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A B S T R A C T   

When disposing of spent fuel, nuclides such as Cs-137 and Sr-90, which generate short-term decay 
heat, must be removed from the spent nuclear fuel for efficient storage facility utilization. The 
Korea Atomic Energy Research Institute (KAERI) has been developing a nuclide management 
process that can enhance disposal efficiency by sorting and collecting primary nuclides and a 
technology for separating Sr nuclides from the spent nuclear fuels using precipitation and 
distillation. In this study, we prepared Sr ceramic waste form, SrTiO3, using the solid-state re
action method to immobilize the Sr nuclides, and its physicochemical properties were evaluated. 
Moreover, the radiological and thermal characteristics of the Sr waste form were evaluated by 
estimating the composition of Sr nuclides considering the spent nuclear fuel history such as burn- 
up and cooling period. The waste form was found to be stable with good mechanical strength and 
leaching properties in addition to a low coefficient of thermal expansion, which would be ad
vantageous for intermediate storage. Based on the experimental and radiological results, the 
centerline temperature of the waste form caused by Sr-90 nuclide was estimated using the steady- 
state conduction equation. The centerline temperature increased with increasing diameter of the 
waste form. When generating the SrTiO3 waste form using the Sr nuclide recovered after a cooling 
period of 10 years, the centerline temperature was estimated to exceed the melting point of 
SrTiO3 at a diameter of 0.275 m, under all burn-up conditions. These results provide fundamental 
data for the management and intermediate storage of Sr waste.   

1. Introduction 

Strontium-90, which has a relatively short half-life of 28.8 years, releases 0.546 MeV energy through beta-emission and decay to 
yttrium-90. Y-90 decays to stable zirconium-90 with a half-life of 64.1 h and a high energy of 2.28 MeV through decay involving beta 
emission [1]. Owing to their properties such as pure beta radiation emission and high energy generation, strontium-90 and its daughter 
yttrium-90 are applied as beta particle sources, heat sources for radioisotope thermoelectric generators, and in targeted radiotherapy 
in nuclear medicine [2–6]. However, high-heat-generating nuclides such as Sr-90 and Cs-137 require a substantial disposal area owing 
to the restrictions on the heat generation of the disposal facility, thereby increasing the environmental burden [7]. Removing these 

* Corresponding author. 
E-mail address: mrchoijh@kaeri.re.kr (J.-H. Choi).  

Contents lists available at ScienceDirect 

Heliyon 

journal homepage: www.cell.com/heliyon 

https://doi.org/10.1016/j.heliyon.2023.e18406 
Received 15 March 2023; Received in revised form 17 July 2023; Accepted 17 July 2023   

mailto:mrchoijh@kaeri.re.kr
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2023.e18406
https://doi.org/10.1016/j.heliyon.2023.e18406
https://doi.org/10.1016/j.heliyon.2023.e18406
http://creativecommons.org/licenses/by-nc-nd/4.0/


Heliyon 9 (2023) e18406

2

high-heat-generating nuclides can aid in reducing the environmental burden of spent nuclear fuel disposal. 
The Korea Atomic Energy Research Institute (KAERI) has been developing a technology to reduce the environmental burden by 

selectively separating primary fission nuclides such as high-heat-generating, long-lived, and high-mobility nuclides [8]. This tech
nology primarily consists of nuclide management and waste form manufacturing processes. Based on their physicochemical properties, 
the nuclide management process includes the separation and capture of primary nuclides, such as Sr, CS, I, and TRU/RE. 

Sr nuclides are dissolved in the chloride phase during the chlorination of U3O8 powder and are recovered in the form of carbonate 
or oxide via reactive distillation [8–10]. Subsequently, the Sr nuclides are fabricated as ceramic waste forms with high chemical 
durability while considering their intermediate storage and disposal. The Sr nuclide was fabricated in the form of SrTiO3 with natural 
analogs. SrTiO3 is one of ceramic waste form demonstrating high physicochemical stability, which is characterized by insolubility, 
high melting point (2080 ◦C), and high waste loading [1,11]. SrTiO3 can be synthesized by various methods, including solid-state 
reaction, sol–gel, hydrothermal, and spark plasma [12,13], by which waste forms are fabricated for immobilizing radioactive Sr 
nuclides [13–16]. The waste forms that immobilize high-heat-generating nuclides generate significant heat per unit volume during 
intermediate storage periods; therefore, the waste forms require thermal management. In the Defense Waste Processing Facility at 
Savannah River Site, which manufactures glass waste forms to immobilize high-level radioactive waste, the high-level glass waste 
forms are stored in the Glass Waste Storage Building (GWSB) [17]. In the GWSB, a mechanical cooling system is operated to prevent 
overheating of the concrete vault and devitrification of the glass waste form in canisters because of decay heat [17,18]. Hence, 
estimating the centerline temperature is essential for evaluating the stability of the ceramic waste form containing 
high-heat-generating Sr nuclides and for controlling the cooling capacity of the intermediate storage facility. 

Intermediate storage facilities for waste forms containing high-heat-generating nuclides are typically designed considering the total 
volume of the waste forms and heat generation of nuclides. In addition, these facilities are affected by the history of spent nuclear fuel 
such as burn-up or cooling (decay) period. The centerline temperature of the waste form is determined according to the waste loading 
of heat-generating nuclides and the diameter of the waste form. Therefore, from the perspective of the intermediate storage facility 
design, the amount of waste form and resulting centerline temperature must be evaluated considering each variable. 

In this study, the SrTiO3 waste form is fabricated via cold pressing/sintering based on the solid-state reaction. To calculate 
centerline temperatures, the physical and thermal properties of the Sr waste form are evaluated, and the radiological properties of the 
Sr ceramic waste form are estimated over 1000 years. Based on the experimental thermal properties and radiological evaluation, the 
centerline temperature of Sr waste form is calculated according to the diameter of the waste form and the history of spent nuclear fuel 
such as burn-up and cooling period considering the intermediate storage facility design. 

2. Experimental 

2.1. Materials 

Deionized water obtained from a Milli-Q system purifier (Direct 16, Millipore Corp.) was used for all experiments. Strontium 
carbonate (SrCO3, 99.9%) and titanium oxide (TiO2, 99.5%, primary particle size = 21 nm) were purchased from Sigma–Aldrich. 
Ethanol (99.9%) was purchased from Daejung Chemicals. Polyvinyl alcohol (PVA, average M.W. = 1500) was purchased from Showa 
Chemical Industry. All reagents were used without further purification. 

