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A Quantitative Approach for Thermal
Characterization of Phase Change
Materials

Reference

S. Agarwala and K. Narayan Prabhu, “A Quantitative Approach for Thermal Characterization of

Phase Change Materials,” Materials Performance and Characterization 10, no. 1 (2021): 166–172.

https://doi.org/10.1520/MPC20200031

ABSTRACT

A quantitative method for the calculation of phase change parameters of salt-based phase

change materials (PCMs) has been proposed. This technique involves the estimation of

mold-salt interfacial heat flux by solving Fourier’s law of heat conduction within the salt

and using it for the calculation of phase change enthalpy of salt PCMs. Radial heat transfer

was ensured by keeping the length to diameter (L/D) ratio of the mold equal to 5. The pro-

posed method eliminates any drawbacks involved with sample size, reference material, the

baseline fitting calculations, and the errors introduced due to the selection of solidification

points. Pure salt PCMs such as potassium nitrate (KNO3), sodium nitrate (NaNO3), and solar

salt mixture (60 wt. % NaNO3+ 40 wt. % KNO3) were used for validation of this technique. The

thermal behaviors of the salt and the mold during solidification of the salt sample were an-

alyzed, and solidification characteristics such as cooling rate, solidification time, and phase

change enthalpy of PCMs were determined.

Keywords

thermal energy storage, Fourier’s law of heat conduction, solidification, energy balance

Introduction

With the slowly increasing consumption of the available energy resources, the energy de-

mand worldwide is steadily increasing. This creates an energy shortage problem when the

demand and the supply of energy do not match. Solar energy is one source of clean energy

that is inexhaustible. The integration of thermal energy storage systems (TES) with ther-

mal heat generation is the most efficient and promising way to solve this energy problem.

In TES, the latent heat storage systems (LHTES) utilizing the phase change materials
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thermal characterization of phase change materials
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A R T I C L E I N F O

Keywords:
Thermal energy storage
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A B S T R A C T

A new method based on solution to inverse heat conduction problem for the assessment of solidification para-
meters of PCM salts has been proposed. The method estimates the mold -salt interfacial heat flux and it is used to
calculate the latent heat of salt PCMs using calorimetry based energy balance equations. This method is more
accurate compared to Computer Aided Cooling Curve Analysis (CACCA) techniques as it eliminates the draw-
backs involved with base line fitting calculations and errors introduced due to the improper selection of soli-
dification points. Pure salt PCMs such as KNO3 and solar salt were used for the validation of this technique. Both
air and furnace cooling were adopted to demonstrate the effect of cooling rate on solidification characteristics.
The wettability of salt samples on mild steel surface was analyzed to account for the difference in the thermal
behavior of salts.

1. Introduction

The development and growth of the renewable source of energy is
increasing and is expected to increase further in the near future. Solar
energy is an important source of this renewable energy. The only
drawback associated with it is its intermittent nature. In order to create
a continuous and reliable stream of power throughout without inter-
ruption, there is a need to store this excess thermal energy. Energy
storage integrated with solar thermal power generation will help in the
reduction of pollution and hence global warming. This thermal energy
storage systems (TES) are of two types, sensible heat thermal energy
storage systems (SHTES) and latent heat thermal energy storage sys-
tems (LHTES). The LHTES using phase change materials (PCMs) is
considered to more promising than SHTES due to its higher energy
storage density particularly at constant temperature or narrow tem-
perature range [1].

