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Abstract 
Thermal energy storage using the effects of the latent heat in the solid-liquid phase transformation has been discussed for high-temperature applications since the 1980. Reusable, organic phase change media stabilize low temperatures of parcels, and salt/water tanks act as buffer storage in residential heating/cooling and industrial processes. Emerging, renewable technologies for energy production and conversion profit from high operation temperatures. Alloys from abundant metals such as aluminum, silicon, and copper have suitable melting characteristics to preheat chemical conversion catalysts and process gas streams for heat-to-power applications. They typically absorb and release a large heat of fusion, facilitate better heat transport compared to salts, and are inert to thermal decomposition compared to organic compounds. Fundamental challenges emerge from the high reactivity of molten metals towards the preferred metal encapsulation materials. Stable encapsulations are necessary to protect the storage medium, and to preserve a constant heat exchange surface during the phase transition. This thesis explores the fabrication of stainless-steel capsules for use with pure aluminum, as well as Al-12%Si and Al-26%Cu-5%Si alloys. Experimental capsules of cylindrical shape were prepared with or without interface modification, and tested by isothermal exposure up to 800 °C and in a newly developed test-bench with 100+ melting cycles and in-situ performance measurement. Iron aluminide formation on the interior capsule surface reduced performance. Interface modifications and corrosion layers were characterized by scanning electron microscopy, energy dispersive x-ray spectrometry, differential scanning calorimetry, and Vickers hardness micro-indentation. Results were integrated into numerical diffusion and heat transfer 
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Page vi modelling, allowing predictions about the effects of atomic diffusivity, solubility, and thermal conductivity on heat storage performance. Ceramic diffusion barrier coatings for stabilized performance were deposited via modified reverse-dip-coating on steel encapsulation and silicon substrates, and characterized using the same methodology. Ceramic coatings and guidelines for conservative operation conditions were effective in stabilizing heat storage density and power. Boron nitride coating was demonstrated to prevent 90 % of the capacity loss occurring in the control group, in a scaled-up pilot experiment with 200 MJ latent heat capacity in encapsulated Al-26%Cu-5%Si. Temperature scanning calorimetric data from the cycling test-bench validated numerical heat transfer simulations and performance predictions from diffusion modelling. Results from validated heat and diffusion modelling were used in the design of a 1.4 MJ lab-scale prototype storage, with automated charging and discharging of stacked encapsulated samples, using air as heat transfer fluid. Herein presented guidelines allow design and operation of robust steel encapsulations, which conserve high performance for 10’000s of full-load-hours. Our experimental data and interpretative modelling focus on a relevant material class, that combines low material cost with high conductivity, large capacity, and melting temperatures relevant to advanced power cycles. Experiments on lab-, prototype- and pilot-scale demonstrate how our findings contribute to practical implementation of novel highly performant metal latent heat thermal energy storage systems. 
Keywords: Heat storage, Latent heat storage, Molten metal corrosion, Heat- and mass-transfer, Degradation modelling, Diffusion barrier coating, Scale-up   
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Zusammenfassung 
Phasenübergangs-Wärmespeicherung für Hochtemperatur-Anwendungen ist seit den 1980er Jahren kontinuierlich im wissenschaftlichen Gespräch. Sie dienst dazu, thermische Energie aus variablen Quellen schnell und zuverlässig zu speichern und wieder zur Verfügung zu stellen. Im Temperaturbereich von 400 °C aufwärts haben Legierungen aus Aluminium, Silizium und Kupfer ökonomische und technische Vorteile gegenüber Salzen, die bisher zur Anwendung gekommen sind. Grösstes Hemmnis bei der Anwendung von Metallen als Phasenübergangs-Speichermedium ist die im Bereich der Gusstechnologie bereits bekannte Flüssig-Metall-Korrosion. Besonders Aluminium ist reaktiv und bildet intermetallische Phasen mit Stahl und seinen Bestanteilen, und löst diese überdies auch auf. Um trotzdem die Vorzüge von Aluminiumlegierungen zur Prozesswärme-Speicherung nutzen zu können, bedarf es deshalb der Erforschung der Vorgänge an der Aluminium-Stahl Kontaktfläche, sowie der Entwicklung von Methoden zur Bekämpfung jener Korrosionsmechanismen. Wir untersuchen im Folgenden die Kinetik der Bildung von intermetallischen Schichten an der Kontaktfläche der Aluminium-Legierung Al-12%Si und des hochwertigen Chromnickelstahls Fe-18%Cr-10%Ni. Experimentelle Behälter wurden aus dem genannten Stahl als hohle Zylinder hergestellt und mit Bornitrid beschichteten, porösen Calciumsilikat-Einsätzen verschlossen. Zuerst wurde das Korrosionsverhalten und speziell die Wachstumsgeschwindigkeit der intermetallischen Schicht bei 600°C, 700°C, und 800°C untersucht. Die metallografischen Schliffe quer zur Zylinder-Achse der Proben zeigten ein Wachstumsverhalten, das signifikant von den Vorhersagen des Standardmodells abwich. Elektronen-Mikroskopie, energiedispersive Röntgenanalyse, Vickershärte-
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Page viii Messungen und Plasma-Emissions-Spektroskopie wurden eingesetzt um die gebildeten Phasen zu identifizieren. Vom Wärmespeichermedium wurde mittels dynamischer Differenzkalorimetrie die Zeit- und Temperaturabhängigkeit der veränderlichen thermophysikalischen Kenngrössen der Schmelzwärme und Schmelztemperatur ermittelt. Vorhersagen aus optimierter numerischer Modellierung beinhalten, dass ab 650°C das Schichtwachstums durch zunehmende Löslichkeit abgemildert wird. Sperrschichten aus Keramik-Dispersionen wurden experimentell auf Verlässlichkeit und Dichtigkeit geprüft. Bornitrid Beschichtungen waren chemisch stabil und hielten zyklischen Belastungen am besten stand. Eine neue Methode zur kalorimetrischen Auswertung von zylinderförmigen latent-Wärmespeichereinheiten zeigte, dass solche Beschichtungen während bis zu 500 h und 250 lade/entlade-Vorgängen vor Kapazitätseinbussen schützten. Dies stellt einen wichtigen Fortschritt dar für die Anwendung der in ihren anderen Charakteristika vorzüglichen Schmelzwärme-Speicherlegierung Al-12%Si, da bisher keine andere Lösung der Korrosionsproblematik bekannt ist und zugleich bereits weltweit intensiv an der Entwicklung von Hochtemperatur Schmelzwärme-Speicherlösungen basierend auf dieser Legierung gearbeitet wird.  
Stichworte: Wärmespeicherung, Latent-Wärme-Speicher, Flüssig-Metall-Korrosion, Wärme- und Massen-Transfer, Korrosions-Model, Diffusions-Sperr-Schicht, Anwendungs-Massstab    
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: Latent heat thermal energy storage 
 Application potential Management of energy sources is a central activity of the human society, from prehistoric collection of firewood for cooking to modern large-scale industrial processes. Global primary energy consumption has increased from negligible levels at mid-18th century to almost 1,4 ⋅ 10ଵ଴ ton-oil-equivalent (14 Gtoe) in 2017.[1] In the same time the human population was able to grow to close to 7 ∙ 10ଽ individuals, while expanding per capita availability of resources.[2] Predictions consider that, as this number grows to 9 ∙ 10ଽ by 2050[3], energy demand may fall in the range of 15 to 35 Gtoe.[4] Energy saving potential by promoting Thermal Energy Storage (TES) has been estimated close to 0.9 Gtoe in Europe alone.[5] Switzerland consumes a share of 20 Mtoe of which the Swiss industrial sector uses about 4 Mtoe.[6] Of this, process heat makes up for 2 Mtoe. Based on the European heat market statistics 40%[7] of process heat requires high-temperature (T>400 °C) resulting in an application potential of almost 1 Mtoe for high-temperature TES, in Switzerland alone. Traditional forms of heat storage use the specific heat capacity (𝑐୮) of a medium. They are referred to as sensible heat storage. Gases are seldom useful in this context as their low mass density translates into low energy density. Sensible heat storage media are often liquids or solids with high heat capacity or high density, or both. Storage density is a primary performance indicator of a storage medium. Another critical indicator is the rate at which energy can be stored and released. A storage medium 
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with desirable energy density, but severe heat transfer limitations may be useless. Heat transfer rates are therefore as important as energy density. Fundamental limitations for heat transfer come from the material properties, most notably, from the thermal conductivity (𝑘). Beside favorable energy density and release rate, new technologies demand for heat storage with high exergetic efficiency, which entails operation at high temperature. Examples are thermo-mechanical electricity generation from concentrated solar irradiation, and Advanced Adiabatic-Compressed Air Energy Storage (AA-CAES). Latent Heat TES (LH-TES) uses a Phase Change Material (PCM) which stores and releases heat during melting and solidification, respectively. Alloys with well-defined melting points by nature stabilize the exergy content of the heat output. This is of interest to industrial processes for power production[8] and storage.[9]–[11] Thereby, LH-TES is expected to play a significant role in advancing heat storage system performance.[11]–[13] A developing application is Concentrated Solar Power production (CSP). CSP currently depends on conventional TES technology to decouple electricity production from the solar irradiation schedule,[14],[15] and may further profit from advanced LH-TES.[16],[17] Similar advantages have been calculated for AA-CAES, where LH-TES has been estimated to improve roundtrip efficiency by 20 % to 70-75 %.[18]–[20] Additionally. supercritical carbon dioxide Brayton cycles are may also profit from LH-TES, based on their process temperatures in excess of 600 °C.[21] 
 Metal as latent storage medium A characterizing aspect of thermo-mechanical power cycles is their desire to operate at the highest temperature that material properties permit. Currently, LH-TES with PCMs composed of Al, Si, Cu, Mg, Ca, among others have been identified as suitable candidates.[22],[23] The eutectic alloy of Al with Si (Al-12%Si), and the ternary eutectic of Al with Cu and Si (Al-26%Cu-5%Si) are stable to thermal decomposition, and form passivation layers when in contact with ambient oxygen. They offer a high heat uptake during melting, and facilitate heat release performance due to their excellent thermal conductivity.[23]  
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 The distribution of elemental metals in the coordinate space of enthalpy of fusion (vertical axis) and melting temperature (horizontal axis). A linear trend sees many elements falling close to the line with slope 8.8 Jmol-1K-1. Figure modified and taken from [24].  The enthalpy of fusion (𝐻୤) is defined as the heat uptake required to melt a given body of solid. If defined with respect to unit mass it is called the specific enthalpy of fusion (ℎ୤), and has Si-units of Jkg-1, although Jg-1 is often more convenient. ℎ୤ has been used as a critical property of PCMs for LH-TES applications, together with the melting temperature (𝑇୫). Values of ℎ୤ for metals follow with few exceptions the Richards rule, which states that the molar entropy of melting (𝑠୫) is close to 8.8 Jmol-1K-1, which are related by Eq.(1.1).  ℎ୤ = 𝑇୫𝑠୫ 1𝑀୵ 
The conversion factor 𝑀୵ is the molar weight. This gives an important trend of higher energy density with increased storage temperature, and drives LH-TES research to further develop metal PCM systems with higher 𝑇୫.  

Figure 1.1 

Eq.(1.1) 
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Figure 1.1 compares metal and semiconductor elements with regards to Richards rule. It is noted that semiconductors such as Si, Ge, Sb, etc. require more heat to melt and fall outside of the +/- 30 % bounds. Si exhibits 𝑠୫ four times larger than the Richard rule would predict, and would therefore be an attractive storage material with 𝑇୫ of 1414 °C. Strong covalent bonding character of the semiconductor is responsible for the deviation from classical metal behavior. Alloys formed between Si with many metals, in particular Al, have a eutectic melting temperature significantly below the weighted average melting temperature of the constituents. For Al-12%Si the heat of fusion is relatively well estimated by a mass weighted rule of mixing, which makes it particularly interesting for LH-TES. 
 Molten metal corrosion Al alloys as storage medium have been proposed at least since the 1980,[23] but haven’t advanced to the application stage due to their corrosiveness in the molten state.[25] The emerging challenge is linked to the reactivity of the molten metal towards preferable encapsulation materials, such as steel.[26] Stabile encapsulations are necessary to protect the storage medium, and to preserve a constant heat exchange surface during the phase transition. Encapsulation materials ideally have a high thermal conductivity (see Figure 1.2). No single available containment material has allowed to harvest the fast and compact storage performance that would be possible when considering the metal PCM’s intrinsic properties. Figure 1.3 shows the binary phase diagram of Fe with Al, and highlight frequently reported alloys and intermetallic compounds that are formed under relevant conditions for LH-TES (Table 1.1).   Composition and density of selected phases from the Fe-Al diagram.[27] Symbol Formula Al-range [at%] Density 𝜌 [kgmିଷ] 𝛼ଶ FeAl 24-51 5583 𝜉଴ FeAl2 66-67 4330 𝜂 Fe2Al5 71-73 4131 𝜃 Fe4Al13 75-76 3850    

Table 1.1 
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Since Birchenall and Riechman published on heat storage in eutectic alloys in 1980[23], many have taken up the material and noted its favorable phase change properties, i.e. conductivity, storage density, and suitable/adjustable Tm unrivaled by any salt. And same as 2007 Gasanaliev et al.[22], so does 2010 Kenisarin[11] conclude his review with a note on the importance of corrosion in the system that does not suggest the problem has been resolved. Kenisarin’s concluding remarks feature a single experimental study that investigates metal PCM in close contact with the intended encapsulation material, during 1000 cycles where thermo-physical properties were continuously monitored by transferring an aliquot of the PCM to a Differential Scanning Calorimetry (DSC) apparatus. Most recently, in 2018, Wei et al.[25] repeated the demand for corrosion mitigation and added the notion that cyclic stability testing has to be established for PCMs, as it is standard in other fields.  

 Thermal conductivities of selected materials over a wide temperature range. Data collected from [28]–[30]. Figure 1.2 
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 Phase diagrams of Fe-Al scaled to atomic (a) or weight (b) composition. Highlights indicate frequently observed phases in the context of this work. Blue indicates ranged composition, while red indicates stoichiometric compounds. Figure modified and taken from [31]. 
Figure 1.3 
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 Thesis outline The aim of this thesis is to contribute to the viability of highly desirable metal PCM systems by addressing the following objectives: (A) to elucidate the mechanism of performance degradation associated with molten metal corrosion, (B) to propose and develop mitigation strategies that allow stable operation, (C) to characterize the performance of encapsulated PCM units experimentally and on application relevant scale, and (D) to contribute to the development of a scientific framework for performance and stability evaluation of encapsulated PCM units. Objective (A) is approached in the following Chapter 2. It contains a review of the important mass transfer models of intermetallic layer growth for the Al-Fe system. Besides being a promising PCM material, liquid aluminum is an active corrosion medium, which dissolves up to 3 % Fe, and 9 % Ni at 750 °C. Further exists an ongoing scientific debate about the reaction conditions governing the formation rates of various iron aluminides. We experimentally explore the operation of stainless-steel capsules with Al and its alloys as PCM. Experimental design is directed towards the investigation of the reactivity and dissolution of encapsulation elements in the molten PCM. Cylindrical test capsules made of stainless steel contained the molten PCM during prolonged exposure to a set of assumed operation temperatures. Iron aluminide formation on the interior capsule surface is quantified, and used to estimate impacts on heat storage performance. Characterization is carried out by Scanning Electron Microscopy (SEM), Energy Dispersive X-ray (EDX) spectrometry, DSC, and Vickers Hardness (HV) micro-indentation. Finally, an efficient numerical model is used to predict the storage performance including degradation into the future, up to 8760 full-load-hours. This is then used to propose design guidelines for encapsulations with good long-term performance stability. In Chapter 3 diffusion barrier coatings derived from ceramic particle suspensions and deposition methods thereof are developed, addressing (B). Focus is put on expanding the range of viable storage unit dimensions and thereby foster even higher heat release rates. The 𝛼-modification of aluminum oxide (𝛼-alumina) is known to be thermodynamically inert to molten aluminum up to 1500 °C.[32] Silicon nitride (Si3N4) reacts to form a stable passivation layer of aluminum nitride (AlN).[26] Finally, boron nitride (BN) has been proposed to avert its conversion kinetically as the thin layered hexagonal crystals are very slow wetting and AlN formation at the interface reducing 
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the observed reactivity.[33] A challenge was identified in providing a suitable binder phase, and deposition thereof as homogeneous and well adherent coatings. Stable particle suspensions with iso-propanol (iPrOH) or deionized water (H2O) were obtained by adjusting the pH to modify the electrostatic particle interactions. Binders were derived from aluminum isopropoxide (Al(iPrO)3), or sodium silicate (Na2SiO3). Coatings were characterized by SEM imaging of cross-sections on Si wavers, and of cross-sections and top-view microstructures on stainless steel substrates. EDX and DSC were again employed, probing the chemical composition and thermo-physical properties of the PCM after prolonged exposure of the coated cylinder to the liquid metal. BN based coatings were confirmed to suppress inter-diffusion for several weeks, prevented 90 % of the capacity loss occurring in the control group, in a scaled-up pilot experiment with a total of 200 MJ latent heat capacity in encapsulated Al-26%Cu-5%Si.  Objective (C) is the focus of Chapter 4, where storage performance of coated and uncoated PCM capsules under repeated load cycles are evaluated and discussed. A novel method for the calorimetric analysis of the PCM unit’s performance is presented and important insights on solidification behavior and heat transfer are discussed. With regard to the developed coatings, the cyclic load conditions represent an important test with increased severity. We show that the performance and stability can be monitored during cyclic testing by evaluating the variation of heat flow calculated from carefully placed temperature measurements. The method is derived with regard to reported and confirmed difficulties of PCM performance assessment via conventional DSC measurements.[34]–[37] The temperature dependent enthalpy of an encapsulated PCM storage may change during operation due to chemical interactions not only with the interface, but through contaminations from the gas phase. Both can lead to a change in the PCM’s solid density making the extrapolation of mg-sized DSC samples to storage performance difficult. Additional insight comes from comparison of temperature gradients with a numerical model, allowing characterization of the evolution of the transfer resistance at the PCM-encapsulation interface. In the case of intermetallic layer deposition, increased transfer resistance has a negative impact on LH-TES performance. We show that the developed cyclic testing approach is crucial to the field of LH-TES by presenting high frequency load cycles that permit stable operation without diffusion barrier. Results from validated 
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heat modelling which were used in the design of a 1.4 MJ lab scale prototype storage are appended. The conclusions in Chapter 5 summarize and crosslink the obtained insights. Objective (D) is addressed throughout all Chapters.   
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2 : Degradation management Material from this chapter was accepted for publication, 13 April 2019: S. Binder, S. Haussener, Design guidelines for Al-12%Si latent heat storage encapsulations to optimize performance and mitigate degradation, Applied Surface Science (2019) (https://doi.org/10.1016/j.apsusc.2019.143684). 
 Introduction The interface reaction forming iron aluminide in pure and alloyed systems has been studied in the context of aluminum processing,[27],[38] iron-aluminum part joining,[39] diffusion bonding,[40] preparation of advanced composites,[40] refractory coatings by hot dip aluminizing,[40] permanent mold casting,[41] and high-temperature and high-strength material with good oxidation resistance.[42]–[45] Recently, iron aluminide formation has been identified as corrosion mechanism in high-temperature TES systems which use steel-encapsulated metal PCM.[8],[46] In such systems, the PCM serves to store and release heat with a high energy density, which is associated with ℎ୤ of the solid-liquid transition. PCM-TES inherently stabilizes the discharge temperature of the stored heat near 𝑇୫ of the PCM alloy. Examples of technologies featuring metal PCM-TES systems are found in, but are not limited to, CSP production[8] and AA-CAES.[12],[47]–[49] In the case of AA-CAES, the implementation of a suitable thermal storage has the potential to increase electricity storage round-trip efficiency from 40-55 % in conventional CAES to 60-75 % in AA-CAES.[47] Adapting a more general perspective, energy saving potential by thermal energy storage in Europe has been estimated to be 1.2 TWth under a 10-year implementation scenario.[5] PCM-TES is expected to play a significant part in this scenario by contributing to advanced heat storage system performance.[11]–[13]  
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Aluminum alloys are a low-cost option for metallic PCM and suitable alloys have been identified and listed.[23],[50] Al-12%Si offers a large heat of fusion, good thermal conductivity, low tendency for under-cooling, and a melting temperature (see Table 2.1) suitable for heat-to-work conversion processes. The main obstacle to exploiting aluminum alloys is their reactivity towards encapsulation materials, which results in conversion of latent storage material to non-melting aluminides. In applications such as AA-CAES and CSP, a strong focus lies on economy of scale and rigorous system optimization before practical implementation is needed. Precise forecasting of performance evolution is essential to determine design and operational parameters. Reliable dynamic and quantitative modelling of mass transport and the conversion of phase change material to non-functional intermetallic phases is crucial for the economic assessment. Studies investigating PCM/encapsulation stability and compatibility have assessed the storage/release cycling stability of metals via DSC measurement of hf.[51]–[56] Sun et al. have exposed Al-34%Mg-6%Zn to melt/solidification cycles while in contact with pieces of steel sheets. [51] They found a reduction of the mass specific heat of fusion of 11% over 1000 cycles. In some cases, the formation of intermetallic compounds at the encapsulation/PCM interface have been observed but the effect on the systems heat storage capacity has not been quantified or modelled. Below 800 °C, elemental iron (Fe) can incorporate up to 23 at% aluminum (Al) in solid solution. Two intermetallic compounds with the nominal composition Fe3Al and FeAl coexist below 460 °C when the Al content is further increased. Above 460 °C FeAl replaces the other compound completely. This compound has a temperature-dependent thermal conductivity typical of ferrous alloys and exists in a compositional range of 23 to 51 at% and up to 1310 °C. At higher Al concentrations, three intermetallic compounds with narrow stoichiometric existence domains (∆XFe < 3 %) are observed: FeAl2, Fe2Al5 (η), and FeAl3. In pure and low alloyed systems, the 𝜂-phase has been predominantly identified. At least 8 ternary phases have been distinguished if silicon (Si) is added to the system.[57] Among these, there is the monoclinic modification with the nominal composition Al63.5Fe20.5Si16 (𝜏). Quaternary phases which further include Cr have been characterized more recently to exist in a compositional range of 70-76at% Al, 6-13at% Fe, 8-16 at% Si, and 3-11at% Cr (ξ).[58]    
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Experimental studies of formation kinetics at the interface of liquid aluminous alloys and solid iron or steel have been typically employing metallographic cross sectioning.  Kinetics have been quantified over the range of hours.[40],[41],[43],[59]–[63] The growth of a homogeneous, flat interface layer by inter-diffusion is limited by its own thickness (w) and follows the differential Eq.(2.1). d𝑤d𝑡 = 𝑘௣𝑤  
Eq.(2.1) is found by considering Fick’s 1st law of diffusion and is readily solved when the parabolic growth coefficient (𝑘௣) is considered constant, i.e. for a fixed temperature and concentration within the layer:[64]  𝑤(𝑡) = ට2𝑘௣(𝑡 െ 𝑡଴) + 𝑤଴ ଶ 
Eq.(2.2) is the basis for calculation of 𝑘௣ from constant temperature experiments. The thickness of the layer after an initial transient growth phase (𝑤଴), and the time after which the layer growth is diffusion controlled (𝑡଴), have been assumed to be small compared to the scale of the respective measurements, so that Eq.(2.2) is well approximated by Eq.(2.3).[40],[62] 𝑤(𝑡) = ට2𝑘௣𝑡 
Temperature-dependent diffusion in the compound layer affects 𝑘௣, which has been accounted for by thermal activation term.[62],[59],[63] 

