Viscosity 

(P) 

959 167.81 1000 106.78 
1057 60.84 1050 65.89 
1156 28.96 1100 43.08 

HLW-ALG-01 

1253 15.18 1150 29.55 
959 289.17 1000 171.28 

1059 88.47 1050 97.27 
1160 34.87 1100 59.04 

HLW-ALG-02 

1259 16.77 1150 37.88 
960 108.34 1000 67.84 

1061 36.31 1050 40.48 
1161 16.08 1100 25.75 

HLW-ALG-03 

1261 8.18 1150 17.26 
958 170.17 1000 106.22 

1060 59.35 1050 65.25 
1161 27.49 1100 42.72 

HLW-ALG-04 

1262 14.78 1150 29.46 
958 97.28 1000 59.66 

1058 33.06 1050 35.99 
1159 14.95 1100 23.18 

HLW-ALG-05 

1258 7.82 1150 15.74 
964 198.59 1000 128.14 

1067 62.52 1050 74.67 
1170 26.24 1100 46.36 

HLW-ALG-06 

1273 12.71 1150 30.35 
959 639.26 1000 352.67 

1058 172.10 1050 185.18 
1156 58.72 1100 105.29 

HLW-ALG-07 

1255 26.85 1150 63.92 
970 273.63 1000 165.77 

1065 64.77 1050 78.71 
1159 21.24 1100 41.28 

HLW-ALG-08 

1254 8.86 1150 23.46 
963 157.46 1000 93.65 

1057 46.56 1050 51.75 
1153 20.60 1100 31.29 

HLW-ALG-09 

1249 9.94 1150 20.30 
971 95.80 1000 70.16 

1070 36.23 1050 43.24 
1168 17.00 1100 28.21 

HLW-ALG-10 

1267 9.19 1150 19.30 
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Table 4.4. Measured and Fitted Viscosity Data for HLW Algorithm Glasses (continued). 
 

Measured Viscosity Fitted Viscosity 
Glass ID Temperature 

(°C) 
Viscosity 

(P) 
Temperature 

(°C) 
Viscosity 

(P) 

973 212.31 1000 144.35 
1073 59.33 1050 76.47 
1172 21.96 1100 44.09 

HLW-ALG-11 

1272 10.60 1150 27.23 
984 172.35 1000 133.49 

1071 52.12 1050 67.70 
1160 22.81 1100 38.84 

HLW-ALG-12 

1249 11.84 1150 24.45 
966 See note(a) 

1059 See note(a) 
1154 42.40 

HLW-ALG-13 

1249 18.47 

No fitting performed 

952 121.57 1000 70.89 
1055 40.99 1050 43.17 
1158 17.78 1100 27.78 

HLW-ALG-14 

1261 8.88 1150 18.73 
955 293.00 1000 162.09 

1054 86.45 1050 90.41 
1153 32.97 1100 53.81 

HLW-ALG-15 

1251 15.15 1150 33.82 
956 366.30 1000 205.26 

1053 110.76 1050 114.70 
1151 43.02 1100 68.52 

HLW-ALG-16 

1248 20.05 1150 43.30 
963 95.36 1000 63.83 

1063 35.68 1050 40.00 
1163 17.57 1100 26.82 

HLW-ALG-17 

1264 10.02 1150 18.98 
959 368.15 1000 235.26 

1060 131.16 1050 143.69 
1161 57.01 1100 92.32 

HLW-ALG-18 

1263 28.57 1150 61.92 
959 244.87 1000 145.51 

1061 73.46 1050 82.92 
1164 29.04 1100 50.40 

HLW-ALG-19 

1265 13.67 1150 32.34 
956 192.43 1000 111.63 

1058 59.48 1050 64.84 
1160 24.48 1100 40.20 

HLW-ALG-20 

1262 11.83 1150 26.30 
 

(a) Crystallization suspected. 
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Table 4.4. Measured and Fitted Viscosity Data for HLW Algorithm Glasses (continued). 
 

