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Abstract

Phase change materials provide desirable characteristics for latent heat thermal energy storage
by keeping the high energy density and quasi isothermal working temperature. Along with this, the most
promising phase change materials, including organics and inorganic salt hydrate, have low thermal
conductivity as one of the main drawbacks. Metallic materials are attractive alternatives due to their
higher thermal conductivity and high volumetric heat storage capacity. This paper presents an extensive
review of the thermophysical properties of metals and alloys as the potential phase change materials
for low (< 40°C), medium (40°C - 300°C), and high ( > 300°C) temperatures. The information presented
includes the fundamental thermophysical properties as melting temperature, the heat of fusion, density,
specific heat, and thermal conductivity found in the published literature. The temperature dependence
of critical properties as specific heat, density, thermal conductivity, expansion coefficient, viscosity is
also reviewed, including mathematical theoretical predictions crucial from an engineering design point
of view. Besides, the current work briefly summarises the potential applications and main challenges of
metals and alloys as phase change materials. It is intended that this review provides a database of
metallic phase change materials thermophysical properties to facilitate the selection, evaluation, and
potential impact in different fields as solar energy storage, heating and cooling, electronic,
bioengineering, and beyond.

Highlights

e Supercooling and corrosion are the main challenges for low-temperature MPCMs

e  Most medium-temperature MPCMs are non-compliant with RoHS directives

e Encapsulation and compatibility are key research topics for LHTES applications

e Simplified design and volume reduction could compensate the MPCMs weight penalties
e  Miscibility gap binary alloy, solid-solid and composite are innovative LHTES system

Keywords: Phase change material, metallic, metal alloy, thermal energy storage, latent heat, thermal
conductivity.
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1. Introduction

Phase change materials (PCMs) provide a useful mode of storing thermal energy as latent heat
thermal energy storage (LHTES) due to their high thermal storage density at approximately isothermal
conditions. Maria Telkes was pioneered in the study of phase change materials (PCM) for thermal energy
storage in the 1940s. However, the interest in this technology appeared during the developing energy
crisis of the early 1970s when latent heat storage research and development became a significant part
of the solar energy programs [1-6]. In the last years, the interest in PCM has resurfaced considerably,
mainly motivated for the deployment of LHTES to bridge the gap between supply and demand in solar
energy [7-9]. Recently, the studied range of potential applications for PCM [10, 11] is more extensive,
including thermal management in electronic devices and batteries [12-14]; thermal comfort in buildings
[15, 16]; domestic space heating, hot water and cooking [17-19]; PV cooling and PV/Thermal[8, 20],
vehicle applications [21-23].

At present, many organics and inorganics materials have been investigated as PCMs, those
encompassing paraffin, fatty acids, salt hydrates, eutectics compounds, among others. Despite many
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years of research in PCMs, selecting an appropriate material for an aimed application is still a challenge,
mainly because of the low thermal conductivity, stability, and supercooling of most common organic
and salt hydrate PCMs. The low thermal conductivity has an enormous impact on the design of the LHTES
system, requiring complicated and costly heat transfer mechanics to charge and discharge the thermal
storage [24, 25]. Metallic materials provide relatively high thermal conductivity, high volumetric heat of
fusion, and small volume changes, desirable properties to overcome the mentioned issues. In the early
‘70s, low melting point MPCMs, as Gallium and eutectic alloy 50Bi-26.7Pb-13.3Sn-10Cd (commercially
well known as Wood’s metal), were studied for thermal control applications in space vehicles [26], and
high-temperature eutectic alloys (343 and 947°C) were characterized for solar applications [27-29].
Farkas and Birchenall [29] reported the heat of fusion of eutectics alloys using elements such as Al, Ca,
Cu, Mg, P, Si, and Zn. Gasanaliev and Gamataeva [30] characterized metal alloys (between 15.7 to 575°C).