𝑘௣ = 𝑘௣,଴ ⋅ 𝑒ି 𝑄౗ோౝ౗౩் Eq.(2.4) includes a pre-exponential factor for parabolic layer growth (𝑘௣,଴) with the same units as 𝑘௣, the corresponding activation energy for layer growth (𝑄ୟ௧), and the gas constant (𝑅୥ୟୱ), and the absolute temperature (T).  Reported experiments on iron aluminide formation kinetics have been interpreted using Eq.(2.1) to (2.4) or variations thereof.[27],[40],[43],[51],[59]–[64] Bouche et al. immersed Fe samples in molten Al and described the layer growth with Eq.(2.3), within the period of measurement (30s to 3600s).[40] They have ascribed the existence of a Fe2Al5 layer with a width of 𝑤଴(𝑡଴=30 s)=140 μm to a short transient initial phase, and subtracted 𝑤଴ and 𝑡଴ from the respective experimental data before evaluating 𝑘௣. 

Eq.( 2.1) 

Eq.(2.2) 

Eq.(2.3) 

Eq.(2.4) 
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Bouayad et al. calculated apparent activation energies of 73 kJmol-1 for Fe2Al5 in the solid iron/liquid aluminum system.[62] Springer et al. characterized the temperature dependence of the same phase in a system with low carbon steel and calculated an activation energies of 190 and 17 kJmol-1, with the first value referring to the interaction with pure aluminum and the second to Al-5at%Si.[59] Yin et al. have determined activation energies for 𝑘௣ by systematically varying temperature and Si concentration in the melt. They immersed iron specimens in molten aluminum containing 0, 0.5%, 1.0%, 1.5%, 2.0% and 3.0% of Si and found activation energies for the growth of Fe2Al5 of 207, 186, 169, 168, 167 and 172 kJmol-1, respectively.[63] Pasche et al. used x-ray micro-tomography and digital image threshold integration to resolve the ab initio microstructural evolution for pure Fe-Al1,2. They fitted Eq.(2.2) to the experimental layer growth within two separate domains and found best agreement when choosing the time of transition from fast to slow growth to be 𝑡଴=2500 s. The corresponding range-dependent parabolic growth constants (𝑘௣,ଵ, and 𝑘௣,ଶ) were 4.4 ⋅ 10ିଵଶ mଶsିଵ, and 4.0 ⋅ 10ିଵଷ mଶsିଵ, respectively. They suggested a change in growth mechanism, with a nucleation-controlled initiation phase, with a transition phase where growing features coalesce and densify, and a final bulk growth phase. Other authors pragmatically account for the faster initial growth compared to the purely diffusion-controlled mechanism by fitting data to a variation of Eq.(2.2) with adjustable exponent. 𝑤(𝑡) = ට2𝑘௣∗ ⋅ 𝑡௡∗ 
In this approach, the empirical growth coefficient (𝑘௣∗ ) looses any analytical link to diffusion parameters. Values for the growth exponent (𝑛∗) have been reported between 0.45 for pure aluminum/pure iron at 771 °C, to 0.49 for low-alloyed steel and iron saturated melt at 786 °C.[62] An analytic analysis of the intermetallic layer thickness between solid Fe and liquid Al was presented by Yeremenko et al. [64].  d𝑤d𝑡 = 𝑘ଵ𝑤 െ 𝑎ଵ ⋅ 𝑒ି௕భ⋅௧ 
Eq.(2.6) includes an exponentially decaying dissolution term, where 𝑘ଵ, 𝑎ଵ, and 𝑏ଵ are physically motivated lumped parameters. This model has allowed making qualitative predictions about intermetallic layer formation kinetics, such as the existence of a steady state layer thickness, in a case where layer growth is stably balanced by 

Eq.(2.5) 

Eq.(2.6) 
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dissolution between two semi-infinite media. Then, intermetallic layer thickness does not increase at the cost of a constant dissolution rate. This is not likely or acceptable for PCM-encapsulation system, and neither transient boundary condition, nor an exact analytic solution have been presented.  Heat storage applications vary the temperature of the storage medium during the charge and discharge process. Dynamic variability of temperature at which diffusion takes place is a prerequisite in order for an intermetallic layer growth model to be useful as a tool to predict PCM storage capacity and performance. The presented models lack this capability due to ill-defined regime limitations of non-physical exponents, which are presumably temperature dependent. Most intermetallic layer growth models are based on the evaluation of data acquired over the duration of seconds to hours only.[42],[43],[45] In contrast for PCM-TES applications, the evaluation of the solid encapsulation integrity and the storage capacity needs to be predicted for a significant part of the lifetime. Models are thus required, which accurately predict the growth of intermetallic layers on the scale of month to decades. Here, we present experimental data on Al-12%Si encapsulated in high-temperature stainless steel ANSI 316L (316L) over the duration of 120 days at 700 °C, and 100 days at 600 °C. The developed mass-transfer model for intermetallic layer growth and dissolution fits experimental data on this time scale. Physical model parameters allow the prediction of important performance factors over a large range of relevant operating and design conditions. Strategies for effective and practical PCM-TES systems are proposed. 
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 Experimental methodology 2.2.1. Synthesis and measurements 
Experiments consisted of encapsulating Al-12%Si in 316L cylinders and holding it in the molten state at constant temperature for up to 120 days (Figure 2.1). Casting grade Al-12%Si alloy was obtained (Reinhold Frei AG, Switzerland) with the wet chemical elemental analysis provided by the supplier (see Table 2.1). Our DSC and micrographic analysis confirmed the slightly hyper-eutectic composition. Segments of 60 mm length of 316L cylinders, 21.3mmx2.65mm (outside diameter and wall thickness), were filled with Al-12%Si by direct casting and closed with standard threaded steel caps. A box furnace (Borel, TL 1100) with constant temperature control heated a batch of 21 specimens to 700 °C. Additional temperature measurements with a K-type thermocouple confirmed similar and constant temperature around the samples in a distance of 5 mm from the surface. Deviations from the set point were below 1 °C, after the furnace had equilibrated for 60 minutes. Individual samples were removed and quickly cooled down at shorter intervals during the initial phase, i.e. the early stages of reaction in the system. Swift removal of samples minimized heat loss, and measured air temperature within the furnace never dropped by more than 20 °C. The temperature generally stabilized within seconds after closing the furnace.  2.2.2. Characterization 
Cross-section micrographs perpendicular to the cylindrical axis at half tube height (30 mm) were polished to a grit 2500 paper and examined via optical microscopy (Olympus ZYC Binocular). Digital macro imaging was carried out with a custom stage, macro lens (3.2x magnification), and a digital camera with autofocus (Samsung Galaxy S5, 16 MP). The outside diameter of each specimen was measured twice with a mechanical caliper (accuracy: 10 μm), and the average served as image calibration reference for the cross-sectional images of the same sample. The standard deviation of the outside diameter over 21 tubes was 54 µm, and their average 21.19 mm. This variation led to an error from false calibration of 0.3 %, if assumed to be random and independent. Similarly, the error from unbiased reading of the caliper 
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was below 0.1 %. The thickness of the intermetallic layer at the steel/Al-12%Si interface was calculated by manual pixel selection and conversion to physical units using the outside diameter as calibration reference. The resolution of 16 megapixel led to a pixel size in the calibrated image of 10-12 μm, depending on working distance. For the largest measured layer thicknesses (approximately 1.6 mm) the relative and absolute errors added up to 18 µm for a single measurement. Twelve independent measurements were obtained from every cross-section. Measurements were distributed evenly around the circumference of the cross-section (see Figure 2.1). The cumulative error including calibration, substrate variation, and image resolution was calculated to be below 6 µm, following a Gaussian error propagation formalism.[65]  

 Schematic of the experimental procedure. encapsulated Al-12%Si cylinders were brought to reaction temperature (600 °C or 700 °C), with subsequent cooling. Metallographic section at the mid plane reveals of an intermetallic layer at the interface. Samples for DSC analysis of Tm and hf were taken at the polished cross-section (circular hole in the upper half).   SEM imaging was carried out at the interdisciplinary center for electron microscopy (CIME, EPFL, Switzerland). Images were obtained up to 5000x magnification (Zeiss, Merlin with Gemini column) with both Secondary Electron (SE) and Backward Scattering Electron (BSE) detection. The composition of the present phases was 

Figure 2.1 



Chapter 2 

 

Page 18  

2 

investigated via EDX. Line-scans were carried out in radial direction across the intermetallic layer. Phase compositions were calculated as average of at least 10 independent point measurements, per cross-section and phase. Phase transformation temperatures and heats of fusion were obtained by DSC (NETZSCH Pegasus F1 404, 10 K/min), between 400 °C and 700 °C (3 cycles). Samples for DSC were obtained by drilling into the metallurgical cross-section and collecting the turnings. Preparation of monolithic samples additionally confirmed that surface oxidation had no influence on the measured value of hf. Rough surfaces were polished on a 600-grit silicon carbide paper to optimize thermal contact to the sintered alumina pan. In both cases, the total mass per sample was kept between 15 and 25 mg. Three independent samples were measured from every disc, distributed evenly between the center and the periphery in radial direction. From the resulting 9 values (3 samples, 3 DSC cycles each), average hf values and respective standard deviations (𝜎௛౜) were calculated.  Thermal and physical properties of eutectic aluminum-silicon binary alloy and steel encapsulation. Properties are measured by: §wet-chemical analysis, *SEM-EDX (in this work), **DSC (in this work). 

2.2.3. Modelling 
The experimentally investigated system was modelled as concentric cylinder slabs consisting of two reactive phases, representing the Al-12%Si (a) and 316L (f). 

Table 2.1 
 Al-12%Si 316L / 1.4404 Measured composition, [at%] 86.5Al-12.9Si- 0.4Fe-0.3Mn§ 67.9Fe-18.4Cr-9.6Ni- 1.5Mo-1.1Mn* Eutectic composition, [at%] 87.8Al-12.2Si[66]  
Melting temperature, 𝑇୫ [°C] 574** (576[52]) - Heat of fusion, ℎ୤ [Jgିଵ] 462** (560[52]) - Solid heat conductivity, 𝑘௦ [WKିଵmିଵ] 180[23] 16[67] Liquid heat conductivity, 𝑘௟ [WKିଵmିଵ] 70[23] - Solid heat capacity, 𝑐௣,௦ [JKିଵgିଵ] 1.038[52] 0.5[67] Liquid heat capacity, 𝑐௣,௟ [JKିଵgିଵ] 1.741[52] - Standard density, 𝜌ୱ୲. [kgmିଷ] 2700[52] 8000[67] 
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The center of the 𝑎-phase consists purely of A-particles, while the f-phase consists purely of F-particles. The intermetallic layer formed by their reaction was treated as homogeneous phase (𝜑) with volumetric composition 𝜙୅ఝ=1-𝜙୊ఝ. A layer of Ω-particles forms a passivation layer (𝜔), which is soluble in a and has a thickness (𝑤ఠ). Chemical equilibrium at the interface plane of neighboring phases is rapidly reached, compared to the rate of transport across the layer. We adapted a volumetric frame of reference with constant atomic density, so that the total volume differential for each type of particle (d𝑉௜) remained equal to zero (Eq.(2.7)).  d𝑉௜ = d𝑉௜௔ + d𝑉௜ఠ + d𝑉௜஦ + d𝑉௜௙ = 0The initial radius of the PCM-encapsulation interface (𝑟଴) is used as constant point of reference (Figure 2.2). The evolution of 𝜑 is described by the migration of its lower and upper bounding radius (𝑟ଵ and 𝑟ଶ) over time. The radius of the outer surface of the steel (𝑟ଷ) remains constant.  It is convenient to also define the width of the intermetallic layer (𝑤ఝ), as well as the partial terms representing the width of converted PCM (𝑤ଵ) and encapsulation (𝑤ଶ) respectively (Eq.(2.8)). 𝑟ଵ(𝑡) = 𝑟଴ െ 𝑤ଵ(𝑡)𝑟ଶ(𝑡) = 𝑟଴ + 𝑤ଶ(𝑡)𝑤ఝ = 𝑤ଵ + 𝑤ଶ  
The dissolution rate of ω (d𝑉ஐఠ/𝑑𝑡) is limited by diffusional transport of Ω (𝐽ஐୢ, superscript d for dissolution) across the width of the diffusion boundary layer (𝑑ஐ௔ ) in 𝑎, Eq.(2.9). 𝐽ஐୢ = െ𝐷ஐ௔ 𝜙ஐ,ୣ୯௔ െ 𝜙ஐ௔𝛿ஐ ⋅ (2𝜋𝐿௭), with 𝛿ஐ = ln 𝑟ଵ𝑟ଵ െ 𝑑ஐ௔𝐽ஐୢ is proportional to the under saturation of Ω in 𝑎 (𝜙ஐ,ୣ୯௔ -𝜙ஐ௔) and the diffusion coefficient of Ω in a (𝐷ஐ௔). As 𝑑ஐ௔  is small compared to 𝑟ଵ, the unitless logarithmic quotient 𝛿ஐ tends towards zero, which must be dealt with numerically by choosing the time step carefully. We choose the cylinder length to be unity (𝐿௭=1 m). Diffusion of A and F within 𝜔 and Ω in 𝜑 are low. 𝜑 starts to form rapidly when 𝜔 approaches dissolution (𝑤ఠ → 0). 𝑤ఝଶ is instantly large compared 𝐷ஐఝ𝑡 so that after the initiationof degradation de-passivation becomes irreversible. Figure 2.2c) shows the 

Eq.(2.7) 

Eq.(2.8) 

Eq.(2.9) 
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continuous transition from passivation to intermetallic layer growth around the time 𝑡଴,஦.  

 
a) Section of the cylindrical model domain, before the onset of iron aluminide formation. Presence of a layer of 𝜔 efficiently suppresses cross-diffusion of A and F. Its dissolution proceeds approximately linear in time (𝐽ஐୢ ≈ constant). The initial interface position (𝑟଴) is indicated by a dash-dot line. b) Growth of 𝜑 starts when 𝑤ఠ approaches complete dissolution. c) Illustration of the continuously modelled temporal domain with y-axis the normalized layer thickness and the x-axis the time. 𝑡଴,஦, marks the time when cross-diffusion and formation of 𝜑 become appreciable, defined by a threshold of 2 μm. For the dissolution of 𝜑, we treated 𝑑୊௔ similar to Eq.(2.9). However, the concentration of F in a (𝜙୊௔) can approach the temperature-dependent saturation concentration (𝜙୊,ୣ୯.௔ ), therefore the transport of F through 𝛿୊ (𝐽୊ୢ ) is given by Eq.(2.10). 𝐽୊ୢ = െ𝐷୊௔ 𝜙୊,ୣ୯௔ െ 𝜙୊௔𝛿୊  (2𝜋𝐿௭), with 𝛿୊ = ln 𝑟ଵ𝑟ଵ െ 𝑑୊௔ 
The corresponding diffusivity of F in a (𝐷୊௔) is treated as constant with regard to 𝜙୊௔. The growth of 𝜑 is limited by the diffusion of A from a to 𝜑 (𝐽୅௔→ఝ), as well as the diffusion of F from f to 𝜑 (𝐽୊௙→ఝ). Using the rule for a network of resistors in series gives the limiting volume flow terms: 

Figure 2.2 

Eq.(2.10) 
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𝐽୅௔→ఝ = ቆ𝛿୅𝐷୅௔  + 𝛿ఠ𝐷୅ఠ + ln(𝑟௖ 𝑟ଵ⁄ )𝐷୅ఝ + ln(𝑟ଶ 𝑟௖⁄ )𝐷୊ఝ ⋅ 𝛽୅ቇିଵ ⋅ ቀ𝜙୅,ୣ୯ఝ െ 𝜙୅௔ቁ ⋅ (2𝜋𝐿௭)
with 𝛽୅ = ቆ𝜙୅ఝ𝜙୊ఝቇ , 𝛿ఠ = 𝑟ଵ + 𝑤ఠ𝑟ଵ , and 𝑟௖ = 𝑟ଵ + 𝑟ଶ2  

The volumetric stoichiometry ratio (𝛽஺) ties together 𝐽୅௔→ఝ, and 𝐽୊௙→ఝ, as well as 𝐽୅ୢ and𝐽୊ୢ , so that the initial stoichiometry of 𝜑 (𝜙୅,ୣ୯ఝ = 1 െ 𝜙୊,ୣ୯ఝ = 0.779) is conserved.Diffusion boundary layers within the liquid 𝑎 were assumed to stabilize instantaneously as the interface adapts its dynamic equilibrium velocity.[64] The width of Fe pooling zone inside unsaturated Al melt has been determined to be 3.2 µm at 800 °C, respectively.[60] We lumped the temperature dependence of diffusion boundary layers into the Arrhenius relation for diffusion and assume a constant pre-exponential contribution for A, F and Ω (𝑑୊௔ = 𝑑ஐ௔ = 2 μm).  𝐽୊௙→ఝ = 𝐽୅௔→ఝ ⋅ 1𝛽୅ , with 𝐽୅ୢ = 𝛽୅ ⋅ 𝐽୊ୢ
By combining Eq.(2.7) to (2.12), the volume rate balance is defined. Figure 2.2 illustrates the volume rate balance for 𝜔 and 𝜑 in terms of the incoming and outgoing volume flows. Flows contributing to the formation or dissolution of 𝜑 depend on 𝑤ఠ, 𝑤ఝ, 𝜙୊௔, 𝜙୊,ୣ୯.௔ , and vice versa. Temperature-dependent diffusivity of the i-th species inside the k-th phase is estimated using an Arrhenius type law, given by Eq.(2.13).  