Measured Viscosity Fitted Viscosity 
Glass ID Temperature 

(°C) 
Viscosity 

(P) 
Temperature 

(°C) 
Viscosity 

(P) 

978 508.70 1000 329.57 
1066 109.65 1050 139.69 
1156 34.93 1100 68.31 

HLW-ALG-21 

1246 14.63 1150 37.30 
981 251.52 1000 192.67 

1074 77.13 1050 98.80 
1169 25.65 1100 54.86 

HLW-ALG-22 

1264 12.29 1150 32.55 
973 316.45 1000 208.79 

1073 78.53 1050 104.65 
1173 27.14 1100 57.31 

HLW-ALG-23 

1273 11.58 1150 33.75 

HLW-ALG-24 Highly non-newtonain behavior observed 

972 85.72 1000 63.77 
1072 32.69 1050 39.42 
1171 15.24 1100 25.79 

HLW-ALG-25 

1271 8.27 1150 17.69 
963 741.02 1000 403.18 

1057 185.41 1050 197.06 
1155 58.10 1100 107.17 

HLW-ALG-26 

1252 26.97 1150 63.43 
958 193.88 1000 124.46 

1060 69.76 1050 77.08 
1163 30.56 1100 49.82 

HLW-ALG-27(a) 

1264 15.05 1150 33.42 
960 125.21 1000 81.83 

1061 45.60 1050 50.80 
1163 20.77 1100 33.13 

HLW-ALG-28 

1263 10.63 1150 22.53 
957 346.36 1000 194.28 

1059 96.19 1050 106.82 
1161 35.07 1100 62.64 

HLW-ALG-29 

1262 15.59 1150 38.79 
960 293.76 1000 176.18 

1053 98.39 1050 100.42 
1148 40.42 1100 61.64 

HLW-ALG-30 

1243 20.63 1150 40.18 
 

(a) Apparent phase separation observed. 
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Table 4.4. Measured and Fitted Viscosity Data for HLW Algorithm Glasses (continued). 
 

Measured Viscosity Fitted Viscosity 
Glass ID Temperature 

(°C) 
Viscosity 

(P) 
Temperature 

(°C) 
Viscosity 

(P) 

960 350.08 1000 201.85 
1060 98.75 1050 109.71 
1159 37.08 1100 64.36 

HLW-ALG-31 

1260 16.93 1150 40.20 
948 127.33 1000 66.62 

1046 40.33 1050 38.79 
1144 16.62 1100 24.10 

HLW-ALG-32 

1243 8.10 1150 15.81 
951 273.94 1000 145.15 

1050 83.43 1050 82.30 
1149 33.05 1100 50.23 

HLW-ALG-33 

1249 15.69 1150 32.56 
952 88.98 1000 53.66 

1046 34.55 1050 33.60 
1141 16.30 1100 22.09 

HLW-ALG-34 

1236 8.54 1150 15.14 
972 234.45 1000 158.98 

1068 70.12 1050 86.00 
1166 27.74 1100 50.49 

HLW-ALG-35 

1264 13.23 1150 31.68 
969 167.31 1000 109.39 

1065 51.03 1050 59.68 
1163 20.33 1100 35.50 

HLW-ALG-36 

1261 10.01 1150 22.63 
975 760.01 1000 511.62 

1067 200.99 1050 241.94 
1161 56.29 1100 123.89 

HLW-ALG-37 

1255 23.55 1150 67.88 
964 See note(a) 

1059 160.64 
1154 50.28 

HLW-ALG-38 

1249 21.62 

No fitting performed 

968 632.48 1000 378.63 
1064 159.64 1050 189.98 
1162 59.39 1100 106.54 

HLW-ALG-39 

1260 27.26 1150 65.13 
951 369.89 1000 189.83 

1052 107.47 1050 106.26 
1155 38.86 1100 64.78 

HLW-ALG-40 

1258 20.38 1150 42.26 
 

(a) Strongly non-newtonian behavior at 964 °C. 
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Table 4.5. Measured and Fitted Electrical Conductivity Data for HLW Algorithm 
Glasses. 

