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Abstract
Two of the important aspects for the successful utilization of phase change materials (PCMs) for thermal energy storage 
systems are compatibility with container materials and stability. Therefore, the present study is focused on testing the cor-
rosion resistance and surface characteristics of metals in contact with PCMs and thermal behavior of PCMs with heating/
cooling cycles. The PCM selection is made by targeting low temperature (<100 °C) heat storage applications. The PCMs 
considered are paraffin wax, sodium acetate tri-hydrate, lauric acid, myristic acid, palmitic acid, and stearic acid. The metal 
specimens tested are aluminum, copper, and stainless steel because of their wide usage in thermal equipment. The tests are 
performed by the method of immersion corrosion test, and ASTM G1 standards are followed. The experiments are carried 
out at 80 °C and room temperature (30 °C) for the duration of 10, 30, and 60 days. Pertaining to thermal stability 1500 
melting/freezing cycles are performed. Investigation has been carried out in terms of corrosion rate, SEM analysis of metal 
specimens, appearance of PCMs, and variation of thermophysical properties at 0th, 1000th, and 1500th thermal cycles. 
The most affected area of corrosion, including the dimension of pits, is presented, and comparison is made. Based on the 
corrosion experiments, recommendations are made for the metal–PCM pairs. Pure sodium acetate trihydrate is observed 
to suffer from phase segregation and supercooling. After 1500 thermal cycles, the variation in melting and freezing point 
temperatures for rest of the five PCMs are in the range of − 1.63 to 1.57 °C and − 4.01 to 2.66 °C. Whereas, reduction in 
latent heat of melting and freezing are in the range of 17.6–28.95% and 15.2–26.78%.
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List of symbols
CR  Corrosion rate
Cp  Specific heat, J/(kg K)
H  Latent heat, J/kg
T  Temperature, °C

Greek symbols
�  Thermal expansion coefficient,  K−1

�  Dynamic viscosity, kg/m-s
�  Density, kg/m3

Subscripts
Avg  Average
F  Freezing
L  Liquid

M  Melting
S  Solid

Abbreviations
LA  Lauric acid
LHSU  Latent heat storage unit
MA  Myristic acid
PA  Palmitic acid
PCM  Phase change material
PW  Paraffin wax
SA  Stearic acid
SAT  Sodium acetate trihydrate

Introduction

Due to the rapid growth of population, improved living 
standard, and rapid industrialization all over the world, the 
energy demand in terms of conventional energy resources 
is rapidly increasing. The continuous exploitation of lim-
ited non-renewable reserves and a continuous increase in 
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the level of greenhouse gas emissions drive us towards the 
effective utilization of renewable energy sources. Among 
various available renewable energy sources, solar energy can 
be considered as a propitious option. Due to the unpredictive 
and intermittent nature of solar energy, the usage of thermal 
energy storage systems becomes necessary for the effective 
utilization of solar thermal energy. As the low-temperature 
thermal energy storage include a wide range of applications, 
viz. water heating, air heating, greenhouse heating, regulat-
ing temperature in buildings etc. [1–4] a temperature range 
of 30–100 °C has been considered for the study. Storing 
of thermal energy can be achieved either using sensible or 
latent heat storage materials. In comparison to sensible heat 
storage materials, latent heat storage materials take 5–14 
times less volume to store the same amount of energy [5]. 
The thermal energy stored/released during the phase change 
process is latent heat. In recent years, thermal energy stor-
age using phase change materials has been a major topic of 
research, due to its large energy density and nearly isother-
mal heat transfer process [6, 7]. Based on the phase change 
process, phase change materials (PCMs) can be categorized 
into solid–solid, solid–liquid, solid–gas, and liquid–gas. 
Among these, due to high latent heat and minimum vol-
ume change, solid–liquid PCMs are preferred. Further, the 
solid–liquid PCMs can be classified into organic, inorganic, 
and eutectics [4, 8, 9].

Due to the wide range of applications, Abhat [1] con-
sidered PCMs in the temperature range of 0–120 °C. It was 
highlighted that inorganic salt hydrates are preferred over 
organics due to the higher latent heat. As inorganic PCMs 
suffer from supercooling, investigations were suggested 
prior to consideration. It was mentioned that studies per-
taining to compatibility and thermal stability are necessary 
to assess the long term and short term usage. Zalba et al. 
[9] performed a comprehensive review of thermal energy 
storage for solid–liquid PCMs. The study was focused on 
materials, heat transfer, and applications. Sharma et al. [3] 
discussed the technology of available thermal energy storage 
with PCMs for different applications. Salunkhe and Krishna 
[4] proposed that the PCM should satisfy both primary and 
secondary criteria before considering for an application. It 
was mentioned that compatibility and thermal stability are 
important for efficient LHSU. As the present study focuses 
on two of the important aspects: compatibility and thermal 
stability of PCMs suitable for low-temperature heat storage 
applications, the literature pertaining to these studies will be 
discussed in the subsequent sections.