𝐷௜௞ =  𝐷௜,଴௞ ⋅ 𝑒 െ𝑄m𝑅gas𝑇 The activation energy for mobility (𝑄୫), and the pre-exponential factor (𝐷௜,଴௞ ) wereoptimized for A and F in 𝑎 and 𝜑, and for Ω in 𝑎. We further used Eq.(2.14) for the temperature-dependent equilibrium solubility of F and Ω in a (𝜙୊,ୣ୯௔  and 𝜙ஐ,ୣ୯௔ ).  
𝜙௜,ୣ୯௞ = 𝜙௜,଴௞ ⋅ 𝑒 െ𝑄s𝑅gas𝑇 The activation energy for solubility (𝑄ୱ), and the pre-exponential solubility factor (𝜙଴), where optimized for F and Ω in 𝑎. The evolution of the partial volume (𝑉௜,௞) was calculated according to the explicit finite difference method for a 1-dimensional domain, described in [68], corresponding to Eq.(2.1), and subsequent recalculation of 𝑟௞, 𝑤௞, and 𝜙௜,௞, as well as the temperature dependent properties 𝐷௜௞, and 𝜙௜,ୣ୯௞ .

Eq.(2.11) 

Eq.(2.12) 

Eq.(2.13) 

Eq.(2.14) 
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𝑉௜,௞ห୧୲ାଵ = 𝑉௜,௞ห୧୲ + d𝑉௜,௞d𝑡 ฬ୧୲  δ𝑡 
To avoid numerical difficulties a lower threshold for layer width (𝑤୫୧୬) of 50 nm was used, below which layers seize to participate as resistance to diffusion, and the outgoing and incoming volume flows are set to zero. To further enhance performance, the time step (𝛿𝑡) was adapted to the cell center-to-center distance (𝛿𝑟), giving stable solutions independent of variation of 𝛿𝑡 within the permissible range defined by Eq.(2.2). 𝐷௜௞(𝑇ୠ) ⋅ 𝛿𝑡min 𝛿𝑟௞ ଶ < 12Optimization of 𝑄ୱ, 𝑄୫, 𝐷଴, and 𝜙଴, was carried out using the experimentally obtained values of interface positions 𝑟ଵ and 𝑟ଶ, measured at 600 and 700 °C. In total 68 average values were weighted with their respective standard deviation (𝜎௥భ and 𝜎௥మ), to give a single optimization function (𝜒ଶ) according to the maximum likelihood formalism for arbitrary functions.[65]  Systematic parameter variation was carried out for 𝑟଴, the median boundary temperature (𝑇෨ୠ), the charge-discharge cycle frequency (𝑓ୡ), and the cycle half-amplitude (Δ𝑇ୠ) to identify correlated trends in system performance predictors. Temperature dependence of diffusion properties (𝜙୊,଴௔ , 𝑄୊,ୱ௔ , and 𝐷௜,଴௞ , 𝑄୫, 𝑖 =ሼA, F, Ω ሽ, 𝑘 = ሼ𝑎, 𝜑, 𝜔ሽ) were simultaneously randomized. A standard normal distribution with standard deviation (𝜎௝) for the j-th parameter (𝑃௝) equal to 0.5, or 1 % of 𝑃௝ was drawn numerically, ~𝒩(𝑃௝, 𝜎௝ ⋅ 𝑃௝). 32 parallel simulations were done for each discrete combination of 𝑟଴ and 𝑇ୠ. Sensitivity of the solution was expressed in terms of average output parameters, corresponding standard deviations, and correlation functions (𝜌௑,௒). 2.2.4. Performance extrapolation 

Mixed properties of phase 𝑘 = ሼ𝑎, 𝜑ሽ, such as the density (𝜌௞) and sensible heat capacity (𝑐௣௞) were updated by linear interpolation between the properties of Al-12%Si and 316L (Table 2.1), based on their composition by volume. Eq.(2.17) to (2.20) give the derived system performance parameters. For 𝑇୫ and ℎ୤, fitting of DSC results gave first order coefficients for variation of the respective property with 𝜙୊. 

Eq.(2.15) 

Eq.(2.16) 
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The incubation period after which intermetallic formation set in was defined as the time (𝑡଴,஦) at which 𝑤ఝ reached the threshold of 3 μm. The latent heat storage density (ℎ෠୤) was defined as quotient of the estimated absolute latent heat (ℎ୤ ⋅ 𝑉௔𝜌௔) and the total system mass. An empirical first order mixing coefficient for ℎ୤ when Al-12%Si incorporated 316L was defined based on experimental observation. 𝜕ℎ୤ 𝜕𝜙୊⁄ ≔ 𝛾୤ was calculated from DSC results (ℎ୤∗) and Fe concentration in the PCM measured by EDX (𝜙୊ୣ∗ ). 𝛾୤ was then used in Eq.(3.11) together with 𝜙୊ calculated numerically. ℎ෠୤ = 𝛾୤ ⋅ 𝜙୊ ⋅ ℎ୤,଴∗  The overall sensible energy density (𝑞ො௦) was estimated using the sensible heat capacities of the pure species (𝑐୮,௜) and the partial volume fraction 𝜙௜௞.  𝑞ොୱ = 𝑐௣,௜ ⋅ 𝜙௜௞ Relative heat transfer limitations were quantified in terms of the Biot number (Bi). Eq.(2.19) compares the surface heat transfer coefficient (𝑢ୱ୳୰୤) and the equivalent conductive resistance of a, 𝜑, and f. Bi = ቆ2𝑟ଵ𝑘௔ + 𝑤ఝ𝑘ఝ + 𝑤௙𝑘௙ ቇ ⋅ 𝑢ୱ୳୰୤ 
The thermal conductivity of a (𝑘௔) was estimated at 70 WKିଵmିଵ, corresponding to what has been reported for molten Al-12%Si.[23] Those of 𝜑 and f were [1, 10] WKିଵmିଵ (𝑘ఝ), and 10 WKିଵmିଵ (𝑘௙). 𝑢ୱ୳୰୤ was varied within the bounds of [10, 100] WKିଵmିଶ , representing passive and active convection. Finally, the latent charging power density (𝑝̂୤), in units of Wmିଷ, is defined as: 

𝑝̂୤ = 1𝑉௔ + 𝑉ఝ + 𝑉௙ ⋅ ቆ2𝑟ଵ𝑘௔  + 𝑤ఝ𝑘ఝ + 𝑤௙𝑘௙  + 1𝑢ୱ୳୰୤ቇିଵ ⋅ 2𝜋𝑟ଶ𝐿௭ ⋅ (𝑇ୠ െ 𝑇௠) 
 Results 2.3.1. Growth kinetics 

The intermetallic layers formed at 700 °C covered the entire interface in all cross-sections, starting with the first observation after one day. Fresh corrosion layers were crack-free and homogeneous in composition. Figure 2.3a) show SEM footage and EDX elemental analysis indicating a largely constant composition over a 

Eq.(2.17) 
Eq.(2.18) 

Eq.(2.19) 

Eq.(2.20) 
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layer width of more than 200 μm. A relatively thin transition zone is visible adjacent to the steel. Strong interfaces were formed with both aluminum alloy and steel, which is evidenced by the thermal shrinkage fracture in Figure 2.3b) occurring in the aluminum matrix, in parallel to the 2-day-old intermetallic layer. The bulk of the growing layers was mostly dense with some porosity appearing in proximity of the sharp phase boundaries. 

 
a) EDX Elemental analysis across the intermetallic layer, formed between molten Al-12%Si and the cylindrical encapsulation from 316L stainless steel after 2 days at 700 °C. The bulk intermetallic composition matches what has been identified as 𝜉 phase.[58] A transition zone with variable composition is found adjacent to the steel. Positions of line scan corresponds to the red arrow in the SE contrast image. b) SE contrast image showing from left to right: solidified Al matrix (dark grey), 𝜉-phase, transition zone, and 316L steel. Brightness increases with Fe content. The layer appears relatively dense and homogeneous, compared to the eutectic microstructure of Al and Si. Cavities and a large tangential fissure on the left indicate thermal shrinkage.  Initial growth was rapid and produced mainly a phase composed of 70 at% Al, 12 at% Si, 12 at% Fe, and 4.5 at% Cr, with trace amounts of Ni, Mn, and Mo in the balance. The measured composition places it in the existence domain reported of the quaternary 𝜉 phase.[58] Layers developing at 600 °C showed similar composition, but relatively higher variability in thickness. The relative standard deviation of the total average width (𝜎௪ക/𝑤ఝ), reached 300% during the localized initiation phase and decayed to 20 % after 60 days when the patches were coalesced. In contrast, at 700 °C initiation appeared rather immediate and homogeneous, resulting in a relative variability of 𝜎௪ക/𝑤ఝ < 5%, independent of time.  

Figure 2.3 



 Degradation management 

 

Page 25  

2 

 

 Measured and modeled interface location and thickness for the encapsulating steel (light grey), intermetallic (grey), and Al-12%Si PCM alloy (dark grey) for isothermal experiments at a) 600°C and b) 700°C. The measurements indicate average radial location of the bounding interfaces (square/triangle - markers with error bar) with the PCM and the encapsulating steel. Error bars are derived from the variation of 12 independent distance measurements per point. The computational model (black lines separating the shaded regions) and the standard parabolic growth model (red lines) were fitted to the isothermal experimental. Differences between the two models are associated to the de-passivation (initial delay, pronounced in a) and to dissolution and saturation (changes in slope).    

Figure 2.4 
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Figure 2.4 shows measured interface migration and compares numerical modelling with analytic fits. The larger standard deviation of the 600 °C samples indicated by the error-bars (Figure 2.4a) is due to localized initiation and resulting island growth. Parameters fitted to the average values were considered to represent volume averaged model coefficients. Table 2.2 summarizes experimental results on layer thickness and sampling conditions. Fitting the overall layer thickness to the parabolic growth model from Eq.(2.3) gave good agreement, when 𝑘௣ was not constraint by Eq.(2.4). When a temperature-dependent parabolic model, according to Eq.(2.3)-(2.4), was fitted to the position of 𝑟ଵ from our data set, it gave the best agreement for 𝑄ୟ equal to 2.3 kJ/mol, similar to what has been reported by Springer et al..30 We judged the low activation energy to be an artefact related to solubility. Studies that focused on temperature activation in have reported 𝑄ୟ in the range of 70 to 200 kJmol-1K-1.[62],[63] Our advanced mass transport model predicted optimized activation energies for species mobility of 𝑄୫ between 93 kJmol-1K-1 for Al and 170 kJmol-1K-1 for Fe, and fitted the data on average better than Eq.(2.3). Table 2.3 gives a complete record of the fitted material properties. Temperature dependent solubility of the encapsulating steel is fitted with an activation energy of 114 kJmol-1. A diffusion activation energy of 93 kJmol-1 reproduced the experimentally observed temperature dependence of 𝑡଴,஦ of 0 to 3 days between 600 °C and 700 °C. Non-monotonic growth rate d𝑤ఝ/ d𝑡, ascribed to re-dissolution of 𝜑 and varying with the initial PCM volume (compare Figure 2.4b and Figure 2.5a) were accommodated by the set of optimized material property parameters listed in Table 2.3. A maximum likely-hood parameter of 𝜒ଶ=0.869 was obtained when comparing numerical calculations of interface migration of 𝑟ଵ and 𝑟ଶ, over a duration of ~120 days. The corresponding experimental data comprised 480 independent measurements with the parameters varied within 𝑇=[600…700°C], 𝑡=[0…121 days], and  𝑟଴=[8…11.5mm].   
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 Summary of sampling conditions, measured average intermetallic layer thickness, and standard parabolic growth coefficient, according to Eq.(2.3), and determination of fit parameter. Standard deviation form 12 circumferential measurements are indicated in parenthesis. *Partial initiation with only few measurements falling on growth islands. 𝑇୦୭୪ୢ = 700°C, 𝑟ଶ(𝑡଴) = 8 mm, 𝑘௣ = 2.0 ⋅ 10ିଵଶ (𝑅ଶ = 0.809) 𝑡௜ [day]: 0, 1, 2, 5, 6, 7, 8, 26, 32, 40, 47, 54, 61, 68, 75, 79, 89, 96, 103, 110, 118. 𝑤ఝ [μm]: 0(0), 493(42), 577(17), 754(45), 702(26), 737(40), 765(26), 1084(52), 1137(48), 1207(72), 1376(43), 1292(37), 1352(64), 1458(53), 1447(82), 1471(77), 1550(51), 1622(58), 1640(59), 1676(67), 1743(53). 𝑇୦୭୪ୢ = 600°C, 𝑟ଶ(𝑡଴) = 8 mm, 𝑘௣ = 8.9 ⋅ 10ିଵସ (𝑅ଶ = 0.886) 𝑡௜ [day]: 0.001, 3, 7, 16, 19, 26, 41, 47, 61, 78, 95. 𝑤ఝ [μm]: 0(0), 2(6), 197(305), 404(384), 581(408), 580(408), 1304(714), 1084(465), 1315(308), 1379(434), 1644(586). 𝑇୦୭୪ୢ = 700°C, 𝑟ଶ(𝑡଴) = 10.5 mm, 𝑘௣ = 8.3 ⋅ 10ିଵଶ (𝑅ଶ = 0.893) 𝑡௜ [day]: 0, 3, 7, 16, 25, 58, 113. 𝑤ఝ [μm]: 0(0), 755(59), 816(5), 938(148), 825(70), 1297(68), 2110(2.5).  Activation energies and pre-exponential factors obtained by optimizing the temperature-independent coefficients of the numerical model through a maximum likelihood analysis with 𝜒ଶ = 0.869. Diffusivity of A F Ω  A F in a a a  𝜑 𝜑 Activation Energy, 𝑄୫ [kJmolିଵ]  95 135 193  93 170 Pre-exp. Factor, 𝐷଴  [mଶsିଵ ⋅ 10ି଺]  3.5 0.26 770  0.81 10 Solubility F in a       Activation Energy, 𝑄ୱ [kJmolିଵ]   - 114 -  - - Pre-exp. Factor, 𝜙ୣ୯.,଴ [1/1000]   - 97 -  - - Rules of Mixing F in a       𝜕ℎ୤/𝜕𝜙୊ [Jgିଵ/ at%]  - 4.4 -  - - 𝜕𝑇୫/𝜕𝜙୊ [K/at%]  - 23 -  - - 

Table 2.2 

Table 2.3 
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Consecutive EDX analysis of the Fe content in the PCM showed its rapid incorporation up to around 2.6 at% during the initial 3 days, after which it’s it stayed relatively stable (see Figure 2.5a). While Fe levels stagnated, Ni increased continuously at a slow rate up to 2 at% after more than 100 days. Cr remained absent in SEM-EDX analysis of the solidified melt. The corresponding reported saturation concentrations are 3.2 at% for Fe, 9.0 at% for Ni, and 0.7 at% for Cr, in pure Al at 700 °C.[26] Si concentration also seemed to increase continuously to 16 at% after more than 100 days. This may be explained by higher incorporation rate of Al compared to Si into the growing intermetallic layer. However, it is also possible that Si is progressively overestimated in EDX spectroscopy, due to changes chemical interactions and microstructure in the solidified PCM. DSC results showed that ℎ୤ decreased from its initial value of 462 J/g (with a standard deviation of 7 J/g) to 398 J/g, when exposed to 700 °C for more than 3 days. For longer exposure times, no significant decrease was noticeable (see Figure 2.5b).  

 
a) Elemental composition of the PCM alloy during exposure to 700 °C isothermal condition, as determined by energy dispersive x-ray photon spectroscopy. The Fe concentration stagnates at 2.6 % after 3 days and the Si concentration increases as Al incorporates into the melt-adjacent phase. Levels of dissolved Fe and Ni increase over time, while Cr, Mn, and Mo stay below uncertainty of EDX quantification. b) Decrease in ℎ୤ and 𝑇୫ (from DSC) correlate with the increase in Fe in the PCM. ℎ୤ decreased from 462 J/g to 398 J/g. 𝑇୫ decreased by 11.6 K.    

Figure 2.5 
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The same qualitative behavior was observed for 𝑇୫, which decreased from 576 °C to 566 °C during the initial period. ℎ୤ and 𝑇୫ changed in correlation with the concentration of Fe, but not with that of Ni. The Cr concentration was too low to give any significant correlation. This permits to address degradation in the design phase by assuming the thermo-physical properties of the ternary alloy resulting from saturation of Al-12%Si with Fe. 2.3.2. Model validation 
Experimental validation of our advanced diffusion model was conducted at 700 °C for an initial radius 𝑟଴ = 10.5 mm (Figure 2.6a), which provided an increase in melt volume of 72 % compared to the original case (Figure 2.1) of 𝑟଴ = 8 mm. Modelling predicted a depression of growth velocity (|d𝑟ଵ/ଶ/d𝑡|) with increasing melt volume on the melt exposed side of the intermetallic layer due to increased extent of dissolution. The effect was dampened on the steel exposed side by the thickness and stoichiometry of the layer. The experimental results were in good quantitative agreement regarding the evolution of layer width. However, the model underestimated the effect’s intensity, leading to a later arrival of the corresponding inflection points. We hypothesize that the assumed simplified PCM and encapsulation composition used in the model might be causing this. In the real system, the incorporation of Fe and Ni into the melt appeared to happen at distinctly different time scales (section 2.4.1, Figure 2.5a). Dissolution in the model has to occur mono-modal due to the representation of the encapsulation by the single virtual F-particle. Nevertheless, the agreement is satisfactory given the time scale of the experiment. Models which do not consider dissolution  will typically overestimate layer growth based on a parabolic fit of experimental data collected during only early growth. However, the parabolic model underestimated the growth when applied to our experimental data for low temperatures (Figure 2.4a), as it is not designed to accommodate delayed reaction onset. At higher temperatures (Figure 2.6a), 𝑡଴,஦ is negligible, but for larger radii, prolonged periods of dissolution may lead to an overestimation of interface movement (d𝑤ଵ/ଶ/d𝑡). This effect is radius dependent as the rate of dissolution is affected by degree of saturation 𝜙୊௔. If 𝑑୊, 𝑟ଵ and 𝑇ୠ are assumed constant, the partial change of rate of saturation is proportional to the invers of the volume (𝜕𝜙୊௔ሶ ~𝜕𝑟଴ି ଶ). 
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a) The predicted evolution of 𝑟ଵ and 𝑟ଶ (smooth lines, separating shaded areas) withmodified initial condition 𝑟଴ = 10.5 mm compared to the validation experiment(square / triangle with error bars). Agreement in qualitative behavior is notable: Thevelocity d𝑤ଵ/d𝑡 is positive after 𝑡ఝ,଴. Later its magnitude decreases temporarilybefore it finally reaccelerates. In the experimental data, d𝑤ଵ/d𝑡 is negative between 5and 30 days. The parabolic growth model forms a straight line in the same plot (reddots). b) Sinusoidal variation of 𝑇ୠ centered at 600°C ± 50 °C (dashed gray line)predicted a prolonged onset period, compared to the 600 °C isothermal data. d𝑟ଵ/ଶ/d𝑡changed in the prediction with an oscillatory contribution from 𝑇ୠ.
The de-passivation period, 𝑡ఝ,଴, was experimentally observed to be longer for 600 °C compared with 700 °C (compare Figure 4a and b). Predicted 𝑡ఝ,଴ increased by a factor of 5 compared to the 600 °C isothermal case when a sinoidal 𝑇ୠ variation with 50 K amplitude was applied. This transient model case had 3 cycles of slow heating and cooling, with a period of 49 days (see Figure 6b). The de-passivation and activation of the intermetallic formation reaction was observed after 16 days only, during the first sinusoidal heat up phase. For the following cycles, the growth of 𝜑 slowed down and almost stopped with a notable transition occurring around 𝑇ୠ=575 °C. This modelling result agrees closely with the reported phase transition of Al-12%Si occurring at 576 °C and measured in this work to be 574 °C. Reported experimental observations agree with this result of our model in that intermetallic growth slows in a non-continuous way when the system is brought below the liquidus temperature.[59] The initial observation of a pronounced effect of the temperature boundary conditions on 𝑡଴,஦ motivated further investigations by systematic parameter 

