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ABSTRACT 

Concentrating solar power (CSP) systems are a promising technology which helps to reduce greenhouse 

gas emissions linked with electricity generation. Molten salt systems such as nitrides, nitrates and are 

widely used as heat transfer fluids (HTF) in CSP plants. HTF is one of the most important components for 

overall performance and efficiency of the CSP system. The heat transfer fluids currently used in CSP 

systems are either hydrocarbon oils or alkali- nitrate based eutectic slat mixtures. Both nitrate based 

salts and hydrocarbon oil have limited operating temperature and thermal. Hence there is a need to 

come up with a new heat transfer fluids made from inexpensive naturally abundant materials, which are 

stable up to 1000 ᵒC. The Multidisciplinary University Research Initiative (MURI) team based at U of A 

has proposed molten chloride eutectic salt systems (NaCl,KCl, ZnCl2)  as a commercially viable HTFs. 

Indeed molten chloride eutectic salt systems increase the efficiency of the CSP systems at high 

temperatures while remaining stable and producing low vapor pressure. However, they raise the risk of 

potential corrosion in piping / container alloys. The main objectives of this work is to understand the 

corrosion mechanisms of metal alloys in contact with ZnCl2 based salt systems, purify low purity grade 

ZnCl2 salts in cost effective way and to investigate the alternative alloys, which are resistant to corrosion 

by ZnCl2. 
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Chapter 1: Introduction 

1.1 History of molten salt power plants 

Due to the rapidly increasing energy demand worldwide, novel sustainable and non-polluting energy 

sources are required. Vast efforts are being made by many modern countries to produce energy derived 

from renewable sources, primarily in solar cell technologies as well as wind & water turbine.  The 

benefits are substantial such as in acquiring energy independence as well as reduction in climate 

changing greenhouse gasses. Lesser developed nations shall also benefit greatly from technological 

development in renewable energies “efficiency” over fossil fuels. The most widespread source of 

renewable energy is currently solar energy in the form of photovoltaic solar cells which are expensive 

and polluting to produce. Instead, concentrated solar power systems use mirrors and lenses to 

concentrate sunlight in order to heat a heat transfer fluid which is used to generate the electricity 

through a heat engine.1,2,3,5  The heat transfer fluid can be either immediately used to produce steam 

and drive turbines or can be stored in large tanks for later use. CSP plants can therefore produce energy 

continuously even in the absence of sunlight, a major advantage in comparison to photovoltaics. 

 

 

Figure 1. Operating principle of a molten-salt tower (photo: Sharong Wong) 1 
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The most widely used concentrating technologies are parabolic trough, linear Fresnel reflector, solar 

tower and parabolic dish. The differences in concentrators are due to the way they track the sun light 

and whether the receiver is fixed or mobile. Both parabolic trough and linear Fresnel system mirrors 

track the sun along one axis. Tower and dish systems track the sun along two axes. The mobile receiver 

configuration can be found in parabolic trough and dish systems, and fixed receiver configuration is 

found in linear Fresnel and tower systems. The efficiency and overall performance of the CSP plants rely 

on properties of the molten salts. The desirable features of the molten salts include: (1) low freezing 

temperature; (2) high thermal conductivity and heat capacity; (3) higher thermal stability; (4) low 

corrosion with metal storage tanks; and (5) low viscosity and cost. 1 

 

Figure 2. Most widely use solar energy concentrating technologies  4      
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Table 1 below shows the composition and properties of a variety of molten salt mixtures used as heat 

transfer fluids. The widely used commercially available salt mixtures are solar salts (binary eutectic 

mixture of 60% NaNO3 and 40% KNO3), Hitec (ternary eutectic mixture of 53% KNO3, 40% NaNO3 and 7% 

NaNO2), and Hitec XL (7% NaNO3, 45% KNO3 and 48% Ca (NO3)2. Solar salts, Hetic and Hetic XL are stable 

up to 585, 535, and 500 ᵒC, but nitrates/nitrites worldwide production is restricted and Chile and Peru 

only have the largest mines.1 

Table 1. Thermal and physical properties of commonly used heat transfer fluids 1

 

The first solar power tower called THEMIS was introduced in 1984 in the French Pyrenees, and 

generated 2.5MW power by directly heating molten salts.  Solar power towers near Barstow, CA were 

operated in 1996-1999, which featured 3h of molten salt storage. The operating cost of California solar 

power plant was shared with several agencies in USA including U.S Department of Energy, Sandia 

National Laboratories and National Renewable Energy Laboratory (NREL). In 1996 the United States 

created a 10MWe power, the Solar Two Power Tower project and it was the first system which used 

molten salts as both heat transfer fluid and energy storage.3-5  This system successfully achieved thermal 

energy storage and it had energy storage capability for 3 hours. Gemasolar was the second solar tower 

system established in 2008 in Spain. This system used KNO3 and NaNO3 binary eutectic mixture as both 

HTF and energy storage media and has production capability of 17MW.Most commercial solar plant 

systems have been developed in the last decade. Spain (~60%) and USA (~40%) are the largest markets 

for the concentrated solar power technologies. The world largest solar power plant was built in Ivanpah 

dry lake , CA and it is capable of generating 392 MW electricity to power approximately 100,000 houses.  

The future goal set up for CSP plants is to generate 630MW power in 2050.2 
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1.2 Heat transfer fluids 

a) Solar Salt (60%NaNO3-40%KNO3 binary eutectic mixture) 

60%NaNO3-40%KNO3 is the molten salt mixture most commercially used in modern CSP plants and 

earned it its name as Solar Salt. This binary mixture melts at 223 ᵒC and shows thermal stability up to 

600 ᵒC. Solar salts are used as heat transfer fluids in Gemasolar power plant in Spain and Solar Two 

Power Power project located in California.2 

    

 

Figure 3.(a) Solar  two power tower near Barstow, CA Featured with 3h of molten-salt  (60%NaNO3-

40%KNO3) storage and plant was operated from 1996-1999 (photo: Sanida National Laboratories)         

(b) Gemasolar power tower with 15h of molten salt (60%NaNO3-40%KNO3) storage.1 
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b) 7%NaNO3-53%KNO3-40%NaNO2 (Hitec) 

Hitec is a ternary mixture of alkali-nitrates/nitrites and is used as heat transfer fluid and thermal storage 

in CSP plants. Hitec has good transport properties for solar plants and its viscosity is similar to water at 

higher temperatures. The melting point of Hitec is ~142 ᵒC and thermal stability of the salt mixture 

varies with the temperature.2    

c) 7%NaNO3-45%KNO3-48% Ca(NO3)2 (Hitec XL) 

Hitec XL is a ternary mixture of calcium, sodium and potassium nitrates. The melting point of the Hitec 

XL is 120 ᵒC which is much lower compared to solar salt and Hitec salts. Advantage of using Hitec XL is 

that the freezing problems can be easily controlled with it is lower melting point. The thermal stability of 

the ternary mixture limits its use to 500 ᵒC as solar salts and regular Hitec salts.2 

 

d) 28% NaNO3-52%KNO3-20%LiNO3 

Fernandez et al. and Olivers et al. carried out extensive studies to understand the effect of the LiNO3 on 

thermal stability of the ternary salt mixture. They have found that adding LiNO3 to the system improved 

the working temperature range up to 600 ᵒC. Further this mixture has viscosity 0.03Pa S at 300 ᵒC and 

shows good flow properties. The main disadvantage of this ternary mixture is that cost of LiNO3 is high 

($4.32/kg) and it leads to high cost of commercial CSP plant operation.2 

e) (9-18%)NaNO3-(40-52%)KNO3-(13-21%)LiNO3-(20-27%)Ca(NO3)2 (Sandia Mix) 

Bradshaw et al. have developed the Sandia quaternary salt mixture with a melting temperature of 100 

ᵒC. Thermal stability of the mixture is above 500 ᵒC and viscosity is less than 0.003 Pa s and applicable 

for CSP applications. The main disadvantage of this mixture is the high cost for large scale applications 

due to LiNO3 component.2 

f) 13.4%NaCl-33.7%KCl-52.9%ZnCl2 

Due to the limited availability, thermal stability and worldwide production of the nitrite/nitrate salts 

there is a pressing need to introduce competitive heat transfer fluid (HTF) to address issues associated 

with nitrate salt mixtures. The UA-MURI (Multi-University Research Initiative) project funded by US 

Department of Energy’s Sunshot program has focused on the development of an ionic metal chloride 

eutectic salt mixture as a potential heat transfer fluids for future CSP plants. Physical properties of the 

eutectic salt mixture such as thermal stability, thermal conductivity, viscosity and heat capacity have 

been studied extensively and found to be promising for CSP application. The ionic metal chlorides are 

abundant in nature and available at low cost. High melting point cubic ionic chlorides KCl and NaCl (~800 

ᵒC) mixed with a low melting tetrahedral ZnCl2 can form a low temperature ternary eutectic salt mixture. 

The ternary eutectic mixture shows thermal stability at high temperatures >800 ᵒC due to the 

complexation between ionic and transition metal chlorides at high temperatures.3   
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1.3 Corrosion due to Heat Transfer Fluids 

Higher operating temperatures increase the efficiency of the plants but may also lead to degradation via 

corrosion. Corrosion of the piping /container alloys in contact with ternary eutectic metal chloride salts 

is the major issue for future potential operation in CSP plant. These salts are highly corrosive to steel, 

particularly in the presence of impurities and moisture. Yang et al. used three different alloys containing 

chromium, nickel and iron and immersed alloys in NaCl at 850 ᵒC for 168 hours. They concluded that Cr 

was the major contributor for the total mass loss and predominantly occurred at grain boundaries. The 

nickel and iron based alloys formed the Cr2O3 passivation layer which help to prevent chromium 

leeching from the alloy surface. Recent studies also showed that chloride in aqueous solution can 

breakdown the passive Cr2O3 oxidize layer and enhanced the corrosion reaction. 6,7  

Corrosion mitigation can be done by proper material selection matching the structural metal to the HTF 

that it contains. Protective oxide layer can be used to protect the contacting metal alloy but it should 

show low solubility.  

There are number of ways used to determine the corrosion rates. Gravimetric analysis is the most 

common method to determine the corrosion rate by tracking the mass loss of the samples. A 

disadvantage of this method is that experimental test may take several weeks or months to complete. 

The electrochemical methods such as voltametric methods and EIS can be used to determine the 

corrosion rates however it only provides short term corrosion information and it is difficult to 

implement rigorously at high temperatures. These techniques therefore need to be corroborated by 

material characterization methods (spectroscopy, microscopy, diffractometry ) to obtain detailed 

information about corrosion mechanisms, material changes and surface reactions. 8 

1.4 Thesis objectives  

The main objective of this mater’s study is to investigate issues related to corrosion of structural alloys 

exposed to ZnCl2-based molten salts. Chapter 2 reviews the current state of knowledge related to 

corrosion processes in dry and hydrated ZnCl2-based salts at high temperature. In chapter 3, a 

purification method for drying low-cost ZnCl2 salts in demonstrated. In chapter 4, the hydration kinetics 

of ZnCl2 salts exposed to air is characterized. In chapter 5 the corrosion of C-276 Hastelloy exposed to 

purified salt is investigated by EDS and TEM. Finally, in chapter 6 a series of alternative structural alloys 

is tested to identify a suitable Hastelloy which can show resistant to corrosion by ZnCl2 based molten salt 

mixtures. Conclusions are provided in chapter 7. 
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Chapter 2: Background study 

Various compositions of ZnCl2-KCl binary and ZnCl2-KCl-NaCl ternary molten salts at 800 ᵒC were studied 

to find the most suitable next generation heat transfer fluids for concentrated solar systems. Series of  

experiments were performed to understand the corrosion mechanisms of Hastelloy metals in contact 

with ternary eutectic salts at high temperatures ≥ 800 ᵒC. Gravimetric corrosion tests, EDS elemental 

mapping and cross section imaging have been performed to obtain a detailed picture of corrosion 

effects such as morphology and compositional changes or mass gain/loss.  Both ultra-high and low 

purity grades salts were used in anaerobic and non-anaerobic environments to characterize the 

corrosion mechanisms.  Based on these observations, two different corrosion mechanisms were 

proposed for anaerobic and non-anaerobic environments. 