Cabeza et al. [10] considered salt hydrates PCMs namely 
Zn(NO3)2·6H2O,  CaCl2·6H2O and  Na2(HPO4)0.12H2O with 
melting point in 32–36 °C temperature range and tested 
corrosion resistance of aluminum (Al), copper (Cu), stain-
less steel (SS), steel and brass. Later, Cabeza et al. [11] 
studied corrosion of Al, Cu, SS, steel, and brass with the 

salt hydrate PCMs with the melting point in the range of 
48–58 °C. Sodium acetate trihydrate (SAT) and sodium thio-
sulphate pentahydrate (STP) were considered for the study. 
It was suggested that with these PCMs, Al and SS can be 
employed, but brass and copper should be avoided. Farrell 
et al. [12] investigated the corrosion resistance of Al and 
Cu with salt hydrates. Cu showed the greatest mass loss for 
sodium acetate with additives. No pitting was observed on 
any of the Cu samples. On the other hand, all Al samples 
showed pitting corrosion with mass loss. García-Romero 
et al. [13] investigated the corrosive behavior of various alu-
minum alloys, namely, EN AW 2024, 3003, 6063, and 1050 
in contact with Glauber’s salt. Moreno et al. [14] carried out 
corrosion studies for two metals and two metal alloys with 
salt hydrate PCMs. Recommendations were given for Cu, 
SS, carbon steel, and Al with 11 PCMs suitable for cool-
ing and heating applications. Ushak et al. [15] considered 
 MgCl2·6H2O with impurities of Salar de Atacama and stud-
ied the corrosion behavior of Cu, Al, and SS. Due to the 
high energy storage density, Fernandez et al. [16] consid-
ered strontium bromide and magnesium sulphate as LHSMs. 
Corrosion studies were performed in contact with SS, Cu, 
Al, and carbon steel. Carbon steel was observed to undergo 
corrosion with strontium bromide.

Oro et al. [17] studied the corrosion of two different fami-
lies of materials, (1) metals such as Al, Cu, carbon steel, 
SS 316 and (2) polymer materials such polypropylene (PP), 
high-density polyethylene (HDPE), polyethylene terephtha-
late (PET) and polystyrene (PS) as container materials. The 
materials were tested with the selected nine PCMs of similar 
melting temperature of − 18 °C for cold storage application. 
They concluded that Cu and carbon steel must be avoided, 
Al is not recommended, and SS 316 is recommended when 
in contact with the tested PCMs. Ferrer et al. [18] considered 
metals viz. Al, Cu, carbon steel, SS 304, and SS 316 and 
investigated the corrosion rate with four PCMs. The PCMs 
include SP21E, PureTemp 23, CA-73.5% + MA-26.5% and 
CA-75.2% + PA-24.8%. Recommendations were made for 
metal-PCM pairs. Krishna and Kochar [19] considered 
Cu, Al, and SS and investigated their corrosive behavior 
when kept in contact with the six different PCMs suitable 
for low-temperature heat storage applications. SS showed 
to be fully compatible with the selected PCMs. Krishna and 
Shinde [20] measured the corrosion rate of Cu in contact 
with PW. The results showed that Cu is compatible with the 
PW. Browne et al. [21] investigated the corrosion rate of 
metals (Cu, Al, SS, brass and mild steel) and plastics (per-
spex) with five PCMs (capric acid, capric + LA, capric + PA, 
micronal and SP22). SS was observed to be compatible with 
all PCMs. But brass, Al, and Cu were recommended with 
caution.

Sari and kaygusuz [22] investigated the thermal hydrau-
lics and phase change behavior of SA. Deviation in phase 
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change behavior is noted after 10–15 heating and cooling 
cycles. The study was further extended to MA. The recom-
mendation was made for the solar water heating system as it 
did not show any subcooling effect [23]. Sharma et al. [24] 
carried out thermal reliability tests on commercial grade 
PCMs, such as acetamide, SA, and PW. It was reported that 
the PCMs have not shown any degradation of the melting 
point after a repeated 1500 thermal cycles. Sari [25] inves-
tigated the thermal stability of selected fatty acids viz. SA, 
MA, LA and PA. It was noticed that these fatty acids showed 
good thermal stability over 0, 120, 560, 850 and 1200 num-
ber of melting/freezing cycles. Sari et al. [26] carried out 
synthesis, properties evaluation, and thermal reliability stud-
ies of fatty acid esters with glycerol. The PCMs showed good 
thermal stability for 1000 thermal cycles. Kahwaji et al. [27] 
considered six organic PCMs viz. decanoic acid, dodecanoic 
acid, tetradecanoic acid, hexadecanoic acid, octadecanoic 
acid, and 1-octadecanol. All the six PCMs were observed 
to be thermally stable for 3000 cycles, and octadecanol was 
compatible with all the 16 metallic alloys.

Sari and Kaygusuz [28] conducted a thermal stability test 
of some fatty acids viz. SA, PA, MA, and LA with melting 
temperatures between 40 and 63 °C. PA and MA were sug-
gested for long term storage. SS and Al were recommended 
with the considered fatty acids. Dheep and Sreekumar [29] 
considered glutaric acid as a latent heat storage material for 
solar water heating, air heating, and drying applications. 
Studies pertaining to thermophysical properties, thermal 
stability for 2000 cycles, and compatibility with Cu, Al, and 
SS were carried out. The studies could reveal that glutaric 
acid is thermally stable, and SS showed a very low corro-
sion rate. In line with the above, Dheep and Sreekumar [30] 
extended the study for phenyl acetic acid. The PCM showed 
less corrosive nature with Al and SS when compared to Cu. 
To study the feasibility of acetamide as a LHSM, Brahma 
et al. [31] performed corrosion and thermal stability studies. 
The thermal stability is examined by measuring the melting 
point and latent heat for 1000 heating/cooling cycles. Cor-
rosion studies were carried out with Cu, Al, SS, and mild 
steel. Based on the studies SS and Al were observed to be 
compatible with acetamide.

Several review articles highlighted the importance 
of compatibility and thermal stability of PCMs, and the 
salient discussions are as follows. Sharma and Sagara [8] 
presented a list of 250 PCMs with their melting point and 
latent heat. Studies pertaining to thermal cycles and cor-
rosion of the materials for long term stability, methods for 
the enhancement of heat transfer in PCM were discussed. 
Vasu et al. [32] in their review article, informed that most 
of the organic PCMs are noncorrosive and inorganic 
are corrosive. SS was observed to be the most compat-
ible material among other metals. It was suggested that 
Al alloy with traces of carbon is corrosive and should be 

avoided. Rathod and Banerjee [33] provided a detailed 
review discussing the thermal stability of LHSMs. Paraf-
fins were observed to be stable after numerous heating/
cooling cycles. Investigation pertaining to thermal cycling 
was recommended for fatty acids before consideration. 
Salt hydrates were noted to undergo phase segregation. 
Oro et al. [34] mentioned that adjustable melting/freez-
ing point temperatures would be necessary as they are the 
primary selection criteria of PCM for any kind of applica-
tion. Ferrer et al. [35] informed about the unavailability of 
common standards for performing thermal stability tests.

