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Thermal energy storage (TES) using a phase change material (PCM) has been
proposed as a supplemental cooling system to improve the performance of power
plant air-cooled condensers (ACCs). In this proposed system, frozen PCM would
remove heat from plant’s condensing steam during the day, which would melt the
PCM. The PCM would be frozen at night as its stored heat is rejected to the cooler
atmosphere. Calcium chloride hexahydrate (CaCl2 · 6H2O) is an attractive material to
serve as a PCM in this innovative system due to its appropriate melting temperature,
low price, and relatively high latent heat of fusion. The corrosion of container
materials is a major challenge in using CaCl2 · 6H2O. Any material used needs to
survive constant exposure to the salt for several years to ensure a long operational life
for the system. In this study, the corrosion behavior of four metals in contact with
CaCl2 · 6H2O was experimentally investigated. Three different temperature
conditions and two pH level conditions were considered under static metal exposure
conditions.
KEYWORDS

Funding information
Advanced Research Projects Agency - Energy

air-cooled condensers, calcium chloride hexahydrate, corrosion, phase change material, thermal
energy storage

1 | INTRODUCTION
The market for air-cooled condensers (ACCs) for power
generation applications has increased during the past decade
due to growing water use restrictions on power plants. While
ACCs are very good at reducing power plant water withdraw,
this benefit is associated with a drawback caused by the steam
condenser’s operating temperature being dependent on the
ambient air temperature.[1] On very hot days, the condenser
temperature can rise above its design condition, increasing the
backpressure experienced by the low-pressure (LP) turbine
Materials and Corrosion. 2017;1–11.
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and limiting its power output. Because of this, net unit
heat rate would increase, resulting in an increase in fuel
consumption in order to meet demand. This problem is
exasperated if the ACCs have not been adequately sized to
maintain performance on the hottest days in order to reduce
their size and associated capital costs.
One approach to supplement the performance of an ACC
is to utilize a phase change material (PCM), which can be
frozen at night and melted during the day, with the melting
process removing heat from the condensate. The proposed
PCM-based supplemental cooling system is presented in
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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FIGURE 1

REN

Proposed PCM-based supplemental cooling system

configuration

Figure 1. This system can either be used in series with an
existing ACC or be sized to entirely replace it. In this concept,
heat is transferred into the PCM through a pipe connecting the
PCM-filled trays. At night, this same pipe is used to transfer
heat out of the PCM and into the air through fins at the top
of the system.
The selection of a suitable PCM is critical to the success of
the proposed enhanced ACC system, as it must meet several
key criteria. First, the PCM must melt and freeze at a
temperature between the nighttime temperature and the target
condensate temperature. A melt/freeze temperature around
30 °C is a reasonable value, since it meets the cooling
requirements for plants in regions where nighttime temperatures fall to around 20 °C. PCM cost is also critical as
the expected quantity required for a full-scale system is
considerable. The PCM should also have a high energy
storage density, be non-hazardous and non-flammable, and
maintain its performance during thousands of freezing and
melting cycles. There are two major classifications of PCMs,
organic PCMs, such as paraffin waxes and fatty acids; and
inorganic PCMs, which are primarily hydrated salts.[2–4]
Organic PCMs offer the benefits of high energy storage
capacity, little degradation after many operating cycles and
minimal corrosiveness. Inorganic PCMs are typically an
order of magnitude less expensive than organics, offer high
energy storage capacities, and are non-flammable.[5] Some
known issues with inorganic PCMs are that they can degrade
over time, they tend to be highly corrosive, and they typically
require additives to prevent supercooling. However, since
PCM cost is a first consideration for this proposed system,
inorganic PCMs are considered to be the first choice.
CaCl2 · 6H2O was selected for the study reported in this
paper as a prime PCM candidate due to its melting
temperature between 27.5 and 30.2 °C,[6] with a relatively
high latent heat of melting/freezing of approximately
175 J/g.[7] Cost is also known to be very low for this
PCM.[8,9] In addition, Tyagi and Buddhi[10] have reported that
CaCl2 · 6H2O has shown considerable stability in both its heat
of fusion and melt temperature throughout the duration of
1000 thermal cycles. Although, CaCl2 · 6H2O is a suitable
PCM from a thermal, cost, and safety standpoint, because it is
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a chloride-based salt, it is known to be highly corrosive. In the
concept system presented in Figure 1, commercial PCMbased supplemental cooling system will need to contain the
PCM in low-cost, easy to manufacture trays; having a low
thermal resistance, in order to efficiently transfer heat
between the condensate pipe and the metal PCM trays.
This means that the corrosion of any proposed metal in close
contact with CaCl2 · 6H2O, is of critical importance in
ensuring long-term, reliable operation of the system.
This paper reports results of an investigation into the
corrosion behavior of different metals, under static exposure
to CaCl2 · 6H2O. Four metals (copper, 1018 (A36) carbon
steel, aluminum (Al 6061, and Al 5086)) were selected and
their corrosion rates were evaluated through experiments,
with a duration of up to 16 weeks. Three different test
temperatures (30, 50, and 80 °C) and two different pH levels
(3.5 and 5.5) were considered to estimate the corrosion
performance of the four metals exposed to CaCl2 · 6H2O.