In the high-temperature range, mainly for solar LHTES applications, numerous review papers
[21, 31-38] reported the thermodynamic properties obtained by [29, 30] and highlighted their clear
advantages of MPCMs in applications for medium and high temperature. In the low-temperature range,
few metallic materials are presented in review papers [21] [37, 39-41]. Probably, the review published
by Ge et al. [42] is the first dedicated to low melting point metallic PCMs, including about twenty MPCMs
with their basic properties in the range of temperature between -38.87 to 271.4°C. There is no consensus
on the potential application of metallic materials as PCMs for thermal comfort applications in buildings.
Some authors discard the MPCMs due to the high melting point and weight [16, 41, 43], while others
pointed out Gallium and some fusible eutectic bismuth-based alloys as possible MPCMs candidates for
building applications [44, 45]. The excess weight of MPCMs could be partially offset by the volume
reduction and the design simplification of the LHTES due to the high thermal conductivity [21]. In the
last years, much of the research efforts in phase change materials have mainly focused on the
characterization of thermophysical properties of organic and salt hydrate; for metallic materials, the
data found in the literature is incomplete and discrepant [46, 47]. Recently, new promising utilizations
of metals and alloys for thermal energy storage has appeared in different research areas: miscibility gap
alloys [48-56], metal-organic framework and shape-stabilized PCMs [57-61], encapulation [62-69].The
present work aims to provide an extensive and detailed compilation and analysis of the thermophysical
properties of metals and alloys as phase change materials. The information presented includes the
fundamental thermophysical properties, the temperature dependence of critical properties from the
engineering design point of view, a summary of potential applications, and the main challenges of
metallic PCMs. It is hoped that this review provides a database of metallic PCMs to facilitate the
selection, evaluation, insight into innovative applications, research gaps and new research trends in the
area.

Nomenclature

Acronyms/abbreviations

PCM Phase change material

MPCM Metallic phase change material
TES Thermal energy storage

LHTES Latent heat thermal energy storage
MGA Miscibility gap binary alloy
Symbols

Eq Activation Energy (J/mol)

M Molar mass

R Gas constant (8.3144 J/mol.K)
T Temperature (°C)

Tm Melting temperature (°C)

Cp Specific heat (J/kg.K)

k Thermal conductivity (W/m.K)
X Mole fraction

at.% Atomic percentage

wt. % Weight percentage



Linear Thermal expansion coefficient (1/K)
Volumetric Thermal expansion coeff. (1/K)
Density (kg/m?

Dynamic viscosity (mPa.s)

Kinematic viscosity (m?/s)

< TV ™R

Subscripts

i Element number
m Melting
s Solid
/ Liquid

2. Metallic Phase Change Materials (MPCMs)

Metallic PCMs were firstly proposed more than four decades ago [3, 27, 28], and some authors
mentioned as potential candidates for different applications [21, 35, 36, 40] highlighting their following
advantages:

e Higher thermal conductivity compared to organics and salt hydrates,
e High volumetric heat of fusion,

e Long term stability,

e Relatively low vapor pressure

e Small volume change during melting/freezing.

However, MPCMs have not been systematically studied or evaluated for LHTES applications due

enormously the design of thermal energy storage, eliminating the need for heat transfer enhancement
techniques.

The classification of PCMs, depending on the melting temperature, in low, medium, or high
temperature, depends on the research or applications. In the present review, MPCMs are divided into
low-temperature under 40°C, medium-temperature between 40 and 300°C and high-temperature
above 300°C. This classification is used in the following section to summarize the MPCMs studies and
applications in the last years.
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Fig. 1: Specific and Volumetric Latent Heat of some metallic elements
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In this section, the authors compile the thermophysical properties and relevant studies
published for MPCMs; the metallic PCMs were classified depends on the melting temperature. Figure 1
shows the specific latent heat of fusion and volumetric heat of fusion of pure metallic elements, and Fig.
2 the thermal conductivity and the specific heat. It could be observed that Si is the metallic element with
the higher latent heat of fusion and Al with the higher specific heat in the range shown.
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Fig. 2: Thermal Conductivity and Specific Heat of some metallic elements

2.1.High-Temperature MPCMs, Tm > 300°C

Metallic PCMs are good candidates to compete with salts in high-temperature applications
because of their high volumetric heat of fusion and excellent thermal reliability [21, 30, 35]. The high-
temperature applications are generally associated with concentrated solar power plants, solar energy
storage, steam generators, industrial waste-heat recovery. The binary and ternary eutectic alloys of Al,
Cu, Mg, Si, and Zn (relatively abundant elements) provide the highest latent heat values, as can be
observed in Fig. 1.