Figure 2.6  
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variations, which are detailed in Section 4.3. The effect of solubility in the validation case shows that partially reversible and transient scenarios can be modelled with the same set of property parameters obtained for isothermal conditions. A sign change of the second derivative of 𝑤 (dଶ𝑤 d𝑡ଶ⁄ ~0) or, in other words, slowing and re-accelerating boundary movements have not been addressed by Eq.(2.3)-(2.6). A net shift of 𝑟ଵ and 𝑟ଶ towards higher values (towards the outer encapsulation surface) was observed when the solubility increased, and is an intuitive result of the validation case. The parameter variation in the next section aims to present characteristics of the system that cannot be as easily predicted, but which are crucial to the high performance of the Al-12%Si LH-TES PCM. 2.3.3. Parameter variation 
The following results of computational parameter variation guide the design of PCM encapsulations, which balance high performance, efficient resource utilization, and longevity. We characterized encapsulation performance in terms of latent heat storage density ℎ෠୤ and latent charging power density 𝑝̂୤. PCM degradationis associated with the width 𝑤ଵ, encapsulation corrosion with width 𝑤ଶ. Biot number, sensible storage capacity 𝑞ොୱ, all as a function of design and operation choices. Figure 2.7 shows ℎ෠୤ at the end of the modelled period (Δ𝑡) of 365 days of isothermaloperation. 𝑇ୠ was selected from the interval [575, 735] °C and 𝑟଴ from [8, 48] mm. ℎ෠୤ was lowest for small radii and high temperatures. This trend was true in absolute quantity and in relative measure with regards to the initial value ℎ෠୤,଴. ℎ෠୤,଴ approachesℎ୤,୅୪-ଵଶୟ୲%ୗ୧ = 462 Jgିଵ when 𝑟଴ increases. ℎ෠୤ varied between 325 and 375 J/g when 𝑟଴ was 48 mm, while its value reduced to zero under the unfavorable conditions of 𝑇ୠ = 735 °C and 𝑟଴ = 8 mm. This case was comparable to our laboratory conditions, had the experiment been prolonged by 9 more months. It illustrates that the formation of 𝜑 has no intrinsic limitation until conversion of the PCM is complete, or the mechanical stability of the encapsulation is compromised.  
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a) Extrapolation of ℎ෠୤ to 365 days of operation for combinations of 8 < 𝑟଴ <  48 mm (marker size), and 575 < 𝑇ୠ =< 735 °C (marker color and x-axis). ℎ෠୤ changes from the initial condition at ൫ℎ෠୤,଴, 𝑟଴൯ (open circles), with increasing 𝑇ୠ. Decrease in ℎ෠୤ was more pronounced for small 𝑟଴, and large 𝑇ୠ. Each discrete variation (𝑟଴, 𝑇ୠ) is composed of 32 points representing independent numerical simulations with simultaneously randomized material parameters 𝑄ୱ, 𝑄୫, 𝐷଴, and 𝜙଴. b) Probability distribution of the mobility and solubility activation energies used for the numerical extrapolations. Mean 𝜇௑ are fitted to experimental data, while 𝑓୮ୢ~𝒩(𝜇௑, 𝜎௑) assumes 𝜎௑~1% or 0.5% (respective shaded areas).    

Figure 2.7 
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For larger values of 𝑟଴, we found an important kinetic stabilization of ℎ෠୤, when 𝑇ୠ was larger than 650 °C. This behavior is related to prolonged periods of dissolution, kinetically depressing layer thickness and stabilizing melt volume (see Figure 2.8 and 2.9). This permits operation in a quasi-stable regime where the combination of melt volume and 𝜙୊௔(𝑇ୠ) gives extended periods of low effective degradation (d𝑤ఠ d𝑡⁄ ≈0) by negative partial layer growth (d𝑤ଵ d𝑡⁄ , d𝑤ଶ d𝑡⁄ < 0), and constant dissolution rate (𝐽୊ୢ ≈ constant), as long as the chosen encapsulation thickness is large enough (see Figure 2.8a). 

 
a) 𝑤ଵ and 𝑤ଶ represent corrosion of the encapsulation (positive values) and conversion of the storage medium (negative values), as a function of 𝑟଴ and 𝑇ୠ. 𝑤ଵ increases with 𝑟଴ and 𝑇ୠ, while 𝑤ଶ increases with 𝑇ୠ for small 𝑟଴ but has a maximum close to 650 °C for 𝑟଴ = 48 mm. b) Biot number as a function of temperature and initial radius for 𝑢ୠ=100 WKିଵmିଶ and varying intermetallic layer conductivity 𝑘ఝ. Surface heat transfer is limiting in all cases. The maximum value of Bi=0.8 is reached for 𝑘ఝ = 1 WKିଵmିଵ at the minimal radius and maximal temperature, where 𝑤ఠ was also largest. 

Figure 2.8 
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In many TES technologies with low conducting PCM, conduction in the bulk is limiting for heat storage and release rates. In contrast, we find a maximum for the Bi ~ 0.35 at 𝑇ୠ ~ 650 °C and 𝑟଴=48 mm (see Figure 2.8b) for 𝑘ఝ=1 WKିଵmିଶ and 𝑢ୠ=100 WKିଵmିଶ, owing to the high intrinsic conductivity of Al-12%Si. Reported values for bulk conductivity of FeAl vary from 10 WK-1m-1 at ambient temperature, to 18 WKିଵmିଵ at 1000 °C.[69] The assumptions of 𝑘ఝ=1 WKିଵmିଶ represents a case where the effective conductivity of 𝜑 is reduced by an order of magnitude or more, for example mimicking layer porosity that is significantly larger than 50 %.[70] 𝑢ୱ୳୰୤ is on the typical scale of forced gas convection. We find Bi<0.4 for all values of 𝑟଴, if 𝑇ୠ is below 650 °C. Above this temperature, Bi reaches a value of 0.8 for 𝑟଴=8 mm. Intrinsic access to low Biot numbers alleviates the need for internal fins or secondary high conductivity phases, as are often discussed for salt based PCM encapsulations.[71]  We resolved the corrosion layer width in terms of 𝑤ଵ and 𝑤ଶ, which facilitates dimensioning of the encapsulation with regard to storage capacity and encapsulation integrity (see Figure 2.8a). The magnitude of 𝑤ଵ strictly increased with 𝑇ୠ for 𝑟଴ ≤12 mm. Larger radii amplified the effect of temperature-dependent solubility, as is seen by the decrease of 𝑤ଵ for 𝑟଴=48 mm as 𝑇ୠ increases beyond 650 °C. We found that the investigated system was highly tunable with respect to 𝑝̂୤, i.e. at 48 mm and 639 °C a value of 𝑝̂୤=190 kWm-3 was reached. Reducing 𝑟଴ by a factor of 2, we found 𝑝̂୤= 365 kWm-3 while reducing ℎ෠୤ to 70 %. Further reducing 𝑟଴ to 12 mm gave 𝑝̂୤= 666 kWm-3, with 37 % of ℎ෠୤. We gained a similar boost when increasing 𝑇ୠ to 671 °C (738 kWm-3 while conserving 64 % of ℎ෠୤ compared to the reference case). In general, small radii favored power and large radii favored energy density. Both ℎ෠୤ and 𝑞ො௦ decreased with increasing 𝑇ୠ (Figure 2.9a), however the ratio of changes ∂ℎ෠୤ 𝜕𝑞ො௦⁄ |௥బ shifted in favor of ℎ෠୤ for larger 𝑟଴. The shift towards lower sensible energy density with decreasing 𝑟଴ resulted from the low specific heat capacity of the steel encapsulation compared to that of the PCM. In this case, maintaining the mechanical integrity of the encapsulation required adding more steel to the system.   
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a) ℎ෠୤ as a function of vs 𝑞ො௦, after 365 days of simulated operation for combinations of 𝑟଴ and 𝑇ୠ. Large 𝑟଴ and low 𝑇ୠ lead to high ℎ෠୤,଴ (open circles) and conserve storage density per overall system-mass. b) ℎ෠୤,଴ as a function of 𝜙୊௔. ℎ෠୤ decreases with increasing 𝜙୊௔ and 𝑇ୠ. The trend is more pronounced for small 𝑟଴. c) ℎ෠୤ as a function of 𝐷୊௔. ℎ෠୤ decreases with increasing 𝐷୊௔. d) ℎ෠୤ as a function of 𝐷୊ఝ. ℎ෠୤ decreases with increasing 𝐷୊ఝ. Error bars in c) and d) indicate 𝜎௑ from probabilistic modelling (𝑋=ℎ෠୤  ∨ 𝐷୊௔ ∨ 𝐷୊ఝ, respectively).    

Figure 2.9 
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Figure 2.9b shows a continued decrease of ℎ෠୤ with 𝜙୊௔ and 𝑇ୠ for small radii, which was largely suppressed for 𝑟଴=48 mm. It is further apparent that similar degrees of saturation were reached for a given 𝑇ୠ, independent of 𝑟଴. This is understood in terms of absolute dissolution (~𝑇ୠ ⋅ 𝑟଴ଶ) of otherwise converted material. A significant correlation between ℎ෠୤ and diffusivity is uniquely observed with 𝐷୊ఝ, giving a correlation factor (𝜌(ℎ෠୤ , 𝐷୊ఝ)) of -0.926 (Figure 2.9d). The covariation of ℎ෠୤ and 𝐷୊௔ (𝜌ఙ൫ℎ෠୤ , 𝐷୊௔൯=-0.031, Figure 2.9) was not pronounced. The transport of encapsulation elements to the reaction site at the liquid interface limited the conversion of phase change medium. Mitigation strategies for corrosion of this and similar PCM systems may thus focus on limiting diffusion from the encapsulation through the interface layer into the PCM domain. Figure 2.10 shows the influence of cycling conditions on the passivation lifetime. Cycling may half the onset time when transitioning from large to small frequencies, in the case of hot start. Cycling may increase the onset time by an order of magnitude depending on the cycles phase shift with regard to the high and low temperature semi-period. From the model definition, it is expected that dissolution time will increase over-proportionally (𝑡଴,஦ increases considerably) when the temperature is further decreased, i.e. when 𝑇ୠ is very close to 𝑇୫. At high frequency, 𝑡଴,஦ asymptotically approaches a value close to 1 day for the high amplitude case (600±75 °C), independent of the phase shift. The traces bifurcate in function of the phase shift near 𝑓ୡ~1 day. Variability introduced by property randomization is exaggerated near the critical phase shift bifurcation frequency (further called passivation half-life frequency, 𝑓୮ୟୱୱ), hinting at a discrete nature of the underlying mechanism. The favorably shifted cycles (i.e. the cycles starting with the cold period) then ascend parabolically with lower frequencies, while hot initiated cycles experience a depression of their passivation lifespan by half. The suggested mechanism entails that exploiting passivation prolongation excludes the desired high-energy storage turnover, however, we find that the scenarios present in Figure 2.10 are in fact relevant to applications which demand characteristic capacity to power ratios on the order of 6-12 h, such as for CSP applications. Al-12%Si has a suitable melting temperature for certain novel CSP varieties[8], and plant optimization scheduling is at the foundation of the technology. Figure 10b shows the passivation lifetime in dependence of cycle shape, over a range of amplitudes. The phase shift of the three compared waveform cycles in Figure 2.10b) is identical and the same is true 
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for the average cycle temperatures. De-passivation by dissolution does not scale linearly with temperature, which explains the impact of cycle shape. But the same seems to be true for re-passivation. 

 
a) The modelled effect of load cycle frequency on degradation onset for a square wave profile of high (𝑇෨ ± 75 K) and low (𝑇෨ ± 25 K) cycle amplitudes. The delay is affected by the phase shift of the cycle (red and blue colored results), leading to a bifurcation of the observed 𝑡଴,஦ by a factor of >20 in the high amplitude case. For high frequencies 𝑡଴,஦ approaches 3 days and 1 day, respectively, for low and high amplitudes. b) Load cycle shape and amplitude influence the lifetime of the passivation layer as shown for 𝑓ୡ=2 (where the effect of the cycle phase shift is weak).  Decisive for the exploitation of the discrete nature of the mechanism as a tool to achieve permanent PCM passivation is the regenerative power of the encapsulation. Dissolution of oxide in our model is not irreversible by nature, but the dimensions of it make replenishing passivation constituent from the bulk PCM extremely unlikely. Oxide layer formation on steel has been characterized to approach steady state or react to chemical changes in the environment on the time scale of seconds,[72] to hours[62],[73]. Crucial to the stability of this encapsulated PCM system may be to let it breath, i.e. by utilizing differential thermal expansion to transport oxygen to the interface, instead of using a hermetically sealed container design. But before these questions may be answered, it is necessary to validate these predictions in transient cycling experiments and foster and refine an in-depth understanding of the mechanisms at the latent-encapsulation interface. It seems likely that the relation of 

Figure 2.10 
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high frequency passivation lifetime (𝑡଴,஦(𝑓௖ > 𝑓୮ୟୱୱ) ≔  𝑡଴,஦,ஶ) and half-life frequency follows the general idea of Eq.(2.21) at least below 𝑓୮ୟୱୱ. 𝑡୭୬.,ஶ ~ 1𝑓୮ୟୱୱ 
Given the magnitude of the effect spanning from approximately 12 h to 20 days of degradation free operation, this perspective obtained through numerical extrapolation of experimental data motivates to peruse transient cycling experiments with carefully selected cycle definitions.  2.3.4. Microstructure 

The intermetallic layer microstructure (Figure 2.11) in an SEM cross-section study is substantially richer in features than our model assumes. Nevertheless, beside the application relevant insights into interaction of heat transfer performance and passivation with the solubility of the generic a and 𝜔 phases, the optimized predictors for species mobility point to Fe mobility in the layer as determining factor as the most mobile species. Figure 2.11b-d show close ups of a long growing isothermal layer, notably exhibiting staggered porosity gradients within each consecutive layer of a distinct phase. Similar porosity gradients have been associated with diffusion couples when atomic mobility is unequal.[74] In our case, optimized values for 𝐷୊௞ were 4 orders of magnitude lower than for 𝐷୅௞. We did not observe spalling of the intermetallic layers, despite the presence of fissures in all layers, after quenching and cross-sectioning. Tangential orientation of these fissures resulted in cylindrical shells, with various degree of segmentation. Their shape and mechanical connectivity fixed them to the interface. In the center of the PCM, the 𝜏 phase appeared in the form of 10-20 μm wide particles (see Figure 2.10c). τ was observed having compositions in the range of 65.0-66.0 at% Al; 13.1-14.4 at% Si; 16.1-17.3 at% Fe, with Cr, Ni, Mn, and Mo giving the trace balance <5 at%. Initially rapid formation of ξ-phase was partly replaced by the formation of an η layer on the Fe-rich side of the interface. It increased to one third of the layer phase composition after 110 days at 700 °C. η composition varied within 68.1-69.4 at% for Al, and 27.0-28.1 at% for Fe. The trace balance comprised Cr, Ni, Mn, Mo, and Si and was smaller than 4%. This fraction is likely overestimated given the abundant presence of sub-micron particles (see Figure 2.11d). In the volumetric frame of reference, these particles are expected to 

Eq.(2.21) 
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drift towards the center of the cylinder, if the η matrix treats them as inert markers and 𝐽୅ is locally larger than 𝐽୊. The optimized value of 𝜙୊ఝ was 0.22. 𝜙େ୰ଷଵ଺௅ measured by SEM-EDX was 0.196. The product 𝜙୊ఝ ⋅ 𝜙େ୰ଷଵ଺௅ lied in the observed range of 𝜙஼௥క  (4.3-4.9 at%), which suggests that the Cr supply may determine the 𝜉 formation. The absence of Cr in the melt (see Figure 2.5a) supports this hypothesis. This result agrees with the correlation for 𝐷୊ఝ found through fitting interface migration kinetics and implies that encapsulation elements are limiting for 𝜑 formation. These findings are consistent with the picture of low mobility of F compared to A (Table 2.3), and further suggest that at least initially Cr is limiting for layer growth.  

 
a) Electron microscopic investigation of the intermetallic layer developed after 110 days at 700°C, exhibiting an oriented microstructure between 316L (left) and Al-12%Si (right). 𝜂 and 𝜉 domains are separated by a sharp phase boundary (center). Tangential cracks appear close to belts of porosity, on the Al-rich side of both large domains. Precipitates in the Al matrix (right) contain Fe, Si, and Ni (SEM-EDX). The total thickness of the intermetallic layer is 1520 μm. b) A 10-15 μm thick transformation zone is visible between steel and 𝜂, with a third porosity belt on the Al-rich side. c) Additional porosity is concentrated in a narrow region in the 𝜂 phase, close to the boundary to 𝜉, 𝜏 precipitates are present on either side 𝜂-𝜉 boundary. d) Porosity within 𝜉 increases gradually towards the interface with Al-12%Si.  

Figure 2.11 



Chapter 2 

 

Page 40  

2 

 Conclusions We experimentally and numerically investigated the interface of molten Al- 12%Si encapsulated in a 316L, and found important implications in terms of performance preservation and degradation, adding to the attractiveness of the system in latent heat thermal energy storage applications. Degradation in the form of molten metal corrosion and intermetallic layer growth has, until now, caused the entire class of Al alloy PCMs to be regarded as unpractical. We find after experimental and numerical investigation that reactive dissolution by the PCM provides a mechanism that, given a consistent set of design and operation decisions, can counteract intermetallic layer growth and simultaneously stabilize capacity and power density. For cylindrical encapsulations of a radius larger than 4-5 cm, solubility prevents thermal resistance built up from intermetallic deposits, at the expense of approximately 1 mm of sacrificial encapsulation thickness per year. The synergetic effects of this strategy results in high heat transfer rates trough high operation temperatures and Bi numbers staying below 0.5. Bi are further predicted to decrease as the result of aging. The excellent properties of the PCM and the reducing interface resistance (thanks to strong chemical interaction with the encapsulation) produce a high-density thermal energy storage system that outperforms high surface area geometries in terms of heat storage capacity, power density and material utilization. Our modelling results reveal that the envisioned scenario requires the heat source to supply heat in excess of 650 °C to the storage to prevent buildup of heat transfer resistances. Transient load-cycle experiments are required to validate these modeling predictions. The advanced diffusion model was developed to incorporate de-passivation and re-dissolution phenomena. The model was fitted to multiple months of experiments in order to find diffusion coefficients of Fe and Al in the intermetallic layer, and allow for accurate predictions up to 1 year at isothermal conditions. Optimized diffusion coefficients agreed with literature and reproduced experimental observations over a range of parameters, for which typically used models resort to domain splitting or the use of unphysical parameters. Additional experiments validated our advanced model, which was then used to extrapolate performance indicators up to a period of one year of full-load-charging, i.e. at a temperature higher than 𝑇୫ of Al-12%Si.  