2.2. Waste form fabrication 

In the nuclide management process, Sr nuclides are expected to be recovered in the form of oxides or carbonates. In this study, 
SrCO3 and TiO2 were selected as the starting materials, and the SrTiO3 waste form was prepared using the cold pressing/sintering 
method based on the solid-state reaction: [SrCO3 (s) + TiO2 (s) → SrTiO3 (s) + CO2 (g)]. This method was selected because of the ease 
of manufacturing the bulk waste form, simplicity of fabrication, and straightforward application to the hot cell environment. The 
established waste fabrication process is shown in Fig. 1. The waste form fabricating process involves mixing of raw material powders, 
calcination, pelletizing, and sintering. The raw material powders, SrCO3 (193.10 g) and TiO2 (104.46 g), were measured to ensure a 
1:1 M ratio of Sr to Ti. Ethanol (500 mL) was added to the raw material mixture, which was ground at 34,000 rpm for 5 min using a 
mechanical blender to obtain a homogeneous phase. The mixture was completely dried in an oven at 110 ◦C. After drying, the 
agglomerated mixture was pulverized into a fine powder using a mechanical blender. The powdered mixture was loaded on an alumina 
crucible, calcined for 5 h at 1200 ◦C using a high-temperature electric furnace under ambient atmosphere, and then slowly cooled. 

Fig. 1. Scheme of SrTiO3 waste form fabrication.  
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After calcination, the SrTiO3 precursor was pulverized into a fine powder using a mechanical blender. An aqueous solution of 6 wt% 
PVA was added to the precursor until the content of PVA reached 1 wt% relative to the mass of SrTiO3 precursor. They were mixed to 
form a slurry, which was then completely dried in an oven at 70 ◦C. A punch/die with a diameter of 45 mm was used in the pelletizing 
process. The SrTiO3 precursor powder (55 g) was loaded into the die and flattened and subsequently pressed at a uniaxial pressure of 
170 MPa for 1 h to form a green body. The pellets were placed in a high-temperature electric furnace and maintained at 600 ◦C for 3 h 
for PVA de-binding, thereafter continuously heated to 1400 ◦C under a heating rate of 10 ◦C/min, sintered for 5 h, and slowly cooled to 
room temperature. 

2.3. Evaluation of physicochemical properties 

Crystal phase analysis was performed using powder X-ray diffraction (PXRD, SmartLab, Rigaku) to confirm the presence of by- 
products and unreacted substances in the produced SrTiO3 waste form. Field-emission scanning electron microscopy (FE-SEM, 
SU5000, Hitachi) was utilized to investigate the morphology of the SrTiO3 waste form cross-section in order to validate the micro
structure. To evaluate the physical durability of the waste form, three-point bending strength measurements were performed using a 
universal testing machine (UTM, Instron 5848, Instron) for a specimen with dimensions of 3 mm × 4 mm × 36 mm. The chemical 
durability was measured using product consistency test method A (PCT-A) based on the procedure in ASTM C1285 [19]. The sintered 
SrTiO3 waste form was crushed into powder using an agate mortar. According to the test procedure, the powders between 75 and 150 
μm were obtained after pulverizing and sieving. Deionized water (20 g) was added to 2 g of the waste form, which was subsequently 
sealed and maintained at 90 ◦C for 7 days. After the PCT, the leachates were filtered using a 0.45 μm syringe filter, and the con
centrations of Sr and Ti were measured using inductively coupled plasma-optical emission spectroscopy (ICP-OES, iCAP 6300 Duo, 
Thermo Fisher Scientific). The normalized release of the nuclide, ri (g/m2), was calculated through the following equation (1): 

ri =
Ci

fi
(

A
V

) (1)  

where Ci (ppm) is the concentration of the nuclide, fi is the mass fraction of the nuclide in the waste form, and A/V (1048 m− 1) is the 
ratio of the surface area to the volume. For evaluating the thermal properties, the thermal expansion coefficient was measured using a 
thermomechanical analyzer (TMA 402 F1, NETZSCH), specific heat using high-temperature differential scanning calorimetry (DSC 
401 F1, NETZSCH), and thermal diffusivity using a laser flash apparatus (LFA 467, NETZSCH). The thermal conductivity (k) is 
calculated using equation (2): 

″k= ρ × α × Cp″ (2)  

where ρ is the density, α is the thermal diffusivity, and Cp is the specific heat. The apparent density of the waste form is used in this 
calculation. 

2.4. Method of calculation 

Using the Origen program [20], Radiological properties of Sr nuclides and Sr waste form were determined. The nuclide inventory 
was calculated using a Westinghouse CE 16 × 16 reactor type and 4.5 wt% uranium enrichment. The burn-up was changed at intervals 
of 15 GWd/MTU in the range of 30–75 GWd/MTU under a reactor power generation density of 37.5 MW/MTU. The decay was 
calculated using the inventory of Sr nuclides after 3 cycles of operation and cooling for 10, 20, and 30 years, respectively. To evaluate 
the radiological properties of the waste/waste form, the activity (Bq/g) and heat production (W/m3) of Sr nuclides over a period of 
1000 years were calculated using decay calculations. Using radiological properties and experimental thermal conductivity, the 
steady-state conduction equation for an infinitely long solid cylinder with thermal conductivity and uniform heat generation was 
utilized to calculate the centerline temperatures of the waste form relative to the burn-up and cooling periods [21]. 

3. Results 

3.1. Physicochemical properties of SrTiO3 waste form 

The SrTiO3 waste form manufactured through the established sintering process did not show any cracks. The green body and 
sintered SrTiO3 waste form are shown in Fig. 2(a and b) and the FE-SEM images of the cross-section of the sintered SrTiO3 waste form 
are shown in Fig. 3. The average apparent density of the sintered SrTiO3 waste form was measured as 4.83 g/cm2, which is 94.15% of 
the theoretical density (5.13 g/cm2). Fig. 4 shows the PXRD pattern measured for crystal structure analysis. To determine the stability 
of the SrTiO3 waste form during intermediate storage, the physicochemical and thermal properties were evaluated. To evaluate the 
mechanical strength of the sintered waste form, the three-point bending strength of the processed specimen was measured using a 
UTM; the results are displayed in Table 1. The average maximum flexural strength was confirmed to have a high bending strength of 
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73.59 MPa. To evaluate the chemical durability, a leaching test of the waste form was performed using the PCT-A method. The leachate 
concentrations obtained through ICP-OES and the normalized leaching rate are listed in Table 2. 