 

2.1 Corrosion of Hastelloy C-276 coupons exposed to ZnCl2 salts at 800 ᵒC under anaerobic conditions  

The corrosion mechanism of Hastelloy C-276 coupons (~57% Ni, 16% Cr, 16%Mo, 5%Fe, 4%W, 2.5% Co) 

exposed to unary and ternary ZnCl2 mixtures in anaerobic conditions at 800 ᵒC for 30 days was 

established during previous studies performed by our group. Results show that C-276 Hastelloy coupons 

undergo massive substitution of Cr by Zn from the melt for all compositions and can reach corrosion 

rates as high as 75µm/month at 800 ᵒC. SEM cross section images of the Hastelloy C-276 coupons after 

immersion in molten ZnCl2 are shown in Figure 1. As shown in the SEM images, the unary ZnCl2 sample 

shows a rougher surface compared to the ternary eutectic salt sample (44.3% ZnCl2- 41.9% KCl-13.8% 

NaCl ) indicating lesser surface damage occurred in ternary sample. 

 

     

(a)         (b) 

Figure 1 . SEM cross section images of Hastelloy C-276 coupons after immersion in (a) high purity unary 

and (b) ternary ZnCl2 salts at 800 ᵒC for 30 days. 
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Figure 2 shows EDS elemental mapping of cross section of C-276 Hastelloy coupons exposed to unary 

and ternary ZnCl2.  Zn and Cr-EDS elemental maps clearly show a complementary profile indicating that 

some Cr containing regions of the Hastelloy C-276 were substituted by Zn from the melt. Unary ZnCl2 

sample shows higher Cr substitution depth compared to the ternary eutectic salt mixture. This is 

consistent with the higher activity of Zn2+ in the unary melt. 

    

 

   

 Figure 2. EDS elemental maps of Cr and Zn for Hastelloy C-276 after immersion in (a) 99.99 ultra-dry  

ZnCl2 and (b) ternary eutectic salt mixture at 800 ᵒC for 30 days. 
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The substitution mechanism is further confirmed in the close up images of the Hastelloy coupon surface 

shown in Figure 3.  

 

Figure 3. Close up image of the Hastelloy C-276 coupon surface after exposure to ternary eutectic salt 

mixture at 800 ᵒC for 30 days. 

The effective depth of Cr depletion out of the Hastelloy coupon has been analyzed for different molar 

fractions of ZnCl2 in ZnCl2-KCl binary mixture to understand the effect of molar fraction of ZnCl2 on the 

corrosion mechanism. Table 1 below show the depth of Zn/Cr substitution estimated from Cr-EDS 

elemental mapping and mass loss measured using gravimetry. These results show a very good 

correlation between molar fraction of ZnCl2 and effective depth of Cr diffused out, as anticipated. 

Gravimetric experiments show mass gain for coupons exposed to binary 50% ZnCl2-50% KCl and 

75%ZnCl2-25% KCl mixtures and mass loss for unary ZnCl2 salt sample. Gravimetric results were not 

coherent with the depth of penetration results measured using EDS elemental mapping and results 

further emphasis the inadequacy of gravimetry for corrosion assessment. 

 

Table  1. Mass loss % measured by gravimetry and Zn/Cr penetration depth estimated from EDS for 

different molar compositions of ZnCl2/KCl binary salt mixtures on thinner 0.06 inch Hastelloy C-276 

coupons. 

Salt 

Composition 

ZnCl2-KCl 

(50%-50%) 

ZnCl2-KCl 

(75%-25%) 

ZnCl2 

(100%) 

Mass Loss 

(%) 

-1.78 

(±0.12) 

-2.29 

(±0.19) 

0.18 

(±0.03) 

Depth of Zn/Cr 

substitution 

30-50 μm 40-60 μm  50-75 μm 
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The substitution reaction is consistent with Gibbs free energy of reaction estimates shown in Fig. 4. The 

Ellingham diagram shows the free energy of formation of CrCl2 and ZnCl2 according to reactions, Cr+Cl2 

→ CrCl2 and Zn+Cl2 → ZnCl2. It is found that ΔG of the reaction Cr + ZnCl2 → Zn + CrCl2  is negative at 

elevated temperatures above 800 ᵒC. 

 

Figure  4. Ellingham diagram showing the free energy of formation per mole of Cl2 for CrCl2 and ZnCl2 

according to reactions Cr+Cl2 → CrCl2 and Zn+Cl2 → ZnCl2. 

This suggested mechanism is consistent with the Zn/Cr substitution depth shown in the Table 1 however 

the above calculations do not take into account the activity of ZnCl2 and Cr in the actual experimental 

conditions which may lead to significant variation of the cross-over temperature in the Ellingham 

diagram. 

Hence, in order to confirm the presence of metallic Zn in Hastelloy C-276 coupons exposed to molten 

salts at 800 ᵒC, XPS studies were carried out on a Hastelloy C-276 coupon after immersion in UD ZnCl2 at 

800 ᵒC for 30 days. The results of Fig. 5 show that a ZnO surface layer is initially present due to the 

washing and drying procedure. However, removal of the ZnO film by sputtering with an Ar ion beam 

reveals the presence of metallic Zn. All three characteristic peaks of Zn(0) start to show after 20 minutes 

of sputtering. As sputter time is increased (360 mins) and a greater depth of sample is removed the 

metallic Zn peak increases. This clearly confirms that Zn is introduced in the metallic state in the coupon.  
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Figure 5. XPS spectra of Hastelloy C-276 immersed in molten ZnCl2 at 800 ᵒC for 30 days as a function of 

sputtering time to remove ZnO surface layer. 

In order to confirm that Ar+ sputtering itself did not induce reduction of ZnO to metallic Zn, the validity 

of the XPS results was checked by preparing a ZnO sol-gel thin film (~100 nm) and the same sputtering 

sequence was used as for the Hastelloy sample. The results of Fig. 6 show the decrease of intensity of 

the characteristic Zn(II) peak as the film is etched and no sign of characteristic Zn(0) peaks near 992eV 

and 996eV.These results unambiguously confirm that sputtering process does not reduce the Zn(II) to 

Zn(0) and that Zn metal was indeed initially present in the coupon. 
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Figure 6. XPS data of a ZnO sol-gel thin film as a function of sputtering time 

 

Based on the above observations, the following corrosion mechanisms have been proposed to explain 

the corrosion of Hastelloy C-276 in ZnCl2 salts under anaerobic conditions. 

1. At elevated temperatures above 800 ᵒC ,Cr is unstable against ZnCl2 melt and it oxidized to Cr 2+  

Cr + ZnCl2 → CrCl2 + Zn 

2. CrCl2 is soluble in unary, binary and ternary ZnCl2 salts and CrCl2 diffuses out of the melt. This 

hypothesis further confirmed by ICP-MS measurements of the salt which contained high Cr 

content consistent with amount loss by the Hastelloy coupon. 

3. It is well known that Cr diffuses rapidly in Hastelloy, hence further Cr diffuses from the center of 

the coupon as it is consumed and solubilized at the surface. 

4. Zn embrittlement is taking place during this process as a molten metallic Zn layer is reduced at 

the Hastelloy coupon surface and easily diffuses within the coupon and substitute in the voids 

left by Cr. 
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2.2 Corrosion of Hastelloy C-276 coupons exposed to molten ZnCl2 salts at 800 ᵒC with oxidizer (H2O 

and O2) present  

Corrosion experiments were carried out using lower purity grade ZnCl2 salts with medium and low 

impurity content to investigate the effect of H2O and O2 on the corrosion mechanisms. SEM cross 

section images were used to examine the surface damage of the Hastelloy C-276 coupons after 

immersion in molten low purity ZnCl2 salts at 800 ᵒC for 30 days. Furthermore EDS elemental mapping 

was used to investigate compositional changes. 

The cross section SEM images (Figure 7) of Hastelloy C-276 coupons immersed in ZnCl2 containing H2O 

and O2 were collected and analyze to check the surface damage of the coupons. Hastelloys coupons 

immersed in 99.95% purity ZnCl2 showed a very clear surface pitting down to a depth of between 30-60 

µm. The lower purity grade 97% ZnCl2 samples do not show distinguishable surface pitting but 

intercalated materials can be seen in the top ~30 µm of the surface. Corrosion rate and mass loss of the 

Hastelloys in molten ZnCl2 salts (800 ᵒC for 30 days) were calculated based on the gravimetric results and 

shown in Table 2 below.  

 

Figure 7. SEM cross section image of Hastelloy C-276 immersion in ZnCl2 based salts (a) low H2O/O2 

content ZnCl2 salt and (b) medium H2O/O2 content ZnCl2 salt at 800 ᵒC for 30 days. 

Table 1.Corrosion rate of Hastelloy in ZnCl2 melt of various purity exposed to air for 30 days at 800°C. 

Salt 

Composition 

Low H2O/O2 content 

ZnCl2 

Medium 

H2O/O2contentZnCl2 

Mass Loss 

(%) 

1.64 (±0.52) 3.39 (±0.48) 

Corrosion Rate 

(µm/yr) 

62.5 (±20) 129 (±18) 

 

Figure 8 shows EDS elemental mapping collected for both low and medium H2O/O2 content ZnCl2 salt  

samples. Both ZnCl2 samples show a Cr2O3 layer on Hastelloy coupon surface as anticipated in the 

presence of H2O and O2. Cr-EDS map of low H2O/O2 content ZnCl2 salt sample shows a very clear Cr 

depletion layer beneath a thin Cr2O3 layer to a depth of ~100 µm. The medium H2O/O2 content ZnCl2 salt 

shows a thick Cr2O3 surface layer on the coupon surface. Interestingly the Ni-EDS map shows a depletion 
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layer to a depth of 50-75µm, which appears to be substituted by Zn as shown in the Zn-EDS maps. This is 

only observed for significant H2O/O2 contents. 
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Figure 8. EDS elemental mapping of cross section of Hastelloy C-276 coupons exposed to ZnCl2 salt (a) 

low H2O/O2 content ZnCl2 salt, (b) medium H2O/O2 content ZnCl2 salt at 800 ᵒC for 30 days. 
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Based on the above observations, the following corrosion mechanisms have been proposed to explain 

the corrosion of Hastelloy C276 in impure ZnCl2 salt. 

1. H2O and O2 can contribute to enhance the corrosion process of Hastelloy C-276 as shown below. 

(a) 4Cr + 3O2 → 2Cr2O3 

(b) 2Ni + O2 → 2NiO 

(c) 2Cr + 3H2O + 3/2O2 → 2Cr(OH)3 

(d) Ni + H2O + ½O2 → Ni(OH)2 

(e) Ni(OH)2 + ZnCl2 → NiCl2 + Zn(OH)2 

2. In the presence of low water content reaction (a) and (b) dominates and Cr oxidize first and 

diffuse rapidly while Ni stays unaffected since Ni is less reactive compared to the Cr. 

3. As Zn is not reduced on the Hastelloy surface, no Zn/Cr substitution is observed. 

4. In the presence of water, reaction (c) and (d) both can take place and both Ni and Cr are 

consumed. 

5. Zn(OH)2 is more stable than Ni(OH)2,therefore ionic substitution occurred according to the 

reaction (e) and Ni(OH)2 is solubilized while Zn(OH)2 is deposited on the surface. This hypothesis 

is further confirmed by ICP-MS measurements on the salt that show large amounts of Ni 

dissolved in the salt. 

6.  Zn(OH)2 cannot diffuse in the Hastelloy and no Zn/Cr substitution is observed 

 

In order to confirm the water content of the salt used in this experiment, the water content of the low 

purity ZnCl2 salt samples were characterized using FTIR spectroscopy and quantified based on –OH 

stretching and bending peaks.  Samples purchased from Alfa Easar as 99.95% and 97% ZnCl2 samples 

show –OH stretching peak around 3357 cm-1 and bending peak around 1604 cm-1. However, the FTIR 

results show that the hydration level is contrary to that expected from the stated purity as 97% ZnCl2 

sample shows lower water quantity compared to 99.95% ZnCl2 sample as shown in Figure 9. 
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Figure 9. ATR-FTIR spectra of 99.95% and 97% purity ZnCl2 samples.  

The 99.95% ZnCl2 was therefore labelled as medium H2O/O2 content ZnCl2 while 97% purity ZnCl2 was 

labelled as low H2O/O2 content ZnCl2 . 