From the literature, it can be deduced that for low-
temperature heat storage applications (30–100 °C) based 
on melting point temperature range, high latent heat, ease 
of availability and low cost, the PCMs viz. paraffin wax 
(PW), sodium acetate trihydrate (SAT), lauric acid (LA), 
myristic acid (MA), palmitic acid (PA) and stearic acid 
(SA) can be considered as promising contenders. For the 
successful latent heat storage unit (LHSU) compatibility 
and thermal stability are two important aspects that are to 
be considered. From the earlier works, ambivalence pre-
vails pertaining to the corrosion behavior of Al, Cu, and 
SS with the PCMs. Also, corrosion rate, surface charac-
teristics, and analysis of pits using SEM, the behavior of 
PCMs with metals at room temperature (30 °C) and above 
the PCMs melting point temperature (80 °C) is scarce. 
Pertaining to thermal reliability studies, smaller PCM vol-
umes were taken in test tubes, where the phase segrega-
tion/subcooling effects cannot be addressed thoroughly. 
Besides the variation in melting point, freezing point, 
latent heat of melting, latent heat of freezing, and spe-
cific heat with thermal cycling tests need to be discussed. 
Therefore, the present study attempts to address the above 
issues by performing a detailed investigation of compat-
ibility with Cu, Al, and SS and thermal stability of six 
PCMs (LA, MA, SA, PW, PA, and SAT). The investigation 
is categorized into two parts. The first part deals with the 
detailed compatibility studies comprising of corrosion rate 
and surface characteristics of metals and the appearance 
of PCMs. The second part deals with thermal reliability 
studies by performing melting and freezing cycles.

Experimental methodology

The considered six PCMs (LA, MA, SA, PW, PA, and SAT) 
were purchased from Hi-Media Laboratories Pvt. Ltd., India. 
The thermophysical properties viz. melting point, latent 
heat, specific heat, thermal conductivity, density, viscosity, 
and thermal expansion coefficient will be of great aid for the 
design of a LHSU. All of the above mentioned properties are 
experimentally evaluated and are given in Table 1.
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Corrosion study

Three commonly employed container metals, namely 
aluminum (Al), copper (Cu), and stainless steel (SS) are 
selected for conducting an immersion corrosion experiment. 
The metal samples are prepared with dimensions of 30 mm 
(length) × 10 mm (width) × 2 mm (thick) for Al and SS and 
1.5 mm thick for Cu. The initial appearance of the samples is 
shown in Fig. 1. The compositions (wt%) are Al (Al = 99.6, 
Fe = 0.25, Si = 0.07, Cu + Mn + Zn + Mg + Cr + Pb = 0.08
), Cu (Cu = 99.85, P + Bi + Pb = 0.15) and SS (Fe = 99.2, 
Mn = 0.4, Si = 0.2, C = 0.2), respectively.

Methodology for corrosion

The experimental method can be divided into four steps: 
(1) sample preparation (2) morphology and corrosion test 
(3) cleaning of corroded samples and (4) evaluation of cor-
rosion rate.

(i) Sample preparation: Initially, each of the samples is 
made flat with a belt grinder to achieve uniform abrasion/
cleaning of the surface while polishing with hand. All the 
specimens are polished using hand with "silicon carbide 

waterproof electro-coated" abrasive papers of grades C–150, 
C–180, C–320, C–400, C–600, C–1000 and P–2000 in the 
given order gradually from coarse grain to fine grain. Ini-
tially, coarse grain paper is used for fast removal of the upper 
dirty layer from the metal surface so that it becomes flat 
easily in less time. Successively fine and finer grain abrasive 
papers are used to achieve a good surface finish. After mark-
ing the sample, cloth polishing is done on a disc polishing 
machine using a solution of 5-µm aluminum oxide powder 
in normal water. Once cloth polishing is over, specimens are 
cleaned with normal water to remove the aluminum oxide 
particles stuck to the surfaces. Once again cleaned with 
acetone followed by hot air drying. The samples are stored 
in airtight condition (lock cover made of polythene) to avoid 
interaction with the atmosphere.

(ii) Morphology and corrosion test: The corrosion method 
used is the immersion corrosion test. Three metals Al, Cu, 
and SS are tested with six PCMs, namely LA, MA, SA, PW, 
PA, and SAT. Before starting the corrosion experiment, the 
SEM (Scanning Electron Microscope) images are taken for 
Al, Cu, and SS at magnifications of 1000 and 4000 ×. All 
the prepared metal specimens are weighed using an elec-
tronic balance with the accuracy of 5 digits. The weight of 
each sample is recorded three times, and the average value 
is used for experimental purposes. The glass test tubes after 
cleaning with water are dried and partially filled with refer-
ence PCMs. The sample of each metal is then placed into 
each reference melted PCMs contained in test tubes. So that 
metals can get completely immersed in PCM, so the name 
"immersion corrosion test". Thus a total of 36 test tubes are 
required. To avoid further interaction with atmospheric oxy-
gen, the tubes are covered with rubber cork. For maintain-
ing a constant temperature (80 °C) of the tubes filled with 
metal–PCMs, high temperature, oil bath is used, as shown in 
Fig. 2. One set of 18 boiling tubes filled with metal–PCMs 
are arranged in the specially made fixture to hold the tubes 
at a proper distance so that no two test tubes can collide 
each other. Now the whole system of tubes with the stand 
is partially immersed in water of high-temperature oil bath, 
as shown in Fig. 2. The temperature of the oil bath is set 
at 80 °C, above the melting temperature of the PCMs. The 