 
Measured Electrical Conductivity Fitted Electrical Conductivity 

Glass ID Temperature 
(°C) 

Conductivity 
(S/cm) 

Temperature 
(°C) 

Conductivity 
(S/cm) 

975 0.317 1050 0.417 
1069 0.444 1100 0.489 
1162 0.587 1150 0.567 

HLW-ALG-01 

1261 0.756 1200 0.650 
969 0.236 1050 0.334 

1062 0.349 1100 0.396 
1154 0.463 1150 0.458 

HLW-ALG-02 

1254 0.584 1200 0.519 
970 0.344 1050 0.481 

1062 0.491 1100 0.572 
1155 0.694 1150 0.665 

HLW-ALG-03 

1248 0.841 1200 0.760 
967 0.229 1050 0.342 

1059 0.345 1100 0.408 
1150 0.501 1150 0.472 

HLW-ALG-04 

1248 0.568 1200 0.532 
983 0.153 1050 0.220 

1080 0.250 1100 0.276 
1174 0.374 1150 0.337 

HLW-ALG-05 

1270 0.494 1200 0.402 
937 0.189 1050 0.320 

1036 0.298 1100 0.385 
1132 0.436 1150 0.452 

HLW-ALG-06 

1229 0.555 1200 0.520 
927 0.113 1050 0.211 

1031 0.195 1100 0.259 
1128 0.288 1150 0.311 

HLW-ALG-07 

1223 0.394 1200 0.368 
943 0.141 1050 0.254 

1041 0.243 1100 0.316 
1139 0.371 1150 0.382 

HLW-ALG-08 

1236 0.501 1200 0.452 
946 0.187 1050 0.309 

1042 0.294 1100 0.386 
1137 0.439 1150 0.474 

HLW-ALG-09 

1231 0.657 1200 0.574 
946 0.273 1050 0.427 

1043 0.395 1100 0.518 
1142 0.627 1150 0.619 

HLW-ALG-10 

1230 0.791 1200 0.729 
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Table 4.5. Measured and Fitted Electrical Conductivity Data for HLW Algorithm 
Glasses (continued). 

 
Measured Electrical Conductivity Fitted Electrical Conductivity 

Glass ID Temperature 
(°C) 

Conductivity 
(S/cm) 

Temperature 
(°C) 

Conductivity 
(S/cm) 

950 0.180 1050 0.307 
1047 0.317 1100 0.370 
1143 0.394 1150 0.430 

HLW-ALG-11 

1239 0.547 1200 0.487 
937 0.227 1050 0.389 

1034 0.359 1100 0.460 
1130 0.518 1150 0.529 

HLW-ALG-12 

1224 0.617 1200 0.596 
944 0.134 1050 0.238 

1042 0.229 1100 0.298 
1138 0.350 1150 0.364 

HLW-ALG-13 

1231 0.484 1200 0.438 
941 0.151 1050 0.278 

1031 0.252 1100 0.350 
1120 0.382 1150 0.429 

HLW-ALG-14 

1209 0.531 1200 0.515 
943 0.226 1050 0.378 

1034 0.351 1100 0.455 
1123 0.495 1150 0.534 

HLW-ALG-15 

1213 0.632 1200 0.613 
947 0.249 1050 0.391 

1038 0.377 1100 0.477 
1129 0.494 1150 0.574 

HLW-ALG-16 

1221 0.765 1200 0.682 
940 0.202 1050 0.325 

1031 0.307 1100 0.391 
1122 0.414 1150 0.464 

HLW-ALG-17 

1214 0.571 1200 0.543 
943 0.189 1050 0.309 

1034 0.291 1100 0.372 
1125 0.403 1150 0.440 

HLW-ALG-18 

1217 0.538 1200 0.512 
952 0.217 1050 0.338 

1040 0.329 1100 0.408 
1127 0.446 1150 0.482 

HLW-ALG-19 

1215 0.582 1200 0.560 
959 0.291 1050 0.441 

1048 0.437 1100 0.532 
1136 0.602 1150 0.630 

HLW-ALG-20 

1226 0.787 1200 0.732 
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Table 4.5. Measured and Fitted Electrical Conductivity Data for HLW Algorithm 
Glasses (continued). 

