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Statistical Structure Modeling for Thermal Properties and Chemical Stability of
Borosilicate Glass Wasteforms with High Level Radioactive Waste
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Abstract: Statistical structure modeling can help to establish the glass formulation design models to meet the vitrification
requirements of different types of high-level waste liquids due to its advantages of high efficiency and accuracy. Taking the glass
transition temperature 7,, thermal expansion coefficient a and element leaching rate of Li, Na, B as target properties, we utilized a
statistical structure simulation method for the development of nuclear waste glass curing formula. The results show that T,, a and
chemical stability of the glasses can be well simulated with the statistical structural data. It is also indicated that the data predicted by
the model are in a reasonable agreement with the measured results at a simulation desirability 0.94. Statistical structure modeling can
assist to establish the formula database of the high-level liquid waste vitrification.
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Table 1 Composition of glasses w/%
Sample No. SIOQ B203 RzO Zl’lO RO Ale3 Zl'02 M003 RE203
BSO 40.58 17.09 10.65 3.61 11.00 3.88 4.78 3.01 7.61
BS1 27.99 20.00 12.00 6.00 7.00 6.00 6.00 3.50 7.61
BS2 40.99 15.00 12.00 6.00 7.00 2.00 6.00 3.50 7.61
BS3 42.99 15.00 12.00 3.00 11.00 6.00 3.00 3.50 7.61
BS4 39.89 15.00 8.00 3.00 7.00 6.00 6.00 3.50 7.61
BSS 35.99 20.00 12.00 3.00 11.00 6.00 6.00 2.50 7.61
BS6 40.99 15.00 12.00 3.00 7.00 2.00 6.00 2.50 7.61
BS7 39.99 20.00 12.00 6.00 7.00 2.00 3.00 2.50 7.61
BS8 36.99 15.00 12.00 6.00 11.00 6.00 3.00 2.50 7.61
BS9 38.89 20.00 8.00 6.00 11.00 6.00 3.00 3.50 7.61
BS10 37.99 20.00 12.00 3.00 11.00 2.00 3.00 3.50 7.61

RO is alkali oxide; RE,Ojs is rare earth oxides; w is mass fraction.
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Table 2 Properties of glass samples
Sample No. T,/C a/(107%K™) fina /(g m 2 +17Na-€rTor i /(grm™) +1i-error 78 /(g'm™) +yp-error
Baseline(BS0) 521.7 7.341 0.2010 0.004 4 0.264 6 0.001 3 0.276 1 0.004 5
BS1 505.0 7.771 0.160 1 0.000 6 0.109 0 0.000 6 0.100 7 0.025 5
BS2 510.3 7.374 0.3822 0.011 7 0.210 8 0.0102 0.129 6 0.126 8
BS3 511.9 7.368 0.109 6 0.002 1 0.1413 0.005 7 0.065 7 0.003 5
BS4 546.3 7.097 0.095 1 0.003 7 0.069 8 0.002 4 0.044 7 0.002 1
BS5 519.4 7.097 0.228 5 0.028 5 0.331 8 0.037 4 0.1322 0.023 1
BS6 540.9 7.091 0.378 2 0.0139 0.387 3 0.008 3 0.126 5 0.000 1
BS7 510.5 7.03 0.7453 0.028 2 0.7155 0.0227 0.2855 0.0109
BS8 489.0 8.225 0.936 2 0.012 6 0.445 8 0.005 3 0.828 4 0.0413
BS9 528.8 6.277 1.761 6 0.059 1 1.2775 0.073 8 0.770 3 0.023 1
BS10 519.5 7.277 0.762 2 0.023 2 0.408 1 0.017 5 0.3870 0.0103
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Table 3 Integral area of Gaussian peaks derived from FTIR curves fitting (4=Area)