2 | MATERIALS AND METHODS
2.1 | Phase change material
Before being investigated for its corrosion potential,
CaCl2 · 6H2O was tested by differential scanning calorimetry (DSC) to determine its thermal performance during
melting and freezing. Samples of CaCl2 · 6H2O of between
15 and 25 mg were slowly heated from −30 to 50 °C in a
DSC using a 7 °C/min heating rate. The DSC is able to
record the heat flow into and out of the sample during this
heating process. Figure 2 presents a typical DSC melting
curve generated for CaCl2 · 6H2O. It can be seen that as
the temperature rises above 20 °C, a dramatic increase in
the heat flow out of the sample indicates that the PCM
is melting. The point where maximum heat flow occurs
is defined as the peak melting temperature, which is
∼33.69 °C for the case shown. It is thought that this peak
temperature does not correspond to the melting temperature

FIGURE 2

DSC melting test of CaCl2 · 6H2O
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TABLE 1 CaCl2 · 6H2O thermal properties as determined from three DSC tests
PCM

Manufacturer

CaCl2 · 6H2O

Acros Organics

Purity
99% +

Peak temp. [°C]
33.0

of the PCM, but rather the onset temperature (28.66 °C in
Figure 2) is more representative of the average melt
temperature. The onset temperature is calculated by
drawing a line tangent to the heat flow curve at the point
with the steepest slope. The intersection point between this
line and a straight line connecting the pre-melt and postmelt heat flow curves is defined as the onset temperature
(see Figure 2). The area contained within the heat flow
curve and this straight line is equivalent to the total heat
released during the melting process (latent heat of melting
of the PCM). Thermal results from three DSC tests of
CaCl2 · 6H2O were averaged and are presented in
Table 1.

2.2 | Metals
Four metals were selected as potential PCM tray materials:
copper, Al 6061, Al 5086, and 1018 (A36) carbon steel. The
appearance of these metals prior to corrosion is presented
in Figure 3. The chemical compositions of the metals are
summarized in Table 2. All of the metals were cut into
coupons measuring 50.8 mm in length by 12.7 mm wide and
1.6 mm thick.

2.3 | Mass loss corrosion rate measurement
methodology
The corrosion experiments were conducted according to the
ASTM G1-03 guideline.[11] The following steps were adopted
based on this method and were found to provide reproducible
corrosion results:

2.3.1 | Step 1: Sample preparation
Test coupons were cut from 1.6 mm thick metal sheets to a
desired width of 12.7 mm and length of 50.8 mm. After each
coupon was uniquely labeled, they were polished with a wire

FIGURE 3

Photographs of four metals prior to corrosion testing

Melting temp. [°C]
27.5–30.2

[6]

Heat of fusion of melting [kJ/kg]
170.5 ± 10.7

wheel to both clean the surface and remove any rough edges.
Next, acetone and hot air were used to degrease and dry the
specimens, respectively. Each cleaned and dried coupon was
then weighed to a precision of 0.1 mg before immersion
into glass bottles filled with liquid CaCl2 · 6H2O. The glass
bottles were capped to prevent exposure of the PCM to the
environment. Sealing of the PCM is critical as hydrated salts
are known to either absorb water from or release water into
air, depending on the air’s humidity and the composition of
the salt.