 
Measured Electrical Conductivity Fitted Electrical Conductivity 

Glass ID Temperature 
(°C) 

Conductivity 
(S/cm) 

Temperature 
(°C) 

Conductivity 
(S/cm) 

933 0.233 1050 0.405 
1030 0.366 1100 0.477 
1125 0.548 1150 0.546 

HLW-ALG-21 

1217 0.610 1200 0.613 
941 0.251 1050 0.449 

1030 0.404 1100 0.546 
1127 0.612 1150 0.644 

HLW-ALG-22 

1223 0.780 1200 0.742 
942 0.380 1050 0.624 

1042 0.579 1100 0.731 
1139 0.879 1150 0.833 

HLW-ALG-23 

1235 0.951 1200 0.928 
941 0.145 1050 0.280 

1039 0.313 1100 0.336 
1134 0.360 1150 0.391 

HLW-ALG-24 

1232 0.452 1200 0.442 
941 0.213 1050 0.380 

1039 0.388 1100 0.452 
1135 0.482 1150 0.520 

HLW-ALG-25 

1231 0.623 1200 0.585 
952 0.122 1050 0.199 

1051 0.202 1100 0.250 
1148 0.300 1150 0.308 

HLW-ALG-26 

1244 0.443 1200 0.374 
973 0.288 1050 0.408 

1066 0.442 1100 0.491 
1155 0.576 1150 0.577 

HLW-ALG -27(a) 

1247 0.752 1200 0.664 
952 0.243 1050 0.376 

1041 0.365 1100 0.448 
1129 0.490 1150 0.523 

HLW-ALG-28 

1214 0.621 1200 0.599 
963 0.222 1050 0.356 

1055 0.364 1100 0.441 
1136 0.504 1150 0.529 

HLW-ALG-29 

1237 0.688 1200 0.620 
924 0.226 1050 0.386 

1032 0.353 1100 0.458 
1128 0.514 1150 0.532 

HLW-ALG-30 

1222 0.636 1200 0.609 
 

(a) Apparent phase separation observed. 
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Table 4.5. Measured and Fitted Electrical Conductivity Data for HLW Algorithm 
Glasses (continued). 

 
Measured Electrical Conductivity Fitted Electrical Conductivity 

Glass ID Temperature 
(°C) 

Conductivity 
(S/cm) 

Temperature 
(°C) 

Conductivity 
(S/cm) 