Fig. 5 shows the thermal expansion coefficients in the range of 15–985 ◦C that can be used to confirm the stability of SrTiO3 owing 
to thermal expansion resulting from the heat generation. The coefficient of thermal expansion increases with increasing temperature, 
exhibiting the lowest value (7.02 × 10− 6 K− 1) at 15 ◦C and highest value (1.27 × 10− 5 K− 1) at 985 ◦C. Table 3 lists the specific heat and 
thermal diffusivity measured to evaluate the thermal properties of the SrTiO3 waste form. The specific heat values are between 0.5 and 
0.6 J/(g⋅K) in the measured temperature range (100–700 ◦C) and tend to converge after initially increasing with increasing tem
perature. The thermal diffusivity is 2.419 mm2/s at 100 ◦C and decreases to 1.061 mm2/s at 700 ◦C with increasing temperature. Fig. 6 

Fig. 2. SrTiO3 pellets. (a) green body of the SrTiO3 precursor; (b) sintered SrTiO3 waste form. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 

Fig. 3. FE-SEM image of a cross-section of SrTiO3 waste form.  

Fig. 4. Powder X-ray diffraction pattern of the SrTiO3 waste form.  
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shows the calculated thermal conductivity (k), which is fitted with the equation “k = aTb” to be expressed as a function of temperature 
[22,23]. The curve is well fitted (a = 693.74; b = − 0.788; R2 = 0.9988) to the calculated data. In section 3.2, the thermal conductivity 
was applied to the calculation of the centerline temperature of the Sr waste form. 

3.2. Characterization of Sr waste/waste form 

The compositions of Sr isotopes recovered from the nuclide management process were calculated according to the spent nuclear 
fuel history such as burn-up (30–75 GWd/MTU) and cooling period (10–30 years) and listed in Table 4. In addition, the total mass of Sr 
nuclides, the fraction of Sr-90, and the total mass, volume, and Sr waste loading of the Sr waste form generated under each burn-up and 

Table 1 
Three-point bending strength of the SrTiO3 waste form.  

Sample No. Maximum flexural stress [MPa] 

1 65.35 
2 68.64 
3 76.47 
4 76.65 
5 80.83 
Average 73.59 (±5.70)  

Table 2 
Nuclide concentrations and normalized leaching rates of the leachate from product consistency test method A.  

Sample No. Sr concentration [ppm] Ti concentration [ppm] Normalized elemental mass release of Sr [g/m2] 

1 98.2 <0.01 0.196 
2 147 <0.01 0.294 
3 206 <0.01 0.412 
4 166 <0.01 0.332 
5 176 <0.01 0.352 
6 74.1 <0.01 0.148 
Average 145 (±45.4) Under detection limit 0.289 (±0.09)  

Fig. 5. Thermal expansion coefficient of the SrTiO3 waste form.  

Table 3 
Thermal properties of the SrTiO3 waste form.  

Temperature [◦C] Cp [J/(g•K)] Diffusivity [mm2/s] 

100 0.554 2.419 
200 0.580 1.940 
300 0.596 1.633 
400 0.601 1.419 
500 0.596 1.264 
600 0.597 1.149 
700 0.593 1.061  
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Fig. 6. Thermal conductivity of the SrTiO3 waste form and the fitting curve.  

Table 4 
Mass and mass fractions of Sr nuclides generated from 1 MTHM of oxide spent fuel under each burn-up and cooling period.  

Burn up [GWd/MTU] Nuclides Cooling Time [year] 

10 20 30 

Mass [g] Mass fraction Mass [g] Mass fraction Mass [g] Mass fraction 

30 Sr-84 6.415E− 06 8.401E− 09 6.415E− 06 9.562E− 09 6.415E− 06 1.072E− 08 
Sr-85 5.646E− 25 7.394E− 28 6.194E− 42 9.233E− 45 0.000E+00 0.000E+00 
Sr-86 2.800E− 01 3.667E− 04 2.800E− 01 4.174E− 04 2.800E− 01 4.680E− 04 
Sr-87 1.449E− 03 1.898E− 06 1.449E− 03 2.160E− 06 1.449E− 03 2.422E− 06 
Sr-88 3.383E+02 4.430E− 01 3.383E+02 5.043E− 01 3.383E+02 5.655E− 01 
Sr-89 6.264E− 21 8.203E− 24 0.000E+00 0.000E+00 0.000E+00 0.000E+00 
Sr-90 4.250E+02 5.566E− 01 3.323E+02 4.953E− 01 2.597E+02 4.341E− 01 
Total 7.636E+02 1.000E+00 6.709E+02 1.000E+00 5.983E+02 1.000E+00 

45 Sr-84 1.492E− 05 1.424E− 08 1.492E− 05 1.620E− 08 1.492E− 05 1.814E− 08 
Sr-85 7.892E− 25 7.534E− 28 8.695E− 42 9.438E− 45 0.000E+00 0.000E+00 
Sr-86 6.502E− 01 6.207E− 04 6.502E− 01 7.058E− 04 6.502E− 01 7.905E− 04 
Sr-87 3.816E− 03 3.643E− 06 3.816E− 03 4.142E− 06 3.816E− 03 4.639E− 06 
Sr-88 4.686E+02 4.474E− 01 4.686E+02 5.087E− 01 4.686E+02 5.697E− 01 
Sr-89 5.278E− 21 5.039E− 24 0.000E+00 0.000E+00 0.000E+00 0.000E+00 
Sr-90 5.782E+02 5.520E− 01 4.520E+02 4.906E− 01 3.533E+02 4.295E− 01 
Total 1.047E+03 1.000E+00 9.213E+02 1.000E+00 8.226E+02 1.000E+00 

60 Sr-84 2.731E− 05 2.131E− 08 2.731E− 05 2.420E− 08 2.731E− 05 2.707E− 08 
Sr-85 1.057E− 24 8.246E− 28 1.167E− 41 1.034E− 44 0.000E+00 0.000E+00 
Sr-86 1.191E+00 9.292E− 04 1.191E+00 1.055E− 03 1.191E+00 1.180E− 03 
Sr-87 8.400E− 03 6.553E− 06 8.400E− 03 7.442E− 06 8.400E− 03 8.325E− 06 
Sr-88 5.792E+02 4.519E− 01 5.792E+02 5.132E− 01 5.792E+02 5.740E− 01 
Sr-89 4.459E− 21 3.479E− 24 0.000E+00 0.000E+00 0.000E+00 0.000E+00 
Sr-90 7.014E+02 5.472E− 01 5.483E+02 4.858E− 01 4.286E+02 4.248E− 01 
Total 1.282E+03 1.000E+00 1.129E+03 1.000E+00 1.009E+03 1.000E+00 