2.3. Conclusion  

Hastelloy C-276 is not thermodynamically stable in molten ZnCl2 salts at elevated temperatures above 

800 ᵒC under anaerobic conditions. As showed in SEM images Hastelloy C-276 undergo massive Zn/Cr 

substitution which damages the Hastelloy surface. During this process ZnCl2 is reduced to metallic Zn, 

which leads to Zinc embrittlement and eventually loss of mechanical properties of the Hastelloy. In 

addition Hastelloy C-276 is vulnerable to corrosion in the presence oxidizers (H2O, O2). Oxygen or water 

oxidizes Cr to form Cr2O3 surface layer and oxidizes Ni when large oxidizer content are present. Zn/Cr 

substitution reaction did not take place since Zn is not reduced during this process. 
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Chapter 3: Determination of relative water content of commercial low purity 

grade ZnCl2 salts and purification of low purity grade 97% ZnCl2 salts 

3.1 Introduction  

Concentrating solar power (CSP) systems are a promising technology which helps to reduce greenhouse 

gas emissions linked with the generation of electricity.  Solar radiation is concentrated by using 

programmed mirror systems and the generated heat is collected by thermal energy carrier called heat 

transfer fluids. The properties of the heat transfer fluids define the overall performance and efficiency of 

the CSP plants. Molten salt systems such as alkali nitrates/nitrites and chlorides are widely used as heat 

transfer fluids (HTF) in CSP plants.9,10,11,12 The main drawback of salt systems using low cost affordable 

salts is resulting corrosion of piping and container materials in the presence of water and oxygen. To 

address this issue, ultra-high purity salts have been used to make molten salt systems, however the 

main disadvantage of ultra-high purity salt is the high cost compared to lower purity grade salts. Most of 

the commercially available lower purity grade salts are contaminated with water impurities; these water 

impurities are responsible for enhancing the corrosion of the containers and piping alloys.  

Three eutectic compositions of ternary metal chloride systems (ZnCl2-NaCl-KCl) have been studied 

rigorously by the Multi-University Research Initiative (MURI) team to confirm the suitability of ternary 

eutectic salt systems for next generation heat transfer fluid. The corrosion mechanisms of Hastelloy C-

276 contact with ternary eutectic salt mixtures at elevated temperatures above 800 ᵒC have been 

studied using both ultra-high purity and low purity salts. There is a lower corrosion rate for metal in 

ultra-high purity salts comparatively to lower purity salts. The corrosion rate is lower when salt does not 

contain water and oxygen as expected from the reduction potentials of metal and salt. Hence removal 

of water impurities from ZnCl2 salts is essential before they are used as a heat transfer fluid in CSP 

systems.  

ZnCl2   is commercialized with considerable range of price and purity.  Considerable cost reduction can be 

achieved by selecting low purity grade industrial salts to synthesis heat transfer fluids. In order to 

compare the price and purity of the industrial ZnCl2 batches, lowest cost ZnCl2 salt samples were 

obtained from three different venders (Alfa Easar, Alibaba, Zaclon). The hydration levels of these three 

salts were characterized using TGA and FTIR.   

Then, a new method was investigated to purify low purity commercial grade ZnCl2 salts in a cost-

effective manner by removing water impurities. A 97% Alfa Aesar ZnCl2 salt was used to investigate the 

purification set-up. Purification parameters were optimized on small sample (5mg) using DSC and TGA 

and similar conditions were then applied to purify medium-sized samples (10-25g). DSC and FTIR-ATR 

studies were performed to confirm the removal of water after the dehydration process.  
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3.2 Experiment  

3.2.1 Optimization of parameters for the purification of 97% Alfa Asear ZnCl2 salt 

The NETZCH Jupiter STA consist of high temperature heat flux DSC and TGA with a working temperature 

range between 25 to 1500 ᵒC. This instrument consists of several units: a hoisting device, 

thermocouple, heating element, sample carrier, radiation system, power supply unit, controller unit 

connected to the PC, vacuum system and cooling system. The measurement unit is shown in Figure 1.  

The furnace and cooling system is housed inside the large metal cylinder and it can be manually lifted up 

and down to access to the probe holder. The probe holder consists of Al2O3 rod, Pt/Rh type S 

thermocouple and Al2O3 disc. Pt pans with Al2O3 liner were used as sample and reference crucibles. A 

steady flow of inert gas is used to avoid the oxidation of the test species during the experiment.   

 

Figure 1. Instrumental set-up of simultaneous thermal analysis (STA) 
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Dehydration experiments were performed to investigate removal of the water contaminations of 97% 

ZnCl2 salts. The optimization of dehydration parameters such as temperature and time were selected 

using differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) results. The 

experiments were performed in NETZSCH Jupiter STA under flow of argon gas. The melting point of the 

low purity grade 97% ZnCl2 was found to be 274.5 ᵒC. Therefore, 250 ᵒC was chosen as the isothermal 

holding temperature to remove impurities from ZnCl2 without melting it. Regular time intervals such as 

1, 2, 3, 3.5, 4, 4.5 and 5 hours were chosen to optimize isothermal holding temperature at 250 ᵒC. The 

experiments were repeated 3 times to investigate the reproducibility of data. The initial mass of the 

samples was kept constant (~5mg) during all experiments performed with different time intervals. 

Samples were prepared inside the glove box under oxygen and water levels lower than 0.1 ppm. The 

flow rate of the protective gas was set at 50ml/min and flow rate of the protective gas was 20 ml/min.  

A systematic temperature program is necessary to perform this experiment and a temperature program 

was designed to remove the water impurities of low purity 97% ZnCl2 salt. The temperature program 

used to carry out the dehydration process is shown in Table 1 below and isothermal holding times of the 

program were changed accordingly to optimize dehydration. 

Table 1. Temperature program used in NETCH STA Jupiter to purify low purity 97% ZnCl2 samples. X 

represents the isothermal holding times used such as 1, 2, 3, 3.5, 4 and 5 hours during the experiment. 

Number 

of steps 

Mode Temperature 

( ᵒC ) 

Heating 

rate 

(K/min) 

Data 

acquisition 

rate  

(Pts/min ) 

Time 

(hours: 

minutes) 

Carrier 

gas flow 

rate 

(ml/min) 

Protective 

gas flow 

rate 

(ml/min) 

1 Initial 35    50 20 

2 Isothermal 35  50.00 00:10 50 20 

3 Heating 

Ramp 

250 20.000 200.00 00:11 50 20 

4 Isothermal 250  20.00 0X:00 50 20 

5 Cooling 

Ramp 

25 20.000 200.00 00:11 50 20 

6 Heating 

Ramp 

375 20.000 200.00 00:18 50 20 

 

 

 

 



32 

 

3.2.2 Purification of medium size 97% ZnCl2 samples using a tube furnace 

Purification of medium size samples (15-20 g) was performed using a tube furnace. The special purifying 

quartz glass tube was designed to carry out purification process inside the tube furnace. Figure 2a and 

2b below illustrate the experimental set up and the quartz tube. Fritted glass was used at the bottom of 

the quartz tube to send argon gas inside to the quartz tube. Argon gas is circulated inside the quartz 

tube and gas flow rate, 50ml/min was controlled with a flow controller External thermocouple and 

temperature controller is attached to the tube furnace to set up the heating rate and to maintain the 

precise temperature control throughout the experiment. 
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Figure 2. (a )The quartz tube designed to use for purification process of medium size salt batches. The 

system has two opening end tubes to maintain a steady sate Ar flow inside the quartz tube. The end 

tubes are properly sealed using Swagelok stainless steel ultrahigh vacuum fittings and glass connectors 

to make sure there is no air contamination inside the quartz tube during purification. (b)  The tube 

furnace used for the purification process. To get a precise temperature control over the experiment the 

furnace is connected to temperature controller and external thermocouple. 

 

Quartz tube with a frit glass at 

the bottom 

Tube furnace  

Quartz tube 

Temperature 

controller  
Ar gas cylinder 

Pressure gauge  

b 

a 
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3.2.3 Sample preparation to check water content and hydration of the ZnCl2 salts 

Fourier transform infrared (FTIR ) spectrometer (Bruker Tensor ) sample compartment was equipped 

with a horizontal attenuated total reflectance cell (Pike HATR ) to obtain ATR spectra. The ATR cell was 

cleaned with deionized water followed by ethanol before the experiments. The wave number range of 

4000-400 cm-1 was used to collect the spectra with 4cm-1 resolution at room temperature. At least 40 

scans of both background and sample were conducted to achieve an adequate signal to noise ratio. The 

background correction was carried out before every sample run. 

All slats including Zaclon, Alibabab, ultra-dry ZnCl2, 97 % low purity ZnCl2 and purified ZnCl2 salts (heated 

at 250 ᵒC for 3.5 hours ), were stored inside the glove box before analyzes of the remaining water 

present . Approximately 1-2 g of salt was used to fill up the ATR cell. The ATR cell was sealed properly 

inside the glove box under ultra-high purity Ar atmosphere with lower oxygen and water levels of 

0.1ppm. The sealed ATR cell was carefully taken out from the glove box, transferred into the HATR base, 

and ATR spectra were collected.  
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3.3 Results and Discussion 

3.3.1 Determination of relative water content in low purity ZnCl2 commercial salts. 

There are many industrial vendors in the market claiming large range of purity and pricing for the ZnCl2 

salt.  Substantial cost reduction can be achieved by choosing low grade purity salts to synthesis heat 

transfer fluids for CSP applications.  Impurities present in the low cost salts (H2O, O2, ZnO, BaSO4 ) can 

have significant effect on the properties of the HTF in particularly thermal stability and corrosion of the 

Hastelloy pipes and tanks. Hence characterization of water impurities in different ZnCl2 salts is 

important. 

In-situ experiments (ATR-FTIR  and TG) were carried out to characterize the relative water content of 

97% low pure Alfa Asear, Alibaba (<95%) and Zaclon (<95%) ZnCl2 salts.  

3.3.1.1 ATR-FTIR results 

Figure 3 shows the FTIR-ATR spectra of three samples taken from the same batches of ZnCl2 salts. The 

spectra show two prominent peaks at ~3400 cm-1 and ~ 1600 cm-1. The peaks correspond to –OH 

stretching and bending vibrations. The results show different intensities for –OH stretching and bending 

vibrations, this indicates non-homogenous water content throughout the same batch of salt.  

 

97% Alfa Aesar ZnCl2 sample  

 Run 1 

 Run 2 

 Run 3 
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 Alibaba ZnCl2 sample  

  Run 1 

  Run 2 

  Run 3 



37 

 

 

Figure 3. FTIR-ATR spectra of ZnCl2 salt from 97% Alfa Aesar, Alibaba and Zaclon measured three times 

to show variability of the water content throughout the same batch. Characteristic –OH stretching and 

bending modes are seen at ~3400 cm-1 and ~1600 cm-1. 

3.3.1.2 TGA results 

Thermogravimetry (TG ) experiments were then used to characterize the mass loss of the ZnCl2 samples 

during isothermal holding at 250 ᵒC. The mass loss of the samples was due to the removal of the water 

impurities. The Y axis of the graph shows the percentage of mass loss (%TG) during the purification 

process and the X axis shows the total time (minutes) of the experiment. Figure 4 shows the drying of 

97% Alfa Asear, Alibaba and Zaclon ZnCl2 salts measured on the same samples used for the FTIR-ATR 

experiments. The significant changes in mass loss are a clear indication of the inhomogeneous nature of 

the commercial ZnCl2 batch. The TG % mass losses are consistent with the FTIR-ATR results, showing the 

difference in the hydration level across the ZnCl2 commercial batches. 

Zaclon ZnCl2 sample 
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            Run 2 

            Run 3 
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Figure 4. Thermogravimetric measurement for the isothermal treatment at 250 ᵒC for 3.5 hours of three 

samples of (a) 97% Alfa Aesar (b) Alibaba and (c) Zaclon ZnCl2 samples (All three samples were taken out 

from the same batch of salt and each run used the same sample of salt in both ATR-FTIR and TG 

experiments). 
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3.3.1.3 Determination of Pearson’s correlation coefficient for different ZnCl2 samples 

The correlation between FTIR (intensity of the peak at 3400 cm-1 ) and TG %mass loss results were 

found using the Pearson’s product correlation coefficient. Pearson’s correlation coefficient can be used 

to determine the linear correlation between two variables. The correlation coefficient can get values 

between -1 to +1. The +1 indicates the strong positive correlation between two variables,-1 indicates 

strong negative correlation and 0 indicates no correlation. The statistical analysis used to find the 

Pearson’s product correlation coefficient is shown below. 

� ��, � � = 	
� ��, ��
���

                 �������
� 1 � 

Covariance of the sample can be calculated as follow. 

	
� ��, �� = � ��� − �̅� ��� − �� �
�

�
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The equation can be modified using two variables, in this experiment: intensity of the FTIR peak at 3400 

cm-1 and % mass loss from TG results. 
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              �������
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Where: � is the Pearson product correlation coefficient, �� is the intensity of the FTIR peaks at 3400 cm-1  

��  is the % mass loss from TG results; cov is the covariance,  �̅ is the mean of FTIR data and  �� is the 

mean of the % mass loss data, N is the sample size,  ��� is the standard deviation of FTIR and TG 

results. 
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Table 4 below show the measured FTIR peak intensities at 3400 cm-1 and corresponding % mass loss 

results of three different runs of each ZnCl2 samples. Standard deviation and covariance was calculated 

for three different runs to find out the Pearson product correlation coefficient for each salt. 