2.3.2 | Step 2: Corrosion characterization tests
The coupons immersed in CaCl2 · 6H2O were selectively
placed into three heating chambers at different operating
temperatures, 30, 50, and 80 °C. The 30 °C condition was
selected as it corresponds to the melting temperature of
the PCM. The higher temperature conditions were selected
to determine the impact of temperature on accelerating the
corrosion rate. By knowing the effect of temperature on the
corrosion rate, future corrosion tests could be conducted
over a reduced timeframe, with the results from these
accelerated tests referred back into real-time results.
Twenty-four coupons were prepared for each metal, which
allowed for two coupons (to compare with one another
to ensure reproducible results) to be removed at each of
four test durations (2, 4, 8, and 16 weeks) for all three
temperatures.

2.3.3 | Step 3: Sample cleaning and weighing
After
the
coupons
were
removed
from
the
CaCl2 · 6H2O containers at 2, 4, 8, and 16 weeks, they
were chemically cleaned following the ASTM G1-03 method.
Table 3 presents the chemicals and their composition for
coupon cleaning. After cleaning the coupons, they were
placed in reagent water and lightly brushed to remove any
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TABLE 2 Composition of selected metals
Element/metal

Copper

A36 carbon steel

Aluminum 5086

Aluminum 6061

% Al

–

–

Bal.

Bal.

%C

–

Max 0.26

–

–

% Cr

–

–

0.05–0.25

0.04–0.35

% Cu

99.9

–

Max 0.1

0.15–0.40

% Fe

–

Bal.

Max 0.5

Max 0.7

% Mg

–

–

3.5–4.5

0.8–1.2

% Mn

–

Max 0.75

0.2–0.7

Max 0.15

% Ni

–

–

–

–

%P

–

Max 0.04

–

–

%S

–

Max 0.05

–

–

% Si

–

–

Max 0.4

0.4–0.8

% Ti

–

–

Max 0.15

Max 0.15

% Zn

–

–

Max 0.25

Max 0.25

Density (g/cm3)

8.96

7.85

2.7

2.7

remaining loose corrosion particles. Finally, the coupons
were dried with hot air and weighed to determine their mass
loss during the corrosion test period.

2.3.4 | Step 4: Data collection and analysis
The measured mass loss of the coupons due to corrosion was
used to calculate the metal’s corrosion rate according to
Eq. (1).[11]
Corrosion Rate ¼ k

Δm
ρSt

ð1Þ

where Δm is the change in mass of the coupon due to
corrosion, ρ is the density of the metal coupon, S is the
surface area of the coupon, t is the corrosion test duration,
and k is a conversion factor to convert the corrosion rate into
the desired units. The corrosion rate can be used as an
indicator of the long-term stability of the metal in the
presence of CaCl2 · 6H2O. Table 4 presents an industrial
guide for corrosion rate and how it correlates to metal
durability.[12]

2.4 | Method for evaluation of pitting
corrosion
Pitting is a form of localized corrosion that produces defects
(pits) of considerable depth in small areas. If these pits
become sufficiently deep, the metal may be breached without
there being significant corrosion across the majority of the
surface. Because of this, the metal mass loss cannot accurately
determine the degree of pitting damage unless general
corrosion is negligible and pitting is severe. Therefore, in
order to note the degree of coupon corrosion due to pitting, the
corroded coupons, after being chemically cleaned, were
manually examined under a magnifying glass. This analysis
was conducted according to the ASTM G 46-94 method.[13]

2.5 | Modification of PCM pH to note effect
on corrosion rate
In order to investigate the effect of pH on corrosion behavior,
calcium hydroxide (CaOH) powder was used to modify
the pH level of CaCl2 · 6H2O from 3.5 to 5.5. Three metals
(A36 carbon steel, Al 5086, and Al 6061) were selected to be
tested at a pH = 5.5 for the modified CaCl2 · 6H2O salt, at
50 °C for 2 and 4 weeks.

