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Introduction, Objectives and Approach 


 Thermal-mechanical data for natural system (NS) minerals and 


engineered barrier systems (EBS) materials are critical to assess their stability 


and behavior in geologic disposal environments for safety assessments. 
 


 Data Gaps and Research Needs: NS minerals surrounding the waste package (e.g. 


clays, complex salts, granite…). 
 


 Objectives: Using parameter-free first-principles methods to: 


– Calculate missing thermodynamic data needed for geochemical & SNF degradation 


models, as a fast and systematic way to predict materials properties and to 


complement experiments.  


– Provide an independent assessment of existing experimental thermodynamic data 


and resolve contradictions in existing calorimetric data. 


– Validate our computational approach using high-quality calorimetric data. 
 


 Approach 


– Structural optimization using density functional theory (DFT)  [VASP code]. 


– Use density functional perturbation theory (DF-PT) to calculate the phonon 


properties of materials relaxed with DFT and derive their thermal properties. 
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Structure of Kaolinite (Al2Si2O5(OH)4) 
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 Expt.: V = 328.708 Å3 


a = 5.153 Å, b = 8.942 Å, c = 7.391 Å  


α = 91.93o, β = 105.05o, γ = 89.80o. 


 


 Standard DFT: V = 340.11 Å3  


a = 5.21 Å, b = 9.05 Å, c = 7.48 Å  


α = 91.8o, β = 105.1o, γ = 89.7o. 
 


 DFT + van der Waals correction  


(DFT-D2): V = 329.03 Å3 


a = 5.18 Å, b = 8.99 Å, c = 7.33 Å  


α = 91.6o, β = 105.1o, γ = 89.8o. 


 


Layered crystal structure of kaolinite, 


Al2Si2O5(OH)4, relaxed with DFT-D2. The 


unit cell is indicated by solid black lines. 


Volume calculated with DFT-D2  


agrees with experiment within  


ca. 1% (while standard DFT  


overestimates expt. by ca. 3.5 %).   
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Thermal evolution of the bulk modulus computed for single-crystal kaolinite with: 


 


1. Birch-Murnaghan 3rd-order (BM3) equation of state (EOS): 
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where P is the pressure, V0 is the reference volume, V is the deformed volume, and  
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Elastic properties and bulk modulus computed for polycrystalline kaolinite:  


 


Elastic constants (Cij) calculated with DFPT as the second derivatives of the energy 


with respect to the strain: 


𝐶𝑖𝑗 =
1


𝑉


𝜕2𝑈


𝜕𝜀𝑖𝜕𝜀𝑗
     elastic compliances (Sij) obtained by S = C-1  


 with volume V, total energy U of the system, and infinitesimal displacement ε. 


 


1. Voigt approximation: Fixed strain and average over stress  upper limit 


Bulk modulus:  𝐾𝑉 =
𝐶11+𝐶22+𝐶33+2 𝐶12+𝐶13+𝐶23


9
  


Shear modulus:  𝐺𝑉 =
𝐶11+𝐶22+𝐶33−𝐶12−𝐶13−𝐶23+3 𝐶44+𝐶55+𝐶66


15
 


 


2. Reuss approximation: Fixed stress and average over strain lower limit 


Bulk modulus:  𝐾𝑅 = 𝑆11 + 𝑆22 + 𝑆33 + 2 𝑆12 + 𝑆13 + 𝑆23
−1 


Shear modulus:  𝐺𝑅 =
15


4 𝑆11+𝑆22+𝑆33−𝑆12−𝑆13−𝑆23 +3 𝑆44+𝑆55+𝑆66
 


 


3. Hill approximation:  Average of Voigt and Reuss values 







Used 


Fuel  


Disposition  


Thermal-Mechanical Properties of 


Kaolinite (Al2Si2O5(OH)4) 


June 9-11, 2015 UFD WG Meeting 6 


Cij DFT DFT-D2 Experiments 


C11 187.20 175.16 171.51a 48.1b 79.3b 121.1b 126.4c 


C22  180.56 168.65 


C33  88.02 133.99 52.62a 45.2b 72.5b 112.5b 57.8c 


C44 9.63 10.07 14.76a 16.7b 25.6b 41.1b 31.6c 


C55 12.36 12.78   


C66 62.10 62.30 66.31a 16.9b 26.3b 41.3b 53.6c 


C12 66.42 54.10 


C13 15.63 28.58 27.11a 12.9b 24.1b 34.8b 8.5c 


C14 -0.74 -1.90   


C15 1.18 -0.79   


C16 -6.14 -5.79   


C23 16.00 28.46   


C24 -0.30 -2.70   


C25 -0.04 -1.42   


C26 0.58 0.96   


C34 -0.96 -3.57   


C35 -0.56 -2.44   


C36 0.37 0.71   


C45 -0.45 -0.84   


C46 -1.20 -1.78   


C56 -0.02 -0.13   


a Katahara, 1996. 
b Lonardelli et al., 2007. 


c Wenk et al., 2008. 


Elastic constants of kaolinite: 


 Large variability of 


experimental data due to 


different samples crystallinity, 


water and impurity content, 


measurement techniques,…   


 First-principles calculations 


can help to assess the 


accuracy of some data sets 


and predict missing data. 


 Overall good agreement 


between predicted and 


measured elastic constants. 
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Thermal evolution of 


the bulk modulus of 


kaolinite: 


 Large variability of 


experimental bulk 


modulus data using 


the high-crystallinity 


“KGa-1” Georgia 


kaolinite sample.  


 A significant bulk 


modulus softening is 


predicted from first-


principles in the 0-


600K range. 


 Differences in EOSs 


above ~300 K. 