Table 4. The –OH peak intensities at ~3400 cm-1 for each FTIR-ATR measurements of the three batches 

of salt tested: 97% Alfa Aesar, Alibaba and Zaclon. Standard deviation, covariance and Pearson 

correlation product of three batches of salts are shown. 

ZnCl2 sample   Intensity of FTIR peak at 

3400 cm-1 

% mass loss from TG 

97% Alfa Aesar Run 1 3.5 1.45 

 Run 2 4.74 1.6 

 Run 3 14 2.75 

 Standard deviation 4.86  

 Covariance 2.71  

 Pearson correlation 0.999  

    

Alibaba Run 1 1.5 0.8 

 Run 2 1.8 2.75 

 Run 3 5.8 6.7 

 Standard deviation 1.81 2.45 

 Covariance 4.31  

 Pearson correlation 0.965  

    

Zaclon Run 1 5.25 3.25 

 Run 2 7 4.75 

 Run 3 6 4 

 Standard deviation 0.71 0.61 

 Covariance  0.43  

 Pearson correlation 0.996  
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 97% Alfa Aesar, Alibaba and Zaclon resulted in three different intensities for –OH peaks even though 

each run came from same batch of ZnCl2 salt. The relatively large standard deviation obtained for three 

different ZnCl2 samples evidence that water content is inhomogenous throughout the same batch of 

salt. 97% Alfa Aesar, Alibaba and Zaclon ZnCl2 samples show the Pearson product correlation as 

+0.999,+0.965 and + 0.996. According to the calculations both 97% Alfa Aesar and Zaclon samples show 

perfect linear correlation between FTIR and TG data. The linear correlation plots ( %mass loss vs 

Intensity of –OH ) constructed for three different ZnCl2 samples shown in Figure 5 below.  

 

 

Figure 5. A plot of %mass loss vs Intensity of –OH stretching peak at 3400 cm-1 for 97% Alfa Aesar, 

Alibaba and Zaclon ZnCl2 samples. 
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3.3.2. Optimization of the parameters for purification process 

3.3.2.1 Differential scanning calorimetry 

Differential scanning calorimetry (DSC) was used to measure the melting points of the 97% ZnCl2 

samples after different holding times at 250 ᵒC.  Figure 6 shows the DSC graphs of purified ZnCl2 samples 

after different isothermal holding times at 250 ᵒC.  The Y axis of the graph shows the amount of heat 

required to increase the temperature of the sample (µV/mg) and the X axis shows the temperature (ᵒC).  
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Figure 6. The differential scanning calorimetry plots of 97% ZnCl2 samples after different holding times at 

250 ᵒC. (a)  1 hour holding at 250 ᵒC. (b) 2 hours holding at 250 ᵒC. (c ) 3 hours holding at 250 ᵒC. (d ) 3.5 

hours holding at 250 ᵒC. (e ) 4 hours holding at 250 ᵒC. (f ) 5 hours holding at 250 ᵒC. 

The onset peak temperatures of the different samples were found using NETZSCH STA Jupiter data 

analyzing software using the tangent construction shown in Fig. 6. The results are shown in Table 2 

below. The shifting of the melting point upon heating treatment at 250 ᵒC was due to removal of the 

impurities from the samples. This provides evidence for the effectiveness in the purification process. The 

melting point shift upon water removal is illustrated in Figure 7 below. 

 

Table 2. Melting point data of 97% ZnCl2 samples during different holding times at 250 ᵒC. (Overall 

change of the melting points of the samples were calculated and repeated three different samples run 

for 3.5 ,4 and 5 hours holding times and show with the standard deviation). 

Isothermal holding time 

(hours ) 

0 1 2 3 3.5 4 5 

Melting point  ( ᵒC) 274.5 291.8 297.3 300.5 303.5±0.51 302±1 302±0.56 

Melting point elevation 

with respect  to 

reference low purity 

97% ZnCl2 sample ( ᵒC ) 

0 17.3 22.8 23.8 29 26.3 26.5 
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Figure 7.  Change of melting point of the 97% ZnCl2 upon purification process as a function of time 

Elevation of the melting point of the ZnCl2 samples was observed upon increasing the isothermal holding 

time up to 3.5 hours. The maximum melting point increase from 274 ᵒC to ~302 ᵒC is achieved after 3.5 

hours and the samples dried for 4, and 5 hours did not show further increment of the melting points. 

This indicates that there are no more water impurities that can be removed after 3.5 hours at 250 ᵒC.    
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3.3.2.2 Thermogravimetry 

Thermogravimetry (TG ) experiments were then used to characterize the mass loss of the ZnCl2 samples 

during the different isothermal holding times at 250 ᵒC. The mass loss of the samples was due to the 

removal of the water impurities. The Y axis of the graph shows the percentage of mass loss (%TG) during 

the purification process and the X axis shows the total time (minutes) of the experiment. The dotted line 

shows the temperature profile with respect to time throughout the experiment. The lines parallel to the 

x axis marked as region 1 and 3 corresponding to the isothermal holding times at temperatures of 35 ᵒC 

and 250 ᵒC. The ramping regions marked as 2, 4 and 5 indicates the heating and cooling steps of the 

sample. 

Different regions of mass losses can be seen in the TG graph as shown in Figure 8. Region 1 corresponds 

to the initial temperature hold at 35 °C and shows mass gain due to the buoyancy effect. The buoyancy 

effect is dependent on the volume of the substance and the density of the carrier gas. The buoyancy 

effect arises from the flow of carrier gas and the crucibles stabilize at a certain temperature. Region 2 

shows the heating of the sample from 35 to 250 ᴼC and mass loss can be seen in that region. The mass 

of the sample then gradually decreases during the isothermal hold at 250 ᴼC for 3.5 hours as shown in 

region 3. There is no significant additional mass loss during the cooling step (250- 25 ᵒC) and the melting 

point measurement step (25-400 ᵒC) of the sample as shown in regions 4 and 5. 

 

 

Figure 8. Thermogravimetric data of 97% ZnCl2 sample hold at 250 ᵒC for 3.5 hours. The regions marked 

as 1,2,3,4 and 5 shows the different mass loss regions. 
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Figure 9 shows the TG results for a 97% ZnCl2 sample during 3.5, 4 and 5 hours isothermal holding at 250 

ᵒC. Three different runs marked as: run1, run 2, run 3 were performed for each isothermal holding times 

with samples taken from the same batch of ZnCl2. The three different runs were collected to investigate 

the variability in mass loss across samples taken from the same batch of ZnCl2. The initial mass loss takes 

place during first heating step of 35-250 ᵒC and then during the isothermal holding step at 250 ᵒC. The 

mass loss in other regions was not significant and therefore was not taken into account.  
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Figure 9. (a) Thermogravimetric measurement for the isothermal treatment at 250 ᵒC for 3.5 hours of 

three different samples of 97% ZnCl2. (b) Thermogravimetric measurement for the isothermal treatment 

at 250 ᵒC for 4 hours of three different samples of 97% ZnCl2 and (c) Thermogravimetric measurement 

for the isothermal treatment at 250 ᵒC for 5 hours of three different samples of 97% ZnCl2 taken from 

the same batch of salt. 
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Based on both initial and isothermal mass loss regions, the total mass loss percentage of the samples 

was calculated. Table 3 shows the calculated total mass loss percentage of 3.5, 4 and 5 hours isothermal 

hold samples. It is found that the three different runs performed for each holding time show significant 

variation in mass loss. The significant changes in mass loss are a clear indication of the inhomogeneous 

nature of the commercial ZnCl2 batch. The inhomogeneity reflects the difference in hydration level 

across the ZnCl2 batch. 

Table 3. %Total mass loss results of 97% ZnCl2 samples holding at 250 ᵒC for 3.5,4 and 5 hours.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Holding times at 

250 ᵒC  (hours ) 

Sample identity Total mass loss % 

3.5 Run 1 (green ) 100 – 99.1 = 0.9 

 Run 2 (red ) 100 – 98.5 = 1.5 

 Run 3 (purple ) 100 - 97.25 = 2.75 

   

4 Run1 ( green ) 100 – 98.85 = 1.15 

 Run 2 (purple ) 100 – 98 = 2.0 

 Run 3 (red ) 100 – 96 = 4 

   

5 Run 1 (blue ) 100 – 99 = 1 

 Run 2 (green ) 100- 97.3 = 2.7 

 Run 3 (purple ) 100 – 96.1 = 3.9 



53 

 

3.3.3. Purification of medium size ZnCl2 salt batch 

The purification of a 20 g batch of 97% ZnCl2 from Alfa Aesar was performed according to the method 

described in section 3.2.2. A temperature of 250°C and time of 3.5 hours identified in the previous 

section was used for dehydration. In order to confirm the effectiveness of the dehydration process, the 

salt was characterized using DSC and ATR-FTIR.  

3.3.3.1 DSC result 

Figure 10 below shows the DSC results of purified 97% ZnCl2 sample (holding at 250 C for 3.5 hours).  

The melting point of the purified salt was observed as 301 ᵒC which is similar to the melting point 

observed during STA experiment. 

 

 

Figure 10. Melting point of the purified 97% ZnCl2 sample  
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3.3.3.2 ATR-FTIR  

Figure 11 compares the ATR-FTIR spectra of the purified 97% ZnCl2 salt with that of ultra-dry ZnCl2 and 

97% lower purity ZnCl2 salt. The low-purity salt spectra show two prominent intensity peaks at ~3400 

cm-1 and ~ 1600 cm-1. The peaks correspond to –OH stretching and bending vibrations. This reveals the 

presence of water impurities in the 97% lower purity ZnCl2 salt sample. The ultra-dry ZnCl2 does not 

show any – OH stretching or bending peaks on FTIR-ATR spectrum, indicating that the ultra-dry ZnCl2 

salts are free of water impurities. The purified 97% ZnCl2 salt show minute –OH stretching and bending 

peaks, indicating the successful removal of water contaminants from the salt sample. This is consistent 

with the DSC result and further confirms the efficiency of the dehydration process. 

 

 

Figure 11. FTIR-ATR spectra of ultra-dry ZnCl2 (red), 97% purified ZnCl2 (black) and 97% low purity ZnCl2 

(Pink) samples. The characteristic –OH stretching and bending peeks can be seen at ~3400 cm-1 and 

1600 cm-1. 
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3.4 Conclusion 

FTIR-ATR and TGA results were used to quantify the water contaminations in the ZnCl2 salts. The 

intensity of the –OH stretching and bending peaks did increase with the water content. The TGA data 

shows distinct mass losses for the 97% Alfa Aesar, Alibaba and Zaclon ZnCl2 salt and properly correlates 

with the –OH peak intensities as indicated by Pearson’s product correlation coefficient calculations. 

Thermogravimetric and ATR-FTIR experiments reveal the inhomogeneous nature of the low-cost ZnCl2 

batches. 

The elevation of the melting points during isothermal purification process confirms that water impurities 

are removed from the low cost 97% ZnCl2 samples. Purification experiments show that water impurities 

associated with as-received commercial 97% ZnCl2 samples can be effectively removed by heating at 250 

ᵒC under inert Ar atmosphere for 3.5 hours. Isothermal holding experiments of more than 3.5 hours did 

not show any additional removal of impurities from 97% low cost ZnCl2 samples. TGA results on multiple 

batches further indicate the inhomogeneity of the commercial ZnCl2 batches. 
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Chapter 4. Hydration of ZnCl2 salts 

4.1 Introduction 

Temporary contact of ZnCl2 salt with ambient air is unavoidable; therefore understanding of ZnCl2 

stability against ambient air is necessary for safe handling, preparation and operation in the plant. The 

reaction of ZnCl2 with ambient air is expected to occur through a hydration process from ambient water 

vapor. Since ZnCl2 is hygroscopic it is important to understand the kinetics of the process and whether 

the process is reversible (hydration/dehydration) or irreversible (oxide/hydroxide formation).  ZnCl2 

reacts with water according to the reaction below at elevated temperatures. 

H�I2J + 2LJM → H��ML�J + 2LI2 
However, at room temperature, the process is one of hydration without denaturation of the solute and 

solvent (ZnCl2 and H2O). 