Table 1  Thermophysical properties of selected six PCMs

Equipment → Differential scanning calorimetry (DSC) TPS 500S thermal 
constants analyzer

Pycnometer with n-dodecane Rheometer Borosil cylinder

PCM ↓ TM (°C) HM (kJ/kg) CpS/CpL (J/kg K) ks/kL (W/m K) ρS/ρL (kg/m3) µ (Pa s) β (/°C)

LA
MA
SA
PW
PA
SAT

43.46
53.69
55.93
64.36
61.88
58.50

156.82
180.95
167.22
128.24
180.96
273.36

2155/2319
2230/2530
1980/2370
2140/2360
2030/2560
1730/–

0.227/0.388
0.264/0.380
0.309/0.354
0.431/0.385
0.216/0.358
0.249/0.216

1051.20/885.04
1020.11/863.45
919.58/858.16
919.50/767.16
955.29/878.60
1516.36/1242.33

4.35 × 10–3

5.6 × 10–3

9.56 × 10–3

6.5 × 10–3

8.01 × 10–3

1.82 × 10–2

9.25 × 10–4

8.15 × 10–4

8.77 × 10–3

6.88 × 10–3

8.15 × 10–4

–

Fig. 1  Initial appearance without corrosion for Al, Cu and SS (left to 
right)
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other set of 18 sealed tubes containing metal–PCM (six from 
each of Al, Cu, and SS immersed in 6 PCMs) are kept at 
room temperature (below the melting temperature of PCMs) 
30 °C. After 10, 30, and 60 days the metal specimens are 
taken out from the tubes using forceps to evaluate the cor-
rosion rate.

(iii) Cleaning of corroded samples: PCM gets stuck with 
metal samples when it is taken out. To remove the PCM 
from the surface, the metal sample is placed in hot water, 
which is maintained at 80 °C. Once the PCM is removed, the 
sample is cleaned with water followed by chemical cleaning 
as per ASTM G1 standards. The cleaning is done with  HNO3 
(SG:1.42) for Al, HCl ((SG:1.19) with 1:1  H2O mix for the 
Cu submerged for 3 min, 100 ml  HNO3 (SG:1.42), 20 ml 
HCl (SG:1.19) and reagent water to make 1000 ml solu-
tion for SS submerged for 5 min. To dry at a faster rate, the 
samples are exposed to hot air. Later weighing is done for 
the calculation of corrosion rates (i.e., gravimetric analysis). 
The specimens are again placed in the corresponding test 
tubes for 30 days. Each sample is again removed, cleaned, 
and reweighed. The procedure is again repeated for 60 days, 
and the surface characteristics are examined.

(iv) Evaluation of corrosion rate: Two methods are fol-
lowed for the assessment of corrosion: (a) Gravimetric anal-
ysis and (b) SEM analysis for surface characteristics includ-
ing pitting corrosion. The corrosion rate (mg/cm2 year) is 
estimated using Eqs. (1) and (2). The corrosion rate (CR) 
values obtained from calculations are compared with the 
help of bar charts and graphs and are discussed in the results 
and discussion section:

where m (t0) initial mass of the metal sample; m (t) mass 
of the metal sample after 10, 30 and 60 days; Δm mass 

(1)Δm = m
(

t0

)

− m(t)

(2)CR =
Δm

A ⋅

(

t0 − t
) ,

loss, A area of the metal sample exposed for corrosion, and 
(to − t) = duration of exposure for corrosion.

Although the samples are measured before and after 
the test, the differences in thickness and its surface area 
are not significant enough to be taken into consideration. 
Therefore, the uniform area is used for the calculations 
in gravimetric analysis. Metallographic examinations are 
carried out with a high resolution and high magnification 
power scanning electron microscope (SEM) of model 
VEGA3-TESCAN.

Thermal stability study

A fully automatic experimental facility is designed and 
fabricated for conducting the thermal cycling studies. A 
schematic of the experimental setup is shown in Fig. 3. 
The components of the experimental setup are heating 
bath, refrigerated cooling bath, switches for regulating 
power supply, data acquisition system (DAQ), and spheri-
cal containers to place PCM samples. The transparent 
spherical capsules are filled with the selected PCM sam-
ples and then placed inside a heating bath, which is fitted 
with a temperature control sensor. The power to the heat-
ers is regulated by the DAQ to ensure the temperature of 
the hot water bath to be maintained at the desired value. 
During the cooling cycle, water from the refrigerated bath 
enters the heating bath via regulating the valve and flows 
back to the refrigerated bath. During the heating cycle, the 
water from the refrigerated bath is stopped by switching 
off the pump by the DAQ, and power supply to the heater 
begins until the required temperature is attained. Thus 
heating and cooling cycles are continued. The thermal reli-
ability of the selected PCMs is determined by performing 
the melting and freezing cycles between 30 and 70 °C. 
These experiments are performed continuously until 500, 
1000, and 1500 numbers of cycles are attained.