975 0.144 1050 0.202 
1073 0.220 1100 0.253 
1173 0.329 1150 0.311 

HLW-ALG-31 

1270 0.498 1200 0.376 
950 0.152 1050 0.261 

1048 0.254 1100 0.330 
1145 0.408 1150 0.408 

HLW-ALG-32 

1243 0.572 1200 0.495 
958 0.317 1050 0.463 

1056 0.478 1100 0.549 
1154 0.637 1150 0.638 

HLW-ALG-33 

1251 0.828 1200 0.729 
930 0.265 1050 0.435 

1028 0.404 1100 0.520 
1127 0.555 1150 0.616 

HLW-ALG-34 

1225 0.787 1200 0.720 
951 0.115 1050 0.209 

1048 0.206 1100 0.266 
1144 0.323 1150 0.328 

HLW-ALG-35 

1239 0.446 1200 0.393 
956 0.177 1050 0.310 

1055 0.320 1100 0.392 
1151 0.480 1150 0.480 

HLW-ALG-36 

1248 0.667 1200 0.573 
929 0.096 1050 0.204 

1026 0.177 1100 0.255 
1120 0.279 1150 0.308 

HLW-ALG-37 

1212 0.374 1200 0.362 
955 0.101 1050 0.164 

1052 0.155 1100 0.204 
1148 0.268 1150 0.249 

HLW-ALG-38 

1243 0.332 1200 0.298 
940 0.128 1050 0.226 

1038 0.213 1100 0.278 
1135 0.318 1150 0.333 

HLW-ALG-39 

1230 0.427 1200 0.392 
949 0.221 1050 0.374 

1046 0.370 1100 0.450 
1141 0.527 1150 0.525 

HLW-ALG-40 

1231 0.626 1200 0.598 
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Table 4.6.  Temperature and Volume %-Crystallinity Data for HLW Algorithm 
Glasses. 

 