In this range of temperature, the most studied alloys were proposed by Birchenall and Riechman
[27], mainly the Al-Si alloys [72-76] and Al-Mg-Zn alloys [77] due to their high heat of fusion and relatively
low cost [78]. The principal candidate for Al-Si alloys is its eutectic composition, AlSii,, it has been studied
as a heat storage medium in domestic heaters [72, 79], in steam generators [78, 80-82], in heater for
electric and hybrid vehicles [23], in a heat exchanger for industrial heat waste recovery [74], in
concentrated solar power plants [83], packed bed LHTES system [84]. In Al-Si alloys, the storage capacity
increase with the concentration of Si and the thermal conductivity decrease, as is shown in Fig. 3 [72].
Fig. 4 shows the temperature dependence for specific heat and thermal conductivity obtained by Wang
et al. [85] at different cycles.
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Fig. 3: Properties dependence of temperature for 87.8Al-12.2Si, 80Ale20Si, 70Ale30Si, 60Ale40Si, 45Ale40Siel5Fe,
and 17Ale53Sie30N:i: a) Specific Heat measured by DSC and b) Thermal conductivity. Reprinted from [72] with permission
from Elsevier.

The compatibility and corrosion problems of Al-Si alloys in high-temperature applications have
been studied with graphite-carbon encapsulation material [73], ceramic encapsulation material [64, 86],
Al,O5 shell encapsulation [87], honeycomb ceramic encapsulation [88], ceramic coated stainless-steel
[89], Al,Os@Cu multilayer shell [90]. Recently, Li et al. [91] investigated a microstructured metal-based
composite that consists of aluminium as PCM and alumina as a skeleton structural supporting material



as a solution for the leakage of corrodible liquid PCMs. Lao et al. [88] results showed a reduction of the
latent heat of Al-Si alloys due to the gradual oxidation of Al, losing the storage capacity after the
complete transformation of Al to Al,0s. Kotze et al. [78, 80-82] pointed out that pure aluminum or
eutectic silicon-magnesium alloy were more suitable in practice than AlSii;. Sun et al. [77] studied the
thermal reliability and corrosion of the Al-34Mg-6Zn (wt.%) and observed that the latent heat of fusion
of the alloy decreased 10.98% after 1000 cycles, and the melting temperature changed between 3 to 5K
due to the degradation of the chemical structure of the alloy.
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Fig. 4: Properties dependence of temperature for 87.8Al-12.2Si: a) Specific Heat measured by DSC and b) Thermal
conductivity calculated. Reprinted from [85] with permission from Elsevier.

The laboratories of CIC Energigune systematically investigated the possibility of using Mg—Zn
and Mg—Zn—Al alloys [46, 92-96] for TES in direct steam generation in concentrated solar power
applications and for high pressure and high energy steam processes. The selected alloys were Mg-51Zn
(wt.%) eutectic [93] and MgzZnaosAlsy eutectic [95] due to the quasi-constant phase change
temperatures (eutectic nature), high heat transfer capacity and better thermal stability [94] [97]. The
Zn-rich eutectic alloys, as Zns;>Mgzs (at.%), also showed potentiality as MPCMs for their use at CSP
plants [47]. Fig. 5a shows the thermal conductivity of the Zn-based alloys, and Fig. 5b is the graphic
representation of the specific heat values measured by Risueno et al. [47].
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conductivity calculated. Reprinted from [47] with permission from Elsevier and b) Graph of Specific Heat measured by [47]

The encapsulation of Cu-based alloys has also been evaluated as a solution to the packaging and
corrosion problems. The encapsulation materials include copper capsules coated with refractory
metallic shells [62], Fe—shell/Cu-core structure [98], SiC/C-shells/Fe-core capsules [66], graphite-carbon
encapsulation material [99].

Fang et al. [100-102] investigated Mg-based alloys as MPCM for TES applications from 400 °C to
600 °C (solar thermal power generation), claiming that its corrosion resistance with encapsulation



materials based on iron is higher than Al-based MPCMs. The measured specific heat and thermal
conductivity as a function of the temperature are shown in Fig. 6 for Mg-Bi alloys. The authors found
that in Mg-Si alloys, the thermal conductivity decreased with increasing Si content [100]. The thermal
expansion increased with rising temperature for Mg-Bi alloys, and the thermal conductivity decreased
with increasing Bi content [101]. The same research group [102] recently studied the microstructure and
thermal properties of different compositions of Mg-Ni-Zn alloys; as a result, they proposed a ternary
alloy Mg-16%Ni-24%Zn as the ideal composition as latent heat storage material.