75 Sr-84 4.361E− 05 2.952E− 08 4.361E− 05 3.348E− 08 4.361E− 05 3.741E− 08 
Sr-85 1.384E− 24 9.368E− 28 1.525E− 41 1.171E− 44 0.000E+00 0.000E+00 
Sr-86 1.905E+00 1.289E− 03 1.905E+00 1.463E− 03 1.905E+00 1.634E− 03 
Sr-87 1.631E− 02 1.104E− 05 1.631E− 02 1.252E− 05 1.631E− 02 1.399E− 05 
Sr-88 6.745E+02 4.566E− 01 6.745E+02 5.178E− 01 6.745E+02 5.786E− 01 
Sr-89 3.845E− 21 2.603E− 24 0.000E+00 0.000E+00 0.000E+00 0.000E+00 
Sr-90 8.009E+02 5.421E− 01 6.261E+02 4.807E− 01 4.894E+02 4.198E− 01 
Total 1.477E+03 1.000E+00 1.303E+03 1.000E+00 1.166E+03 1.000E+00  
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cooling period are presented in Table 5. 
For Sr waste forms prepared from Sr nuclides that are recovered in each burn-up and cooling period, radiological properties such as 

radioactivity and heat generation resulting from the decay over 1000 years are presented in Tables 6 and 7, respectively. Fig. 7(a and b) 
and Fig. 8(a and b) show that the radiological properties of Sr waste forms according to the burn-up and cooling period for each 
representative case. 

Subsequently, Using the scheme indicated in Fig. 9, the thermal conductivity and heat generation of the Sr waste form are used to 
compute the centerline temperature of the Sr waste form. Considering the cooling system in the intermediate storage facility, the 

Table 5 
Total mass of Sr nuclides and fractions of Sr-90 in Sr nuclides, total mass and volume of the SrTiO3 waste form fabricated under each burn-up and 
cooling period condition based on 1 MTHM of oxide spent fuel, and waste loading of the Sr waste form.  

Burn-up [GWd/MTU] Cooling period [year] Sr nuclides SrTiO3 

Mass [g] Fraction of Sr-90 [wt%] Mass [g] Volume [m3] Waste loading of Sr [wt%] 

30 10 763.6 55.66 1585.9 3.283E− 04 48.15 
20 670.9 49.53 1394.4 2.887E− 04 48.11 
30 598.3 43.41 1244.4 2.576E− 04 48.08 

45 10 1047.5 55.20 2175.6 4.504E− 04 48.15 
20 921.3 49.06 1914.8 3.964E− 04 48.11 
30 822.6 42.95 1710.9 3.542E− 04 48.08 

60 10 1281.8 54.72 2662.5 5.512E− 04 48.14 
20 1128.7 48.58 2346.2 4.857E− 04 48.11 
30 1009.0 42.48 2098.8 4.345E− 04 48.07 

75 10 1477.3 54.21 3068.8 6.354E− 04 48.14 
20 1302.5 48.07 2707.6 5.606E− 04 48.11 
30 1165.8 41.98 2425.2 5.021E− 04 48.07  

Table 6 
Specific radioactivity of the Sr waste form fabricated under each burn-up and cooling condition.  

Radioactivity [Bq/g SrTiO3] 

Burn-up [GWd/ 
MTU] 

Cooling  
period  
[year] 

Decay period [year] 

0.1 0.3 1 3 10 30 100 300 1000 

30 10 2.792E+12 2.778E+12 2.731E+12 2.600E+12 2.188E+12 1.337E+12 2.385E+11 1.732E+09 5.653E+01  
20 2.483E+12 2.471E+12 2.428E+12 2.312E+12 1.946E+12 1.189E+12 2.121E+11 1.540E+09 5.023E+01 
30 2.175E+12 2.164E+12 2.127E+12 2.025E+12 1.704E+12 1.041E+12 1.858E+11 1.349E+09 4.401E+01 

45 10 2.769E+12 2.755E+12 2.708E+12 2.578E+12 2.170E+12 1.326E+12 2.365E+11 1.717E+09 5.604E+01 
20 2.459E+12 2.447E+12 2.405E+12 2.290E+12 1.927E+12 1.178E+12 2.101E+11 1.526E+09 4.980E+01 
30 2.151E+12 2.141E+12 2.104E+12 2.003E+12 1.686E+12 1.030E+12 1.838E+11 1.335E+09 4.354E+01 

60 10 2.745E+12 2.731E+12 2.684E+12 2.555E+12 2.151E+12 1.314E+12 2.345E+11 1.702E+09 5.556E+01 
20 2.435E+12 2.423E+12 2.381E+12 2.267E+12 1.908E+12 1.166E+12 2.080E+11 1.511E+09 4.926E+01 
30 2.128E+12 2.117E+12 2.081E+12 1.981E+12 1.667E+12 1.019E+12 1.818E+11 1.320E+09 4.306E+01 

75 10 2.719E+12 2.705E+12 2.659E+12 2.532E+12 2.131E+12 1.302E+12 2.323E+11 1.687E+09 5.502E+01 
20 2.409E+12 2.398E+12 2.356E+12 2.243E+12 1.888E+12 1.154E+12 2.058E+11 1.495E+09 4.878E+01 
30 2.103E+12 2.092E+12 2.056E+12 1.957E+12 1.647E+12 1.007E+12 1.796E+11 1.304E+09 4.256E+01  

Table 7 
Specific heat generation of the Sr waste form fabricated under each burn-up and cooling condition.  

Heat generation [kW/m3 SrTiO3] 

Burn-up 
[GWd/ 
MTU] 

Cooling 
period 
[year] 

Decay period [year] 

0.1 0.3 1 3 10 30 100 300 1000 

30 10 1.221E+03 1.215E+03 1.194E+03 1.137E+03 9.570E+02 5.849E+02 1.043E+02 7.574E− 01 2.472E− 08 
20 1.086E+03 1.081E+03 1.062E+03 1.011E+03 8.510E+02 5.201E+02 9.277E+01 6.737E− 01 2.198E− 08 
30 9.510E+02 9.463E+02 9.301E+02 8.855E+02 7.452E+02 4.554E+02 8.123E+01 5.899E− 01 1.925E− 08 

45 10 1.211E+03 1.205E+03 1.184E+03 1.128E+03 9.490E+02 5.800E+02 1.035E+02 7.511E− 01 2.451E− 08 
20 1.075E+03 1.070E+03 1.052E+03 1.001E+03 8.428E+02 5.149E+02 9.188E+01 6.672E− 01 2.177E− 08 
30 9.409E+02 9.363E+02 9.203E+02 8.761E+02 7.373E+02 4.505E+02 8.037E+01 5.835E− 01 1.904E− 08 