Heat-Treatment Temperature (°C) 
Glass ID 

650 700 750 775 800 850 900 950 1000 1050 1100 1150 1200 

HLW-ALG-01 < 0.1 <0.1 0.1 —(a) 0.1 0.2 — < 0.1 — 0.0 — — — 

HLW-ALG-02 — 0.1 0.2 — 0.3 0.3 — < 0.1 — < 0.1 — — — 

HLW-ALG-03 — — 0.2 — 0.7(b) 0.5 0.1 0.0 — 0.0 — — — 

HLW-ALG-04 — 0.5 0.1 — 0.2 0.1 — 0.0 — — — — — 

HLW-ALG-05 — 2.3 2.7 — 1.9 2.5 — 1.2 0.5 0.3 — — — 

HLW-ALG-06 — 25.6 24.6 — 21.0 2.6 1.5 0.7 1.0 — — — — 

HLW-ALG-07 — < 0.1 < 0.1 — 0.1 <0.1 < 0.1 < 0.1 — — — — — 

HLW-ALG-08 — — — — — — 13.6 9.2 4.8 1.9 1.6 1.1 0.8 

HLW-ALG-09 — 1.1 1.0 — 1.1 — 1.0 0.5 0.3 — — — — 

HLW-ALG-10 — 3.5 0.5 0.7 0.8 0.6 0.2 — — — — — — 

HLW-ALG-11 0.7 — 1.2 — 1.7 3.9 4.6 3.8 2.1 2.7 2.6 — 1.1 

HLW-ALG-12 — — 0.4 — 1.5 0.6 1.3 0.4 0.3 < 0.1 — — — 

HLW-ALG-13 — — — — 11.3 9.5 5.6 3.9 — 3.0 2.9 3.4 2.9 

HLW-ALG-14 — — — — 3.3 2.6 2.8 1.9 0.7 < 0.1 — — — 

HLW-ALG-15 — 0.2 0.5 — 1.0 0.7 0.5 0.8 — — — — — 

HLW-ALG-16 < 0.1 0.1 < 0.1 — 0.1 0.1 — — — — — — — 

HLW-ALG-17 — 1.5 0.3 4.7 0.7 0.3 0.5 — — — — — — 

HLW-ALG-18 0.8 0.1 < 0.1 — 0.1 0.0 — — — — — — — 

HLW-ALG-19 — 0.3 0.1 — 0.4 0.7 0.5 0.4 — — — — — 

HLW-ALG-20 — 0.4 0.6 — 0.5 0.6 0.3 0.2 — — — — — 

HLW-ALG-21 — 0.4 0.8 — 3.4 7.5 10.4 7.8 3.0 1.2 1.3 1.6 0.2 

HLW-ALG-22 — < 0.1 < 0.1 — 0.1 0.8 3.1 5.5 0.6 — — — — 

HLW-ALG-23 0.1 — — — 1.9 3.4 9.3 5.9 2.6 — — — — 

HLW-ALG-24 — — — — — 11.5 6.7 0.7 — 5.2 5.7 4.3 4.5 

HLW-ALG-25 — 2.9 1.0 — 1.0 0.6 0.5 — — — — — — 

HLW-ALG-26 0.1 0.1 < 0.1 — 0.1 < 0.1 — 0.1 — — — — — 

HLW-ALG-27 — 16.9 14.0 — 0.4 < 0.1 < 0.1 — — — — — — 

HLW-ALG-28 — 0.5 0.4 — 2.0 1.0 0.3 — — — — — — 

HLW-ALG-29 0.1 0.1 0.4 — 0.8 0.9 — — — — — — — 

HLW-ALG-30 — 1.1 — — 0.7 0.6 — 0.1 — — — — — 

HLW-ALG-31 — — — — — 2.2 — 1.7 1.0 0.5 0.2 — — 

HLW-ALG-32 — — — — — 6.3 — 3.4 2.8 1.9 2.4 0.4 0.1 

HLW-ALG-33 — — 29.8 — — 5.1 — 1.9 2.2 1.4 1.5 1.0 0.5 

HLW-ALG-34 — — — — 1.1 0.9 0.5 0.1 < 0.1 — — — — 

HLW-ALG-35 — — — — — 3.8 1.8 1.1 1.5 1.1 < 0.1 — — 

HLW-ALG-36 — — — — — 3.3 1.7 1.7 2.6 1.0 0.4 — — 

HLW-ALG-37 — — — — — — 3.5 2.9 4.1 3.6 3.2 — 3.1 

HLW-ALG-38 — — — — 3.8 3.9 2.8 2.8 2.4 1.9 1.3 — — 

HLW-ALG-39 — — — — < 0.1 0.2 < 0.1 0.2 < 0.1 — — — — 

HLW-ALG-40 — — — — — 2.1 1.8 1.5 1.0 0.9 0.3 — — 
 

(a) — indicates empty data field; no data were collected for these heat-treatment temperatures. 
(b) Only data in boldface were included in the regression to estimate T1% values. 
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Table 4.7. Regression Results(a), Estimated T1%, and the Major Crystalline Phase 
Near T1% for HLW Algorithm Glasses. 

 

Glass ID Intercept Slope T1% (°C) Crystalline Phase 
HLW-ALG-01 ND(b) ND ND Spinel + RuO2 
HLW-ALG-02 ND ND ND Spinel + RuO2 
HLW-ALG-03 919.64 -160.71 758.9 Spinel 
HLW-ALG-04 ND ND ND Spinel 
HLW-ALG-05 1072.84 -123.67 949.2 Spinel 
HLW-ALG-06 1022.13 -66.99 955.1 Spinel 
HLW-ALG-07 ND ND ND RuO2 
HLW-ALG-08 1300.68 -130.14 1170.5 ZrO2 
HLW-ALG-09 1095.79 -294.94 800.8 Spinel 
HLW-ALG-10 935.71 -160.71 775.0 Spinel 
HLW-ALG-11 1270.42 -88.60 1181.8 ZrO2 + ThO2 
HLW-ALG-12 989.73 -109.43 880.3 Spinel 

HLW-ALG-13(c) 1382.96 -89.76 1293.2 ZrO2 + ThO2 
HLW-ALG-14 1064.54 -72.80 991.7 Spinel 
HLW-ALG-15 994.74 -197.37 797.4 Spinel 
HLW-ALG-16 ND ND ND Spinel + RuO2 
HLW-ALG-17 832.40 -12.67 819.7 Spinel + Na(Mn,Fe,Ni) Silicate 

HLW-ALG-18(d) 707.14 -71.43 635.7 Spinel 
HLW-ALG-19(c) 1071.43 -321.43 750.0 Spinel 
HLW-ALG-20(c) 1016.67 -378.79 637.9 Spinel 
HLW-ALG-21 1193.22 -63.85 1129.4 ZrO2 + ThO2 

HLW-ALG-22(d) 1006.12 -10.20 995.9 ZrO2 + ThO2 
HLW-ALG-23 1038.55 -14.92 1023.6 Na2ZrSi2O7 + ZrO2 