Xie et al. [76] calculated the thermodynamic data of six Al-based alloys using CALPHAD and
compared them with the measured properties using DSC (see Table 1). The results showed that the
enthalpy value of Al-4Cu-12Mg-7Si alloy is 85% higher than that of Al-13Si near eutectic alloy, and its
initial temperature of phase transformation is about 74°C lower. The authors also pointed out that
thermodynamic calculation is valuable in seeking new potential solar energy thermal storage materials
for solar thermal power generation systems. Gokon et al. [103] studied the eutectic and hypereutectic
compositions of the Fe-Ge alloys as a promised candidate for the next generation of solar thermal
applications. Wei et al. [104] proposed an innovative process to prepare Al-Si/Al,03; encapsulated
composite PCMs based on the hydrogen generation waste; the process controls the melting
temperature of the composite PCMs. Kawaguchi et al. [68] prepared a multilayer microencapsulated Zn-
30 Al (wt.%) with the potential to develop new applications at high temperatures.
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Fig. 6: Properties dependence of temperature for Mg-Bi Alloys: a) Specific Heat measured by DSC and b) Thermal
conductivity. Reprinted from [101] with permission from Elsevier.

High-temperature metallic PCMs present serious chemical corrosion issues with the container
materials at high-temperature applications, complicating the PCM encapsulation. Encapsulation is the
leading approach investigated to alleviate this problem. However, the metallurgical implications,
stability under thermal cycling, and manufacturing cost need further evaluation. Recently, Rawson et
al.[105] identified the compatible container material for several eutectic metal alloys.

An innovative approach to avoid high-temperature packaging problems is based on using the
thermal effect of solid-solid metallic PCMs (Fe-based), which present lower latent heat than solid-liquid
transformations (below 60 kJ/kg) [38, 106]. Another solution is the miscibility gap binary alloys (MGA),
where one of the alloy components melts (high latent heat) while the other stays solid as a continuous,
dense, thermally conductive matrix[50-52]. Sugo et al. [48, 49, 107] proposed an MGA system as high
energy-density thermal storage material. They tested two prototypes, Al-Sn and Fe-Cu, claiming that
these systems can compete with conventional PCMs due to their high thermal conductivity, high energy
density, corrosion resistance, and stability. Recently, Confalonieri et al. [56, 108-110] studied the
production methods for MGA based on Al-Sn as phase change material finding the Al-40Sn (wt.%) the
most promising alloy. Another newly studied application for metal alloys is their nano-encapsulation to
enhance thermal conductivity and thermal storage of conventional PCM as molten salts [111]. Table 1
summarizes the composition, melting temperature, the heat of fusion, density, specific heat, thermal
conductivity, and volumetric latent heat for the high temperature (T > 300°C) MPCMs being reviewed.



In Table 1, the thermophysical properties are presented with the range of data found in the reference
literature. It can be observed that there are significant discrepancies in some of the thermophysical
properties reported in the literature, for example, the heat of fusion of eutectic alloys Zn-Al and Al-Si.

Table 1: Main Thermophysical Properties of High-Temperature MPCMs (Melting Point > 300°C)