 Degradation management 

 

Page 41  

2 

The experimental characterization of the metal-metal interface showed in all cases the formation of a dense intermetallic layer, covering the entire internal surface and permitting precise and efficient numerical modelling. Phase identification by comparing SEM-EDX found that first the 𝜉 phase, and subsequently 𝜏 and 𝜂 contributed to the width of the intermetallic layers. Thermo-physical showed that ℎ୤ and 𝑇୫ were primarily affected by the incorporation of Fe into the PCM. Ni seemed to incorporate to a lesser extent, whereas Cr was absent in the spectral analysis of the solidified melt. Fe concentration stabilized close to reported saturation concentration of Fe in pure Al, as early as one week into experiments. Probabilistic modelling yielded a unique correlation of storage density with 𝐷୊ఝ, indicating that mobility of encapsulation species inside the corrosion product may be a critical factor. Microstructural investigation by SEM-EDX confirmed assumptions of the zero-dimensional diffusion model. We found a radially oriented grain structure, which agreed with the symmetry prerequisites exploited by the model. Multiple layers were distinguishable at the metal-metal interface, and within any given layer porosity was observed on the Al-rich side only. Porosity anisotropy has been linked to greater atomic mobility of the diffusion partner on the porous side, in marker-drift experiments.[74]  Upscaling of encapsulation radii to 𝑟଴= 12 mm, 24 mm, and 48 mm was calculated to result in initial latent heat storage densities of 53 %, 72 %, and 89 % compared to ℎ୤ of the PCM alloy (ℎ୤,୅୪-ଵଶ%ୗ୧=462 Jgିଵ). Results from numerical modelling of 8760 h (one year) of full-load-charging predicted a drop in the energy density to 15-38 %, 49-60 %, or 72-80 %, for the three respective radii. For any given radius 𝑟଴ degradation increased with charging temperature. However, the relative change in degradation of ℎ෠୤, of 15-38 %, 12-23 %, and 9-17 %, decreased with increasing 𝑟଴, for any given temperature. These predictions over a year of full load charging assume constant operation at the maximum charging temperature. Operational lifetime, however, can be expected to increase to several years before reaching the calculated full-load-charging degradation, which is evident considering that in any utilization schedule the PCM must reside below 𝑇୫ for a reasonable fraction of the time.  We find an important synergy between the high thermal conductivity of Al-12%Si and the solubility effect on intermetallic layer growth. Inherently good heat transfer allows for more compact encapsulations than with other PCM alloys. Compact 
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encapsulation, i.e. such with low aspect ratio, facilitate dissolution of internal intermetallic layers. This reduces the main source of heat transfer impediment, which in turn extends the lifetime of compact encapsulation geometries, while at the same time conserving energy density. This mechanism is evidenced by our finding of a maximum Biot number for the largest encapsulation equal to 0.4, with a decreasing trend for larger 𝑇ୠ. For the smallest radii, Bi was increasing from 0.4 to 0.8 over the same temperature range.  We conclude from the combined experimental and numerical investigations that encapsulation of Al-12%Si in 316L cylinders is a viable approach for high thermal conductivity and high heat of fusion PCM-thermal energy storage applications. The optimized and validated model relies on entirely physical parameters and made quantitative predictions of the reaction between PCM and encapsulation. The model was used to guide the design of encapsulated PCM storage units outside of the experimentally investigated operational and design conditions. We calculated noticeable stabilization when increasing 𝑟଴ to 12 mm.  Trends indicated significant performance advantages and degradation suppression when further increasing the radii to 24 mm and 48 mm. Combined encapsulated PCM Latent heat storage densities of over 300 kJ/kg and charging power density over 360 kW/m3, not accounting for the heat transfer fluid, were on competitive levels after 8760 h full-load-charging in the aggressive scenario of constant operation at equal to 𝑇୫ + 120 K. Further investigations should focus on refined modelling and validation when transient, or non-isotropic temperature boundary conditions are applied.  Appendix A contains additional data not originally used in the journal publication. We consider them now important for the field of iron aluminide intermetallic phases, i.e. with regard to nucleation and crystallographic orientation of grains initiated an the solid-liquid interface.[75]   



 

 

A2 : Crystallographic structure investigation 
 Diffraction-nanostructure relations 
Characterization of the atomic coordination of materials by analyzing patterns produced in Neutron Scatter Experiments (n-scattering) has been demonstrated to have superior resolution on the atomic scale compared to other diffraction techniques.[76],[77] Penetration into dense samples beyond the capability of other techniques such as X-Ray Diffraction (XRD) and Electron Backwards Scattering Diffraction (EBSD) is related to the scattering cross-section of the probing particle.[78] Elastic scattering of particle waves on crystal lattice planes has been described in terms of Bragg's law, Eq.(A2.1).[79]–[82] The angle of diffraction 𝜃 and the lattice plane spacing 𝑑 is related to the wavelength 𝜆 of the incident particle, where n=1,2,3,... is the scattering order.  2𝑑 = 𝑛𝜆sin 𝜃 

In contrast to x-ray scattering that most often uses monochromatic photons from the Cu Kఈ transition, n-scatter facilities may use monochromators or beam chopping and time-of-flight (TOF) registered detection of polychromatic pulsed neutron sources.[78] A number of beam filters with low-/high-pass characteristics and various resulting optimized geometries exist, but TOF detectors generally have the advantage in terms of neutron collection yield without the need for large single crystal Bragg-prisms. As 

Eq.(A2.1) 
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a result, findings from energy disperse neutron spectroscopy have been reported in terms of d-spacing, rather than Bragg angle.[83],[84] Diffraction patterns obtained from monochromatic x-ray experiments are converted into d-space using Eq.(A2.1) and the characteristic wavelength of the source, i.e. in most cases this is 𝜆൫Kఈ,େ୳൯=1.5406 Å.[81],[82],[84],[85] The wavelength corresponding to the particles kinetic energy (𝐸ఔ) is described by the Planck equation (A2.2).[86] 𝐸ఔ = ℎ୔𝜈୬ Broadening of peaks in diffraction patterns has been used to estimate degree of atomic long-range order in x-ray diffraction experiments.[87] Eq.(A2.3), known as the Scherrer equation, relates the mean size of ordered domains contributing to diffraction (𝜏ୗ) to the De Broglie wavelength (𝜆୆) and the peak broadening (𝛽ୠ୰) estimated as the full-width at half-height of a given Bragg-reflex. 𝜏ୗ = 𝐾𝜆୆𝛽ୠ୰ cos 𝜃  
K is the unit-less instrument factor, with value below and close to 1. K ~ 0.9 has been used in the absence of a determined value.[87] 𝜏ୗ is dominated by the lower size crystalline domains. Eq.(A2.3) has been applied for quantification of randomly oriented sub-micron crystallites of low aspect ratio. Precision can be improved by adjusting K to the second decimal, but this has been suggested to be material dependent.[87] Besides uncertainties about the materials formed and the appropriate calibration factors, the disperse nature of the source decouples 𝜆୆ and 𝜃 by adding the time of flight degree of freedom. Independent variation of neutron energy and collection angle has been pursued as an important field of n-scattering research.[78],[88] From the (at the time of measurements) 6 available detector banks we will focus on bank 3, 4, and 5, and on the d-space vicinity corresponding to diffraction angles where cos 𝜃 in Eq.(A2.3) amplifies the effect of peak broadening from crystallinity (Figure A2.1 and Table A2.1).  We will not attempt to achieve accurate quantification of grain size distribution in the freshly formed aluminide phases. Rather, new signals are attributed to the corresponding intermetallic phases and preliminary implications will be compared to the ongoing discussion about the nature of the elongated crystallites in the early growth phase of iron-aluminides at the solid-liquid interphase for Fe and Al, respectively.[38],[40],[75]   

Eq.(A2.2) 

Eq.(A2.3) 
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 The detector bank parameters of the GEM n-diffraction facility, Harwell campus, UK. 

   

Table A2.1 Detector Bank Scattering angle, 2𝜃 [deg] Azimuthal angle, 𝜙 [deg] Secondary flight  path  L2 (m) 
Solid angle,  Ω [𝑠𝑟] 

Resolution Δ𝑄𝑄  [%] Minimum accessible momentum Transfer, 
Qmin , [Å-1] 

Bank0 1.21–3.18 ± 90.0 2.757–2.767 0.008 5–10 0.04 
Bank1 5.32–12.67 ±45.0 2.365–2.376 0.056 4.7 0.17 
Bank2 13.44–21.59 ±43.4 1.477–2.100 0.093 2.4 0.43 
Bank3 24.67–45.61 ±42.5 1.077–1.893 0.478 1.7 0.79 
Bank4 50.07–74.71 ±44.4 1.028–1.436 0.988 0.79 1.56 
Bank5 79.07–106.60 ±44.5 1.376–1.383 1.135 0.51 2.35 
Bank5X 106.02–114.19 ±42.7 1.377–1.387 0.378 0.5 2.95 
Bank6 142.50–149.72 ±69.3 1.544–1.738 0.280 0.34 3.50 
Bank7 149.98–171.40 ±66.6 1.035–1.389 0.443 0.35 3.57 
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 Relative sensitivity of selected detector banks at GEM-ISIS, Harwell UK. While time resolved studies of nucleation and growth have been carried out in the past,[38] our experimental setup has the potential to simultaneously scan a relatively large volume, unambiguously confirm phase identities, while also giving inside about crystallographic anisotropy, thus making use of the unique possibilities of the n-scattering technique and contributing to ongoing scientific interest.  
 Time resolved n-scattering  
Neutron diffraction patterns were obtained at the General Materials Diffractometer (GEM), at the ISIS pulsed neutron source, at Harwell campus, UK. Neuron bursts were ejected from a tantalum spallation target when it was impacted with high-energy protons from the ISIS’ Penning H- ion source, operating at 665 keV. Electrons were stripped when the beam was passed through a 0.3 μm thin AlଶOଷ foil before entering the synchrotron for homogenization and acceleration to 800 MeV. High-energy neutron pluses from bombardment of the tantalum target at 50 impacts per second were passed to the GEM detector array after collimation and moderation. A beam current of 178 μA worth of protons was directed at a 6 mm wide Al cylinder 

Figure A2.1 
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(99.99%) contained in a solid iron cylindrical shell (99.9%) of 9 mm outside diameter. The 35 mm long Al core was machined to fit into the Fe shell with 0.1 mm clearance. The geometry exposed 660 mm2. Al-Fe interface area to the beam (Figure A2.2).  The tantalum holder with sample at the center of the diffractometer was evacuated to minimize oxidation during the subsequent melting of the Al core. Integration during 24 sec typically gave 1.024 μAs of collective scattered neutron yield on 7270 detectors for scattering angles of 2𝜃 between 1.1° and 169.3° (Figure A2.3). Figure A2.4 shows the applied temperature sequence and the neutron collection current. It can be seen from the figure, that the neutron current was interrupted, notably at the beginning of the experiment, when 𝑇୫(Al) was reached briefly. The temperature was lowered in response to mitigate dataloss, and heating was resumed when the neutron beam was back online. Data treatment and analysis was done after the experiment was recorded in MATLAB 9.1 (R2016b). Spectra were averaged over windows of constant neutron counts and smoothed with sliding average algorithm to facilitate automated peak detection and peak width calculation using built in MATLAB functions.   

 Sample geometry and orientation relative to energy disperse, incident neutron pules, and time-of-flight spectroscopic detection regions.  Figure A2.2 
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 Incident (red) and scattered (green) trajectories of pulsed neutrons in the General Materials Diffractometer at the ISIS neutron source, at the Rutherford Appleton Laboratory in Oxfordshire, United Kingdom. Figure taken and modified from [76].  

 Sampling temperature and collective neutron yield with nearly constant colection current during 8 h. 

Figure A2.3  

Figure A2.4 
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 Results 
At first, we examined the obtained spectra and compared those obtained from the different detector banks in terms of resolution and signal to noise ratio. Peaks assignment and final peak width at half-height of relevant the 𝜂-Fe2Al5 phase and the related 𝛼-FeAl phase is summarized in Table A2.2. Figure A2.5 shows a sequence of spectra obtained from detector bank 4. Peaks no. 22, 23, and 24 are appearing and growing in size. Significant peak broadening was extracted from banks 4, and 5. Although quantification was not possible without knowing K, qualitative peak width evolution from both banks were consistent and significant for peaks 13, 15, 16, 20, 21, and 23. Corresponding d-spacing and 𝛽ୠ୰ is listed in Tabel A2.2. Figure A2.6 underlines the finding that the broadening of the Bragg-reflex at 0.2055 nm corresponds to the c-axis the η-unit cell. Further examination revealed that peaks 13, and 15 as well as others, may show more complex peak width evolution. If significant, these preliminary findings may indicate the possibility to determine either recession of certain crystallographic directions, or more likely anisotropic defect accumulation in perpendicular directions to growth.  Peak assignment of signal integrated over the duration of 700 °C hold. *Significant peak broadening. **Seemingly significant trends, yet more detailed evaluation is necessary. Peak No. 𝑑 [Å] 𝛽ୠ୰ [Å] 𝐼୫ୟ୶ [𝜇As] Phase 13** 1.027 0.030 674 FeAl [85] 15** 1.186 0.026 1668 Fe2Al5 [85] 16* 1.452 0.034 872 FeAl [85] 17 1.551 0.067 178 Fe2Al5 [85] 20* 2.055 0.044 4420 FeAl [85] 21* 2.147 0.172 370 Fe2Al5  [85] 23* 3.253 0.269 200 Fe2Al5 [85],[89] 24 3.885 1.364 146 Fe2Al5 [85],[89]   

Table A2.2  
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 Stacked n-scatter spectra of Fe in contact with liquid Al. The signal at 2.3 Å belongs to the Al metal and vanishes as the temperature increases beyond the melting point. Peak no. 23, and 24 are well separated and visible to the right.  

 
a) Evolution of neutron diffraction peak width during 700 °C temperature hold. b) Orthorhombic unit cell of Fe2Al5 with face centered Al sites and c-axis lattice parameter 0.421 nm. Adapted from [38].   

Figure A2.5.  

Figure A2.6.  
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In a recent study a model for the growth of the 𝜂-FeଶAlହ-phase was presented that explained the sawtooth microstructure with nucleation, and growth into the iron substrate. They employed EBSD and transmission electron microscopy in conjunction with a cross-sectioning technique which allowed to analyze grain orientation and arrive at conclusions about the differential crystallographic stresses resulting from the advance of individual columnar 𝜂-grains deep into the solid iron microstructure. [75] Others had previously proposed anisotropic diffusion along the c-axis, possibly accounting for the deviations from parabolic growth rate.[30] These findings may be crucial evidence contributing to secured mechanistic understanding of non-standard growth kinetics and unexplained morphology of 𝜂.    
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: Coating deposition 
 Introduction  To exploit a higher surface to volume ratio for even faster heat transfer of LH-TES with Al alloys as PCM, the intermetallic interface reaction may be mitigated by the deposition of an inert barrier layer on the surface of encapsulations before introduction of the PCM. Such a barrier layer replaces the corrosion prone PCM-encapsulation interface with two new interfaces with distinct requirements. One is the interface of PCM and barrier layer, where the prerequisite is high resistance to the molten metal. On the other hand, a strong adhesion to the encapsulation is required in the presence of thermal cycles.  Protective coatings with the purpose of passivating steel against liquid aluminum have been introduced by hot dip aluminizing at 750 °C followed by a temperature treatment at 700 °C. The result was a thin layer of Al2O3 bonded to the steel substrate by 300 μm to 400 μm of Fe2Al5 and FeAl3. This protective layer was stable to liquid aluminum attack during 10 days of immersion, while the control substrates were fully converted and dissolved in the Al bath within 10 h.[44] A combination of a similar hot dip step followed by plasma electrolytic oxidation has been used by Frutos et al. to give similar protective coatings, but with a thicker ceramic top layer.[90] The oxidation step was achieved with a custom-built 20 kW ceramic synthesis setup. These authors introduced a plasma discharge cathode into their aluminized cylinder to reach the high local temperature necessary to form a 40 μm thick ceramic layer, consisting 
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mostly of 𝛼-Al2O3. Overall layer thickness was approximately 500 μm and consisted of mostly Fe2Al5. Both approaches gave stable layers but produced thick aluminide layers as support for the presumably functional Al2O3 layer. Notably the Al rich intermetallic phases was reported to exhibit reduced thermal conductivity compared to the constituents, due to strong phonon scattering.[30]  Thin films of Al2O3 have been deposited by dip-coating, employing sol-gel chemistry for the preparation of a stable and viscous sol from Al(iPrO)3 metal-organic precursor.[91] A single deposition has yielded films of 500 nm to 600 nm thickness. Heat treatment at 950 °C transformed the amorphous film to the refractory 𝛼-Al2O3 phase. Multiple deposition-annealing cycles have been employed to avoid cracking or spalling of coatings during crystallization/densification, in order to achieve a total α-alumina thickness of 10 µm by sol-gel dip-coating.[91] Generally, sol-gel dip coating yields dense, coherent thin films with homogeneous thickness, but requires long annealing at high enough temperature to transform the amorphous green coating deposited from metal-organic precursors into chemically stable crystalline phases. Crystalline yttrium stabilized zirconia (YSZ) thin films up to 700 nm thickness have been deposited using aerosol assisted chemical vapor deposition in a continuous process. Deposition rates of 10-30 nm/min depend on substrate temperature, carrier gas composition and flow rate. Annealing temperatures between 600 and 1000 °C for 20 h have been reported. [92] The method additionally requires constant flow rate of the precursor aerosol, which may limit scalability and application to 3-dimensionally shaped substrates.  Porous ceramic YSZ membranes thicker than 1 μm have been prepared by a single dip-coating step from stabilized particle suspensions. Polycrystalline commercial YSZ powder was dispersed in dilute aqueous nitric acid (HNO3), treated by ultra-sonication, and further refined by ball milling for 7 days. Grain size distribution of 50-100 nm were characterized by SEM. Suspension stability had been found best between pH 3-4, assessed by comparing the sedimentation height at a fixed time.[93]    
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3.1.1. Colloidal processing 
Electrostatic stabilization of colloidal particle suspensions requires sufficiently high charge density. The pH of the dispersing solvent has therefore to be adjusted with regard to the Iso-Electric Point (IEP)*. Table 3.1 summarizes IEPs of some ceramic materials.[94] Collection of pH values of zero surface charge for several ceramic materials in aqueous solution.[94] Material IEP 𝛼-Al2O3 8-9 3.Al2O3.2.SiO2 6-8 BaTiO3 5-6 CeO2 6.7 Cr2O3 7 CuO 9.5 Fe3O4 6.5 La2O3  10.4 MgO 12.4 MnO2  4-4.5 NiO  10-11 SiO2 (amorphous)  2–3 Si3N4 9 SnO2 7.3 TiO2  4-6 ZnO 9 ZrO2 4-6  Deposited colloidal particle layers are initially dried at low temperature, to allow the solvent to escape without altering the as-deposited microstructure. In some cases, a calcination treatment at ca. 400 °C removes non-volatile organic additives like 

                                                              * The IEP is the pH at which the surface of a suspended particle is on average neutral. To achieve stable suspension, one has to choose a pH far away from the IEP. 