Fig. 2  High temperature oil 
bath
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Results and discussions

Corrosion studies

Corrosion rate

The corrosion rate (CR) of the metal samples is calculated 
using Eq. (2) for the duration of 10, 30, and 60 days. It may 
be noted that the experiments are performed at two tem-
peratures 30 °C and 80 °C separately. Figure 4 provides the 
corrosion rate (CR) versus time graph for these two tempera-
tures. Figure 4a, b shows the CR variation with respect to 
time for Cu with different PCMs at 30 °C and 80 °C, respec-
tively. Initially, for 10 days, it is maximum and observed 
to decrease after 30 and 60 days for all tested PCMs. The 
formation of a protective layer with time can be inferred for 
this behavior. It is clearly evident that Cu in LA at both tem-
peratures have maximum corrosion. At 30 °C, the CR for LA 
is followed by PW, SAT, SA, MA, and PA, whereas at 80 °C 
LA is followed by SA, PA, MA, SAT, and PW. The lowest 
corrosion is observed in SAT and PW at 80 °C. With the 
increase in temperature, SAT melts and dissociates to acetate 
ion  (CH3COO–) and sodium ion  (Na+). The available water 
molecules in the ionic state  (H+ and  OH−) can lead to the 
formation of NaOH, which is basic in nature, causing lower 
CR for SAT. The high resistivity of PW due to its simple 
hydrocarbon chain did not cause any considerable variation 
of CR at 30 °C and 80 °C [19]. Figure 4c, d provides CR for 
Al at 30 °C and 80 °C. All the PCMs at 30 °C and PCMs 
other than MA and LA at 80 °C showed a decreasing trend 
with time. To understand the decrease and increase of CR 
for MA and LA, SEM images have been taken at a magni-
fication of 4000 × and are shown in Table 2. Based on the 
SEM images, it is understood that severe pitting action from 
30 to 60 days led to an increase in CR. Figure 4e, f provides 

CR for SS at 30 °C and 80 °C. The magnitude of CR for SS 
can be noted to be significantly less when compared with 
Cu and Al. The CR can be noted to be high for Cu and Al 
at 80 °C, but for SS, it is observed at 30 °C. As the rate of 
electrochemical reaction increases with temperature, higher 
CR is observed for Cu and Al. The formation of passive film 
for SS with an increase in temperature can be inferred to the 
drop of CR from 30 to 80 °C.

Surface morphology

SEM (scanning electron microscope) images highlighting 
the pits and most corroded areas are taken for the samples 
after 60 days of corrosion at 80 °C are given in Table 2. As 
there is no considerable variation of surface morphology 
at 30 °C, the SEM images are provided only at 80 °C. To 
analyze the changes caused due to corrosion, the images of 
metal samples are given at the 4000 × magnification. The 
surface morphology and dimensions of pits are highlighted 
and compared. The observations made for respective metal-
PCM pairs are given in Table 2. In these SEM images, the 
pit dimensions are found to be of the order of 1–5 µm. All 
Al samples (at 80 °C during 60 days of corrosion) got mostly 
affected by pitting, whereas no pitting observed on SS sam-
ples in any PCMs. Al has the highest pitting in MA and 
least in PW. Cu has dominant surface corrosion in the tested 
PCMs, while negligible pitting observed.

PCM behavior

After 60 days, the individual test tubes kept at 80 °C and 
30 °C are examined. It is observed that all the PCMs in the 
test tubes at 30 °C are in the solid-state except the SAT with 
Al and Cu. In the case of Al–SAT kept at room temperature 
30 °C, the PCM remained in the liquid state. In the case 

Fig. 3  Experimental setup for thermal stability study
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Fig. 4  CR vs time for Cu, Al and SS with PCMs at 30 °C and 80 °C
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of Cu–SAT kept at 30 °C, both the solid and liquid phase 
of SAT co-existed in the tube, i.e., some crystals of SAT 
formed. After 60 days, photographs of each tube (kept at 
80 °C) are taken before removing the sample for the final 
evaluation of corrosion. Visual evaluation is done seeking 
bubbles, precipitates formed, surface changes, pitting in 
metals, and change in color of the PCMs. The images and 
the results found are given in Table 3. Based on the above 
details, it can be concluded that no visual color change is 
observed in PW and SAT for all three metals (Al, Cu, and 

SS). Cu makes all other PCMs to green–blue. Visual obser-
vations made for metal–PCM at 80 °C is summarised and 
given in Table 3.

Figure 5a, b shows the comparison of corrosion rates of 
tested metal–PCM combination kept for 60 day duration at 
30 °C and 80 °C. To analyze the data obtained, the guide-
lines for corrosion weight loss used in the industrial sec-
tor are followed [17]. Based on the industrial guidelines, 
visual observation and pitting behavior, recommendations 
are made for the metal–PCM pairs. The recommendations 

Table 2  SEM images of Cu, Al and SS without corrosion and after corrosion with PCMs at 80 °C after 60 days
Metal

Copper Observation Aluminum Observation Stainless steel Observation
PCM

In
iti

al
 su

rf
ac

e 
(W

ith
ou

t  
co

rr
os

io
n)

Initial surface has 
some roughness.

Small irregularity 
on surface.

Initial scratch and pit 
found; surface texture 
used as reference for 
comparison.

Pa
ra

ff
in

 w
ax

Very less change in 
surface 
characteristics; only 
surface corrosion 
found.

Uniform pitting;
slight increase in 
pit depth and 
dimension
observed.

No change in average 
surface characteristic 
observed; no new pit 
formed other than 
initial pit. 

So
di

um
 a

ce
ta

te
 

tr
ih

yd
ra

te

Surface texture 
changed; uniform 
surface corrosion;
surface corrosion 
dominant as 
compared to pitting;
no new pit found.

Slight change in 
surface found;
average size of 
small pits 
increased; PCM 
got stuck to 
surface; pitting is 
not severe.

No change in surface 
characteristic and no 
new pit formed other 
than the initial pits.

L
au

ri
c 

ac
id

New pits found that 
may be severe; non 
uniform surface 
corrosion is 
dominant.

Pit dimension 
increased; deep 
pits observed in 
addition to surface 
corrosion; sieve 
like surface 
appears; small and 
big pits found;
severe pitting.

No change in surface 
observed and no new 
pit formed.