4.2 Experimental  

4.2.1 ATR-FTIR Spectroscopy  

Attenuated total reflectance (ATR) is the most widely used FTIR sampling technique. ATR allows 

qualitative or quantitative analysis of samples with little or no sample preparation. The IR beam reflects 

from the internal surface of the crystal and creates the evanescent wave. Some of the energy of the 

evanescent wave is absorbed by the sample and reflected radiation is directed to the detector. 

In order to obtain good results, the sample must be in direct contact with the ATR crystal because the 

evanescent wave protrudes only a few microns (0.5 µ – 5 µ ) beyond the crystal surface and into the 

sample. The refractive index of the sample needs to be significantly lower than the crystal to see internal 

reflectance, otherwise light will transmit. There are many crystal materials available for ATR. Zinc 

Selenide and Germanium are most widely used due to lower cost, much better working pH range and 

highest refractive index.13-14 

FTIR-ATR is a valuable technique to detect water contaminations present in solid samples. In this 

experiment, this technique was used to detect the water impurities present in the ZnCl2 salt samples.  

Water absorbs infrared light in the range of 4000-3400 cm-1 and 1600-1500 cm-1.  These two distinct 

peaks corresponds to –OH bending and stretching vibrations. The intensity of the –OH stretching peak in 

this experiment was used to quantify the water impurities present in the ZnCl2 salts and to understand 

the hydration kinetics. 

The Fourier transform infrared (FTIR ) spectrometer (Bruker Tensor ) sample compartment was 

equipped with a horizontal attenuated total reflectance cell (Pike HATR ) to obtain ATR spectra. The ATR 

cell was cleaned with deionized water followed by ethanol before the experiments. The wave number 

range of 4000-400 cm-1 was used to collect the spectra with 4cm-1 resolution at room temperature. At 

least 40 scans of both background and sample were conducted to achieve an adequate signal to noise 

ratio. The background correction was carried out before every sample run. 
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The hermetic seal of the ATR cell was checked using ultra-dry ZnCl2 to make sure the cell was properly 

sealed. Bruker Tensor spectrometer was used to carry out the ATR measurements. Ultra-dry ZnCl2 beads 

(1-2 g ) were ground with mortar and pestle to get a homogenous powder surface. The ZnSe trough 

plate was filled with ground ZnCl2 powder and sealed properly with the lid cover and screws. 

4.2.2 Sample preparation to check water content and hydration kinetics of the ZnCl2 salts 

Ultra-dry ZnCl2, 97 % low purity ZnCl2 and purified ZnCl2 salts (heated at 250 ᵒC for 3.5 hours), were 

stored inside the glove box and used to analyze the remaining water present. Approximately 1-2 g of 

salts was used to fill up the ATR cell. The ATR cell was sealed inside the glove box under ultra-high purity 

Ar atmosphere with oxygen and water levels lower than 0.1ppm. The sealed ATR cell was taken out of 

the glove box, transferred into the HATR base, and ATR spectra were collected.  

For the hydration experiments the cover was removed to allow contact with air while time dependent 

ATR spectra were collected. Spectra were collected at 5 minutes interval for the first hour and then 

every hour for 24 hours. 

4.2.3 Determination of reversibility of hydration process 

The purified 97% ZnCl2 salt was used to monitor reversibility of the hydration process. Approximately 

15-20 mg of purified 97% ZnCl2 was weighted into Pt/Rh crucibles covered with an Al2O3 liner inside the 

glove box and initial mass of the sample was recorded. Then crucibles were transferred outside the 

glove box and the sample was allowed contact with air for 2 hours. The hydrated mass of the sample 

was recorded. The drying of hydrated ZnCl2 samples was performed  by isothermal holding at 250 ᵒC for 

6 hours in NETZSCH Jupiter STA under flow of Ar gas. The final mass of the sample was recorded after 

the drying experiment had finished. The experiments were repeated three times to investigate the 

reproducibility of the results. 
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4.3 Results and Discussion 

4.3.1 Spectroscopic characterization of the hydration kinetic of ZnCl2 salts in air: 

The hydration kinetics of ZnCl2 salts was quantified by monitoring the intensities of -OH stretching and 

bending peaks of water. Time dependent ATR-FTIR spectra were collected and intensity of the –OH 

stretching peak with respect to maximum transmission was used to quantify hydration levels with time. 

Figure 1 shows the FTIR-ATR spectra of ZnCl2 salts collected at 5 minutes interval for the first hour and 

then every hour for 24 hours. 
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Figure 1. FTIR-ATR spectra of ZnCl2 salts collected every 5 minutes for first one hour and every 

subsequent hour for 24 hours (a1, a2 ) Ultra-dry ZnCl2, (b1, b2) 97% purified ZnCl2, (c1, c2 ) 97% low 

purity ZnCl2 samples at room temperature. 
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All three samples show the intensity of the –OH stretching peaks rapidly increased until 50 minutes and 

then they started to change in smaller increments. As depicted in Figure 1 the intensity of the –OH 

bending and stretching peaks show no alteration after the first hour.  

The evolution of water peak Intensities ( –OH stretching peak ~3350 cm-1 ) were plotted as a function of 

time to visualize the hydration kinetic of the three different ZnCl2 salt samples. Figure 2 (a) shows the 

measured intensity of –OH stretching peak at every 5 minutes for the first hour and 2 (b) shows the full 

graph over period of 24 hours. As the graph shows, there is rapid increase in water signal within the first 

hour followed by saturation (pure water signal) for the reminder of the time. Regardless of the purity of 

the salts, the graph shows that saturation of the FTIR signal is reached within one hour when the salt is 

significantly hydrated and becomes deliquescent.
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Figure 2.  Intensities of the –OH stretching peaks plotted as a function of time for ultra-dry (triangles), 

97% low purity (squares)  and 97% purified ZnCl2 (circles) salt samples (a) every 5 minutes for the first 

hour and (b)  over a period of 24 hours (all three graphs were fitted with an exponential function). 

 

The Boltzmann fitting was used to find the data fitting over one hour and 24 hour period. 

The fitted functions over one hour over each salt are: 

Low-cost ZnCl2:   FOMH = 96.066 ‒ 96.479 × exp(‒0.10028t) 

Purified ZnCl2:   FOMH = 97.426 ‒ 151.246 × exp(‒0.11002t) 

Ultra-Dry ZnCl2:   FOMH = 98.977 ‒ 130.248 × exp(‒0.09079t) 

The found R2 values are ≥ 0.99 for all three salt samples. 
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The fitted functions over 24 hour over each salt are: 

Low-cost ZnCl2:   FOMH = 96.183 + 473.78/(1+ exp((t‒13.17)/9.364) 

Purified ZnCl2:   FOMH = 96.534 + 93.094/(1+ exp((t‒12.25)/3.672) 

Ultra-Dry ZnCl2:   FOMH = 98.472 + 96.732/(1+ exp((t‒12.52)/5.402) 

The found R2 values are ≥ 0.98 for all three salt samples. 

4.3.2 Gravimetric characterization of the hydration kinetic of ZnCl2 salts in air: 

Furthermore, the kinetics of the hydration process was quantified through gravimetric method. The 

mass of a powdered ultra-dry ZnCl2 sample was measured over a period of 24 hours to monitor the 

hydration rate during exposure to ambient air. A time lapsed camera system was set up to record the 

time balance display every 20 seconds. The white powder turns to a clear liquid over the time of 

experiment.  

Figure 3 shows the evolution of the mass of the ZnCl2 sample with exposure time according the figure of 

merit defined as the mass increase normalized by the initial mass: 

FOMR = |T5 − T�|
T�

 

The error is calculated based on 4 different measurements and the average is shown as the blue line. A 

five degree polynomial function modelling curve was constructed to fit the mean FOM data and found 

to be of the form: 

"MTU = 0.07778� − 0.00758�J + 0.000568631� − 0.0000212449�@ + 0.0000002941�\ 

Where t = time (hours) 
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Figure 3. Mean FOM of the changes in mass of ZnCl2 as hydration occurs, plotted as a function of time 

(blue) with standard error (black) and fitted polynomial function (red). 

 

These results clearly indicate that the hydration process persist continuously for at least 24h and likely 

more before reaching saturation. This confirms that ZnCl2 is massively hygroscopic and can absorb 

almost ¾ of its own weight in water within a 24 h period. 

4.3.3 Reversibility of the hydration of ZnCl2 salts 

The reversibility of the hydration process was monitored using 97% purified ZnCl2 salts. Figure 4 shows 

the TG results of three different runs of 97% purified ZnCl2 samples previously hydrated for 2 hours in 

air. The significant variation in mass loss can be seen in collected TG results. This is again indicative of 

the inhomogeneous nature of the 97% low-cost ZnCl2 salts batch. 

Initial and final masses were recorded with an analytical balance before and after the experiment. The 

final mass of the sample after the dehydration process was also calculated by extrapolating TG %mass 

loss results. The measured mass losses after 6 hour dehydration process are compared with that 

extrapolated from TG results and are shown in Table 1. 
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Adj. R-Square 0.99999
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Figure 4.Thermogravimetric data of hydrated 97% purified ZnCl2 samples heated at 250 ᵒC for 6 hours 

(All three samples were hydrated for 2 hours at room temperature before the dehydration experiments) 
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Table 1. Final mass of the dehydrated ZnCl2 samples weighted on the balance and calculated using 

%mass loss from TG results. 

 Run 1 Run 2 Run 3 

Original Mass of 

Sample (mg) 
17.3 13.1 15.7 

Mass of Sample after 

Hydration (mg) 
21.2 14.1 20.4 

Mass% Hydration 22.5% 7.6% 29.9% 

Mass of Sample after 

6 hours Dehydration 

from the balance (mg) 

17.3 13.1 15.8 

Dehydration 

efficiency 
100% 100% 98% 

% mass loss from TG 23.7 6.7 29.3 

calculated mass of the 

sample after 6 hours 

dehydration from TG 

data (mg ) 

16.2 13.1 14.4 

Dehydration 

efficiency 
128% 100% 128% 

 

As the Table 1 shows, final mass of the sample measured with the analytical balance and calculated from 

the TG results show a discrepancy. The two samples exhibiting the highest hydration kinetic exhibit an 

overestimated dehydration efficiency when measured by TGA. The reason for the discrepancy is likely 

due to additional moisture absoprtion during the transfer process of the salt from the balance to the 

STA. But overall these data clearly indicates that the hydration process is fully reversible, at least after 2 

h exposure to air. 
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 4.4 Conclusion 

FTIR-ATR spectroscopy and gravimetric method were used to quantify the hydration kinetics of 

commercial ZnCl2 salts over 24 hours. Furthermore, thermogravimetric calculations were used to 

analyze the reversibility of the hydration process of the 97% purified ZnCl2 salt.  

The data shows the evolution of –OH peak intensities upon exposure to air for 24 hour time period. All 

three samples show the significant variations in water peak within the first hour and no change in –OH 

peak intensity after the first hour due to saturation of the FTIR signal. However, the gravimetric 

measurements clearly indicate that the hydration process persist continuously for at least 24h without 

reaching saturation.  

The TG data shows three distinct mass losses for the 97% low purity ZnCl2 salt during the dehydration 

process and calculated mass change further confirmed the reversibility of the hydration process. This is 

consistent with the previous FTIR-ATR results showing the removal of the water impurities from 97% low 

purity ZnCl2 salts during the purification process. 
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Chapter 5. Corrosion of Hastelloy C-276 exposed to purified ZnCl2 salts at 800 ᵒC 

5.1 Introduction 

Corrosion induced by molten salts in CSP plants is a critical issue that has been the topic of several 

research studies aimed at understanding their corrosion characteristics with metallic container 

materials/piping. Many types of alloys and Hastelloys materials are under consideration for use in CSP 

plants including stainless steel 304, Hastelloy C-276, C-22, N types, Inconel 625,690, T22 steel and 

more.15-19 But while ZnCl2-based molten salts are very promising candidate for use as a heat transfer 

fluid at high temperatures up to 800 ᵒC, corrosion issues with these alloys are typically more sever 

compared to other HTFs. 

Higher working temperatures increase the efficiency of the CSP plants but unfortunately also induce the 

corrosion of metallic materials used to make the containers and pipes. The main issues with chloride 

molten salts are that they can break down the passive oxide layer and magnify the corrosion reaction. 