Table 3.1.  
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polymeric surfactants.[94] Sintering is usually done above two thirds of the homologous temperature (Trm), but never below 0.4 Trm, see Eq.(3.1). 𝑇୰୫ = 𝑇𝑇୫  
For steel substrates, Eq.(3.1) poses serious problems if high melting ceramics should be compacted by sintering. The introduction of an inter-granular phase which cures below the maximum service temperature of steel can be an alternative. Aqueous Na2SiO3 solution has been used as binder, effectively hardening and forming strong monoliths with varied filler compositions of Al2O3, silicon dioxide (SiO2), titanium dioxide (TiO2), iron(III) oxide (Fe2O3), manganese(IV) oxide (MnO2), magnesium oxide (MgO), calcium oxide (CaO), sodium oxide (Na2O), potassium oxide (K2O), phosphorous oxide (P2O5), and sulfur oxide (SO3).[95] Non-stoichiometric sodium silicate (nNa2O.mSiO2) has been investigated as corrosion protection layer, applied by dip-coating to galvanized steel.[96] The authors concluded that deposition from solutions with m/n in the range of 1.5-2 gave the densest coatings, but did not clarify how porosity was quantified. However, they indicated that higher ratios of m/n should allow for a higher degree of polymerization in the nNa2O.mSiO2-sol, which was confirmed by 29Si Nuclear Magnetic Resonance (NMR) spectroscopy.  The glass transition temperature (𝑇୥) of the binder phase is of interest when a barrier layer for high-temperature cycle conditions is derived from a filler phase that does not match the thermal expansion coefficient of the substrate (Table 3.2). The nNa2O.mSiO2 system has been investigated by DSC and dilatometry, finding that 𝑇୥ varied within [410°C…510°C]† for n=1, and m/(n+m):=xୗ୧୓మ within [0.5…1] (Figure 3.1). A similar dependence was found in the ternary non-stoichiometric iron sodium silicate (pFe2O3.nNa2O.mSiO2) with m/n fixed at 81/19. When the weight fraction (fwt) of Fe2O3 was varied within [0…0.18] they found 𝑇୥ varying within [460°C…520°C], with the variation being less pronounced at higher concentrations.[97]    
                                                              † [Y1…Y2] denotes the interval between Y1 and Y2 

Eq.(3.1) 
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3  Variation of the glass transition temperature in the nNa2O.mSiO2 system. The mole fraction (xୗ୧୓మ) is equal to m/(n+m). Data collection is cited from Belova et al.[97]  Selection of thermal expansion properties of metals and ceramics. < 𝛼 > is the average thermal expansion coefficient at ambient condition. Further values refer to the anisotropic lattice directions.  Material < 𝛼 > [ppmK-1] 𝛼ଵ [ppmK-1] 𝛼ଶ [ppmK-1] Metals Al 23[98]    Si 3.2[99]    Al-12%Si 19-20[98]    316L 15.9[28]   Ceramics Al2O3 5.4[100]    ZrO2 9.5[101]    AlN 3.1[100]   
 h-Si3N4 1.6[99],[100]   
 h-BN 14.2[102] 30[103] -3[103]  Graphite  20[103] -1[103] 

Figure 3.1  
Table 3.2 
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3.1.2. Refractory material selection 
The barrier materials should be chemically stable in the environment around 𝑇୫ of the PCM. They should resist chemical attack by the molten PCM, as well as reactive gaseous species originating from the heat transfer fluid (mostly O2, and CO2). Ultimately, the coating should efficiently limit inter-diffusion and reaction of encapsulation elements and PCM at minimal thickness. The oxidation of Al by O2 (Eq.3.2) favors the metal oxide over a wide temperature range, judging by the Gibbs free energy.  43 Al + Oଶ → 23 AlଶOଷ, ΔG଼଴଴ °େ଴ ~ െ 900 kJmolିଵ 

Using the Ellingham diagram (Figure 3.2), one can predict the metal oxides that are thermodynamically favored, when competing in redox reaction with Al2O3, i.e. CaO should be stable against reduction by molten aluminum over a wide temperature range (see Eq.3.3). 2Ca + Oଶ → 2CaO, ΔG଼଴଴ °େ଴ ~ െ 1050 kJmolିଵ However, this condition may not be sufficient when considering the specific reactivity of, say, CaO towards atmospheric H2O.  

 Ellingham diagram for ceramic metal oxides with respect to their corresponding metal and oxygen. Taken and modified from [104]. 

Eq.(3.2) 

Eq.(3.3) 

Figure 3.2  
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a) Interface energy balance determining the ideal equilibrium wetting angle. b) Reactive wetting angle of h-BN with liquid Al with time and temperature dependence. Decrease of 𝜃୻(𝑡) at 1000 °C proceeds via i) initiation ii) continuous formation of AlN and iii) depletion/saturation. Data adapted from [33].  In practice, ceramic compounds have been identified that have use as refractory material for Al melts, due to combinations of energetic and kinetic properties. Stability in agreement with energetic considerations has been experimentally confirmed for bulk alumina and zirconia in molten aluminum to 1000 °C.[26] h-BN, and 
h-Si3N4 have been found practically inert to liquid aluminum attack, despite not being thermodynamically stable.[26] AlN is chemically stable against liquid Al up to 2000 °C in reducing atmosphere, and up to 1000 °C in dry air.[105] h-Si3N4 and h-BN have been reported to form an AlN layer at the interface with Al melt, which increases wettability.[106] The wetting angle (𝜃୻) in this case has been determined to be time 

Figure 3.3 
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dependent (Figure 3.3b). This has been ascribed to kinetic AlN layer formation, which mediates wetting. Figure 3.3a show the interface energy/force balance which determine 𝜃୻ (in the stationary case). The wetting of h-BN with Al (shown in Figure 3.3b) can be explained in terms of the energy balance in a) if one considers wetting angle during the stationary initiation phase i) to be that of h-BN/Al and the one in iii) that of AlN/Al. Similar results have been obtained for the reactive wetting of graphite by Si[107], Si3N4 by Si[108], Sapphire‡ by Al[108], SiC by Al[108]. A similar picture the stagnant wetting of BN by Al (iii) has been drawn in the case of graphite wetted by Si.[108] The mediating layer extended beyond the final location of the triple phase boundary, which was explained by its propagation via diffusion of the wetting metal in-plane of the reaction layer.  No individual materials fit all requirements for a resilient and effective diffusion barrier. Beside energetic and kinetic stability towards the PCM mechanical compatibility or adhesion may play a key role. For example, AlN layer formed in the reactively wetted systems have been consistently thin, the material has an attractive thermal conductivity, and is reported as widely inert to molten Al. However, the large thermal expansion mismatch (Table 3.2) make it unlikely the material to yield coatings that are tolerant to the expected thermal cycles.  
  Experimental Inert ceramic barrier coatings were deposited from particulate suspension, using a scalable reverse dipping method derived from the same principle as the popular dip-coating approach. The ceramics in Table 3.3 were tested as diffusion barrier coating separating liquid Al-12%Si from the encapsulating substrate. Stainless steel cylinders had a nominal composition of Fe-17wt%Cr-10wt%Ni-1.2wt%Mo-1.1wt%Mn (316L), and were 20 mm in outside diameter and 16 mm inside diameter (OD20t2). The selection of coating materials was based on thermal stability and chemical inertness. Test depositions were prepared from either metal-organic sol, 

                                                              ‡ Sapphire is single crystal Al2O3. Here the wetting angle did not decrease below 90 °. The change in 𝜃୻ from 150 ° to 110 ° has been attributed to the removal of surface Al2O3 layer of lower crystallinity. 



Coating deposition 

 

Page 61 

3 

ceramic powders, or a combination of the two. In some test's poly-(ammonium acrylate) was used as poly-ionic, steric dispersant.   Summary of ceramic particles used in this study.  Formula Supplier,  description Average size [nm] 
α-Al2O3 ABCR,   powder, <1μm 214 
t-ZrO2 Sindhauser,  aq. dispersion  
h-Si3N4 ABCR,   powder, <5μm 290x3200 
h-BN ABCR,   powder, <1μm 19x4300 
h-BN ZYP,   EtOH/acetone dispersion  

3.2.1. Particle characterization 
Particle size distribution was calculated from SEM images of supplied powders and conductive graphite tape, cf. Figures 3.4 and Figure 3.5. Secondary electrons were detected (Everhart-Thornley detector) operating the electron microscope (Zeiss Merlin, Gemini-I or -II) at vacuum, and at 1 kV acceleration voltage. Evaluation of the digital images was done in ImageJ by manually selecting particle boundaries along randomly oriented straight lines. At least 200 particles were evaluated for each of the supplied powders.  Composition of nNa2O.mSiO2 aqueous sols prepared as binder and dispersant for electrostatically stabilized colloidal suspensions of various ceramic particles.  NaOH   SiO2   H2O   nNa2O.mSiO2(aq.)   mass  n mass m mass  𝑛ୌమ୓  Total mass xୗ୧୓మ [g] [mol] [g] [mol] [g] mol [g] [-] 20 0.25 31 0.516 76.5 4.3 127.5 0.508 20 0.25 40 0.666 90 5.0 150 0.571 20 0.25 45 0.749 97.5 5.4 162.5 0.600   

Table 3.3 

Table 3.4 
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3.2.2. Dispersion procedure  
Aqueous nNa2O.mSiO2 solution was prepared by first dissolving NaOH (99%, anhydrous) in the prescribed amount of H2O, necessary to yield the desired composition of xୗ୧୓మ  within [0.5…0.6] (Table 3.4). The dissolution was exothermic and cooling in a water bath was applied while the solution was stirred magnetically. Once dissolution was complete and the temperature fell below 40 °C addition of SiO2 (<50 μm, amorphous, chromatography grade purity) was added in portions. Fast addition would lead to a slow dissolving chemically sintered silica pulp inhibiting magnetic agitation, and ultimately prolonging the time until dissolution. Heating was applied towards the end to facilitate dissolution when the solution was almost saturated. pH of all prepared nNa2O.mSiO2 solutions was on the alkaline limit of the indicator (>11). Solid content of the water glass was adjusted to be 40 % in all cases. Particles were added to the nNa2O.mSiO2 solution up to a highest solid loading of 65 %, by mass. All three types of particles were immediately wetted by the solvent and dispersed well when aided by mechanical stirring and ultra-sonication (Emmi-HT550, 250 W). After that, SiO2 beads were added as milling media and the plastic containers were ultra-sonicated while rotation was effected by a mechanical stirrer for at least 1 h. The mass of the milling beads did not change by a measurable degree when checked after 48 h of milling. For the h-Si3N4 dispersion it is important to note a distinct onset of small amounts of gas evolution as evidenced by bubble formation after 5-7 days. This was confirmed on independent reactions and was not linked to the degree of stirring. The gas evolution was associated with the distinct odor of ammonia, however the extent of gas escaping was small as judged by the bubble formation and leveled off quickly. Mass balance of the entire reaction vessel confirmed that the amounts of ammonia escaping were negligible. The pH of the highly loaded dispersions was unchanged after several weeks, however the strong particle solvent interaction prevented almost the reaction of the indicator paper in some cases.    
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 Secondary electron image of 𝛼-alumina particles, as received, deposited on conductive graphite tape. a) Agglomerates of facetted crystallites with aspect ratio close to unity. b) A large agglomerate of multiple polygonal crystallites inspected at high magnification, showing strong neck formation connecting grains of 200-300 nm diameter.   
Figure 3.4  
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 Secondary electron image of hexagonal boron nitride particles. a) Agglomerate of layered crystalline platelets with extremely high aspect ratio. b) Close up magnification of a large boron nitride plate-like crystal revealing a stack composing seven crystallites of 51 nm average thickness.   
Figure 3.5  
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The suspended precursors were deposited on the inner surface of the cylinders on a length of 50-60 mm. The coating substrates were kept stationary, similar to the reverse dip-coating procedure demonstrated by other authors.[109] Key modification in the procedure presented in this work was the pumping of the precursor suspension into the inner volume of the hollow cylinders (Figure 3.6). In this way, only the inside surface of the hollow cylinders is coated, resulting in efficient use of the coating precursor. Planar substrates were coated inside a transparent syringe with removed piston replacing the hollow steel substrate as injection volume. This allowed the substrate to be fixed vertically within the cylinder and the process could be observed, as our suspensions did not adhere well to the transparent plastic syringe. 

 Injection-retraction procedure for coating deposition of sols and particulate suspension, making use of two plastic syringes and a peristaltic pump for smooth meniscus movement control. A gas bubble in the lower syringe-piston is shown expanding/shrinking as it absorbs dynamic changes in pressure. a) Empty hollow substrate equipped with rubber stopper and suspension inlet. b) Completely suspension flooded substrate cavity, before retraction of the coating precursor. c) End of the injection-retraction procedure with indication of receding meniscus and deposited coating material.    

Figure 3.6 
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The thickness and microstructure of the coating are determined by the velocity of the meniscus, viscosity of the liquid, and evaporation and condensation processes, similar to dip-coating. Planar substrates were dried at ambient overnight and annealed at 800 °C for 5 h, or calcinated at 400 °C for 2 h. Heating to the respective holding temperature was done at 1 K/min. Coated and annealed CroFer® substrates were heated at 40 K/min to 800 °C and equilibrated. The adhesion of the coatings was put to the test by abrupt removal of the substrate from the furnace and placement on a calcium silicate refractory at ambient temperature. Cross-sections were prepared from coated single crystal Si-wavers (at CMI, Switzerland) or hardened tool steel blades (9 mm, NT Cutter, Japan). These two materials allowed for preparation of brittle fracture surfaces without plastic deformation of the substrate. Coated encapsulations were prepared from 316L cylinders with outside diameter 30 mm and 2 mm wall thickness. A cylinder length of 12 cm was coated and calcinated at 400 °C. For deposition, cylinders were aligned vertically, and the lower opening closed with a rubber stopper. The injection volume was flooded completely with the suspension at maximum speed and after few seconds drained with controlled speed. Meniscus velocity was varied between 0.5 and 2.5 mm/s, by adjusting the volume flow rate of the hydraulically connected peristaltic pump (Heidolph, HEIFLOW). Al-12%Si was cast directly into the calcinated, coated encapsulation from a melt crucible held at 750 °C. Coatings were inspected by SEM and light microscopy of cross-sections prepared from PCM filled cylinders or empty ones by embedding in conductive resin. The coating thickness was determined from individually calibrated light microscopy images. Two orthogonal diameter measurements with 10 µm precision were used as calibration for each cylinder cross-section individually. Using the measurement precision as maximum absolute error of the diameter gave a relative calibration error of below 3·10-4. Thickness values were calculated as average of at least 9 independent measurements. These lab-scale encapsulations held more than 150 g of aluminum alloy each. The column exerted an approximate hydrostatic pressure at the lower end of 3.2 kPa, when using 2640 kg/m3.   
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Larger volume encapsulations for resistance to prolonged liquid metal attack were prepared by deposition on cylinders with 32 mm outside diameter, 2 mm wall thickness, and 74 cm length. Injection and draining of the large internal volume was effected using compressed air rather than a peristaltic pump. Calcination was done by forcing a 400°C hot air stream through the cylinders. A conically machined plug from porous refractory calcium aluminum silicate sealed all cylinders. The eutectic PCM Al-26%Cu-5%Si with a melting point of Tm=525 °C was used, for system design considerations.[18],[19] The cyclic boundary conditions in this test bed were given by 
Tmin/max=30/550 °C, pmin/max=1/9 bar. Total PCM mass was 525 kg, of which 12 kg was encapsulated in boron nitride coated cylinders. After an initial pre-heating phase of several days, 5 charge-discharge cycles were completed (Figure 3.7).  

 
a) Temperature and b) pressure sequence in application scale test of boron nitride coated 316L steel encapsulations containing Al-26%Cu-5%Si phase change material.    Figure 3.7 
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 Results 3.3.1. Boron nitride diffusion barrier  
No thermal cracking or delamination was observed with boron nitride coatings in the initial lab scale thermal shock tests. Consistent coating quality was obtained by deposition at a velocity of 1.7 mm/s. Isothermal holds for more than 100 days exposed to liquid Al-12%Si did not penetrate the h-BN layer, as is evidenced by constant thermo-physical properties of the PCM in DSC measurements (Figure 3.9), as well as absence of Fe, Cr, and Ni signals in EDX spectra obtained on polished PCM surfaces in post-exposure cross-sections (Figure 3.8). In the uncoated control experiment ℎ୤ decreased by 60 Jg-1 (14 %), and Fe signals in cross-sections reached up to 3 % under similar conditions. No adhesion of the aluminum alloy to the h-BN was observed and when permitted by the geometry of the section, solid PCM cylinders often fell out of the encapsulation segment.   

 SEM image showing boron nitride layer sandwiched between Al-12%Si and 316L stainless steel after exposure to the aluminum melt for a few days. The layer shown is 63 µm thick.    
Figure 3.8 
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hf from DSC of Al-12%Si alloys exposed to 700 °C for varying times. One can see that the mass specific heat of fusion is conserved for the BN protected alloy. The unprotected alloy suffers a drop in hf of 14 %.   
3.3.2. Sealing using porous calcium silicate and capillary force 

The developed porous ceramic seals (Figure 3.10) alleviated the need to coat complex or exposed sites at the ends of the cylinder. The porous calcium silicate substrate filling the cylinder openings did not show fissures in post mortem cross-sections. Liquid PCM was prevented from penetrating across the sealing by the high energetic cost of wetting BN coated surfaces on either side of the gap between steel and seal. Static load from the liquid Al-12%Si column did not lead to leakage during 100+ days under isothermal lab conditions.    

Figure 3.9 
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 Longitudinal section of BN coated tube after exposure to molten Al-12%Si alloy at 700°C.  
3.3.3. Scaled field test with temperature and pressure cycles 

Barrier coatings tested on application scale and deposited from commercial BN suspension with the developed injection method prevented loss of LH-TES capacity of 90 % compared to the control group (Figure 3.11). These coatings were homogeneously thick, averaging at 76 μm. From 384 independent measurements, a standard deviation of 19 μm was calculated. Coatings were off-white when deposited, gray after calcination, and completely white after annealing. Figure 3.12 compares the cross-sections of encapsulations with and without coating. The microstructure is visibly changed in the control sample and formation of an intermetallic layer at the interface can be seen be the naked eye. The coated sample is free of visible corrosion.     

Figure 3.10 



Coating deposition 

 

Page 71 

3 

 Comparison of interface layer thickness of coated (blue) and uncoated (orange) tubes. Without coating, an intermetallic layer thickness of 256 µm with a standard deviation of 29 µm was observed. BN coatings were 76 µm on average, with standard deviation of 19 µm. Out of 32 tubes, 4 showed locations were intermetallic developed while the BN was removed. Overall, the coated tubes showed 10 times less intermetallic layers compared by average thickness. 

 Cross sections of scaled up cylindrical encapsulations containing Al-26%Cu-5%Si PCM after testing under combined temperature and pressure cycles. The upper row shows a h-BN coated sample with relatively homogeneous eutectic microstructure. The control sample on the lower row exhibits intermetallic layer formation and phase segregation.    

Figure 3.11 

Figure 3.12 
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3.3.4. Silicon nitride derived sealing compound 
Coatings deposited from h-Si3N4 suspensions on steel were extremely resilient to bending of the substrate and to thermal shock. Both dried and annealed layers tolerated repeated bending of the steel substrate to approximately 10 cm radius without showing signs of delamination. Even lower elastic bend radii were applied during fracture of the steel blade for cross-sectional imaging. The nNa2O.mSiO2 binder appeared amorphous in dry coatings in cross-section (Figure 3.13) and top view (Figure 3.14). 

 Cross-sectional microstructure of deposited h-SiଷNସ layer on Si single crystal showing excellent bonding between substrate and coating. a) Homogeneously thick layer reaches close to the edge of the fractured substrate. Facets in the fracture surface of the substrate result from Si single crystal orientation. b) Dense coating of 26 µm thickness synthesized in a single coating step appears equally well to adhere on the substrate. The microstructure of h-Si3N4 shows hexagonal facetted grains surrounded and bonded together by a continuous amorphous phase. Microstructural changes occur during annealing and enhance the layered appearance of the h-Si3N4 (Figure 3.14d). At the same time, the annealed layer appears compacted, compared to the as-dried state. The amorphous state of the inter-granular phase persisted throughout the experiments, including a reduced-scale liquid Al attack test during 2 days. After this time, the layer was intact and no iron aluminide had formed on the substrate. Some gray round stains of few mm diameter had developed on the otherwise beige h-Si3N4. This may be attributed to reduction of the amorphous binder[44, S. 2], or formation of AlN and deposition of mixed oxides. The layer was however adherent and unchanged in thickness, despite the stains.  

Figure 3.13 
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 Deposited h-Si3N4 coating a/c) before and b/d) after annealing at 700 °C. Top view microstructure of as deposited films show open porosity. The crystalline particles are completely wetted by amorphous sodium silicate binder phase. Layers of hexagonal crystals after heat treatment appear as jagged edges through the binder at high magnification.  Procedures for the deposition of inert ceramic coatings onto metal surfaces were established from particle suspensions containing h-BN and h-Si3N4. High relative velocity of the suspension to the substrate was found to be a critical parameter in obtaining homogeneous, well adherent thick films. Solvent front velocities of 2 - 4 mm/s gave good results, while lower speed led to partly flocculated, uneven depositions. This was attributed to the thixotropic effect resulting from electrostatic gelling. Shear thinning reversibly breaks up the gel-network. Oscillatory viscosity measurements confirmed a shear speed dependent transition from viscoelastic to viscous deformation behavior (Figure 3.15). The nature of the stabilizing forces in the suspension remains however ambiguous. Both electrostatic and steric repulsion are favored in this system, considering either the IEP of amorphous SiO2 (Table 3.1) or the possibility of (nNa2O.mSiO2)-oligomers absorbing on the particles. 