TABLE 3 Chemicals used to clean metals after corrosion testing – according to ASTM G1-03 method
Metal

Solution

Immersion time

Immersion temp.

Carbon steel

(1) 500 ml hydrochloric acid (HCl, sp. gr. 1.19)

10 min

20–25 °C

1–3 min

20–25 °C

1–5 min

20–25 °C

(2) 3.5 g hexamethylene tetramine
(3) Reagent water to make 1000 ml
Copper

(1) 500 ml hydrochloric acid (HCl, sp. gr. 1.19)
(2) Reagent water to make 1000 ml

Al 6061/5086

(1) Nitric acid (HNO3, sp. gr. 1.42)

REN

|

ET AL.

5

TABLE 4 Industry guide for corrosion rate based on mass loss measurements[12]
mg/cm2yr

mm/yr

mills/yr

Recommendation

>1000

2

78.7

Completely destroyed within days

100–999

0.2–1.99

7.9–78.6

Not recommended for service greater than a month

50–99

0.1–0.19

3.9–7.8

Not recommended for service greater than a year

10–49

0.02–0.09

0.8–3.8

Caution recommended, based on the specific application

0.3–9.9

–

–

Recommended for long-term service

<0.2

–

–

Recommended for long-term service; no corrosion, other than as a result of surface cleaning, was evident

3 | RESULTS AND DISCUSSION
3.1 | Mass-loss and pitting results for
PCM-metal pairs
Figure 4 presents both mass loss and corrosion rate test results
for copper immersed in liquid CaCl2 · 6H2O at the three test
temperatures. These results show that the corrosion rate of
copper is highly dependent on temperature. Copper test
results at 30 °C show a very low mass loss and corrosion rate
for all test times. The slight decrease in mass loss at 16 weeks
is thought to be due to the fact that the measured mass losses
were close to the measurement uncertainty of the balance. The
experiments at 50 °C show a nearly linear increase in mass
loss with time, resulting in little change in the corrosion rate
with increasing time. However, for the 80 °C samples, the
corrosion rate increased significantly with time. These results
also show that both mass loss and corrosion rate consistently
increase with increasing temperature. This phenomenon was
also visually observed in the sample bottles. Figure 5 shows
the copper coupons immersed in CaCl2 · 6H2O after 16 weeks.
It can be seen, that at 30 °C, the PCM was observed to be
entirely clear. At 50 °C, a slight blue tint is observed due to
corrosion products in the PCM. At 80 °C, the corrosion
products have formed a vivid blue layer on the top of the

FIGURE 4

PCM. No pitting corrosion was observed on the copper
coupons for all three temperature conditions.
Corrosion test results for A36 carbon steel immersed in
CaCl2 · 6H2O are presented in Figure 6. Although the mass
loss of carbon steel is seen to increase with time, the corrosion
rate decreases with time during the 16-week test period. It is
thought that the formation of an oxide layer on the surface of
the steel acts as a protective layer over the steel, slowing the
corrosion progress as time progresses under exposure to the
chlorine salt. During these tests, the color of the PCM solution
gradually changed from transparent to pale yellow under all
three temperatures, and some dark precipitate was observed in
the 50 and 80 °C solutions after 16 weeks (Figure 7). There
was no evidence of pitting corrosion on any of the A36 carbon
steel coupons.
Figure 8 shows that the mass loss of the Al 5086
samples increases with time, while the corrosion rate
decreases with time for all three temperatures. This is not
surprising as aluminum is known to form a protective
oxide layer that is particularly effective at preventing
further corrosion. As with the other metals, the higher
temperatures correspond to larger mass loss and higher
corrosion rates at all immersion periods. Moreover,
significant changes in the solutions were observed. Soon
after the beginning of the corrosion tests, many small air

Mass loss (left) and corrosion rate (right) of copper in CaCl2 · 6H2O at 30, 50, and 80 °C
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FIGURE 5

REN

Copper coupons in test bottles after 16 weeks

bubbles were observed to be uniformly distributed across
the coupons’ surfaces. As time progressed, some white
emulsion began to appear on the surface, while the number
of air bubbles decreased. After 16 weeks, the surfaces of
all of the Al 5086 coupons were entirely covered with a
white emulsion, and very few bubbles were observed, as
seen in Figure 9. Finally, no evidence of pitting was
observed on the Al 5086 coupons tested at 30 °C for
16 weeks (Figure 10). However, minimal pits were
observed on the coupons immersed in both the 50 and
80 °C PCM. Both the number and size of pits were seen to
increase with increased time at the test temperature.