wt.% Composition Tm Hs¢ [ Cps ks Min Hg, el
ef.
(at.%) (°c) (kJ/kg) (kg/m3) (kJ/kg K) (W/mK) (MJ/m3)
23 35(5)
s
Lead (Pb) 327-328 23.8+0.7 11340 0.13 261 (16,32, 37,
16.2-17.6 (1) 112-114]
23.07+£0.14
Eutectic Zn-Mg 67(s) [16, 21, 27, 29,
MgZn,g.30 at. % 0.71-1.04 (s 55(1
(MgZnzs s at-%) 337-343 138-210 2850 - 4900 (s) & 393 30,32, 33,36,
From 51Zn-49Mg 1.51(1) 75 37,46,47,71,
To 53.7Zn-46.3Mg 80/50 97, 115, 116)
49Mg-47Zn-4Al 132+25 2820(s) 47-59(s) 47, 94, 95, 97,
340 0.69-0.83(s) 372 47, 94, 95, 37
(Mg70Zn249Als 1 at.%) 157 2890 - 3000 35-38(1) 117,118]
49.4Mg-46.2Zn-4.4A1 41(s)
341 157 2730- 2790 0.70-0.72 (s) 429 [47, 95, 97]
(Mg70ZNn;4.4Al5 6 at.%) 26(1)
52.27n-47.7Mg-0.1Al 56(s)
343 153 2760 - 3000 0.70(s) 422 147, 95, 97
(Mg71Zn25 6Alo 1 at.%) 27(1)
93.92n-3.7A1-2.4Mg 71(s)
344 132 6546 0.46(s) 864 147, 971
(Zng,Alg ;Mg 5 at.%) 45(1)
93.86Zn-3.7Al-2.44Mg 59-55(s)
344 104 6190(s) 0.41-0.53(s) 644 [94]
(Zngs sAls ,Mge at.%) 31()
Sn-Zn
370 107 50(1) [119]
70Zn-30Sn
96.6Zn-3.4Al 87(s)
371 106 6763 0.47(s) 717 [47, 97]
(Zng, 2Al; 5 at. %) 34(l)
[21, 30,32, 33,
96Zn-4Al 381 138 6630 915 36,37, 71, 75,
116]
Eutectic Zn-Al 122 - 133(s)
- S 47,97,112
(Zngg 7Aly1 3 at.%) 382 118 6600 - 6752 0.45(s) 779 (47,97, 112,
48(1) 120]
95Zn-5Al
55Mg-28Ca-172Zn 400 146 2260 330 [29, 71, 116]
46Mg-25A1-15Zn-14Cu 408 205 [121]
7140 0,39(s) 27,35, 114,
Zinc (zn) 419- 420 103-112 0,48(1) 103.1(s) 735 116,120, 122,
6831(1)
0.45 123]
63.2Mg-32.5A1-4.29Cu 428 282 [117, 118]
1.63 (s) [21, 29,32, 33,
59Al-35Mg-6Zn 443 310 2380 738 35-37,71,75,
1.46 (I) e
60AI-34Mg-6Zn 1.05-1.63(s
& 443 - 450 310- 329 2380 - 2393 (s) 738 32 33, 36, 75,
59.58A1-34Mg-6.42Zn 1.43-1.46()) 77,116
80(s)
66AI-34Mg 450 310 2300 1.73(s) 50(1) 713 [75]
64.9A1-35.1Mg
451 310 2300 1.73 80/50 713 [27,29]
(Al2.5Mg37.5 at.%)
[21, 29, 32, 33,
60Mg-25Cu-15Zn 452 177-254 2800 120-141 711 35,36, 71, 116,
124]
60Mg-25Cu-15Ca 453 184 2000 368 [28]
29,32,33,36
52Mg-25Cu-23Ca 453 184 2000 368 29,32, 33, 36,

71, 116]




wt.% Composition Tm Hs¢ [ Cpsp ks Min Hg,

Ref.

(at.%) (°C) (ki/kg) (kg/m3) (ki/kg K) (W/mK) (MJ/m3)
45.5A1-24.5Cu-18Zn-12Mg 460-624 315 3800 1197 [75]
48.5A1-26Cu-20.5Zn-5Mg 458-488 164 3860 633 [75]
72Al-15Zn-13Cu 493-598 158 3420 540 [75]

[30, 32, 33, 36,
65.35Al-34.65Mg 497 285 2155 614 37, 71, 116]

[30, 32, 33, 36,
60.8Al-33.2Cu-6.0Mg 506 365 3050 1113 37,71, 116)
55Al-33Cu-12Mg

506 360 3050 1.09 115/75 1098 [27,29]

(Alge.sCu1;Mg16.2 at.%)

[21, 30, 32, 33,

64.6A1-28Cu-5.25i-2.2Mg 507 374 4400 1646 36, 71, 75, 116]
1.51(s) [29, 32,33, 35,
54AI1-22Cu-18Mg-6Zn 520 305 3140 L1300 958 36,71, 75, 116
68.5A1-26.5Cu-5Si 0.88(s 30, 32, 33, 36
) 520-525 364 - 366 2938 (s) 1069 [30, 32, 33, 36,
67.75A1-27Cu-5.25Si 1.44(1) 37,71, 75,116
528 -646
92.6Al-7.4Cu 339.6-343.5 2860 0.85-1.08(s) 164-199(s) 972 [125]
528-634
550-598
79Al-21Cu 322.9-322.4 3190 1027 [125]
526-588 —
555-562
67.9A1-32.1Cu 315.9-317.1 3500 149.1(s) 1106 [125]
535-542
546-585
59.1A1-40.9Cu 300.5-296.6 3840 1138 [125]
524-570
589-612
51.7Cu-48.3Al 295.5-286.7 3990 104-114(s) 1143 [125]
559-585
(30, 32, 33, 36,
64.3A1-34Cu-1.7Sb 545 331 4000 1324 71,75, 116]
64Mg-36Bi 548 138 2947 (s) 0.87(s) 92.2(s) 407 [101]
. 0.53(s) 73(s)
46Mg-54Bi 546 180.5 3094 (s) 558 [101]
0.66(s) 77(s)
60Bi-40Mg 548 48.7 3221 (s) 0.61(s) 31.8(s) 157 [101]
89.65A1-10.35Cu 548-639 285 2889 0.89-0.90(s) 166-180(s) 823 [75]
79.61A1-20.39Cu 552-612 292 3143 0.92-1.09(s) 166-168(s) 917 [75]
69.88A1-30.12Cu 554-569 326 3430 0.65-1.00(s) 123-161(s) 1118 [75]
Eutectic Al-Cu
(Alg5Cuy7 5 at.%) 130(s) (21, 27,29, 30,
548 331-372 3424 -3600 1.11(s) 1133 32,33,36,37,
From 66.7A1-33.3Cu 80(l) 71,116, 126]
To 66.92A1-33.08Cu
59.87Al-40.13Cu 559-569 306 3740 0.59-0.51(s) 87-111(s) 1144 [75]
) 1.12(s)
81.8Al-13.2Si-5Mg 552 533 [75]
1.25(1)