M
yr

is
tic

 a
ci

d

Very rare and very 
small pits found;
surface 
characteristics 
changed; surface 
corrosion dominant.

Most severe 
pitting; no. of 
small pits so high 
that it looks like 
uniform 
continuous pitting 
on surface.

No change in surface 
observed and no new 
pit formed.

Pa
lm

iti
c 

ac
id

Non-uniform 
surface corrosion is 
dominant; surface 
changed; pitting is 
not severe.

Bigger dimension 
deep pits observed 
but non-uniform;
severe pitting 
corrosion.

No significant change 
in average surface 
characteristics.

St
ea

ri
c 

ac
id

Uniform surface 
corrosion found 
with change in 
surface texture; no 
new pit observed.

Slight surface 
corrosion found;
average pit 
dimension 
increased.

No new pit formed;
slight change in 
surface due to
oxidation.
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Table 3  Appearance of the PCMs kept at 80 °C after 60 days of corrosion

Aluminum Copper Stainless Steel Remark

Pa
ra

ff
in

 w
ax

No change in the color 
of PCM and metal 
observed

So
di

um
 a

ce
ta

te
 

tr
ih

yd
ra

te

Some portion of PCM at 
bottom remained un-
melted for Al due to 
phase segregation of 
PCM; no change 
observed for others.

La
ur

ic
 a

ci
d

Color of PCM changed 
to orange-yellow for Al
and SS; cyan-green for 
Cu; no color change 
observed in metal.

M
yr

is
tic

 a
ci

d

PCM color changed to 
pale yellow for Al,
orange-yellow for SS 
and dark green for Cu;
no precipitate observed 
in all.

Pa
lm

iti
c 

ac
id

Precipitate (thick layer) 
around Cu sample 
formed and color of 
PCM changed to cyan-
blue; orange-yellow for 
SS; no change observed 
for Al.

St
ea

ri
c 

ac
id

Color changed to 
orange- yellow for Al 
and SS; yellow-green 
color and thin layer of 
precipitate observed 
around Cu.
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based on the CR value is given in Table 4. Table 5 presents 
the suitability of metals with PCMs. From Fig. 5a, it can be 
noted that at 30 °C in the case of Cu, the lowest corrosion 
is found with SA followed by SAT and the highest with LA 
followed by PA. From Figs. 4 and 5a, it can be observed that 
for Cu–LA corrosion rate value is 15.43 (greater than 9.9) 

mg/cm2 year. Therefore, caution is recommended for Cu–LA 
combination. As all the other CR values are less than 9.9, 
they can be used without any caution for long term applica-
tions at 30 °C temperature.

From Fig. 5b, it can be observed that SS is the most cor-
rosion resistant material at 80 °C. If Cu and Al are com-
pared, all PCMs except MA showed higher CR with Cu. As 
The CR values for Cu-LA, Cu-PA, Cu-SA, and Al-MA pairs 
are greater than 49 mg/cm2 year, they are not recommended 
for service greater than 1 year. In spite of CR < 50 mg/
cm2 year, due to severe pitting action as observed in Table 2, 
the Al-LA pair is not recommended for service greater than 
1 year.

Thermal stability studies

If 300 sunny days per year are taken into consideration, and 
a PCM in the thermal energy storage is treated to undergo 
one thermal cycle (melting/freezing cycle) per day. Since a 

Fig. 5  Comparison of Cu, Al and SS corrosion rate for 60 days with PCMs at a 30 °C and b 80 °C

Table 4  Guide for corrosion weight loss used in the industry [17]

mg/cm2 year Recommendation

< 0.2 Recommended for long term service; no corrosion, 
other than as a result of surface cleaning, was 
evidenced

0.3–9.9 Recommended for long term service
10–49 Caution recommended, based on the specific appli-

cation
50–99 Not recommended for service greater than 1 year
100–999 Not recommended for service greater than a month
> 1000 Completely destroyed within days

Table 5  Suitability of metals 
with PCMs at 30 °C and 80 °C

√ recommended, ! caution recommended, ×  not recommended for service greater than 1 year, × ! not rec-
ommended for service greater than 1 year, due to pitting

PCMs/metals @ 30 °C @ 80 °C

Cu Al SS Cu Al SS

PW √ √ √ √ √ √
SAT √ √ √ √ √ √
LA ! √ √ × ! × √
MA √ √ √ ! × √
PA √ √ √ × ! √
SA √ √ √ × ! √
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minimum life of 5 years for a thermal energy storage sys-
tem is assumed, 1500 thermal cycles have been conducted 
for the selected PCMs. While performing corrosion experi-
ments, it is observed that SAT did not melt completely when 
exposed to 80 °C and did not solidify when placed at 25 °C 
for several days. Therefore, prior to heating/cooling cycles, 
SAT (nearly 200 g) is taken in a round bottom flask (250 ml) 
and filled almost up to the rim to analyze the melting and 
solidification behavior. Figure 6a shows SAT after heating 
in a water bath at 80 °C for 10 h and Fig. 6b when cooled at 
25 °C for 2 days. Based on Fig. 6, it can be noted that pure 
SAT undergoes phase segregation and cannot be employed 
in a LHSU.

Due to the issue of phase segregation, SAT has not been 
considered for thermal stability studies. To perform com-
prehensive thermal stability analysis, the change in thermo-
physical properties such as TM, TF, HM, HF, CpS, and CpL are 
presented after 1500 melting/freezing cycles. If the variation 
of the above properties is not in the acceptable range, then 
the PCM can be rejected for long term usage without the 
need for other thermophysical and chemical properties.