HLW-ALG-24(c) 1322.20 -44.41 1277.8 ZrO2 + ThO2 
HLW-ALG-25 1002.41 -228.92 773.5 Spinel 
HLW-ALG-26 ND ND ND ThO2 + RuO2 
HLW-ALG-27 805.46 -5.32 800.1 Spinel + NaAlFe silicate 
HLW-ALG-28 914.04 -58.22 855.8 Spinel 
HLW-ALG-29 ND ND ND Spinel 
HLW-ALG-30 982.02 -251.23 730.8 Spinel 
HLW-ALG-31 1117.98 -114.26 1003.7 Spinel 
HLW-ALG-32 1180.54 -55.71 1124.8 Spinel 
HLW-ALG-33 1274.04 -140.50 1133.5 ZrO2 + Spinel 
HLW-ALG-34 968.64 -144.07 824.6 Spinel 
HLW-ALG-35 1054.93 -56.41 998.5 Spinel 
HLW-ALG-36 1100.30 -70.59 1029.7 Spinel 

HLW-ALG-37(c) 1680.24 -169.35 1510.9 ZrO2 + ThO2 
HLW-ALG-38 1249.72 -111.01 1138.7 ZrO2 + ThO2 + Spinel 
HLW-ALG-39 ND ND ND Spinel 
HLW-ALG-40 1152.76 -140.34 1012.4 Spinel 

 
(a) Regression results are rounded to 2 decimal places for the intercept and slope, 1 decimal place for T1% values. 
(b) ND = Not determined (Regression was not performed). 
(c) T1% estimated by large extrapolation (i.e., > 100°C). 
(d) Regression performed with 2 data points. 
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Table 4.8. PCT Release Data (Leachate Concentration in ppm and Normalized 

Release in g/l) for the CCC Samples of Selected HLW Algorithm Glasses(a). 
 

Sample ID PCT-B 
(ppm) 

PCT-Li 
(ppm) 

PCT-Na 
(ppm) 

PCT-B 
(g/l) 

PCT-Li 
(g/l) 

PCT-Na 
(g/l) 

Leachate 
pH 

HLW-ALG-01CCC 29.7 10.8 102.1 0.90 0.70 0.80 10.94 

HLW-ALG-03CCC 347.1 112.7 1089.0 12.97 7.94 7.74 12.11 

HLW-ALG-08CCC 3.6 6.1 69.7 0.24 0.63 0.67 11.20 

HLW-ALG-11CCC 11.8 11.7 15.15 0.31 0.42 0.34 10.32 

HLW-ALG-14CCC 7.0 24.6 22.4 0.47 0.88 0.63 11.04 

HLW-ALG-27CCC 1641.0 274.4 1720.0 37.68 30.65 13.18 9.98 

HLW-ALG-29CCC 46.7 7.0 101.7 1.07 0.79 0.78 10.52 

HLW-ALG-32CCC 4.3 10.2 33.6 0.29 0.55 0.49 11.02 

HLW-ALG-33CCC 188.8 93.7 439.4 7.59 5.33 3.35 11.94 

HLW-ALG-34CCC 430.6 64.9 1543.0 16.87 6.91 10.95 11.99 
 
 (a) Leachate concentration rounded to 1 decimal place; normalized release and leachate pH rounded to 2 decimal places. 
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Table 4.9. Vol%-Crystallinity Data for the CCC Samples of Selected HLW Algorithm 

Glasses. 
 

Sample ID Crystallinity 

HLW-ALG-01CCC < 0.1 vol% of Cr-rich spinel and 0.2 vol% of Na(Al, Fe) silicate 

HLW-ALG-03CCC < 0.1 vol% of spinel 

HLW-ALG-08CCC 1.9 vol% crystals (70% spinel + 30% zirconia with trace amount of thoria) 

HLW-ALG-11CCC 4.7 vol% crystals (80% zirconia + 20% thoria) 