Corrosion rates of commercial nickel based Hastelloys types in various molten salt systems were studied 

by several research groups.  Corrosion rates of Hastelloy C-276 in NaCl-KCl-ZnCl2 ternary eutectic 

mixture up to 500 ᵒC were estimated by Gervasio et al. using steady-state electrochemical potential 

dynamic and gravimetric methods. They have claimed the corrosion rate of Hastelloy C-276 in eutectic 

ternary mixture is about 10-40 µm/year at 250 ᵒC and 500 ᵒC. Furthermore they investigated the 

corrosion of ternary eutectic mixture towards Hastelloy C-276, C-22 and stainless steel 304 in the 

presence and absence of air.3,14 In the presence of air, the corrosion rates of Hastelloy C-276 was found 

to diminish with immersion time and showed ~50 µm per year after 4 weeks of immersion at 500 ᵒC. 

Under anaerobic conditions the corrosion rate of the Hastelloy C-276 was found to be 10µm/year in the 

ternary eutectic salt mixture at 800 ᵒC. 

Overall it is found that water contamination in ZnCl2 eutectic mixtures can enhance the corrosion of 

molten salt containing tanks and pipes at higher temperatures (≥ 800 ᵒC). The main problem with ZnCl2 

is that it is hydroscopic in nature and easily contaminated by sources of moisture, including water vapor 

present in the air. The purity (water and oxygen content) of ZnCl2 is therefore a critical factor for making 

industrial quantities of molten chloride eutectic systems because the cost of ultrahigh purity grade ZnCl2 

salts is very high compared with lower purity grade ZnCl2 salts. Since very large amount of salts are 

required to operate a CSP system, use of ultrahigh-purity grade ZnCl2 is not economically viable. 

Therefore a new dehydration set-up was proposed in chapter 1 to remove water impurities in low purity 

grade ZnCl2 salts. That set-up can be used to purify low purity, low cost ZnCl2 in an economically efficient 

manner. 

As shown in chapter 1, successful drying of 97% industrial grade Alfa Aesar salt is achieved after 3.5 

hours of heating at 250°C under flow of inert gas. The extend of purification of ZnCl2 salt assessed by 

calorimetry and FTIR spectroscopy indicated that water impurities of the 97% Alfa Aesar ZnCl2 salts were 

removed as a consequence of the dehydration process. 
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In this chapter we used this purified salts to conduct a 30 days corrosion experiments at 800 ᵒC using C-

276 Hastelloy coupons in order to test the viability of the purification method to reduce corrosion 

associated with water impurities. These results are then compared with corrosion experiments 

performed in the 97% low purity Alfa Aesar salt as well as UD ZnCl2 . 

5.2 Experimental 

5.2.1 General considerations 

97% purity grade ZnCl2 was purchased from Alfa Aesar to make unary ZnCl2 samples. Hastelloy type C-

276  (thickness: 0.7mm) was purchased from American special metals. The major elements present in 

the Hastelloy are (14.5-16.5%)Cr, (2.5%)Co, (15-17%)Mo, (4-7%)Fe, (3-4.5%) W,(1%)Mn and reminder Ni.  

5.2.2 Sample preparation for 30 days corrosion experiment 

Three coupons of Hastelloy C-276 (Nickel based alloy, thickness: 0.7 mm) were cleaned and polished in 

accordance with ASTM standards G1-03 for each corrosion experiment. Prepared clean coupons were 

then introduced into silica tubes containing 4g of purified ZnCl2 inside the glove box (anaerobic 

conditions). The tubes were transferred to the vacuum line to be sealed under controlled UHP Ar 

atmosphere. The three sealed samples were then heated inside the furnace at 800 ᵒC for 30 days. 

Gravimetric corrosion rates of the samples were estimated based on ASTM standards G1-03. 

5.2.3 EDX cross section analysis 

The Hastelloy C-276 coupons were cleaned after 30 days of corrosion testing experiment in accordance 

with ASTM standards G1-03. The coupon was then clipped and mounted in an epoxy resin block. A 

diamond saw was used to cut through the mounted coupon in the resin block. The cut-in-half coupon 

samples were polished to a high finish to analyze the cross section of the coupon. SEM and EDX analyses 

were carried out using a Hitachi S-3400N type II variable pressure SEM equipped with ThermoNORAN 

NSS EDS at University of Arizona imaging facility (USIF). 
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5.3 Results and Discussion 

5.3.1 Gravimetric corrosion rates 

The corrosion induced by the dried 97% ZnCl2 salt was investigated using Hastelloy C-276 coupons 

immersed in the molten salt for 30 days at 800°C. The mass loss and corrosion rate of the C-276 coupons 

were determined based on gravimetric calculations defined in ASTM standards G1-03. To evaluate the 

effectiveness of the purification process the corrosion rate of C-276 coupons in purified 97% ZnCl2 was 

compared with previously collected low purity 97% ZnCl2 is shown in Table 4 below. 

Table 1.Mass loss % and corrosion rate of C-276 coupons heated at 800 ᵒC for 30 days immersion in 

ZnCl2 salt melt. 

Salt Composition 97% Alfa Aesar 

ZnCl2 

97% Alfa Aesar 

purified ZnCl2  

Mass Loss (%) 0.09±0.06 0.00278 ±0.003  

Corrosion rate 

(µm/year) 

62.5±20 5.95 ±6  

 

The higher average corrosion rate observed in low purity 97% ZnCl2 suggest that the larger quantities of 

water contamination lead to substantially greater corrosion. The lower corrosion rate of 97% purified 

ZnCl2 shows that water contaminations of the salts were successfully removed during the purification 

process. 
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5.3.2 SEM and EDS cross section analysis  

Figure 1 below shows the cross section SEM images of C-276 coupons immersed in molten ZnCl2 salts at 

800 ᵒC for 30 days. The coupon exposed to lower purity Alfa Aesar 97% ZnCl2 salt sample show a 

corroded surface layer with intercalated material in the top ~30 µm of the surfaces. The coupon 

exposed to purified 97% ZnCl2 salt has a rough surface but show minimal damage to the coupon surface.  

                                                                                        

 

 

Figure 1. SEM cross section samples of C-276 Hastelloy coupons after exposed to 97% ZnCl2 and 97% 

purified ZnCl2 for 30 days at 800 ᵒC. 

 

Figure 2 compares the EDS maps of Hastelloy C-276 coupons exposed to low purity and purified 97% 

ZnCl2 salt. As previously reported in the background chapter, the lower purity ZnCl2 samples show a 

layer of Cr on the surface, which is expected in the presence of O2 and H2O. A region of Cr depletion is 

clearly evident beneath this outer surface layer in the 97% ZnCl2 sample, to a depth of ~100 µm. 

Significant pitting is also observed in Ni-EDS map to a depth of ~50 µm in places. This is consistent with 

the large mass loss observed for that sample.. The Zn-EDS maps show that Zn ingress into the Hastelloy 

coupons to the extent seen with the high purity salts has not occurred with the lower purity salts. No Zn 

embrittlement is observed in 97% lower purity ZnCl2 samples. 

 

 

 

 

97% ZnCl2           97% Purified ZnCl2 
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Figure 2. EDX elemental maps of Hastelloy C-276 coupon after exposed to (a) 97% ZnCl2 and (b) purified 

ZnCl2 for 30 days at 800 ᵒC along with reference sample. Corrosion depths were analyzed, where the Zn 

ingress observed. 

 

 

b

…
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On the other hand, the EDS elemental mapping of coupons exposed to purified 97%ZnCl2 (Figure 2b) 

clearly shows that the corrosion mechanism in purified ZnCl2 salt involves a Zn/Cr substitution reaction. 

In the presence of purified 97% ZnCl2 salt, Cr from the surface layer diffuses out of the coupon and into 

the molten salt, as confirmed with the ICP-MS measurements of the salts after testing. The Zn-EDS maps 

of the 97% purified ZnCl2 salt sample show a complementary profile indicating that Zn diffusion into the 

Hastelloy coupon has occurred where the Cr has diffused out. The depth of Zn/Cr substitution in C-276 

coupon exposed to purified 97% ZnCl2 was calculated and compared with previously collected results on 

UD ZnCl2 (Table 2). Without appreciable amounts of O2 or H2O present, Cr substitution by Zn is observed 

in 97% purified ZnCl2 Hastelloy coupons and show a similar corrosion pattern as ultra-dry (99.999%) 

ZnCl2 salt. It further confirmed that dehydration process effectively remove the moisture content and 

visible corrosion.  

 

Table 2. Depth of Zn/Cr substitution in Hastelloy C-276 coupons exposed to ZnCl2 salts at 800 ᵒC for 30 

days. 

Salt 97% purified ZnCl2 salt, 

holding @250 ᵒC for 3.5 

hours 

99.999% ZnCl2 

Depth of Zn/Cr 

substitution (µm ) 

25-79 50-75 

 

5.4 Conclusion 

Hastelloy C-276 was used as a test structural alloy to investigate the rate of corrosion in molten ZnCl2 

salts before and after purification. The corrosion rate of the purified 97% ZnCl2 determined by 

gravimetry was notably lower than that of the as-received 97% ZnCl2 samples...  

In low purity ZnCl2 Hastelloy C-276 is highly susceptible to corrosion due to water and oxygen impurities 

at 800 ᵒC. Water and oxygen contribute to rapidly oxidize Cr to form Cr2O3 surface layer as described in 

the background chapter. No Zn embrittlement is observed since Zn is not reduced during the corrosion 

process.  

On the other hand, the corrosion patterns of purified 97% ZnCl2 is similar to that observed in ultra-pure 

(99.999%) ZnCl2 salt as both 99.999% ZnCl2 and purified ZnCl2 showed similar Zn/Cr substitution depth 

(25-80 µm). Purification of low purity grade ZnCl2 by dehydration process appears to be an effective 

mean of removing water and oxygen oxidants. 
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Chapter 6. Corrosion of commercial nickel based Hastelloys in ZnCl2-based 

molten salts 

 

6.1. Introduction  

Heat transfer fluids are important components of CSP systems to maximize overall performance and 

efficiency. The most widely used heat transfer fluids are either hydrocarbon oils or alkali-nitrate based 

molten salts. The problem with hydrocarbons and nitrate based molten salts are their lower operating 

temperature of 250 ᵒC and 600 ᵒC. Therefore, there is a great need for finding an inexpensive; naturally 

abundant molten salt system which is stable up to 1000 ᵒC. Molten eutectic salt systems which are 

stable at high temperatures can be formed by mixing ionic and covalent halides. Those mixtures show 

higher temperature stability up to 1300 ᵒC with a low melting point (200 ᵒC ). The most commonly used 

ionic chloride salt mixtures contain NaCl, KCl due to their high abundancy in nature and higher boiling 

points (~1300 ᵒC).  The covalent halides are ZnCl2 and AlCl3 due to their lower melting point (~ 200- 300 

ᵒC).3,14,34 

Higher operating temperatures increase the efficiency of the CSP systems but eventually promote the 

corrosion of molten salts containing tanks and pipes. Oxygen and water vapor often accelerate the 

molten salt corrosion at higher temperatures. The corrosion of containers and piping materials by heat 

transfer fluids has been the subject of several previous studies.15,18, 26-30 For example, Kruizenga et al. 

studied the corrosion of high temperature Nickel alloys materials (Haynes 230 and Inconel 625,with 

solar salts 60/40% NaNO3/ KNO3) at operating temperatures of 600 ᵒC and 680 ᵒC up to 4000h.22This 

study indicated the formation of a corrosion layer of 500µm/year at an operating temperature of 680 ᵒC. 

Fernandez et al. have studied the corrosion effect of molten nitrate mixture composed by 10%LiNO3 

+20% NaNO3 +60% KNO3+10% Ca(NO3)2 on low carbon steel (A516) and on low Cr alloy steel (T11 and 

T22) at 390 ᵒC up to 2000h. T22 resisted the corrosive environment by forming MgCr2O4 protective 

spinel layer. 19The same group also showed the corrosion effect of solar salt (60%NaNO3, 40% KNO3) on 

stainless steel (AISI 304, 430 ) and low Cr alloy steel (T22) at 390 ᵒC and 550 ᵒC. Their findings revealed 

that stainless steel has a better resistance to the corrosive environment at 550 ᵒC than T22 due to the 

formation of FeCr2O4 protective spinels. 18 

Ravishanker et al. reported corrosion of Inconel 600, Inconel 690, and 625 in molten KCl-LiCl medium. 

They found that Inconel 600 and Inconel 690 show better corrosion resistance than Inconel 625 at high 

temperatures.17 Tirawat et al studied the corrosion of AISI stainless steel 310, Incoloy 800H, and Inconel 

625 in eutectic 34.42 wt% NaCl-65.58 wt% LiCl at 650-700 ᵒC in nitrogen atmosphere. 28 They found that 

alloys show localized corrosion and that stainless steel, Incoloy 800 H showed a doubling of the 

corrosion rate as the temperature increased from 650 ᵒC to 700 ᵒC. Inconel 625 shows higher resistance 

to corrosion with the corrosion rate of 2.80 ± 0.38 mm/year. 
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Shimada 25 et al. and Ishitsuka 28 et.al found that Cr is not an effective element for improving corrosion 

resistance of Ni-based and Fe-based alloys, because Cr2O3 passivation layer exhibits a higher solubility 

than iron and nickel oxides and react more rapidly with chloride salts. 