 


“KGa-1” sample 
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Enthalpy function of kaolinite Gibbs energy function of kaolinite 


𝐻𝑇 − 𝐻298.15 . 𝑇
−1 =  𝐶𝑃𝑑𝑇


𝑇


298.15


 


Differences of 2.0–2.5% in the 298–600 K 


range, and only 1% at 800 K. 


− 𝐺𝑇 − 𝐻298.15 . 𝑇
−1 = 𝑆𝑇 − 𝐻𝑇 − 𝐻298.15 . 𝑇


−1 


Differences of 4.1–4.6% in the 298–800 K 


range. 
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Paper selected as Cover Page of Dalton Transactions (July 2015): 


Weck P.F., Kim E., Jove-Colon C.F., "Relationship Between Crystal Structure and Thermo-


Mechanical Properties of Kaolinite Clay: Beyond Standard Density Functional Theory”, 


Dalton Transactions, in press (2015); DOI: 10.1039/C5DT00590F  


FY16 outlook: 


 Testing the present 


theoretical approach using 


more complex clays, such as 


Na/Ca-montmorillonite. 


 Extend structural and 


thermal-mechanical 


calculations within the 


framework of DFT/DFPT to 


other NS minerals (clays, 


salts, granite…) and EBS 


materials. 
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Slide 2 


EBS Program 
 Experiment characterization (EBS 13 - EBS 17). 
 Provide information on complete repository thermal pulse event, using long-term (6 month) 


experiments. 
 Investigate the Fe-saponite, chalcocite growth at metal interface with bentonite. 
 Summarize and clarify all experiments. 
 Produce 3 more Opalinus clay experiments to finish baseline (304 SS, LCS – 6 wk 


isothermal 300 C, 304 SS 6 month) 


 International Program 
 FEBEX-DP forensic investigation 


TOPICS 
Clay 
Zeolites 
Steel 
Copper 


FY’15 Objectives 
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Clays 


All experiments exhibit  the same general clay 
mineral transformations 
Montmorillonite → Smectite ≠ Illite 
Good for this bulk chemistry ONLY(Stripa, WY) 
Good for this P,T,T trajectory 
No reduction in swelling due to illitization 
No change in sorption characteristics 
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Pressure, Temperature, Time 


Date Presentation or Meeting Title 4 


Experiment EBS Component Run temp, °C Run time 


EBS-1 Bentonite only 25/100/200/300/25 4 weeks 


EBS-2 304SS 25/100/200/300/25 4 weeks 


EBS-3 316SS 25/100/200/300/25 5 weeks 


EBS-4 Cu 25/100/200/300/25 5 weeks 


EBS-5 304SS 300 6 weeks 


EBS-6 Low-C Steel 25/100/200/300/25 5 weeks 


EBS-7 Graphite 25/100/200/300/25 5 weeks 


EBS-8 Cu (FAILED) 300 6 weeks 


EBS-9 Quartz sand 25/100/200/300/25 5 weeks 


EBS-10 316SS 300 6 weeks 


EBS-11 Cu 300 6 weeks 


EBS-12 Run for LBNL 300 7 weeks 


6 MONTH EXPERIMENTS 
EBS-13 316 SS 300 to 120 6 months 
EBS-16 Cu 300 to 120 6 months 


OPALINUS CLAY EXPERIMENTS 
EBS-14 Opalinus Clay  300 6 weeks 
EBS-15 Opal - 316SS 300 6 weeks 
EBS-17 Opal - Cu 300 6 weeks 
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Smectite Images (EBS-2, EBS-6) 
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Zeolites 


As Colony EBS material reacts at high 
P,T new zeolites are formed 
Without wall rock, Glass and/or 


Clinoptilolite → high Si Analcime 
With Opalinus Clay wall rock only – 


Wairakite formed (Ca-Analcime) 
With Opalinus Clay + Bentonite – 


Analcime- Wairakite ss 
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Zeolite images 
EBS-4, EBS-15 
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Analcime (EBS-4) /  
Wairakite (EBS-14) Formation 
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Steel Corrosion 


At high P,T conditions – Bentonite + Steel → Fe 
Saponite + Pentlandite +/- Pyrrhotite 


 
Fe Saponite is the dominant reaction, with Fe 


leaching from steel rim 
–Steel corrosion rates - 0.1 μm d-1 (43 μm a-1)  SS 


              - 0.6 μm d-1 (214 μm a-1)  LCS 
Stilpnomelane (mixed Fe) growth on Fe grains 
Preliminary data – No corrosion rate (or mode) 


difference between 6 week and 6 month 
experiments 
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Corrosion layer on 
 316 Stainless Steel 


Fe Saponite, Pentlandite (EBS-3) 
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Steel Corrosion  
Interface Cartoon 
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Copper Corrosion 


Copper metal + H2S →    
 Chalcocite (Cu2S) + 


  Atacamite (Cu2Cl(OH)3 


 
H2S formed from breakdown of 
pyrite in bentonite 
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Cu Corrosion images 
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• Finish host rock-bentonite baseline experiments and analyses. 


• Continue with post-maximum temperature cooling effects. 


• Quantify corrosion kinetics (SEM, EMP, Aqueous chemistry) 


• Submit 2 journal articles on corrosion 


• Evaluate the steel corrosion products’ chemical properties. 
• Thermodynamic constants 
• Radionuclide adsorption 
• Examine maximum passivation thickness 
• Evidence for pitting 


• Investigate radionuclide ‘getters’ for engineered bentonite buffers. 


• Certified radiogeochemical-hydrothermal laboratory (March 15, 2015). 
• Radiological facilities can accommodate millicurie experiments. 
• Supporting analytical equipment exists. 
• Personal with extensive experience in radiological studies. 
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