FIGURE 6

ET AL.

Al 6061 is also known to form a protective oxide layer.
This is evident in the measured decrease in corrosion with
increasing test duration (Figure 11). As expected, greater
mass loss and an increased corrosion rate were observed as the
temperature was increased. Figure 12 clearly shows that air
bubbles were observed on the coupon surfaces in the solution
for all three temperatures. Additionally, Al 6061 suffered
from significant pitting corrosion under all three temperature
conditions. When the temperature was 30 or 50 °C, a few
small pits were observed on the Al 6061 specimens after
16 weeks of corrosion testing (Figure 13). When the
temperature was increased to 80 °C, pits started to appear

Mass loss (left) and corrosion rate (right) of carbon steel in CaCl2 · 6H2O at 30, 50, and 80 °C
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Carbon steel coupons in test bottles after 16 weeks

after 4 weeks, and the size of pits increased with increasing
time.

where, K is the corrosion rate, Ea is an apparent activation
energy, A is the Arrhenius constant, R is the gas constant, and
T is the absolute temperature.

3.2 | Temperature dependence of corrosion
rate

By plotting ln K versus 1/T, linear curve fits of the
data can be obtained to find Ea. Figure 14 presents ln K
versus 1/T curves for all four metals. Calculated Ea values
are presented in Table 5 along with the linear regression
coefficients for the curve fits shown in Figure 14. Since all
of the regression coefficients are very close to 1, it can be
said that these corrosion tests follow a given Arrhenius
relationship.

A pseudo Arrhenius equation was used to correlate the
temperature dependence of the corrosion rate after 16 weeks
of testing in CaCl2 · 6H2O for four different metals:
ln K ¼

FIGURE 8

Ea
þ ln A
RT

ð2Þ

Mass loss (left) and corrosion rate (right) of Al 5086 in CaCl2 · 6H2O at 30, 50, and 80 °C
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FIGURE 9
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Al 5086 coupons in test bottles after 16 weeks in CaCl2 · 6H2O

3.3 | Effect of PCM pH on corrosion rate
The pH of CaCl2 · 6H2O was increased from around 3.5 to
5.5 through the addition of CaOH. Corrosion testing of A36
carbon steel, Al 6061, and Al 5086 was conducted in this
high pH PCM for test durations of 2 and 4 weeks. Figures 15
through 17 present corrosion rate results for these three metals
in CaCl2 · 6H2O at the two pH levels. All samples were tested
at 50 °C for 2 and 4 weeks. Figure 15 shows that the corrosion

FIGURE 10

ET AL.

rate of carbon steel appears to be lower at a pH of 5.5 after
4 weeks of testing. However, it should be cautioned that the
corrosion rates of carbon steel in CaCl2 · 6H2O at 50 °C are
very low and these results may not apply if the corrosion
rate were higher or the timescale much longer.
For Al 5086 and Al 6061, Figures 16 and 17 show that
increasing the pH increased the corrosion rate for all test
durations. This was contrary to what was expected, but it is
important as it clearly illustrates that there is little motivation

Pitting of Al 5086 coupons after 16 weeks in CaCl2 · 6H2O
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FIGURE 11

Mass loss (left) and corrosion rate (right) of Al 6061 in CaCl2 · 6H2O at 30, 50, and 80 °C

FIGURE 12

Al 6061 coupons in test bottles after 16 weeks in CaCl2 · 6H2O

FIGURE 13

Pitting of Al 6061 coupons after 16 weeks in CaCl2 · 6H2O
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FIGURE 14

REN

Arrhenius curves for four metals in CaCl2 · 6H2O

for tuning the pH of CaCl2 · 6H2O to reduce the corrosion rate
of any aluminum it comes in contact with.