The main objective of this present study is to identify alternative Hastelloys which can show resistance 

to corrosion by ZnCl2 based salt mixtures at 800 ᵒC. The corrosion rates of commercial nickel based 

Hastelloy types such as Haynes 556, Haynes 214, Haynes 242, and HR 224 during immersion in NaCl-KCl-

ZnCl2 ternary eutectic molten salt mixture and in ultra-dry ZnCl2 for 30 days at 800 ᵒC have been 

investigated using gravimetric method, cross section SEM images, and EDS elemental mapping. 

 

6.2. Experimental  

6.2.1 Materials 

KCl (99.998%, ultra-dry), NaCl (99.999%,puratronic), ZnCl2 (99.999z%,ultrd-dry), were purchased from 

Alfa Aesar to make unary ultra-dry ZnCl2 and ternary eutectic salt mixture. The molar composition of 

ternary eutectic mixture is 13.4 % NaCl- 41.9% KCl-44.3% ZnCl2. All salts used in this experiment were 

stored inside the glove box under oxygen and water levels lower than 0.1ppm. Hastelloy types Haynes 

556 (thickness: 0.125”), Haynes 214 (thickness: 0.063”), Haynes 242 (thickness: 0.063”), and HR 

224(thickness: 0.078”) were received from Haynes International, Inc, Houston, TX, USA. The major 

elements present in these alloys are Ni, Cr, Co, Mo, Fe, Al and W. 

6.2.2 Sample preparation for 30 days corrosion experiment 

Hastelloy types 556,214,242 and HR 224 were cut into six coupons (0.6cmx2.5cm) and were cleaned and 

polished in accordance with ASTM standards G1-03 before use in corrosion experiments as described 

below. First coupons were polished with wet grinding using 600 SiC paper and then rinsed with DI water 

followed by acetone and dried in air. After the air drying coupons were weighted in an analytical balance 

and the initial weight recorded. 

These coupons were introduced into silica tubes containing 4g of ternary eutectic salt mixture 13.4 % 

NaCl- 41.9% KCl-44.3% ZnCl2 or 99.999% pure ZnCl2 inside the glove box (anaerobic conditions). The 

tubes were transferred to the vacuum line to be sealed under controlled UHP Ar atmosphere. Sealed 

samples were heated inside the furnace at 800 ᵒC for 30 days. Corrosion rate of the samples was 

estimated by gravimetry based on ASTM standards G1-03 as described below. Hastelloy coupons were 

cleaned after 30 days corrosion experiment by sonicate in DI water, 5.55 wt% HCl and again in DI water 

for 15 minutes. Clean coupons were rinsed with acetone and dried in air. Then coupons were weighted 

in an analytical balance to get the final weight. 
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6.2.3 Pre-oxidation of 214 Hastelloy coupons to form Al2O3 layer 

Three coupons of Hastelloy 214 were cleaned and polished in accordance with ASTM standards G1-03 

before the heating treatment. Coupons were heated in air at 900 ᵒC for 24 hours using a heating rate of 

0.5 ᵒC/min. Samples were prepared as described above in section 6.2.2. 

 

6.2.4 EDX cross section analysis 

The Hastelloy C-276 coupons were cleaned after 30 days of corrosion testing experiment in accordance 

with ASTM standards G1-03. The coupon was clipped and mounted in an epoxy resin block. The resin 

block was given to machine shop to cut in halves. The halved coupon samples were polished to a high 

finish to analyze the cross section of the coupon. SEM and EDX analyses were carried out using a Hitachi 

S-3400N type II variable pressure SEM equipped with ThermoNORAN NSS EDS at University of Arizona 

imaging facility (USIF). 
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6.3 Results and Discussion 

Table 1 shows the elemental composition of different types of Hastelloys used for this study. The main 

Hastelloys were selected based on their principal features such as higher operating temperature above 

800 ᵒC, resistance to high temperature oxidation, resistance to Zn embrittlement, and resistance to 

halides, especially chloride environments at high temperature. 

Table 1. Composition of Hastelloy types Haynes 556,242,214 and HR-224 

Alloy Name Composition Properties 

Haynes® 556® 

31Fe-22Cr-20Ni-18Co-

3Mo-2.5W-1Mn-0.6Ta-

0.4Si-0.2N-0.2Al-0.10C-

0.02La-0.02Zr 

• Designed for high temperature 

operation up to 1175°C 

• Resistance to Zn embrittlement 

• Resistance to Cl environment at 

high temperature 

Haynes® HR-224® 48.7Ni-27.5Fe-20Cr-3.8Al 

• High temperature oxidation 

resistance 

• Operation up to 982°C 

• Al2O3 scale formation 

Haynes® 214® 

75Ni-16Cr-4.5Al-3Fe-

0.5Mn-0.2Si-0.1Zr-0.05C-

0.01B-0.01Y 

• High temperature oxidation 

resistance 

• Operation up to 955°C 

• Al2O3 scale formation 

• Resistance to Cl environments 

Haynes® 242® 

65Ni-25Mo-8Cr-2Fe-

2.5Co-0.8Mn-0.8-Si-0.5Al-

0.03C-0.006B-0.5Cu  

• Good oxidation resistance above 

800°C 

• Low Cr content 

• Resistant to halide environments 
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Corrosion induced by the ultra-dry ZnCl2 and ternary salt mixture was investigated using the alloys listed 

above. The main purpose of this set of corrosion experiments is to understand the effect of the Cr 

content of Hastelloys on the corrosion process. Previous studies summarized in chapter 2 have shown 

that the surface damage of the C-276 Hastelloy coupon (heated at 800 ᵒC for 30 days in ZnCl2 melt ) took 

place via substitution of the elemental Cr in the coupon by the Zn from the melt. It was demonstrated 

that, at temperatures of 800 ᵒC and above, Zn is reduced as a liquid metal at the coupon surface and 

rapidly diffuses in the alloy. The Cr present in the Hastelloy coupon is unstable against ZnCl2 melt. Hence 

Cr is rapidly oxidized to Cr 2+ by reducing Zn2+ to liquid Zn metal as shown in the equation below. CrCl2 is 

soluble in unary, binary and ternary ZnCl2 salts and CrCl2 diffuses out in the melt. Furthermore ICP-MS 

results confirmed that the salt mixtures contain Cr in quantities equivalent to that missing from the 

Hastelloy. 

I] + H�I2J → I]I2J + H� 

In order to investigate this behavior, different types of Hastelloys were selected based on their Cr 

content. As shown in Table 1, Haynes 556 has the higher elemental content of Cr (~ 22 % Cr) and Haynes 

242 has the least Cr (~ 7-8% Cr) content. Haynes HR-224 and Haynes 214 contain 20% and 16% of Cr 

respectively. Furthermore, Haynes 214 and HR -224 contain 4.5 % and 3.8 % of Al to enable the 

formation of refractory Al2O3 layer to provide the optimum in high temperature oxidation resistance. 

The mass loss and corrosion rate of the different Hastelloy coupons determined according to ASTM 

standards are shown in Table 2. 
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Table 2. Mass loss and corrosion rate of different types of Hastelloy coupons exposed to ultra-dry ZnCl2 

and ternary eutectic salt mixture at 800 ᵒC for 30 days. 

 %Mass loss Corrosion rate (µm /year) 

HR-224 in UD ZnCl2 -1.060 ± 0.606 -9.70 ± 5.54 

HR-224 in ternary eutectic salt 

mixture 

-0.204 ± 0.123 -1.89 ± 1.12 

Haynes 556 in UD ZnCl2 -0.142 ± 0.413 -7.16 ± 7.88 

Haynes 556 in ternary eutectic 

salt mixture 

-0.240 ± 0.583 -2.20 ± 5.33 

Haynes 214 in UD ZnCl2 1.55 ± 0.501 141 ± 4.58 

Haynes 214 in ternary eutectic 

salt mixture 

1.033 ± 1.01 9.44 ± 9.22 

Haynes 242 in UD ZnCl2 0.446 ± 0.208 4.08 ± 1.90 

Haynes 242 in ternary eutectic 

salt mixture 

0.323 ± 0.242 2.96 ± 2.26 

 

As shown in Table 2, Hastelloy coupons show both mass loss and mass gain after the 30 days corrosion 

test. This clearly indicates that the gravimetric method is inadequate to accurately characterize the 

extent of corrosion. The mass loss is due to the degradation of the Hastelloy material after reacting with 

the molten salts while the mass gain is due to the deposition of intercalated materials in the surface 

layer of the coupon. For example, if Cr from the Hastelloy is substituted by Zn from the melt, it can lead 

to a mass gain because Zn is heavier than Cr. In this study, Hastelloy 556 and HR 224 show mass gain 

after the 30 days corrosion test and Hastelloy 214 and 242 show mass losses. Hastelloy 242 shows the 

lowest corrosion rate in both ultra-dry and ternary eutectic salt mixture. However these gravimetric 

results themselves are clearly not sufficient to characterize the extent of corrosion and corrosion 

mechanisms on different types of Hastelloys exposed to ZnCl2 salts. Hence, SEM and EDS imaging of 

coupon cross sections were performed to obtain an accurate estimate of the corrosion damage. 
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6.3.1 SEM cross section imaging 

The cross section images of different Hastelloys after immersion in ultra-dry ZnCl2 and ternary salt 

mixture at 800 ᵒC for 30 days are shown in Figure 1. 

            

(a 1.Haynes 556 exposed to ternary eutectic)  (a2. Hynes 556 exposed to ultra-dry ZnCl2) 

                    

(b1. HR-224 exposed to ternary eutectic)                                 (b2. HR-224 exposed to ultra-dry ZnCl2) 

                            

(c1.Haynes 214 exposed to ternary eutectic)  (c2. Haynes 214 exposed to ultra-dry ZnCl2) 

Exposed to 

ternary 

eutectic salt 

mixture at 800 

C for 30 days 

Exposed to 

ultra-dry ZnCl2 

at 800 ᵒC for 

30 days  
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(c3. Pre-oxidized 214 exposed to ternary eutectic ) 

 

                      

(d1. Haynes 242 exposed to ternary eutectic)             (d2. Haynes 242 exposed to ultra-dry ZnCl2) 

Figure 1. SEM cross section images of different Hastelloy coupons (a1,a2) Haynes 556 exposed to ternary 

eutectic and ultra-dry ZnCl2 (b1,b2) Haynes HR-224 exposed to ternary eutectic salt mixture and ultra-

dry ZnCl2, (c1,c2) Haynes 214 exposed to ternary and ultra-dry ZnCl2, (c3) pre-oxidized Haynes 214 

exposed to ternary eutectic salt mixture, and  (d1,d2) Haynes 242 exposed to ternary eutectic salt 

mixture and ultra-dry ZnCl2 at 800 ᵒC for 30 days.  
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Hastelloy 556 coupons show minimal surface pitting in both ultra-dry ZnCl2 and ternary salt mixture. A 

barely visible differentiated surface layer can be seen in both ultra-dry and ternary eutectic salt mixture. 

In contrast Hastelloy HR 224 coupons show surface pitting and cracks in both ultra-dry ZnCl2 and ternary 

salt mixture with depth ranging from 50-100 µm. HR 224 in ultra-dry ZnCl2 salt sample shows a clearly 

differentiated surface layer, with intercalated material which can be seen in the top ~100 µm of the 

surface. Hastelloy 214 coupons show less prominent surface pitting compared to HR-224 coupons. 

Hastelloy 242 coupon show no surface pitting or differentiated surface layer with intercalated materials 

in both ultra-dry ZnCl2 and ternary eutectic salt mixture. This indicates a greater resistance of Hastelloy 

242 to corrosion by ZnCl2. 

 

6.3.2 Determination of compositional homogeneity using EDS 

In order to examine the extent of the corrosion in different Hastelloy coupons, EDS was used to produce 

elemental maps of the SEM cross sectional surface, as shown in Figure 2. As clearly seen in Figure 2 the 

mechanism of the corrosion took place via Zn/Cr substitution. Both ultra-dry ZnCl2 and ternary eutectic 

salt mixture exhibit the same damage process associated with Cr/Zn substitution at 800 ᵒC for different 

Hastelloy samples.  