Paraffin wax

DSC curves of 0th, 1000th, and 1500th cycles showing heat 
flow variation against temperature for PW, LA, MA, PA, 
and SA are presented in Fig. 7, and thermal properties meas-
ured from these curves are given in Tables 6 and 7. From 
Table 6, TM of PW, which is initially 64.36 °C changed by 
− 0.59 °C after 1000 melting/freezing cycles and − 1.63 °C 
after 1500 melting/freezing cycles. Similarly, TF, which is 
initially 62.42 °C changed by 0.45 °C after 1000 cycles and 
0.02 °C after 1500 cycles. Based on Table 6 it can be noticed 
that the HM for PW changed by − 0.48% and − 26.28% and 
HF by 0.27% and − 25.93%, respectively, after 1000 and 

1500 cycles. These results show that considerable variation 
in latent heat (HM and HF) is observed after 1500 cycles. 
From these results, it can be noted that up to 1000 cycles, 
PW is the suitable PCM as the variation of TM and TF are 
less than 1 °C, and the change in HM and HF is within 0.5%. 
Further, variation in specific heat at 0th and after the 1000th 
and 1500th thermal cycles are given in Table 7. From these 
results, the degradation in specific heat (solid and liquid) 
values can be noted. The variation in the specific heat of 
solid PW is observed to be − 5.14% and 11.68% and liquid 
PW by 3.81% and − 7.61% after 1000 and 1500 thermal 
cycles.

Lauric acid

The phase change temperatures (TM and TF) and latent heat 
(HF and HM) of the un-cycled LA (at 0th cycle) are presented 
in Table 6. DSC curves are measured (for both heating and 
cooling) for 0th, 1000th, and 1500th thermal cycles and are 
given in Fig. 7. From these DSC curves, one can observe 
the behavior of these properties with the number of melting/
freezing cycles. The details pertaining to this are presented 
in Tables 6 and 7. From these results, variations of 1.56 °C 
and 1.57 °C are noticed in the melting point temperature and, 
1.28 °C and 2.46 °C variations are observed in freezing point 
temperature after 1000 and 1500 thermal cycles. As given 
in Table 6, the latent heat of melting reduced by 13.69% (at 
1000th cycle) and 23.27% (at 1500th cycle) with respect 
to the zero cycle values. In line with this the reduction in 
latent heat of freezing values is noted to be 11.38% after 
the 1000th cycle and 20.22% after the 1500th cycle. These 
results convey that variations of latent heat (HM and HF) with 
the increase in the number of melting/freezing cycles are 
not regular. Table 7 deduces the effect of repeated thermal 
cycles on the stability of the LA in terms of change in its 

Fig. 6  Sodium acetate trihydrate 
after a heating in a water bath 
at 80 °C for 10 h, b cooling at 
25 °C for 2 days
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Fig. 7  DSC curves for PW, LA, MA, PA and SA after 0, 1000 and 1500 cycles
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specific heat (solid and liquid). As shown in Table 7, no sig-
nificant degradation in the specific heat of LA is observed.

Myristic acid

The TM, TF, HM and HF for MA are measured at 0th, 1000th, 
and 1500th melting/freezing cycles, and their values are 
given in Table 6. The DSC curves of MA for considered 
melting/freezing cycles are shown in Fig. 7. As shown in 
Fig. 7 and Table 6, the variation in melting and freezing 
point temperatures are not too high. TM has a variation of 
1.41 °C (at 1000 thermal cycles) and 1.46 °C (at 1500 ther-
mal cycles) when compared to the values of the zeroth cycle. 
Whereas, TF has a variation of 3 °C (at 1000 thermal cycles) 
and 2.6 °C (at 1500 thermal cycles). As shown in Table 6, 
HM for myristic acid decreased by 18.9% and 25.84% and 
HF by 6.9% and 15.2% after the repeated 1000 and 1500 
thermal cycles. Form these results; it can be noticed that 
HM and HF of the MA got reduced with the increase in the 
number of melting/freezing cycles. On the other hand, the 
variation in Cp (solid and liquid) is given in Table 7. After 

1500 thermal cycles, the Cp (solid and liquid) values of the 
zeroth thermal cycle are almost repeated. This infers that no 
significant variation in the specific heat values during the 
melting and freezing cycles.

Palmitic acid

DSC curves measured for PA at 0th and after 1000th and 
1500th thermal cycles are presented in Fig. 7, and the ther-
mal properties are given in Table 6. As shown in Table 6 and 
Fig. 7, no significant variation in TM and TF are observed 
from 1000 to 1500 cycles. TM of PA showed a variation 
of 1.43 °C after the 1000 cycles and 1.39 °C after 1500 
cycles. Similarly, TF changed by 2.32 °C and 1.89 °C after 
1000 and 1500 thermal cycles. On the other hand, signifi-
cant variation in latent heat (HM and HF) is observed dur-
ing the thermal cycle test. As shown in Table 6, after 1000 
and 1500 cycles, HM displayed a variation of − 19.4% and 
− 17.6% and HF by − 18.73% and − 16.18%, respectively. 
These results indicate a decrease in latent heat (HM and HF) 
of PA with thermal cycles. It can also be observed that these 
values are almost constant after 1000 cycles. Subsequently, 
the obtained specific heat of PA at 0th and after 1000 and 
1500 cycles are given in Table 7. As given in Table 7, the 
specific heat of solid PCM after 1000 and 1500 cycles var-
ies by − 13.79% and 0.49%, while the specific heat of liquid 
PCM decreased by − 12.1% and − 22.65%, respectively. 
These results showed that the variation in the specific heat 
(solid and liquid) of the PA with the number of melting/
freezing cycles is irregular.

Stearic acid

For the thermal stability of SA, a similar process has been 
pursued. The thermal cycle test for 1500 melting/freez-
ing cycles is carried out, and the DSC measurements are 
recorded at the starting and after 1000 and 1500 cycles. 
The DSC curves are given in Fig. 7, the corresponding 
thermophysical properties are provided in Table 6. From 
Table 6, it can be noticed that no significant deviation in 
TM is observed during the thermal cycling process. The TM 
value varied by 0.75 °C and 1.12 °C, whereas TF varied by 
− 3.91 °C and − 4.01 °C for 1000 and 1500 thermal cycles. 