Figure 3.14 
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Amorphous alumina coatings were well adherent and showed no reaction to the thermal stress sequence, but did not exhibit any delaying effect to liquid metal corrosion. Coatings containing amorphous alumina as binder phase and having a bulk phase of refractory α-alumina cracked and spalled in the thermal stress sequence, as did coatings with Si3N4 as refractory barrier phase.  

 Aqueous particle suspension exhibits a step transition between storage and loss modulus in the low frequency range. Gelling occurred after few seconds of standing and is reversibly broken through agitation. No sedimentation occurred in aqueous suspensions with Al2O3 particle loading higher than 40 % by weight and pH above 11. Sodium silicate oligomers acted as surfactant and binder. 
 Summary and conclusions The resilience of boron nitride coating in the thermal stress sequence and regarding liquid metal attack is best among the investigated materials. Chemical stability is inherently good and most likely aided by the non-wetting properties towards liquid metals. Thermal expansion mismatch between steel and h-Si3N4 was overcome by the addition of an inorganic, amorphous binder phase. This binder was derived from cost effective aqueous nNa2O.mSiO2 solution, and at the same time, served as dispersant for the refractory crystalline particles. Viscoelastic properties of the stabilized suspension show the colloidal nature of the system. Although h-Si3N4 

Figure 3.15 
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particles are larger than 1 μm in the 𝑎x𝑏 plane, the thin platelets can be stabilized based on their minimum dimension in direction of the c-axis. This is consistent with state of the art colloid research.[94] In the second case a mixed steric-electrostatic stabilization mechanism could be the case. The chemical interaction of alkaline media on Si3N4 has been subject to investigations in recent years.[110] It would be interesting to investigate the precise composition of the amorphous phase after deposition for the formation of Si-(Na)-O-N compounds, and the h-Si3N4 crystallites for intercalation of the dispersant into the layered crystal. Exfoliation of h-Si3N4 has been considered unlikely, but similar treatments for h-BN by ball milling and ultra-sonication in urea has been proven successful recently.[111]  The injection method was found to be a versatile and scalable tool for the deposition of inorganic barrier layers on hollow cylindrical steel substrates. This geometry is highly relevant for the technology of LH-TES in encapsulated metal PCM. Scale up has been demonstrated spanning two orders of magnitude. Coatings obtained from the presented deposition method are homogeneous and reproducible. Thickness variation is generally low as calculated from the variation of 384 measurements. In the scaled demonstration, 90 % of corrosion is prevented during 5 days, compared to the control group. Complete suppression of degradation may be achieved with better control of operation parameters. It is not clear which role temperature fluctuations in the storage, pressure cycles, and handling during filling of the encapsulation and installation of the units played the major role in the final performance. The method presented in the next chapter will possibly enable the monitor the health of storage units during operation. Compared to dip-coating, the injection method has the additional benefit of eliminating the need for large linear motion actuation, which allowed scaled up production of 10 encapsulations of 74 cm length cylinders in our own laboratory. These application sized samples were then filled with a custom PCM by an external company and tested under realistic conditions in a pilot AA-CAES plant.[18],[19] In these cases only the inside surface of the tubular encapsulation is exposed to the PCM, while the outside serves as heat exchange surface with the heat transfer fluid. The necessary precursor volume corresponds to the internal volume of the hollow cylinder. Actual consumption corresponds to the volume of the deposited film plus transfer losses. Most of the precursor is recovered in the process. In this study precursors were 
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generally re-used more than 20 times. With this efficient and scalable coating method a number of coatings were produced and tested for thermo-mechanical stability, and chemical compatibility with encapsulation and PCM.     
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: Calorimetric cycling 
 First order transition modelling  Metallic PCMs possess favorable properties for LH-TES, which has been pointed out many times,[22],[23],[25],[50] and their superior conductivity and large capacity would make them preferable to salts, if it wasn’t for the corrosiveness of liquid metals towards most applicable container materials.[25],[112] Many experimental and design studies have confirmed their performance in experimental storage applications,[18],[48],[52],[112]–[114] but reliable data on mitigation strategies for the specific liquid metal corrosion problem is scarce.  4.1.1. The Stefan problem 

Knowledge of heat transfer characteristics in the PCM is critical for the design of performant LH-TES systems. The movement of the solid-liquid interface during phase transition is a determining aspect of such a system, and it’s analytical treatment has been referred to as the Stefan problem.[115]–[118] The classical description assumes standard diffusion within each phase.  (𝜕௧ െ 𝜅ఔΔ୐)𝑇ఔ = 0, for 𝜈 = w, i In Eq.(4.1), 𝜅= 𝑘 𝜌𝑐୮⁄  is the thermal diffusivity, with 𝜌 the mass density, 𝜕௧ is the partial derivative in time, Δ୐ is the Laplace operator. The phase at a given point (𝑥, 𝑡) is either the liquid or the solid phase. They are designated w and i, for the canonical 
Eq.(4.1) 
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model case of water and ice, respectively.§ Close contact of the two phases and conservation of energy at the moving boundary (Γ) gives the Stefan condition, Eq.(4.2).[116]  𝑇୵ = 𝑇୧ = 𝑇୫൫𝑐୮𝜅 𝜕௫𝑇൯୧ െ ൫𝑐୮𝜅 𝜕௫𝑇൯୵ = ℎ୤ 𝜕௧𝑥୻ቋ  for 𝑥 = 𝑥୻
the location of Γ. Initial Condition (I.C.) as in Eq.(4.3) and Boundary Condition (B.C.) as in Eq.(4.4) describe one-dimensional (1-d) domain of ice, initially isothermal at T close to 𝑇୫. At 𝑡଴=0 a zero-dimensional (0-d) constant temperature device at 𝑥଴=0 is turned to Δ𝑇 > 0. 𝑇଴ = 𝑇(𝑥, 𝑡଴) = 0 𝑇ୠ = 𝑇(𝑥଴, 𝑡) = Δ𝑇 The 1-d Stefan problem defined by Eq.(4.2) has been solved analytically. In the Neumann[119] solution, 𝑥୻(𝑡) takes the form of Eq.(4.5).  𝑥୻(𝑡) = 2𝜆୒ඥ𝜅୵𝑡 is obtained by solving Eq.(4.6). 

exp൫െ𝜆୒ଶ ൯erf 𝜆୒ െ 𝑘୵𝑘୧ √𝜅୧ (𝑇଴ െ 𝑇୫) exp൫െ 𝜅୵𝜆୒ଶ 𝜅୧⁄ ൯√𝜅୵ (𝑇୫ െ 𝑇ୠ) erfc൫𝜆୒ඥ𝜅୵ 𝜅୧⁄ ൯ = 𝜆୒√𝜋 ℎ୤𝑐୮,୧(𝑇୫ െ 𝑇ୠ)
Eq.(4.7) defines the Stephan number (Stఔ), which is the ratio of sensible stored heat and ℎ୤, when 𝑇୫ is the reference temperature.  Stఔ = 𝑐୮,ఔ|𝑇ఔ െ 𝑇୫|ℎ୤is the specific heat capacity of a phase 𝜈 at constant pressure, and 𝑇ఔ is its temperature. A similar effort brings about the analytical solution to the radial Stefan problem. The Paterson solution[120] considers a three-dimensional (3-d) domain where a constant line heat source (𝑄ሶ𝕆) passes through the origin. The location of the 

§ The subscripts (𝑠) and (𝑙) are reserved for solidus and liquidus.

Eq.(4.2) 

Eq.(4.3) Eq.(4.4) 
Eq.(4.5) 

Eq.(4.6) 

Eq.(4.7) 
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moving boundary (𝑟୻) is symmetric around the location of 𝑄ሶ𝕆, assuming homogeneity of the medium. 𝑟୻ is given in Eq.(4.8). 𝑟୻(𝑡) = 2𝜆୔ඥ𝜅(௜)𝑡 Here, 𝜆୔ is a constant determined by Eq.(4.9).  െ𝑄ሶ𝕆4𝜋 exp 𝜆୔ଶ + 𝑘(௪)(𝑇଴ െ 𝑇୫)exp൫𝜅(௜)𝜆୔ଶ 𝜅(௪)ൗ ൯ Ei൫𝜅(௜)𝜆୔ଶ 𝜅(௪)ൗ ൯ = 𝜅(௜)𝜆୔ଶ 𝜌ℎ୤ 
Ei is the exponential integral function, Eq.(4.10). 

Ei(𝑥) = න 𝑒ି௧𝑡 d𝑡ାஶ
ି௫  

4.1.2. The enthalpy method 
The enthalpy method has been adapted as numerical solution where I.C. are not isothermal or B.C. are not constant, i.e. where analytic approximations are difficult to obtain.[118] The explicit finite differences approximation for variable thermal properties follows Eq.(4.11). [117] ℎ௜௝ାଵ = ℎ௜௝ + 𝜌ିଵ 𝛿𝑡𝛿𝑥ଶ ൛𝑘௜ିଵ൫𝑇௜ିଵ௝ െ 𝑇௜௝൯ െ 𝑘௜ାଵ൫𝑇௜௝ െ 𝑇௜ାଵ௝ ൯ൟ 

Where ℎ௜௝ is the enthalpy, at the location 𝑥௜=𝑖 ⋅ 𝛿𝑥 and time 𝑡௝=𝑗 ⋅ 𝛿𝑡, with 𝛿𝑥 beingthe discretizition length in space and 𝛿𝑡 the timestep. Critical for the stability of the solution is the criterion in Eq.(4.12). ቀ𝜌𝑐୮2𝑘 ቁିଵ ൬ 𝛿𝑡𝛿𝑥ଶ൰ < 1 
Every iteration of Eq.(4.11) is followed by updating the discretized temperature (𝑇௜௝),according to the initially defined reference curve (ℎ(𝑇)) given in Eq.(4.13). 

ℎ(𝑇) = ⎩⎪⎨
⎪⎧ 𝑇𝑐୮,௦ , 𝑇 െ 𝑇(௦) < 0ℎ(௦) + ൫𝑇 െ 𝑇(௦)൯ ℎ୤2𝜀 , 𝑇(௦) < 𝑇 < 𝑇(௟)ℎ(௟) + ൫𝑇 െ 𝑇(௟)൯𝑐୮,(௟) , 0 < 𝑇 െ 𝑇(௟)

 
Where 𝑐୮,௦ and 𝑐୮,௟ are the solid and liquid heat capacity, respectively. ℎ(௦) is the enthalpy at the solidus temperature (𝑇(௦)) and ℎ(௟) is the enthalpy at liquidus 

Eq.(4.8) 
Eq.(4.9) 
Eq.(4.10) 

Eq.(4.11) 

Eq.(4.12) 

Eq.(4.13) 
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temperature (𝑇(௟)). ℎ(௦) is equal to the product 𝑇(௦)𝑐୮,௦, and ℎ(௟) is equal to ℎ(௦) + ℎ୤. The temperature interval of the phase transition is designated 2𝜀, so that 𝑇୫ ± 𝜀 is equal to 𝑇(௟) and 𝑇(௦), respectively.  Figure 4.1 shows that not only the sign but also the absolute value of the velocity of the phase boundary is depending on the direction of the heat transfer, i.e. the melting process is slower than the freezing process, for similar boundary conditions and the same material properties. This is due to the sequence of the two phases with respect to the system boundary, and the lower thermal conductivity of the liquid. Table 4.1 lists the properties used to compare the iterative result with the Neumann solution. Agreement is excellent, with the iterative solution, Eq.(4.11), adhering closely to the power law described in Eq.(4.8), characterized by the quality of fit parameter (𝑅ଶ) of 1.000 for both melting and solidification.  Material properties and discretization parameters required for calculating the time dependent location of the solid-liquid boundary for Al-12%Si.  𝑐୮,௦/௟[52] [Jg-1K-1] 𝑇୫* [°C] ℎ୤* [Jg-1] 𝑘௦/௟[23] [Wm-1K-1] 𝜌[52] [gcm-3] 𝜀** [K] 1/1.5 574 460 180/70 2.25 2 *Measured in this work. **Arbitrary choice.  

 
a) Linearized enthalpy curve for Al-12%Si according to Eq.(4.13) and using the material properties from Table 1. b) Comparison of phase boundary movement during melting (circles) and solidification (dots) from iterative calculation, showing excellent agreement with the Neumann solution (solid line).  

Table 4.1 

Figure 4.1 
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4.1.3. Temperature history analysis 
Thermo-physical properties that are fundamental to the application of LH-TES, i.e. the thermal conductivity, heat of fusion, heat capacity and melting temperature or transition range have been measured by DSC.   Some authors have been looking for an alternative which is more suitable to the scale and complexity of encapsulating a PCM.[34]–[37],[122] Many authors have stated the drawbacks of the conventional DSC method, with regard to sample size, nucleation behavior, and interactions with the environment. In fact, the interaction of PCM and encapsulation becomes a critical factor for the performance of a given pair. Surfaces act as nucleating site for liquid media that exhibit under-cooling, effectively changing the physical behavior. Heat storage performance may be distorted in the inert environment of a ceramic DSC crucible. Other considerations go towards assessing corrosion interactions, as we have seen in Chapter 3. Several studies have been devising measurement schemes for the relevant LH-TES properties, mentioned above, which include the encapsulation, larger volumes, etc. probably best known in the literature is the so-called T-history method.[35] This method assumes Newtonian cooling, i.e. temperature variations in the body to be cooled are small compared to the temperature jump at the interface, which is asserted by considering the Biot number in the form of Eq.(4.14).[35],[123]  Biଶ = 𝑟ୠ𝑢ଶ2𝑘ୣ୮ 

Biୠ is the Biot number for a cylinder of radius 𝑟ୠ, referring to outside boundary where heat exchange with the surrounding medium (𝑄ሶୠ) is proportional to the area specific heat transfer coefficient (𝑢ଶ) and to the temperature gradient (𝑔ଶ). 𝑘ୣ୮ is the conductivity of the cylinder, which in our case is the effective conductivity of the encapsulated PCM. The conductivity of the steel encapsulation should reasonably dominate the effective property for our sample and we see that Biଶ is ≈ 5 ⋅ 10ିହ 𝑢ଶ.** Values of Biଶ close to 0.3 have been considered sufficiently low to calculate enthalpy curves and study the under-cooling behavior of various salts by immersion in                                                               ** Here 10 WK-1m-1 was used as conservative assumption, considering also a transfer resistance to the encapsulated material. Al PCM conductivity is generally an order of magnitude higher. 

Eq.(4.14) 
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water.[123] Biଶ < 0.1 may be preferable, for the surface to be heat transfer limiting.[35],[37] Our experimental approach should therefore have more than an order of magnitude of advantage regarding the approximations made by the T-history approach (Eq. 4.15). 
ℎ୤𝑚୮ = െ𝑢ୠ 𝐴 න ൫𝑇୮ െ 𝑇ஶ൯ δ𝑡(௟)

ఔୀ(௦)  
Experimental approaches for low temperature PCM have been carried out using liquid cooling baths to control the surrounding temperature 𝑇ஶ.[35]–[37] For high-temperature PCM, direct contact with liquid cooling fluid results in significant safety hazards. Our approach relies on ambient air and radiation and an even proximity of the sample chamber wall, where the temperature is controlled via embedded heating mantels. Plastic encapsulations of thin walled metal sheets are often used for packaging paraffins or salt hydrates. In contrast, high-temperature, metal-PCM systems make it necessary to consider the heat capacity of the encapsulation, due to the significant density of the used materials. Eq.(4.15) can be modified accordingly. The partial gradient (𝑔ଵ), defined as ൫𝑇ୠ െ 𝑇୮൯, is dependent on 𝑘ୣ୮ which may change in the presence of intermetallic layer growth. The corresponding partial transfer coefficient (𝑢ଵ) is an effective lumped parameter characterizing the encapsulated PCM system. Eq.(4.16) uses the second partial boundary gradient (𝑔ଶ), defined as (𝑇ஶ െ 𝑇ୠ) to obtain the sample independent, device transfer coefficient (𝑢ଶ). We use the convention to include the spatial dimension of the gradient in 𝑢ଵ/𝑢ଶ. This approach is convenient and allows for calibrated measurements, as long as the position of the temperature measurements is fixed, and the encapsulation geometry isn't altered. 2ε ൫< 𝑐୮,௦௟ > 𝑚୮ + 𝑐୮,୉𝑚୉൯ + ℎ୤𝑚୮Giଶ = െ𝑢ଶ𝐴 
The gradient integral Giଶ= ׬  (𝑇ஶ െ 𝑇ୠ ) δ𝑡 has the units of Ksec. The temperature intensity differential dGiଶ is directly related to the enthalpy differential dH, provided neither geometry nor heat transfer properties at the air gap change. The surface at the boundary A is equal to 2𝜋𝐿௭ 𝑟ୠ. 𝑢ଶ𝐴 becomes the proportionality constant and machine calibration factor in units of JK-1sec-1. Knowledge of 𝑐୮,୉𝑚୉ is not required, when a baseline measurement with the empty encapsulation is acquired before 

Eq.(4.15) 

Eq.(4.16) 
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measurement of the calibration standard. The exact value of < 𝑐୮,௦௟ > can be evaluated as the weighted average of 𝑐୮,௟ and 𝑐୮,௦: ׬ ൫𝜙௟𝑐୮,௟ + 𝜙௦𝑐୮,௦൯ d𝑇, but is in practice close to the mean of 𝑐୮,௟ and 𝑐୮,௦. 𝑢ଶ𝐴 is obtained using Eq.(4.16) when a suitable calibration standard with well know ℎ୤𝑚୮ is used. Eq.(4.17) allows to calculate the exact value of 𝑄ሶୠ based on knowledge of 𝑢ଶ𝐴, if 𝑔ଶ is constant. 𝑄ሶୠ = 𝑔ଶ𝑢ଶ𝐴 For narrow 𝜀, small heating rate (𝑇ሶஶ), and large ℎ୤, the gradients 𝑔ଵ and 𝑔ଶ can be regarded as constant in time. Then, 𝑢ଵ can be estimated with tentative precision using the steady state relation given by Eq.(4.18). 𝑔ଵ𝑢ଵ = 𝑔ଶ𝑢ଶ The aim of the in the following described experiment is to investigate the heat transfer performance of cylindrically encapsulated Al PCMs, and to test Predictions made on the basis of the model presented in Chapter 2. Ultimately the goal is to learn under what conditions this and similar systems can be operated at high and sufficiently stabile performance.   
 Experimental A calorimetric experiment with in-situ monitoring of the stability of thermo-physical characteristics of encapsulated aluminum alloys was purpose-built from refractory calcium silicate porous ceramic material (Duratec-1000, PROMAT). Samples were prepared from stainless steel tubes. The ends were sealed with Duratec, and ceramic high-temperature glue. The top lid had openings prepared for the insertion of an alumina protected thermocouple (Figure 4.2). Coatings were applied in some cases, using the injection method described in Chapter 3. The heated set-up, as well as the samples had a cylindrical topology with circumferential heating (Figure 4.3 and Figure 4.5). This ensured a uniform radial heat flux, which facilitated the analytical treatment. A stack of three individually controlled heating mantels maintained a uniform temperature along the axis of rotation (z-axis). Chromel-R (80%Ni-20%Cr) wire of 0.16 mm2 cross-section was integrated into the wall of the calcium silicate sample chamber and served as electrical resistive heating source. Melt-solidification cycles were imposed on PCM and encapsulation according to 

Eq.(4.17) 

Eq.(4.18) 
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defined temperature sequences. A digital terminal (LabVIEW 2017a, National instruments) provided a user interface for programming experimental conditions. Thermocouple readings were recorded in positions corresponding to 𝑇୮, 𝑇ୠ and 𝑇ஶ. Heating power was adjusted by pulse density modulation of a 48VDC power supply. A pulse frequency of 1 kHz making use of fast switching semiconductor relays (CMX60D10, Crydom) assured precise temperature control. Homeostasis was maintained to a root mean square (rms) smoothness of the temperature feedback of below 0.1 K, and bias was not measurable.  