60 10 1.200E+03 1.195E+03 1.174E+03 1.118E+03 9.406E+02 5.748E+02 1.025E+02 7.446E− 01 2.43E− 08 
20 1.065E+03 1.060E+03 1.042E+03 9.915E+02 8.344E+02 5.100E+02 9.097E+01 6.606E− 01 2.155E− 08 
30 9.304E+02 9.260E+02 9.102E+02 8.663E+02 7.291E+02 4.456E+02 7.948E+01 5.772E− 01 1.884E− 08 

75 10 1.189E+03 1.183E+03 1.163E+03 1.107E+03 9.319E+02 5.694E+02 1.016E+02 7.375E− 01 2.407E− 08 
20 1.054E+03 1.049E+03 1.030E+03 9.810E+02 8.258E+02 5.047E+02 9.001E+01 6.536E− 01 2.133E− 08 
30 9.194E+02 9.150E+02 8.995E+02 8.561E+02 7.207E+02 4.405E+02 7.855E+01 5.705E− 01 1.861E− 08  
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surface temperature (Ts) of the waste form was set at 100 ◦C. The calculation is based on steady-state conduction (equation (3)) in a 
long, rigid, cylinder-shaped waste form with uniform heat generation. Moreover, simplification of the waste form geometry to a long 
infinite cylinder type consistently results in an overestimation of the centerline temperature compared to a finite height cylinder type 
waste form, as the infinite waste form is absent of top and bottom surfaces that can act as cooling surfaces. Hence, when assessing the 
thermal stability of the waste form, the simplification of the waste form geometry predicts higher centerline temperature therefore it is 
conservatively reasonable [21]. Equation (4), a one-dimensional heat conduction equation, is derived using equation (3) and boundary 
conditions. Equation (6), which indicates the temperature of the waste form in the radial direction r, is obtained by integrating 
equations (4) and (5); equation (5) is the fitted thermal conductivity as a function of temperature (k = aTb) using the experimental 
data. Finally, equation (7) is used for calculating the central temperature. 

1
r

∂
∂r

(

kr
∂T
∂r

)

+
1
r2

∂
∂φ

(
∂T
∂φ

)

+
∂
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(
∂T
∂z

)

+ q̇= pcp
∂T
∂t

(3)  

d
dr

(

r
dT
dr

)

+
q̇
k

r= 0
(

B.C. :

⃒
⃒
⃒
⃒
dT
dr

⃒
⃒
⃒
⃒

r=0
= 0 and T(R)=Ts

)

(4)  

k= aTb (a= 693.74; b= − 0.788) (5)  

T(r)=
(

Ts
b+1 +

q̇(b + 1)
4a

(
R2 − r2)

) 1
b+1

(6)  

Fig. 7. Radiological properties of the Sr waste form fabricated after cooling for 10 years under each burn-up condition: (a) specific radioactivity and 
(b) specific heat generation. 
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Tmax =T(r= 0)=
(

Ts
b+1 +

q̇(b + 1)
4a

R2
) 1

b+1

(7) 

Using equation (7), the centerline temperatures of the Sr waste form for various burn-up conditions, cooling periods, and diameters 
of the waste form are calculated according to the burn-up in Table 8, Table 9, Table 10, and Table 11, and displayed according to 
cooling periods in Fig. 10(a–d), Fig. 11(a–d), and Fig. 12(a–d). 

Fig. 8. Radiological properties of the Sr waste form fabricated after each cooling condition under 60 GWd/MTU: (a) specific radioactivity and (b) 
specific heat generation. 

Fig. 9. Scheme of centerline temperature (Tc) calculation for the waste form with surface temperature (Ts), thermal conductivity (k), and heat 
generation (q). 
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Table 8 
Centerline temperatures of the SrTiO3 waste form for varying diameters and cooling periods of the spent nuclear fuel under the burn-up condition of 30 GWd/MTU.  

Burn-up: 30 GWd/MTU Centerline temperature of Sr waste form [◦C] 

Decay period [year] 

Cooling period [year] Diameter [m] 0.1 0.3 1 3 10 30 100 300 1000 
10 0.050 130.18 130.03 129.50 128.04 123.49 114.22 102.51 100.02 100.00 

0.075 170.58 170.21 168.93 165.40 154.49 132.60 105.66 100.04 100.00 
0.100 232.42 231.68 229.17 222.25 201.05 159.48 110.11 100.07 100.00 
0.125 321.70 320.39 315.94 303.71 266.68 196.08 115.89 100.11 100.00 
0.150 447.20 445.02 437.57 417.22 356.40 244.07 123.04 100.16 100.00 
0.175 621.48 617.95 605.95 573.31 477.16 305.69 131.63 100.22 100.00 
0.200 862.14 856.57 837.70 786.62 638.42 383.83 141.73 100.29 100.00 
0.225 1193.67 1185.06 1155.89 1077.33 852.96 482.20 153.40 100.37 100.00 
0.250 1649.87 1636.72 1592.23 1473.02 1137.85 605.50 166.76 100.45 100.00 
0.275 2277.04 2257.16 2190.06 2011.14 1515.81 759.68 181.90 100.55 100.00 

20 0.050 126.74 126.61 126.14 124.86 120.84 112.63 102.23 100.02 100.00 
0.075 162.27 161.96 160.83 157.75 148.16 128.88 105.03 100.04 100.00 
0.100 216.14 215.53 213.33 207.35 188.90 152.55 108.98 100.06 100.00 
0.125 292.97 291.91 288.06 277.62 245.78 184.57 114.10 100.10 100.00 
0.150 399.45 397.70 391.36 374.24 322.63 226.25 120.44 100.15 100.00 
0.175 545.00 542.22 532.16 505.13 424.73 279.30 128.03 100.20 100.00 
0.200 742.63 738.32 722.77 681.18 559.16 345.93 136.93 100.26 100.00 
0.225 1010.16 1003.61 980.00 917.12 735.34 428.93 147.21 100.33 100.00 
0.250 1371.83 1361.99 1326.61 1232.83 965.70 531.83 158.93 100.40 100.00 
0.275 1860.33 1845.72 1793.28 1654.92 1266.58 659.01 172.19 100.49 100.00 

30 0.050 123.34 123.23 122.82 121.70 118.20 111.04 101.95 100.01 100.00 
0.075 154.12 153.85 152.87 150.21 141.92 125.20 104.40 100.03 100.00 
0.100 200.35 199.81 197.94 192.82 177.02 145.71 107.85 100.06 100.00 
0.125 265.48 264.55 261.31 252.50 225.54 173.29 112.32 100.09 100.00 
0.150 354.45 352.94 347.68 333.45 290.35 208.93 117.85 100.13 100.00 
0.175 474.10 471.75 463.56 441.45 375.30 253.90 124.45 100.17 100.00 
0.200 633.77 630.19 617.75 584.31 485.53 309.82 132.19 100.23 100.00 
0.225 846.01 840.66 822.11 772.47 627.76 378.74 141.09 100.29 100.00 
0.250 1127.60 1119.73 1092.44 1019.75 810.76 463.21 151.23 100.35 100.00 
0.275 1500.87 1489.39 1449.69 1344.41 1045.85 566.37 162.66 100.43 100.00  
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Table 9 
Centerline temperatures of the SrTiO3 waste form for varying diameters and cooling periods of the spent nuclear fuel under the burn-up condition of 45 GWd/MTU.  