HLW-ALG-14CCC 1.2 vol% of spinel 

HLW-ALG-27CCC 1.4 vol% of spinel + 20 vol% of NaAlSiO4 

HLW-ALG-29CCC 0.2 vol% of spinel 

HLW-ALG-32CCC 2.5 vol% of spinel 

HLW-ALG-33CCC 2.9 vol% of spinel and zirconia + 15 vol% of NaAlSiO4 

HLW-ALG-34CCC 0.1 vol% of spinel 
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Figure 3.1.   HLW canister centerline cooling (CCC) temperature profile. 
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Figure 4.1. Comparison of Predicted Normalized PCT Boron Releases (Plus Uncertainty 
U) with Measured Values. (Glasses are identified according to whether they 
are inside or outside the compositional ranges of glasses used to develop the 
Phase 1 PCT models. The constraint limit at 16.7 g/l is also shown.) 
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Figure 4.2. Comparison of Predicted Normalized PCT Lithium Releases (Plus 
Uncertainty U) with Measured Values. (Glasses are identified according to 
whether they are inside or outside the compositional ranges of glasses used to 
develop the Phase 1 PCT models. The constraint limit at 9.6 g/l is also 
shown.) 
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Figure 4.3. Comparison of Predicted Normalized PCT Sodium Releases (Plus 
Uncertainty U) with Measured Values. (Glasses are identified according to 
whether they are inside or outside the compositional ranges of glasses used to 
develop the Phase 1 PCT models. The constraint limit at 13.3 g/l is also 
shown.) 
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Figure 4.4. Comparison of Predicted and Experimentally Fitted Viscosity at 1150ºC for 
the HLW Algorithm Glasses. (Glasses are identified according to whether 
they are inside or outside the compositional ranges of glasses used to develop 
the Phase 1 viscosity models. The constraint limits are indicated by the 
vertical lines.) 
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Figure 4.5. Comparison of Predicted and Experimentally Fitted Viscosity at 1100ºC 
(η1100) for the HLW Algorithm Glasses. (Glasses are identified according to 
whether they are inside or outside the compositional ranges of glasses used to 
develop the Phase 1 viscosity models. The constraint limits are indicated by 
the vertical lines.) 
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Figure 4.6. Comparison of Predicted and Experimentally Fitted Electrical Conductivity 
at 1100ºC (ε1100) for the HLW Algorithm Glasses. (Glasses are identified 
according to whether they are inside or outside the compositional ranges of 
glasses used to develop the Phase 1 electrical conductivity models. The 
constraint limits are indicated by the vertical lines.) 
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Figure 4.7. Comparison of Predicted and Experimentally Fitted Electrical Conductivity 

at 1200ºC (ε1200) for the HLW Algorithm Glasses. (Glasses are identified 
according to whether they are inside or outside the compositional ranges of 
glasses used to develop the Phase 1 electrical conductivity models. The 
constraint limits are indicated by the vertical lines.) 
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Figure 4.8. Comparison of Predicted and Measured T1% Values for the HLW 
Algorithm Glasses. (The symbols identify the primary crystalline phases. 
The predicted values for glasses with undetermined T1% are included for 
comparison and are identified by the symbol −. One outlier is excluded 
from the plot.) 
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Figure 4.9. Comparison of PCT Normalized Boron Releases for CCC Samples with Their 
As-Melted (Quenched) Counterparts. 
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Figure 4.10. Scanning Electron Micrograph of a Canister Centerline Cooled Sample of 
HLW-ALG-27 (Top) and X-Ray Energy Dispersive Spectrum Identifying 
the Secondary Phase (Bottom). 
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Appendix A 
Plots of Heat Treatment and Regression Data 

 
 

This appendix presents graphically heat treatment data collected for the WTP HLW 
Algorithm glasses. For each of the 40 algorithm glasses, the volume % crystallinity data 
measured after heat treatment are plotted against the heat treatment temperatures (heat treatment 
time = 70 hours, after 1 hour at 1200°C). Regression of the data results in linear correlations 
from which T1% values can be estimated; the regression results are included in the plots (except 
for 8 glasses for which no regression was performed). To the extent possible, similar scales are 
used in the plots to facilitate comparison. 
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