4 | CONCLUSIONS
CaCl2 · 6H2O is a promising PCM for low temperature heat
storage, which can be utilized in improving the efficiency
of air-cooled power plants. For this hydrated salt to be used,
any container (encapsulation material) used to contain it must
resist corrosion by the salt throughout the system’s life.
Long-term corrosion tests of CaCl2 · 6H2O in contact with
four common metals (copper, low carbon steel, Al 5086, and
Al 6061) were performed. The corrosion tests were carried
out for four test periods (2, 4, 8, and 16 weeks), and three
temperature conditions (30, 50, and 80 °C). The important
findings of these tests are as follows:

FIGURE 15

Effect of pH on A36 carbon steel corrosion rate

(2) Effect of temperature on corrosion rate. While temperature is known to accelerate corrosion in many situations,
its impact on the corrosion rate of metals immersed in
CaCl2 · 6H2O has not been reported in the literature.
Testing of the four metals at 30, 50, and 80 °C confirmed
the hypothesis that an increase in temperature results in
an increase in the corrosion rate for each of the metals.
Plotting the natural log of the corrosion rate versus 1/T,
these test results were shown to follow an Arrhenius
relationship, with apparent activation energies for the
corrosion reactions being found.
(3) Pitting corrosion. While the ASTM G1-03 corrosion
method has been often used to quantify the corrosion rate
of metals in the presence of hydrated salt PCMs, this
method cannot quantitatively measure pitting corrosion
of the sample. Visual observation of the samples showed
no pitting of the copper and carbon steel samples under all
three temperature conditions. Al 5086 suffered serious

(1) Effect of time on corrosion rate. For all temperature
conditions, the corrosion rates of carbon steel, Al 5086,
and Al 6061, were found to decrease as test time
increased. This was expected as it is well known that
corrosion rates begin to slow down as a protective oxide
layer forms on the surface of the metal. Interestingly,
copper did not follow this trend, with the corrosion rate of
copper increasing with time for the 80 °C temperature
condition.

TABLE 5 Activation energy for four metals in contact with
CaCl2 · 6H2O
Metal

Ea [kJ/mol]

Linear regression coefficient

Copper

23.01

0.9959

A36 carbon steel

18.35

0.9859

Al5086

20.54

0.9949

Al6061

22.79

0.9927

ET AL.

FIGURE 16

Effect of pH on Al 5086 corrosion rate
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pitting corrosion at all test temperatures. For aluminum,
a lower pH (∼3.5) has been found to result in a lower
corrosion rate, while a higher pH (up to 5.5) has
been found to lower the corrosion rate of A36 carbon
steel.
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FIGURE 17

Effect of pH on Al 6061 corrosion rate

pitting corrosion only at 80 °C, while pitting of the Al
6061 samples was observed at all three temperatures.
Pitting size and depth was found to be directly
proportional to temperature.
(4) Effect of pH on corrosion rate. It was hypothesized
that the pH of the PCM should have an impact on the
corrosion rate. With the effect of pH on the corrosion
rate of metals in the presence of CaCl2 · 6H2O being
unknown, tests were conducted where the baseline pH of
CaCl2 · 6H2O (∼3.5) was increased to around 5.5 through
the addition of CaOH. Corrosion tests of A36 carbon
steel, Al 5086, and Al 6061 at this elevated pH showed
that each metal responds differently to the increase in pH.
For the aluminum samples, increasing PCM pH from 3.5
to 5.5 increases the corrosion rate by around 100%. For
carbon steel, the increase in pH resulted in around a 50%
reduction in the corrosion rate at a test duration of 4 weeks.
(5) Recommendations. A36 carbon steel has been found to
have a very low corrosion rate in the presence of liquid
CaCl2 · 6H2O (<0.0025 mm/yr) for a test duration of
16 weeks at a temperature equal to the target PCM
melting temperature (∼30–32 °C). Copper performs
even better (<2 × 10−5 mm/yr at 30 °C and 16 weeks),
but its high cost ($/kg) most likely precludes its use in
this application. Aluminum 5086 has a higher corrosion
rate of <0.02 mm/yr at 30 °C and 16 weeks, but it may
still prove to be an acceptable material option as long as
the maximum PCM temperature does not exceed 50 °C.
Al 6061 is not recommended due to the observation of
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