Burn-up: 45 GWd/MTU Centerline temperature of Sr waste form [◦C] 

Decay period [year] 

Cooling period [year] Diameter [m] 0.1 0.3 1 3 10 30 100 300 1000 
10 0.050 129.92 129.77 129.24 127.80 123.29 114.10 102.49 100.02 100.00 

0.075 169.94 169.58 168.31 164.83 154.01 132.32 105.61 100.04 100.00 
0.100 231.17 230.46 227.95 221.13 200.12 158.95 110.02 100.07 100.00 
0.125 319.47 318.22 313.78 301.73 265.09 195.20 115.75 100.11 100.00 
0.150 443.48 441.39 433.97 413.94 353.81 242.70 122.85 100.16 100.00 
0.175 615.47 612.09 600.16 568.08 473.12 303.66 131.36 100.22 100.00 
0.200 852.67 847.36 828.61 778.47 632.27 380.90 141.36 100.29 100.00 
0.225 1179.03 1170.81 1141.87 1064.85 843.77 478.05 152.94 100.36 100.00 
0.250 1627.51 1614.97 1570.89 1454.17 1124.30 599.73 166.17 100.45 100.00 
0.275 2243.25 2224.34 2157.93 1982.97 1496.05 751.75 181.17 100.54 100.00 

20 0.050 126.48 126.35 125.89 124.61 120.63 112.50 102.21 100.02 100.00 
0.075 161.64 161.33 160.22 157.15 147.68 128.59 104.98 100.04 100.00 
0.100 214.92 214.31 212.15 206.20 187.97 152.00 108.89 100.06 100.00 
0.125 290.83 289.77 285.98 275.62 244.19 183.66 113.96 100.10 100.00 
0.150 395.93 394.19 387.95 370.98 320.08 224.85 120.24 100.14 100.00 
0.175 539.41 536.64 526.76 500.00 420.80 277.24 127.75 100.20 100.00 
0.200 733.97 729.69 714.44 673.31 553.27 343.00 136.56 100.26 100.00 
0.225 997.00 990.50 967.37 905.28 726.67 424.84 146.74 100.32 100.00 
0.250 1352.08 1342.34 1307.73 1215.25 953.13 526.20 158.34 100.40 100.00 
0.275 1831.02 1816.57 1765.34 1629.09 1248.54 651.36 171.45 100.48 100.00 

30 0.050 123.09 122.97 122.57 121.47 118.00 110.92 101.93 100.01 100.00 
0.075 153.52 153.24 152.29 149.65 141.46 124.92 104.35 100.03 100.00 
0.100 199.19 198.65 196.81 191.76 176.14 145.19 107.77 100.06 100.00 
0.125 263.47 262.55 259.36 250.67 224.05 172.45 112.19 100.09 100.00 
0.150 351.19 349.69 344.53 330.50 287.98 207.64 117.65 100.13 100.00 
0.175 469.02 466.68 458.65 436.89 371.70 252.01 124.19 100.17 100.00 
0.200 626.05 622.49 610.31 577.44 480.22 307.15 131.83 100.22 100.00 
0.225 834.48 829.17 811.03 762.30 620.07 375.06 140.64 100.28 100.00 
0.250 1110.62 1102.82 1076.18 1004.92 799.79 458.21 150.66 100.35 100.00 
0.275 1476.14 1464.79 1426.09 1323.02 1030.36 559.66 161.95 100.42 100.00  
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Table 10 
Centerline temperatures of the SrTiO3 waste form for varying diameters and cooling periods of the spent nuclear fuel under the burn-up condition of 60 GWd/MTU.  

Burn-up: 60 GWd/MTU Centerline temperature of Sr waste form [◦C] 

Decay period [year] 

Cooling period [year] Diameter [m] 0.1 0.3 1 3 10 30 100 300 1000 
10 0.050 129.65 129.50 128.98 127.55 123.08 113.98 102.46 100.02 100.00 

0.075 169.29 168.93 167.67 164.21 153.50 132.02 105.56 100.04 100.00 
0.100 229.89 229.18 226.71 219.93 199.15 158.40 109.93 100.07 100.00 
0.125 317.20 315.96 311.58 299.62 263.40 194.27 115.61 100.11 100.00 
0.150 439.69 437.60 430.30 410.44 351.08 241.27 122.64 100.16 100.00 
0.175 609.36 606.00 594.26 562.48 468.85 301.53 131.07 100.22 100.00 
0.200 843.06 837.79 819.37 769.76 625.79 377.83 140.98 100.29 100.00 
0.225 1164.17 1156.02 1127.63 1051.54 834.09 473.72 152.44 100.36 100.00 
0.250 1604.84 1592.43 1549.25 1434.09 1110.06 593.72 165.55 100.45 100.00 
0.275 2209.06 2190.36 2125.39 1952.99 1475.32 743.50 180.40 100.54 100.00 

20 0.050 126.22 126.08 125.63 124.36 120.42 112.38 102.19 100.02 100.00 
0.075 161.00 160.68 159.59 156.56 147.18 128.31 104.93 100.04 100.00 
0.100 213.67 213.04 210.93 205.06 187.02 151.48 108.80 100.06 100.00 
0.125 288.65 287.55 283.87 273.63 242.56 182.80 113.82 100.10 100.00 
0.150 392.34 390.53 384.47 367.73 317.47 223.52 120.03 100.14 100.00 
0.175 533.72 530.84 521.27 494.90 416.78 275.29 127.47 100.19 100.00 
0.200 725.18 720.74 705.98 665.50 547.25 340.21 136.19 100.25 100.00 
0.225 983.65 976.91 954.56 893.53 717.82 420.94 146.25 100.32 100.00 
0.250 1332.08 1321.99 1288.59 1197.83 940.31 520.85 157.73 100.40 100.00 
0.275 1801.37 1786.44 1737.07 1603.53 1230.15 644.11 170.70 100.48 100.00 