For successful development and implementation of the PCMs, an
accurate database of the various solidification parameters and ther-
mophysical properties of these materials is very important which can be
obtained by the thermal characterization of these PCMs. Thermal
analysis is a reliable technique which is used for characterization of the
energy storage materials. In this technique, the temperature dependent
properties are measured. Differential scanning calorimetry (DSC) is the
technique widely used by researchers to measure solidification para-
meters and the thermophysical properties. However, the limitation on

the sample size has restricted its usage. In the case of inhomogeneous
samples, the DSC results are reflective of the sample used, not of the
entire material used. Another limitation associated with DSC is the loss
of latent heat due to overestimation of the super cooling. The results
obtained are affected by the rates of heating and cooling used which
also affects the measured values. Due to these limitations, researchers
are looking for alternate characterization techniques. T-history method
is an alternate calorimetry based thermal characterization method. This
technique incorporates larger sample size unlike DSC. Here reference
materials are needed for the analysis of PCMs. Many researchers have
used this technique for low temperature applications especially organic
PCMs. However, the reference material and dimensional constraint;
limits its usage for high temperature applications. Because of such
limitations, a new method called as computer aided cooling curve
analysis (CACCA), based on the analysis of the thermal behavior and
the cooling rate curve is widely used. This CACCA method can be used
to evaluate the solidification characteristics and the latent heat of the
PCMs during solidification [2].

Newtonian and the Fourier methods are the two characterization
techniques which uses CACCA technique as their basis and have gained
importance among researchers in recent times. In both these methods,
the PCMs are characterized only during the cooling cycle. The
Newtonian technique is a one thermocouple system whereas the Fourier
is a two thermocouple system. The Fourier technique takes the thermal
gradient obtained within the salt sample into consideration. Both these
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Abstract

Thermal energy storage technologies minimize the

imbalance between energy production and demand.

In this context, latent heat storage materials are of

great importance as they have a higher density of

energy storage as compared with the sensible heat

storage materials. The present study involves the

characterization of energy storage materials using an

energy balance cooling curve analysis method. The

method estimates the convective heat transfer coeffi-

cient in the solidification range to characterize the

phase change materials for applications in energy

storage. The method is more beneficial than the

Computer Aided Cooling Curve analysis methods as

it eliminates baseline calculations and the associated

fitting errors. Metals (Sn) and salts (KNO3 and

NaNO3) were used in the present work. Phase change

characteristics like the rate of cooling, liquidus and

solidus temperatures, time for solidification, and

enthalpy of phase change were estimated for both

metals and salts. It was observed that the energy

balance cooling curve analysis method worked very

well for metals but not well suited for low conductiv-

ity salts. Salts could not be characterized since the

thermal gradient existing within the salt sample was

not considered in this method.

Heat Transfer—Asian Res. 2019;1-10. wileyonlinelibrary.com/journal/htj © 2019 Wiley Periodicals, Inc. | 1
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Abstract Solar energy storage technologies have proved

to be promising in terms of providing uninterrupted power

supply. The phase change materials (PCMs) with their

higher heat storage capacity are more efficient than sensi-

ble heat storage materials. In this study, a new method for

thermal analysis of PCM salts was proposed. The method

was based on the estimation of heat flux at the mold–salt

interface using solution to inverse heat conduction problem

and characterizing the salt using a simplified energy bal-

ance method. It was advantageous over other computer-

aided cooling curve analysis methods as it eliminated the

use of curve fitting approach involved in baseline calcu-

lations. KNO3 and NaNO3 salts were used to validate this

method. The solidification parameters like cooling rate,

liquidus and solidus temperatures, solidification time and

latent heat were assessed. The results of the analysis were

in agreement with the data reported in the literature.

Keywords Energy storage � Thermal analysis �
Solidification � Inverse technique � Energy balance

1 Introduction

The world is facing an environmental and energy crisis due

to increased population and industrialization. This can be

taken care by utilizing the renewable energy resources

available, solar energy being one of them. The only limi-

tation associated with this resource is its instability and

intermittent nature which creates a misbalance between the

energy supply and demand. In order to overcome this

limitation, thermal energy storage technologies (TES) have

become more attractive among the researchers. In TES

systems, latent heat thermal energy storage systems

(LHTES) using phase change materials have gained more

recognition as it has higher energy storage density as

compared to the sensible heat thermal energy storage sys-

tems (SHTES) and that too at a constant temperature with

phase transformations. For successful development of

LHTES materials, an accurate index for the solidification

parameters of the phase change materials (PCM) is needed

[1]. The methods that are being used for this characteri-

zation are differential scanning calorimetry (DSC) tech-

nique; thermal history (T-history) method and computer-

aided cooling curve analysis methods (CACCA). The

limitations associated with DSC are its small sample size

and heating and cooling rates driven results which makes it

inappropriate to characterize inhomogeneous materials [2].