Table 6  DSC results of the selected PCMs before and after the ther-
mal cycles

Number of 
cycles

TM (°C) HM (kJ/kg) TF (°C) HF (kJ/kg)

PW 0 64.36 128.24 62.42 126.96
1000 63.77 127.61 62.87 127.31
1500 62.73 94.53 62.44 94.03

LA 0 43.46 156.82 41.5 150.44
1000 45.02 135.34 42.78 133.31
1500 45.03 120.32 43.96 120.02

MA 0 53.69 180.95 51 156.08
1000 55.10 146.75 54 145.21
1500 55.15 134.19 53.66 132.35

PA 0 61.88 180.96 60.5 177.78
1000 63.31 145.85 62.82 144.48
1500 63.27 149.10 62.39 149

SA 0 55.93 167.22 59.88 158.72
1000 56.68 137.63 55.97 133.80
1500 57.05 118.80 55.87 116.20

Table 7  Specific heat of 
selected PCMs with number of 
thermal cycles

Units (J/kg K) 0 cycles 1000 cycles 1500 cycles

Phase change material Cp (solid) Cp (liquid) Cp (solid) Cp (liquid) Cp (solid) Cp (liquid)

PW 2140 2360 2030 2450 2390 2180
LA 2155 2319 2150 2320 2170 2310
MA 2230 2530 2245 2500 2229 2525
PA 2030 2560 1750 2250 2040 1980
SA 1980 2370 2010 2330 2050 2010
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From Fig. 7 and Table 6, it can be noticed that the HM and 
HF of SA show considerable degradation with the increas-
ing number of melting/freezing cycles. After repeated 1000 
and 1500 melting/freezing cycles, the variation in the HM 
is − 17.69% and − 28.95%, respectively, and the variation 
in HF is − 15.7% and − 26.78%. The degradation in the 
latent heat (both HM and HF) may be due to the impurities 
or changes in the chemical structure of SA. Furthermore, 
Table 7 describes the effect of melting/freezing cycles on 
specific heat (solid and liquid states) of the SA. Based on 
these results, it is found that the specific heat of solid PCM 
varies by 1.51–3.5% and liquid PCM by − 1.68 to − 2.11% 
after 1000 and 1500 thermal cycles. From the earlier stud-
ies [28, 36] it can be observed that the variation of thermal 
properties of SA is at an acceptable level to apply as latent 
heat storage material.

Conclusions

The study presents thermal stability and compatibility of 
container materials (Cu, Al, and SS) with promising PCMs 
suitable for low temperature (< 100 °C) thermal energy stor-
age. Six PCMs viz. paraffin wax, sodium acetate trihydrate, 
lauric acid, myristic acid, palmitic acid, and stearic acid and 
three metals are considered for the study. The corrosion rate 
is observed for the duration of 10, 30, and 60 days and ther-
mal stability for 1000 and 1500 heating/cooling cycles. The 
thermophysical properties of these PCMs are measured and 
tabulated. Based on the investigation, the following conclu-
sions can be drawn.

Corrosion studies

• The corrosion rate of copper is high when compared to 
aluminum. Insignificant mass loss is noted for stainless 
steel.

• Copper is observed to undergo surface corrosion and alu-
minum pitting corrosion.

• The combination of copper with lauric acid, palmitic 
acid, and stearic acid should be avoided due to the higher 
surface corrosion.

• The combination of aluminum with myristic acid and 
lauric acid should be avoided due to severe pitting action. 
The pitting corrosion will cause the formation of holes in 
the components, resulting in the failure of the system.

• The corrosion rate is more for copper and aluminum at 
80 °C, whereas for stainless steel, it is observed at 30 °C.

• Initially, the corrosion rate for copper and aluminum is 
high for all the combinations, as time progresses, the cor-

rosion rate continuously decreased with the exception of 
aluminum–lauric acid and aluminum–myristic acid.

• At 80 °C, paraffin wax and sodium acetate trihydrate 
can be a promising option among the tested PCMs as 
there was no significant corrosion observed for all the 
three metals (Al, Cu, and SS).

• Stainless steel can be employed with any of the six 
PCMs as it is found to be the most corrosion resistant 
material at 30 °C and 80 °C.

Thermal stability studies

• Pure sodium acetate trihydrate cannot be used for ther-
mal energy storage due to phase segregation and super-
cooling.

• After 1500 thermal cycles, the maximum variation for 
the melting point is observed to be − 1.63 °C for par-
affin wax, and the maximum variation for the freezing 
point is − 4.01 °C for stearic acid.

• The enthalpy of melting and freezing of the selected 
organic PCMs decreased with the increase in the num-
ber of repeated melting/freezing cycles.

• Stearic acid is noted to undergo a maximum reduction 
of 28.95% for the latent heat of melting and 26.78% for 
the latent heat of freezing.

• The performance of a latent heat storage unit depends 
on both melting and solidification phenomena with sta-
ble/minimum variation in both melting and freezing 
temperatures. Among all the selected PCMs, if both 
melting point and freezing point are considered paraf-
fin wax is observed to be stable with a deviation of 
− 1.63 °C for melting point and 0.02 °C for the freezing 
point.

• Pertaining to specific heat, palmitic acid is observed to 
attain a maximum variation of − 22.66%.

• The variation of specific heat values for both solid and 
liquid states is observed to be less than 1% for lauric 
acid and myristic acid.

• Typically, a variation of ± 5 °C for PCM’s melting point 
and freezing point temperatures is acceptable. Based 
on which the considered PCMs can be treated as an 
attractive option for latent heat storage.
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