30 0.050 122.83 122.72 122.32 121.22 117.80 110.80 101.91 100.01 100.00 
0.075 152.89 152.63 151.69 149.07 140.98 124.64 104.30 100.03 100.00 
0.100 197.98 197.47 195.66 190.64 175.23 144.68 107.68 100.06 100.00 
0.125 261.38 260.50 257.37 248.76 222.52 171.60 112.05 100.09 100.00 
0.150 347.80 346.38 341.32 327.42 285.55 206.35 117.46 100.12 100.00 
0.175 463.74 461.52 453.65 432.12 368.02 250.13 123.91 100.17 100.00 
0.200 618.02 614.67 602.74 570.26 474.78 304.50 131.47 100.22 100.00 
0.225 822.51 817.52 799.79 751.71 612.21 371.39 140.17 100.28 100.00 
0.250 1093.03 1085.70 1059.70 989.50 788.58 453.23 150.07 100.35 100.00 
0.275 1450.55 1439.90 1402.19 1300.79 1014.56 552.99 161.23 100.42 100.00  
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Table 11 
Centerline temperatures of the SrTiO3 waste form for varying diameters and cooling periods of the spent nuclear fuel under the burn-up condition of 75 GWd/MTU.  

Burn-up: 75 GWd/MTU Centerline temperature of Sr waste form [◦C] 

Decay period [year] 

Cooling period [year] Diameter [m] 0.1 0.3 1 3 10 30 100 300 1000 
10 0.050 129.36 129.22 128.70 127.29 122.87 113.84 102.44 100.02 100.00 

0.075 168.60 168.24 167.00 163.58 152.98 131.71 105.51 100.04 100.00 
0.100 228.53 227.82 225.38 218.70 198.15 157.82 109.84 100.07 100.00 
0.125 314.79 313.55 309.23 297.46 261.68 193.31 115.46 100.11 100.00 
0.150 435.66 433.58 426.40 406.87 348.28 239.78 122.42 100.16 100.00 
0.175 602.88 599.54 588.00 556.79 464.49 299.31 130.77 100.22 100.00 
0.200 832.88 827.64 809.57 760.91 619.17 374.63 140.58 100.28 100.00 
0.225 1148.45 1140.38 1112.55 1038.03 824.22 469.22 151.93 100.36 100.00 
0.250 1580.91 1568.62 1526.36 1413.73 1095.55 587.47 164.90 100.44 100.00 
0.275 2173.01 2154.52 2091.03 1922.64 1454.21 734.93 179.59 100.53 100.00 

20 0.050 125.93 125.80 125.35 124.10 120.21 112.25 102.16 100.02 100.00 
0.075 160.32 160.01 158.92 155.93 146.67 128.00 104.88 100.04 100.00 
0.100 212.35 211.75 209.61 203.83 186.04 150.91 108.71 100.06 100.00 
0.125 286.34 285.28 281.56 271.51 240.89 181.86 113.67 100.10 100.00 
0.150 388.53 386.80 380.70 364.26 314.80 222.07 119.82 100.14 100.00 
0.175 527.69 524.95 515.31 489.46 412.67 273.15 127.17 100.19 100.00 
0.200 715.87 711.65 696.81 657.18 541.10 337.16 135.79 100.25 100.00 
0.225 969.53 963.15 940.70 881.05 708.79 416.70 145.74 100.32 100.00 
0.250 1310.96 1301.41 1267.93 1179.34 927.24 515.03 157.08 100.39 100.00 
0.275 1770.12 1756.01 1706.59 1576.45 1211.44 636.22 169.90 100.47 100.00 

30 0.050 122.55 122.44 122.05 120.96 117.59 110.67 101.89 100.01 100.00 
0.075 152.24 151.97 151.04 148.46 140.49 124.35 104.25 100.03 100.00 
0.100 196.72 196.21 194.42 189.47 174.30 144.14 107.59 100.05 100.00 
0.125 259.20 258.33 255.26 246.76 220.95 170.72 111.91 100.09 100.00 
0.150 344.27 342.86 337.89 324.20 283.07 205.00 117.25 100.12 100.00 
0.175 458.25 456.05 448.34 427.16 364.25 248.16 123.63 100.17 100.00 
0.200 609.70 606.37 594.70 562.80 469.22 301.72 131.09 100.22 100.00 
0.225 810.12 805.17 787.86 740.70 604.18 367.57 139.68 100.28 100.00 
0.250 1074.85 1067.59 1042.25 973.50 777.15 448.04 149.45 100.34 100.00 
0.275 1424.15 1413.62 1376.91 1277.78 998.47 546.04 160.46 100.41 100.00  
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Fig. 10. Centerline temperatures for varying diameters of the Sr waste form and a cooling period of 10 years under the burn-up conditions of (a) 30, 
(b) 45, (C) 60, and (d) 75 GWd/MTU. 

Fig. 11. Centerline temperatures for varying diameters of the Sr waste form and a cooling period of 20 years under the burn-up conditions of (a) 30, 
(b) 45, (C) 60, and (d) 75 GWd/MTU. 
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4. Discussion 

4.1. Physicochemical properties of SrTiO3 waste form 

When the SrTiO3 waste form was fabricated with the established process, a crack-free waste form was formed. The microstructure 
of the cross-section of the SrTiO3 waste form was confirmed by FE-SEM images (see Fig. 3), which showed that the grains were well 
sintered and compact. It was also demonstrated that no porous structure was formed, resulting in a high apparent density (4.83 g/cm2), 
which is 94.15% of the theoretical density. In addition, the peaks of the raw materials, SrCO3 and TiO2, were not observed through the 
PXRD analysis result, and only the SrTiO3 peak existed (see Fig. 4). This result confirms that single-phase SrTiO3 can be obtained using 
the established process without unreacted raw materials and side reactions. In PCT-A leaching test results (see Table 2), the con
centration of Ti is a value below the detection limit. The low concentration of Ti in the leachate is attributed to the preferential leaching 
of monovalent and divalent cations from the surface of the waste form, resulting in an enrichment of the surface layer of insoluble TiO2 
[24]; these leaching characteristics were similarly evaluated for various titanate-based waste forms [25–28]. The normalized leaching 
rate of Sr nuclides is 0.298 g/m2, and the leaching properties of the Sr nuclides are superior to those of environmental assessment glass 
[29]. Through physicochemical property evaluation, The SrTiO3 waste form showed high bending strength in physical strength 
evaluation and low nuclide leaching rate in chemical durability evaluation. 

The thermal expansion coefficient is sufficiently low (in the order of 10− 6–10− 5); thus, waste form expansion at high temperatures 
in the canister is not expected to present potential difficulties during intermediate storage or disposal. In addition, the measured 
thermal properties such as specific heat, thermal diffusivity, and thermal conductivity can be used as basic data for thermal man
agement in intermediate storage and disposal of the Sr waste form. As a result of the evaluation of physicochemical and thermal 
properties, it was found that the waste form demonstrates excellent stability with good mechanical strength and leaching properties 
and low distortion of the waste form because of heat generation. 