T-history method overcomes these limitations, but the

problem of selecting the appropriate reference materials for

high-temperature application limits its usage only for low-

temperature materials [3].CACCA techniques have proved

suitable as compared to the above discussed techniques and

can be used for materials of all temperature ranges [4]. The

only drawback is the method of baseline calculations using

fitting techniques which affects the results obtained. In the

present work, a technique which combines inverse heat
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The Restoration of the Passivity of Stainless Steel 
Weldments in Pickling Solutions Observed Using 
Electrochemical and Surface Analytical Methods

Jianyu Xiong,* Swati Agarwala,* Mike Yongjun Tan,‡,* and Maria Forsyth*

ABSTRACT

In this study, a solution containing ammonium fluoride (NH4F) 
and nitric acid (HNO3) was used as an alternative to the con-
ventional highly toxic pickling solution HF/HNO3 for pickling 
weldments of selected stainless steels including Type 316 
stainless steel (UNS S31600), duplex stainless steel 2205 
(UNS S32205), and super duplex stainless steel 2507 (UNS 
S32750). Electrochemical and surface analytical methods 
were used to understand the effects of pickling on the stain-
less steel weldments. Cyclic potentiodynamic polarization 
(CPP) test results indicated that the restoration of passivity of 
stainless steel weldments could be achieved by pickling the 
weldments in both HF/HNO3 solution and NH4F/HNO3 solu-
tions. Scanning electron microscopy observation of the UNS 
S32750 weldment surface revealed that both the HF/HNO3 
solution and the NH4F/HNO3 solution could remove the heat 
tint on the weldment. X-ray photoelectron spectroscopy analy-
sis indicated that treatment in these two pickling solutions 
produced passive films with similar characteristics. Thus, this 
work suggests that the NH4F/HNO3 solution is a promising 
alternative to HF/HNO3 solution for the pickling of stainless 
steel weldments, and that the CPP test approach can be used 
in conjunction with surface analytical methods for further 
development of safer and environmentally friendly pickling 
solutions.

KEY WORDS: electrochemical testing, heat affected zone,  
localized corrosion, passivity, pickling, stainless steels,  
weldments

INTRODUCTION

Stainless steels are corrosion resistant because of 
their passivity, which is related to the formation of a 
compact and strongly adherent oxide film on the sur-
face.1 The passivity of stainless steels can be lost and 
consequently, their corrosion resistance can be ad-
versely affected in a process such as welding.2-6 Dur-
ing welding processes, thermal oxides (also referred 
to as heat tints) are usually formed. The formation of 
heat tint is generally considered under diffusion con-
trol. Auger electron spectroscopy and glow discharge 
optical emission spectrometry sputter depth profiles 
have shown that heat tint formed at comparably 
low temperatures (300°C to 400°C) consists primar-
ily of Fe as a result of insufficient diffusion of Cr. At 
higher temperatures, Cr-rich oxide forms because of 
an increased Cr diffusion rate. Cr diffuses outward 
from the base metal into the surface oxide film and 
a thin Cr-depleted layer forms under the heat tint.7-8 
Heat tint can also be formed by redeposition from the 
weld pool. It has been shown that Cr (and also some 
other elements) is evaporated from the weld metal 
and forms weld oxide by subsequent redeposition.9 
The heat tint is thick and porous as compared with 
the native passive film, which makes stainless steels 
vulnerable to localized forms of corrosion.10-11 The Cr-
depleted layer under the heat tint also impairs the 
corrosion resistance of stainless steel weldment be-
cause passivity cannot be developed as a result of the 
lower Cr content in the Cr-depleted layer.12-13 

In order to restore the passivity of stainless steel 
weldments, it is essential to remove the heat tints and 
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