Sample No. A4, Ay A3 Ay As As 47 Ag Ay Ao
BSO 40.7 4.4 9.9 4.9 429 120.4 157.2 6.8 80.6 19.3
BS1 29.1 21.7 33.1 26.7 169.8 414.8 533 259 265.9 7.1
BS2 242 21.5 20.0 13.8 79.8 369.6 133.0 4.6 166.5 0.8
BS3 18.1 14.0 11.9 8.2 22.6 321.6 56.4 7.4 112.6 1.1
BS4 26.2 17.6 23.8 13.3 104.8 411.2 439 7.6 193.6 1.3
BSS 25.7 19.7 31.8 10.2 66.8 461.6 96.8 5.6 221.2 2.6
BS6 14.6 11.3 10.6 8.8 42.1 185.4 65.3 2.6 74.0 0

BS7 16.2 10.9 12.3 10.4 51.0 243.0 73.5 0.7 126.3 1.0
BS8 325 322 19.4 22.4 136.9 519.0 181.4 12.7 235.8

BS9 36.6 13.2 39.2 10.6 63.7 431.5 318.2 2.5 284.6

BS10 24.2 19 23.6 9 73.1 347.1 141 3.6 153.2

F 4 DMRILRIR BRI EFCE PRI R B T

Table 4 FTIR bands positions identified and band assignments from literature

Bands in this work /cm™ Band assignment based on literature Ref.
458-462 9 (0—B—0) and (Si—O—Si) bending vibrations [21]
518-528 Si—O—Si rocking vibrations [22]
696-707 Bending vibration of B—O—B linkage in [BOs] [23]
747-780 Si—O—Si and B—O asymmetric vibrations in [BO4] [24]
836-883 Si—O—Si symmetric stretching vibrations [25]
995-1 040 Si—O—Si asymmetric vibrations in [SiO4] (Q* Fl Q%) [26]
1 120-1 209 Si—O—Si stretching vibrations in [SiO4] Q% [27]
1276-1 398 [BOs] and BO,O™ asymmetric stretching vibrations [28]
1400-1440 Vibration of metaborate triangle [21]
1432-1478 Asymmetric stretching modes in [BOs] [26]
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o Thermal expansion coefficient; R™: Linear regression coefficients; P: Probability for type one error; or: Root mean square error.
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Fig. 5 Structure-property (S—P) models for glass samples BS0-BS9
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Table 5 F-test of S—P models parameter for glass samples

Statistic parameter T, o 7N L 1B n (without BS2)
Root mean square error 2.7819 0.058 8 0.1117 0.1198 0.1109 0.0749
Corrected total degree of freedom 6 9 8 8 9 8

F-ratio 72.6109 166.7309 46.4963 17.7539 13.8340 31.0331

P 0.0027 <<0.000 1 0.0013 0.0082 0.006 5 0.0029

Tg: Glass transition temperature; o: Thermal expansion coefficient; #x,: Normalized loss of Na; #;: Normalized loss of Li; #g: Normalized loss of B; 5 (without

BS2): Normalized loss of B (without BS2).

*6 WHEHEMEH-MRERENSHEZ NN

Table 6 T-test of S—P models parameter for glass samples

t-factor

Structural peak area

Ty a "INa ML "B 7 (without BS2)
Intercept 131.44 90.73 0.05 5.57 -1.59 —6.39
Al Insignificant Insignificant Insignificant -9.45 Insignificant Insignificant
A2 -14.74 13.04 Insignificant Insignificant Insignificant 4.12
A3 Insignificant —-15.02 Insignificant 5.57 -2.25 —4.37
A4 Insignificant Insignificant 4.36 Insignificant -0.28 1.56
AS Insignificant Insignificant Insignificant Insignificant Insignificant Insignificant
A6 Insignificant Insignificant -3.60 -3.92 Insignificant Insignificant
A7 -2.49 Insignificant 25.16 22.07 432 19.58
A8 Insignificant 6.59 Insignificant Insignificant Insignificant Insignificant
A9 Insignificant Insignificant Insignificant Insignificant 1.78 Insignificant
Al10 -8.34 5.27 -8.90 Insignificant Insignificant Insignificant
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