4.2. Characterization of Sr waste/waste form 

According to Table 5, when the cooling period of spent nuclear fuel is constant, the total mass of Sr nuclides generated from 1 
metric tons of heavy metal (MTHM) of oxide spent fuel increases on increasing the burn-up. Accordingly, the total mass of the SrTiO3 
waste form is considered to increase at high burn-up. Representatively, when comparing the amount of Sr nuclides for each burn-up 
after 10 years of cooling, the total mass of Sr nuclides increases to 763.6, 1047.5, 1281.8, and 1477.3 g as the burn-up is increased to 
30, 45, 60, and 75 GWd/MTU, respectively. Hence, the total mass and volume of the SrTiO3 waste form also increased. However, the 

Fig. 12. Centerline temperatures for varying diameters of the Sr waste form and a cooling period of 30 years under the burn-up conditions of (a) 30, 
(b) 45, (C) 60, and (d) 75 GWd/MTU. 
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mass of the Sr nuclide normalized to the burn-up is found to be 25.45 g/GW at 30 GWd/MTU and 19.70 g/GW at 75 GWd/MTU; 
therefore, the higher the burn-up, the lower the fraction of Sr nuclide generated per unit energy generation. The fraction of Sr-90, 
which plays a dominant role in radioactivity and heat generation, slightly decreased with increasing burn-up; however, no signifi
cant difference was noted. The change in the Sr nuclide fraction at a constant cooling period owing to the difference in the burn-up 
condition also displays similar trends in the other cooling periods considered. For a constant burn-up condition, the change in the 
total mass of Sr nuclides with the cooling period is predominantly caused by the decay of the Sr-90 nuclides. As the cooling period is 
increased, the Sr-90 fraction decreases because of the decay of Sr-90, and thus the total mass of recovered Sr nuclides is decreased. 
Representatively, under the burn-up condition of 60 GWd/MTU, the total mass of Sr nuclides in nuclear fuel cooled for 10 years was 
1281.8 g, and the fraction of Sr-90 was 54.72%. However, when the fuel is cooled for 30 years, the fraction of Sr-90 was 42.72%, and 
the total mass of Sr nuclides was 1009.0 g, which indicates a decrease of 22% relative to 10 years of cooling. In each burn-up condition, 
the Sr nuclide mass decreased at almost the same ratio as the cooling period increased, because each burn-up condition involves a 
similar fraction of Sr-90. 

To compare the changes in the radiological properties owing to the burn-up, the specific radioactivity and specific heat generation 
of the Sr waste form fabricated from the recovered Sr nuclide after 10 years of cooling under each burn-up condition are shown in Fig. 7 
(a and b). When the cooling period is constant, the radioactivity and heat generation of the Sr waste form are slightly decreased 
according to the increase of burn-up because the fraction of Sr-90 in the Sr nuclide decreases with increasing burn-up. However, a 
significant difference was not observed. The radiological characteristics of the Sr waste form fabricated after cooling for 10, 20, and 30 
years following the burn-up condition of 60 GWd/MTU are compared, as shown in Fig. 8(a and b). As the cooling period was increased, 
the radioactivity and heat decreased at the same fraction; particularly, the radiological properties decreased by approximately 22% 
when the cooling period was increased from 10 to 30 years, thus indicating the same extent of decrease as that of the total mass of Sr- 
90. However, only a slight difference is observed in the reduction fraction owing to the change in the burn-up condition because the Sr- 
90 fraction is similar at the same cooling period. 

For a constant diameter of the Sr waste form fabricated after cooling for 10 years (see Fig. 10), the centerline temperatures related 
to the varying burn-up conditions of the Sr waste form are predicted to be similar because of the similar specific heat generation. In 
contrast, the centerline temperature exponentially increases with increasing diameter. In particular, when the diameter of the waste 
form is 0.275 m, the centerline temperature of the waste form is predicted to increase to 2277 ◦C at 30 GWd/MTU and 2173 ◦C at 75 
GWd/MTU. At this diameter, the centerline temperature exceeds the melting point (2080 ◦C) of SrTiO3, which is detrimental to the 
stability of the waste form. Under the other conditions, the centerline temperature is not observed above the SrTiO3 melting point. 
Moreover, after 300 years of decay, the centerline temperature of the waste form under all conditions is similar to the surface tem
perature. These estimated results of the centerline temperature of the Sr waste form can provide criteria for evaluating the stability of 
the waste form based on the spent nuclear fuel history and diameter of the waste form and can be used to control heat generation in Sr 
waste by adding non-heat generating Sr isotopes as dummy elements to satisfy the criteria of centerline temperature. Furthermore, 
they could be used to determine the arrangement the waste form canister, considering heat generation and heat conduction during 
canister loading, and utilized as a basis for adjusting the cooling capacity of intermediate storage and disposal facilities according to 
heat generation. 

5. Conclusions 

To reduce the environmental burden caused by the disposal of spent nuclear fuel, KAERI has been developing a nuclide man
agement process for separating primary nuclides. In this study, SrTiO3 waste forms were fabricated using cold pressing/sintering to 
immobilize high-heat-generating Sr nuclides recovered from the nuclide management process. Three-point bending strength and 
leaching performance (PCT-A) of the fabricated SrTiO3 waste form were used to evaluate the mechanical and chemical durability, 
respectively. Additionally, thermal properties such as the coefficient of thermal expansion and thermal conductivity were determined. 
Through these physicochemical property evaluations, primary data on the material properties of the SrTiO3 waste form were obtained. 
Furthermore, the radiological characteristics of Sr nuclides that could be recovered under various burn-up conditions and cooling 
periods of spent nuclear fuel were predicted. Based on the experimental and radiological results, the centerline temperatures of the 
SrTiO3 waste form under various conditions such as diameter, burn-up, and cooling period were estimated. When the SrTiO3 waste 
form was generated using the Sr nuclide recovered after 10 years of cooling under all calculated burn-up conditions, the centerline 
temperature exceeded the melting point of SrTiO3 at a diameter of 0.275 m. These results concerning the estimation of the centerline 
temperature of the Sr waste form can provide criteria for evaluating the stability of a waste form according to the spent nuclear fuel 
history and diameter of the waste form. Furthermore, the findings can be used as preliminary data for managing waste forms with heat- 
generating nuclides in terms of the design of the canister, cooling capacity of the intermediate storage facility, and the disposal facility. 
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