 Fixed temperature sensors in and on the surface of cylindrically encapsulated Al storage medium allowing for in-situ observation of heat transfer gradient, undercooling, rebounds and stabilization of discharge heat temperature. Sample with aspect ratio close to 1:10 (left), and T-history plot (right) allowing for efficient quantification of heat transfer. Temperature boundary conditions were piecewise linear, with isothermal holds of up to 5 h. Linear heating rates were limited by the capabilities of the setup, i.e. the maximum recorded rates were within [-12 K/min…+42 K/min]. The boundary condition seen in Figure 4.2 was passively invoked. The cooling rate was convection limited, and precise rate control was achieved when rates were chosen within [- 10 K/min…+25 K/min]. Heat transfer rate and storage capacity were calculated according to Eq.(4.16). Calibration of 𝑢ଶ𝐴 ≔ 𝑈ୠ was initially achieved using 13 g of Al (99.99%, <9.5 mm pellets, ABCR) and the referred value of ℎ୤=398 J/g.[98] The encapsulation consisting of a 46.5 mm long, 2x20 mm hollow 316 L cylinder with Duratec® seals for the shown calibration. Baseline measurements were recorded 

Figure 4.2 
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during 3-5 cycles to accurately subtract the sensible heat capacity of the encapsulating material from the PCM signal. The encapsulation length was varied from 46.5 mm, to 72 mm, 92 mm, and 155 mm. Each geometry received either a dedicated calibration measurement or calibration was achieve using the first solidification event and DSC measurements of the pristine PCM as internal standard. Figure 4.4 shows the enthalpy curve of the calibration standard for the 46.5 mm case. The use of 𝑢ଶ as calibration factor was tested by comparing measurements of ℎ୤ for Al-12%Si and Al-26%Cu-5%Si with literature data. Transition temperature thresholding was facilitated by zero phase filtering using a low-pass frequency filter design with a passband frequency of 1/90 sec.  

 Experimental set-up for applying extended load cycles and monitoring of heat storage performance. Vertical section reveals the central location of the phase change material and placement of temperature sensors. Temperatures were measured at the mid-height plane at the center, immersed in the aluminum alloy (𝑇୮), on the surface of the steel encapsulation (𝑇ୠ), and close to the porous ceramic wall (𝑇ஶ) of the temperature-controlled calorimeter.  
Figure 4.3 
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 The enthalpy curve of pure Al (blue area), obtained by integration of 𝑔ଶ after calibration using a correlation from [22] (dashed line). The measured slope before the respective phase change events (up/down arrow) compares to 𝑐୮,௦, and 𝑐୮,௟. 
 Results of cyclic testing Figure 4.6 shows two enthalpy curves recorded with the in-house developed calorimetry test bench. The measured transformation temperature and magnitude of the heat of fusion are in good agreement with literature data on measurements carried out on commercial DSC hardware. Table 4.2 compares the heat of fusion and transformation temperatures for commercial Al-12%Si, synthesized Al-25%Cu-5%Si PCM, and the calibration element. The generally good agreement with reported values and additional methods should underline the accurate quantification capabilities of the method. The obtained calibration factor of 𝑈ୠ= 0.5822 JK-1sec-1 was valid as long as the encapsulation length and diameter were kept constant and no heating coils had to be replaced.  

Figure 4.4 
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 Calorimetry test bench for prolongued cycle endurance and performance testing of high-temperature metal PCM units. a) LabVIEW control terminal. b) Cycling furnace no.2 and no.3 behind convection shielding. c) Furnace no.2 with removed shield revewls individually T-controlled segments called heating stages. d) Conector board with adaptable sensor setup.   
Figure 4.5 



Chapter 4 

 

Page 88 

4 

4.3.1. Reduced under-cooling 
Our method for the in-situ determination gave largely similar results for ℎ୤, 𝑐୮, and the onset of melting 𝑇(௦) as DSC confirmation measurements by us, and values reported in the literature. However, we found significantly narrower phase transition boundaries with regard to the onset of solidification 𝑇(௟), compared to conventional DSC analysis. Under-cooling assessed by the local minima and maxima in the PCM temperature trace never exceeded 3 K for our encapsulated samples of Al-12%Si, as can be seen in Figure 4.2. In the enthalpy curves in Figure 4.6a it is again met, when following the described path counterclockwise, after passing the turning point of the highest temperature. The largest hysteresis in this series of measurements was produced by the Al 99.99% calibration material, and reaches a width of approximately 25 K (see Figure 4.4, previous section). Typical separation of melting and solidification peak in DSC was often larger than 60 K with the solidification onset 20 K below the reported melting temperature of the substance. In contrast, the in-situ method gave a relative cross-over, with solidification onset as high as 582 °C (Figure 4.6b). This may be due to the buried thermocouple within the PCM being used as reference. Additionally, the almost complete absence of under-cooling may be connected to the increased defect density on the encapsulation surfaces, promoting heterogeneous nucleation. Generally, DSC manufacturers recommend high-density, and high-purity α-alumina for the characterization of metals, to exclude chemical reactions and guarantee longevity of the equipment. Therefore, quality DSC crucibles minimize interaction with the sampling material. Appearance of the solidification signal 25 K below the reported 𝑇୫ of Al could be explained by the lack of interaction with the DSC crucible and consequently retarded nucleation. Confirmation could be in principle obtained by neutron diffraction, where the formation of crystallization nuclei can be detected.[76]  
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a) Quantitative enthalpy curve recordings of Al-26%Cu-5%Si (left) and Al-12%Si (right). b) DSC traces for melting (dot) and solidification (circle) of Al-12%Si compared to the heat capacity curve derived from in-situ calorimetric cycling (asterisks). Curves are scaled to the same height to emphasis peak width.   

Figure 4.6 
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Summary of thermo-physical properties, quantified in the calibrated cyclic load test bench*, measured in this work by DSC, and reported in the literature.   𝑈ୠ∗ ℎ୤* ℎ୤ୈୗେ ℎ୤୪୧୲. Storage material JK-1sec-1 Jg-1 Jg-1 Jg-1 99.99% Al 0.5822 Cal. 404 397.7[98] Al-12%Si  470 462 466[48] Al-26%Cu-5%Si  330 373 364[22]      𝑇୫* [°C]  𝑇୤ୈୗେ [°C]  𝑇୫୪୧୲. [°C] 99.99% Al  655 663 660.3[98] Al-12%Si  577 569 579[23] Al-26%Cu-5%Si  524.4 519 525[11] 4.3.2. Heat transfer evolution 
Figure 4.7 shows the heat transfer of an Al-12%Si encapsulation during 114 full storage cycles. Performance reduction was rapid during the first 10-20 cycles for this uncoated sample under relatively demanding conditions (cycle type C1, Figure 4.10, following section). The trace of 𝑄ሶୠ (Figure 4.7a) is shown over ൫𝑡 െ 𝑡௜,଴൯, i.e. with respect to the begin of the i-th storage displacement (𝑡௜,଴). The first two displacements lasted 120 min, and all subsequent displacements lasted 60 minutes. During these periods 𝑇ሶஶ was kept constant, equal to 1.25 Kmin-1 for the first two events, and 2.5 Kmin-1 for the 226 subsequent events. The shape of the power-time curve resembled those obtained in typical DSC measurements. 𝑄ሶୠ scaled proportionally with 1/𝑇ሶஶ, which is seen in the comparison of the first and subsequent cycles. Sensible heat capacity contributions produced a horizontal plateau. Melting and solidification were characterized by relatively linear acceleration of heat transfer rate up to the peak, and a sharp decay after reaching the maximum. We adapted the convention that positive values represent stored energy, i.e. the melting events are shown above the zero-Watt line, and the solidification events below. Time runs left to right in both cases. Evaluation of the extrema of 𝑄ሶୠ, and the average (<𝑄ሶୠ>) are shown in Figure 4.7b. It can be expected that <𝑄ሶୠ> is relatively less dominated by the latent heat capacity, compared to max൫𝑄ሶୠ൯ and min൫𝑄ሶୠ൯. Relative reductions for all four 

Table 4.2.  
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values were calculated to be within 43% and 57%. Significant differences in degradation of melting and solidification behavior were not confirmed.  

 Heat transfer rate during 𝑖 = 1 … 114 storage cycles with Al-12%Si storage medium. Storage ((𝑠) → (𝑙)) and release ((𝑙) → (𝑠)) correspond to + and - sign, respectively. a) Area under the trace is reduced during 900 h of testing. The first cycle (𝑖=1) was recorded at half the heating rate. Successive cycles (𝑖=2 … 114) are done at 2.5 K/min. 
b) Peak and average power per transition. Figure 4.8 shows how different solid and liquid conductivity impact the latent heat uptake and release kinetics. Different magnitude of the peak charging power (𝑃୫ୟ୶ା ) during melting and the peak discharge power (𝑃୫ୟ୶ି ) during solidification was in agreement with predictions from numerical simulation of the Stefan problem (Section 4.1.2). 𝑃୫ୟ୶ି  was initially 20% and later up to 80% greater than 𝑃୫ୟ୶ା , while the average rates of discharge/charge were equal close to equal (Figure 4.8a). Figure 4.8b shows increasing conductive heat transfer resistance within the encapsulated PCM. The trend may be explained by the growing intermetallic layer, or changing effective conductivity in the bulk of the PCM. 𝑢ଶ/𝑢ଵ is generally lower when the PCM is in the solid state. The integrated enthalpy as function of temperature is shown in Figure 4.9a. The totally stored heat over the fixed temperature interval of 150 K indicated to decrease with increasing cycle count. The overall capacity per full storage displacement expressed as Δ𝐻௜ is diminished from close to 40 kJ to below 30 kJ in less then 10 cycles (Figure 4.9b). Later the decreaseing trend continues monotonically. Energy conservation demanded charging and discharging energies to be equal. A slight inaccuracy during t=[100…400] h is attributed to incompatibility of the integration scheme with under-cooling.  

Figure 4.7 
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a) Ratio of peak heat transfer rate (dots) and average heat transfer rate (circles) comparing solidification to melting. Peak-values >1 reflect higher conductivity of Al-12%Si in the solid state compared to the liquid. The relative difference follows an increasing trend with cycling time. The average ratio stays relatively close to 1. b) relative conductive resistance of the solid (dashed line) is lower compared to the liquid state (solid line), with increasing trend for both.   

 Cumulative enthalpy function of 𝑖=1 … 114 storage cycles with Al-12%Si storage medium. a) Enthalpy curves recorded between 475 and 625 °C, exhibiting 1st order discontinuity. In the case of the (𝑙) → (𝑠) transition under-cooling is visible. b) Storage capacity for a given Δ𝑇୮ reduced by approximately 50 % after 922 h of accelerated aging.  

Figure 4.8 

Figure 4.9 
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4.3.3. Effect of cycling conditions 
Cycle definition was found to have profound impact on the performance evolution of tested encapsulations. Critical factors were anticipated to be linked to the frequency of phase transitions (𝑓୮ୡ) and boundary conditions such as 𝑇෨ୠ and Δ𝑇ୠ. Figure 4.10a shows two principal types of cycles, i.e. C1 emphasizes large temperature swings at high rate of change, and high-temperature holding periods. We express the ratio of high-temperature hold duration to repetition period as 𝑅୦. Then we can characterize C1 as ~𝑅୦=5/8, Δ𝑇ୠ=75 K, and 𝑇෨ୠ=575 °C. On the other hand, we see that C2 with ~𝑅୦=3/8, Δ𝑇ୠ=25 K, and 𝑇෨ୠ=575 °C, has the same median temperature and differs by its lower average temperature and less extensive swings.  Figure 4.10b compares 3 cases based on C1, as well as two variations of C2. We found a pronounced capacity stabilization in favor of a sample which was coated in BN as compared to the base C1 condition. The stabilization appeared effective throughout 500 h. Later, the effect of the coating appeared to vanish and the trace started approaching the reference sample asymptotically. The relatively sudden change in behavior could be explained by homogeneous thinning of the coating by dissolution. Microstructural investigation showed evidence supporting a pin-and-peal mechanism, where intact patches of coating appear to get peeled off by newly formed intermetallic phases (compare Figure 4.11). Both models could lead to a relatively discrete de-protection event, however in the case of homogeneous coating dissolution the lifetime should be more deterministic, while the pin-and-peal mechanism infers a strong stochastic component. A superposition of both mechanisms may also be envisioned.  The so far evaluated measures are determined by the size and aspect ratio of the test samples. They serve as model validation and basis to deepen mechanistic understanding. Figure 4.12 shows the evaluation of 𝑇(௟) and 𝑢ଵ, for two sample with the same geometry and test conditions. Decreases in 𝑇(௟) are consistent with increasing impurity content of which Fe was previously found to make up the largest portion. Evaluation of 𝑢ଶ reflects the growth of an intermetallic layer of non-negligible thermal resistivity, and falls from initially 6 kWK-1m-2 to below 1 kWK-1m-2, after 900 h of testing, and more than 400 phase transitions. Intermetallic layer growth has been 
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found in previous studies to start at a high rate††, and decelerate quickly to proceed at a relatively slow monotonic rate.[38],[40],[124] The observed kinetics agree qualitative with the model prediction made for isothermal conditions. Predictions from section 2.2.3 for the 𝑟଴=8 mm when converted to an estimation of 𝑢ଵ after 1 year gave a value between 100 WKିଵmିଶ and 500 WKିଵmିଶ. Results from cyclic calorimetry gave a value close to 1000 WKିଵmିଶ after 900 h of cycling. Long term numerical predictions and calorimetric data from cyclic testing corroborate to confirm that the favorable properties of the investigated LH-TES components maintain low heat transfer resistance under relevant conditions. Scaling is expected to affect 𝑢ଵ, and 𝑇(௟) indirectly, so that the obtained results can tentatively be used to design larger systems. 𝑇(௟) for instance, may evolve similarly fast or even slower in a larger system, where saturation may take longer to reach. Evidence for the existence of regenerating natural passivity can be found in the conditions termed C1+break, where a single pause in the test sequence with intermediate cooling to room temperature and reuptake produced a complete stabilization of a previously fast degrading encapsulation (Figure 4.10b). C2 cycles have been reproducibly confirmed to not initiate the interface reaction observed in C1 cycles, over a period of 120-160 h. The relative increase in the two depicted C2 cycles was explained by the first cycles not reaching complete melting, and subsequent improvement of 𝑢ଵ. Refinement of the dissolution modelling may clarify if there is a stabile dynamic equilibrium with a dissolving and regenerating passivation of oscillating thickness.  

                                                              †† After an incubation period without any growth, of variable duration. 
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a) Variation of cycle definitions with 8 h periodicity: High intensity cycles where average temperature is above median with phase change frequency of 𝑓୮ୡ=12 dayିଵ, and high to low T-ratio of 𝑅୦=5/8 (C1). Balanced cycles definition with similar median temperature, and increased phase change frequency of 𝑓୮ୡ=18 dayିଵ, and 𝑅୦=3/8 (C2). b) Capacity traces of selected samples show stabilizing effect of BN coating and cycle definition. C1+break indicates a single 24 h pause in the otherwise unchanged sequence.  

 
a) Initiation of intermetallic reaction begins close to the test encapsulations threaded cap. b) Aluminum penetrating the BN diffusion barrier causes deformation and delamination of the coating.    

Figure 4.10 

Figure 4.11 
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a) Liquidus transition temperature decreasing with prolonged cyclic testing for the case of Al-12%Si encapsulated in bare 316L steel (solid line) and coated with h-BN (dashed line). b) Heat transfer coefficient of the coated sample with step-down after 500 h, around the same time as 𝑇(௟) starts to fall.    

Figure 4.12 
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: Discussion and outlook 
 Diffusion and solubility modelling Diffusion/dissolution modelling with Arrhenius temperature dependence has helped to understand experimental observations and contributes to the development of advanced high-temperature LH-TES technology, by improving on the predictive power of current state of the art models. Our work extends the current knowledge and contributes to the discussion of intermetallic layer formation kinetics, i.e. there is an active discussion about why in the present and in related systems growth kinetics deviate from the self-limiting parabolic rate law. Our numeric calculations of the de-passivation mechanism have demonstrated a possible explanation with physical relevance for the initially observed acceleration. This feat is impossible in a purely self-limiting system. The introduction of a slowly dissolving passivation layer with low but finite permeability resolves this issue, and provides an acceleration mechanism for the diffusive fluxes involved in intermetallic layer formation. The calorimetric cycling method contributed with explicit quantitative capacity and heat transfer data to the validation of both out heat and mass transfer modelling. The hypothetic regeneration mechanism for naturally existing passivation layers, may be tested by further systematic variations of cycling conditions. A refined and validated model may have the potential to predict and extend the innate passivity domain of otherwise uncoated steel encapsulations, and beyond the current application may be of general interest for the understanding of wetting and corrosion phenomena. 
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 Performance stabilization Initial exploration found the main challenge to metal LH-TES to be posed by the corrosiveness of liquid aluminum alloys. Integration of experimental findings into numeric modelling has derived operation conditions which mitigate performance under active degradation. Operation temperature and encapsulation-PCM interface design in terms of surface to volume ratio consideration were fundamental to a conservative operation scenario. Primarily, this approach yields the estimate, that high volume to surface systems can expect manageable capacity aging, and encapsulation thinning, while still profiting from the excellent heat transfer properties provided by the Al PCM alloy family. Coatings from inert ceramics could be deposited by methods purposely developed, while scaled field tests have also revealed where the limitations of the diffusion barrier approach exist. The applied boron nitride coating prevented performance degradation efficiently during 500 h of testing under the harsh C1 type conditions. 95 % of the initial capacity remained at the end of this period, while the control experiment shows a reduction of 50% in the same period. Combining the results from isothermal lab scale tests, pressurized cyclic field experiment, and calorimetric cycling endurance testing. BN has been seen consistently and under variable and prolonged testing to have a beneficial effect on storage capacity. Coating breaches occurred under dynamic conditions more often than under relatively hotter isothermal conditions, pointing towards sufficient chemical resistance towards dissolution attack. Application of BN diffusion barrier coatings for performance stabilization may therefore preferentially most suitable in combination with high 𝑇෨ୠ, high 𝑅୦ applications, which do not rely on excessively dynamic storage displacement action. Under such conditions the inertness of h-BN may significantly enhance LH-TES container lifetime and thereby contribute to economical operation. Aggravated localized attack after puncture has not been confirmed nor denied by the data. If future investigations find that such mechanisms get enhanced by larger surface to volume ratio, pre-saturation of the PCM with Fe, Ni, or Cr may mitigate their severity. Thick coatings present an additional resistance to heat transfer, but not to a significantly greater extent than the growth an intermetallic layer may produce. The bare encapsulation starts out with 𝑢ଵ~6000 WK-1m-2, but loose the advantage quickly as layer growth is initially rapid. In both cases Bi would still be <1 after 800 h of cyclic operation.  
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 Outlook We have so far seen that although manageable, ceramic coatings add to the overall heat transfer resistance and may still not suffice under all conditions. Dense fully-ceramic encapsulations may deserve a second look, under conditions where a single layer shell of dense material may facilitate heat transfer compared to a tangible ceramic-metal laminate. Such an approach would reduce delicate ceramic metal interface design, which may balance the added cost of bulk technical ceramic raw material, compared to economic steel substrates. Recent advancements in our experimental approach may suggest that thin walled, self-supporting ceramic encapsulations can be fabricated to accommodate the internal pressure exerted by the PCM. Such encapsulations could be chemically lasting and potentially applied to the PCM in an efficient coat-on encapsulation process. Suitable materials may be obtained from gelled colloids with ultra-high h-Si3N4 particle loading directly deposited onto Al pellets to obtain mm-scale ceramic encapsulated PCMs of elliptical shape. Formulations of Si-(Na)-(Al)-O-N have been reported to be sluggish in crystallization behavior,[125],[126] which may enable the precursor encapsulation to accommodate the 8-15 % volume increase of the PCM during the annealing step, after which they can be crystallized and will only endure comparatively low thermomechanical force. The synthetic route via metal-oxide-polymers, in situ formed glassy functional intermediates, and finally obtaining refractory glass ceramic certainly is an exciting prospect, and diverse investigations spanning the fields of electronics and structural transparent glasses for device and building applications have been in progress.[125],[126] Promising materials synthesized in this work were intended for coating and sealing purposes of metal substrates. It can be regarded as synthesis from objective successes in regard the objectives (A) and (C), which contribute these new possibilities toward the next generation of mitigation strategies for liquid PCM encapsulation corrosion.    
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