Zn-EDS maps of Hastelloy 556 coupons show the Zn ingress in both ternary and ultra-dry ZnCl2 salt 

mixtures. Cr-EDS maps show the Cr depleted regions in both corrosion environments, whereas Ni, Co 

and Fe are not affected. The depth of Cr/Zn substitution is 40-80 µm in ternary eutectic salt mixture and 

60-120 µm in ultra-dry ZnCl2. As depicted by the EDS results, the major cause of surface damage in 

Hastelloy 556 coupons is due to the substitution of Cr on the coupon by Zn from the melt. 

Hastelloy HR-224 samples show a massive substitution of Cr by Zn in both ultra-dry and ternary eutectic 

salt mixture. The depletion of the Cr layer can be clearly seen in the Cr elemental map and the Zn 

elemental map shows that Zn diffused into the Hastelloy coupon exactly where Cr has diffused out. The 

surface damage layer is not uniformly distributed, as can be seen in the Cr and Zn EDS maps. The Zn 

diffusion is down to a depth between 80-200 µm in ultra-dry ZnCl2 and 70-150 µm in ternary eutectic 

salt mixture. Furthermore, depletion of Fe appeared in this region and depth of the Fe depletion region 

is 10-50 µm in ternary eutectic salt mixture and 30-80 µm in ultra-dry ZnCl2.The Ni-EDS indicates that Ni 

content is unaffected in both ternary eutectic salt mixture and ultra-dry ZnCl2. The Al-EDS maps are 

barely visible due to lower Al content present in the Hastelloy. Yet, Al depleted regions are slightly 

visible. 

Hastelloy 214 coupons show inhomogeneous substitution depth ranging from 24-88 µm in ternary 

eutectic salt mixture and 22-88 µm in ultra-dry ZnCl2. Both Fe-EDS and Ni-EDS indicate that Fe and Ni 

content are unaffected by the salts, whereas Al-EDS maps clearly show the depletion regions. The pre-

oxidize 214 coupons show the unexpected results of a larger Zn substitution depth ranging from 30-130 

µm in ternary eutectic salt mixture compared to the non-pre-oxidize 214 coupons. This result is 

somewhat unexpected as pre-oxidation produces an Al2O3 layer expected to act as a protective barrier 

layer to prevent the Zn diffusion into Hastelloy coupons. This result may be due to the formation of 
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mixed scale mixture of Al2O3 and Cr2O3 during the pre-oxidation at temperature below 955 ᵒC. Future 

experiments will be performed by pre-oxidizing Hastelloy coupons at 1000 ᵒC to form tightly adherent 

protective Al2O3 layer over Cr2O3. 

Hastelloy 242 coupons show considerably smaller depth of Cr/Zn substitution ranging from 20- 30 µm in 

ultra-dry ZnCl2. The coupons exposed to ternary eutectic salt mixture show much lower surface damage 

with significantly lower Zn/Cr substitution depth of 5-10 µm. Ni and Mo contents are unaffected as 

indicated by Ni-EDs and Mo-EDS maps. As anticipated Hastelloy 242 exposed to ZnCl2-based salt mixture 

shows significantly lower Zn/Cr substitution depth compared to other Hastelloy coupons. This result 

further emphasize the effect of the Cr content on Zn/Cr substitution reaction. Overall the EDS elemental 

maps clearly show that higher Cr content Hastelloy coupons show greater surface damage with 

considerably higher Zn/Cr substitution depths.  
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(a) 556 in ternary eutectic salt mixture 
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(b) 556 in ultra-dry ZnCl2 
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(c) HR-224 in ternary eutectic salt mixture 
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(d) HR-224 in ultra-dry ZnCl2 
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(e ) 214 in ternary eutectic salt mixture 
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(f) 214 in ultra-dry ZnCl2   



92 

 

                              

                          

                                                                                                           

   

(g) Pre-oxidized 214 in ternary eutectic salt mixture 
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(h) 242 in ternary eutectic salt mixture 
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(i) 242 in ultra-dry ZnCl2 

Figure 2. EDS elemental mapping of cross sections of (a) 556 coupon exposed to ternary eutectic salt 

mixture, (b) 556 coupon exposed to ultra-dry ZnCl2, (c) HR-224 coupon exposed to ternary eutectic salt 

mixture, (d) HR-224 coupon exposed to ultra-dry ZnCl2, (e) 214 coupon exposed to ternary eutectic salt 

mixture, (f) 214 coupon exposed to ultra-dry ZnCl2, (g) pre-oxidized 214 coupon exposed to ternary 

eutectic salt mixture, (h) 242 coupon exposed to ternary eutectic salt mixture, and (i) 242 exposed to  

ultra-dry ZnCl2 in anaerobic conditions at 800 ᵒC for 30 days. 
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Table 3 shows the Cr/Zn penetration depths in ultra-dry ZnCl2 and ternary eutectic salt mixture at 800 ᵒC 

for 30 days. The average depth of Zn/Cr substitution was calculated using Image J software on more 

than 10 different locations on the Hastelloy coupons and error bars were calculated based on the 

standard deviation value. As shown in the table,  Zn/Cr substitution depth decreases by reducing the Cr 

content present in the Hastelloy coupons. Hastelloy HR-224 and 556 show greater depth of Zn/Cr 

substitution as anticipated with higher Cr composition (20-22 % Cr ). Haynes 242 shows lowest Zn/Cr 

substitution depth as consistent with the lower Cr composition.  

These results are qualitatively consistent with the gravimetric data found in table 2. The samples 

exhibiting the most extensive Zn/Cr substitution depth, such as 556 and HR-224 in ultra-dry ZnCl2, show 

a mass gain consistent with the heavier mass of Zn compared with Cr. In contrast, Hastelloy 214 and 

Hastelloy 242 exhibit small mass loss after 30 days of exposure to molten salts.  
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Table 3. Mass loss measured using gravimetry and depth of Zn/Cr substitution estimated for different 

types of Hastelloy coupons from EDS for the ternary eutectic salt mixture and ultra-dry ZnCl2 at 800 ᵒC 

for 30 days  

 Haynes HR-224 Haynes 556 Haynes 214 Haynes 214 

Al2O3 formed  

Haynes 242 

Zn/Cr 

substitution 

depth in ultra-

dry ZnCl2 after 30 

days corrosion 

(µm) 

145 ± 48.45  97.92 ± 12.43  71.23 ± 31.39 

 

N/A 17.06 ±  3.96  

% mass loss in 

ultra-dry ZnCl2 

after 30 days 

corrosion (g) 

--1.060 ± 0.606 --0.142 ± 0.413 

 

1.55 ± 0.501 N/A 0.446 ± 0.208 

Zn/Cr 

substitution 

depth in ternary 

salt mixture after 

30 days 

corrosion (µm) 

110 ± 19.84  56.96 ± 10.42 

 

45.28 ± 21.29 83.8 ± 34.95 9.38 ± 4.55 

 

% mass loss in 

ternary salt 

mixture after 30 

days corrosion 

(g) 

-0.204 ± 0.123 -0.240 ± 0.583 1.033 ± 1.01 -0.803 ± 0.25 0.323 ± 0.242 

 

Figure 3 shows a plot of the corrosion depth versus Cr content in each alloy. As expected, the increase in 

Zn/Cr substitution depth generally correlates with Cr-content. This is consistent with the higher activity 

of Cr in the Cr-rich alloys. Hastelloy 556 shows a slightly lower substitution depths compared to HR 224, 

even though it has a higher Cr content compared to HR-224. This may be assigned to the fact that 

Hastelloy 556 is designed to resist corrosion by molten chloride salts and may show special resistance to 

corrosion from the current salts.  

In addition the unary ultra-dry ZnCl2 generate higher Zn/Cr substitution depth while ternary eutectic salt 

mixture shows systematically lower Zn/Cr penetration depths for all four different Hastelloy samples. 

This is consistent with the lower activity of ZnCl2 in the ternary salt. 
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Figure 3. Depth of corrosion of different Hastelloy coupons exposed to unary ultra-dry ZnCl2 and ternary 

eutectic salt mixture for 30 days at 800 ᵒC 
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6.4 Conclusion 

Commercial nickel based Hastelloys were investigated to identify a structural alloy with improved 

resistance to corrosion in ZnCl2-based molten salts. The EDS results indicate that ZnCl2 is reduced to 

metallic Zn which eventually leads to zinc embrittlement at temperatures of 800 ᵒC and above. The 

higher Cr content Hastelloys such as Haynes 556 and HR-224 showed the deeper depth of Cr/Zn 

substitution. As anticipated, lower Cr content, Haynes 242 shows shallow Zn/Cr substitution in both 

ultra-dry ZnCl2 (18-25 µm) and ternary eutectic salt mixture (5-16 µm ). The depth of Cr/Zn substitution 

increase from Haynes 242 < Haynes 214 < Haynes 556 < HR-224 in both ultra-dry ZnCl2 and ternary 

eutectic salt mixture. It is found that gravimetric calculations are inadequate to estimate the extent of 

corrosion damage due to the substitution of Cr by heavier Zn. Overall, the results of this experiment 

confirm that all Hastelloy containing Cr undergo corrosion via substitution of Cr by Zn at high 

temperatures ≥ 800 ᵒC. This implies that in a real CSP environment under continuous flow of molten salt, 

the Zn/Cr substitution would persist until all the Cr has been stripped out of the alloy, thereby leading to 

possible mechanical failure. 
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Chapter 7: Conclusion 

Water impurities of low cost commercial 97% purity ZnCl2 batches can be effectively removed by using a 

dehydration set-up involving heating under a flow of inert gas. That set-up can be further extended to 

purify larger batches of ZnCl2 samples for potential application in industrial scale. The elevation of the 

melting point upon the purification process was used to track the removal of water impurities from the 

lower purity grade commercial 97% ZnCl2 sample. Melting point of the ZnCl2 samples drastically 

increased from 274 ᵒC up to ~302 ᵒC upon isothermal treatment at 250 ᵒC and started to show a plateau 

for times longer than 3.5 hours. Hence 3.5 hours isothermal holding at 250 ᵒC was chosen as an 

optimized time and temperature to carry out the dehydration process. 

The same technique was tested on larger batch of ~20g and the effectiveness of the purification process 

was checked using calorimetry and FTIR spectroscopy. After the dehydration process ZnCl2 salt shows 

the melting point as ~302 ᵒC comparable with the maximum observed by STA analysis. FTIR spectrum 

displayed a very low intensity –OH stretching and bending peaks as compared to non-purified 97% ZnCl2 

samples. This confirmed the possibility of purifying low-cost industrial grade ZnCl2. 

In order to establish a quantitative correlation between FTIR intensity and water content, a statistical 

correlation between FTIR and TGA analysis was performed for three commercial salt (Alfa Aesar, Zaclon, 

Alibaba). Pearson correlation coefficient analysis showed an excellent linear correlation for all samples. 

Measurements performed on multiple samples from each salt batch demonstrated the in-homogenous 

moisture distribution of the as-received commercial ZnCl2 batches. 

FTIR-ATR and gravimetric experiments were used to quantify the hydration kinetics of three different 

commercial ZnCl2 salts. Gravimetric results showed that the hydration process persist continuously for at 

least 24 hours without reaching saturation. FTIR results showed a rapid evolution of –OH peak intensity 

within the first one hour followed by saturation (pure water signal) for the remainder of the time. The 

reversibility of this process was tested by heating at 250 ᵒC for 6 hours and the TG results clearly 

confirmed the reversibility of the hydration process of 97% purified ZnCl2 salt samples. 

Hastelloy C-276 was used to compare the rate of corrosion in molten ZnCl2 salts before and after the 

purification process. Hastelloy C-276 was highly susceptible to corrosion in the presence of water or 

oxygen impurities in 97% low purity ZnCl2 salts at 800 ᵒC. In contrast the corrosion patterns of purified 

97% ZnCl2 was similar to that observed in ultra-dry ZnCl2 salts as both samples showed similar Zn/Cr 

substitution but no oxide layer formation. 

Commercial nickel based Hastelloys were tested to find an alternative structural alloy which can show 

stability against degradation in ZnCl2 based salt mixtures. Four different Hastelloys (Haynes 556,HR-224, 

Haynes 214,Haynes 242 )  were tested in molten ZnCl2 based salt mixtures at 800 ᵒC for 30 days. EDS 

elemental mapping results clearly indicate that the extent of corrosion through Zn/Cr substitution 

increases with Cr-content in the Hastalloy. These results suggest that all Cr-containing alloys will be 

subjected to corrosion in ZnCl2 salts mixtures which will leads to loss of mechanical properties of the 

Hastelloys through Zn embrittlement. 
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