) [30, 32, 33, 36,
83.14Al-11.75i-5.16Mg 555 485 2500 1213 71 116]
76Mg-24Sn 558 105 2142+ 25 0.80(s) 58.2(s) 225 [100]
63Mg-375n 554 218 2284+ 18 0.77(s) 52.8(s) 498 [100]
50Mg-50Sn 557 119 2721+ 49 0.75(s) 32.7(s) 324 [100]
70.6A1-25.5Cu-3.9Mg 20

560 545 2300 1.39 1254 [27,29]
(Algz.3Cuy, 6Mgs 1 at.%) 70 (1)
21 2
49.1Cu-46.3AI-4.65i 571 406 5560 2257 [21,30,32, 33,

36,71, 116]




wt.% Composition Tm Hs¢ [ Cpsp ks Min Hg, e
er.
(at.%) (°c) (kJ/kg) (kg/m?) (kJ/kg K) (W/mK) (MJ/m3)

. 1.30(s) [29, 32, 33, 35-
65Al-30Cu-5Si 571 422 2730 1.200) 1152 37,71, 75, 116]
86.7Al-10.85i-2.5Cu

572 441 [86]
(ADC12) —
75.5A1-23.45i-1.1Cu
575 395 [86]
(AC9A) 86
30,32, 33,36
86.4A1-9.45i-4.25b 575 471 2700 1272 0, —7’1]—' =
92A1-8Si 576 429 1.06(s) [75]
. . 145/158
Eutectic Al-Si 0.87 130/190 [21, 23, 27, 28,
(AlSisz 13 at.%) 557 441-519 ’ 30, 32, 33, 35-
2250-2700  0.94-1.49(s)  160-180(s) 992 37,71,72,75,
From 88AI-12Si 572-580 560 78.79. 88 116,
) 1.74(1) 70(1) 78,79, 88, 116,
To 86.5AI1-13.5Si 75 122,127]
79.4A1-20.6Si
, 0.97-0.98 (s) 130 (21, 32, 33, 36,
80AI-20Si 576 - 585 460 - 553 2580 - 2650 16510 158(s) 1187 37,72,75,79,
. S
(AlSiy at.%) 88, 116, 127]
80.3A1-19.7Si 587 - 597 372 2634 0.96-1.41(s) 185-220(s) 980 [75]
76.6Al-23.4Si 1.04(s) 167(s)
} 576 - 577 429 - 432 2560 1098 [64, 84, 86]
75A1-25Si 1.74(1) 70(1)
70AI-30Si
580 644 2540 0.90(s) 120-140(s) 1636 [72, 75]
(AlSiso at.%)
60AI-40Si
. 580 721 2510 0.88(s) 84-110(s) 1810 [72, 75]
(AlSig at.%)
1.27(s)
Magnesium (Mg) 645 - 651 346 - 377 1590 - 1740 1.37(1) 131 550 27, 3—51’;;—?' 116,
1.34 T
79.86A1-10.3Cu-9.84Zn 518-621 267 3110 0.84-0.85(s) 130-135(s) 830 [75]
69.05A1-20.5Cu-10.45Zn 528-583 298 3375 0.64-0.65(s) 88-99(s) 1006 [75]
62.92A1-26.98Cu-10.10Zn 529-543 284 3624 0.64-0.95(s) 99-110(s) 1029 [75]
90.05A1-5.04Zn-4.91Cu 629-647 335 2893 0.87-1.14(s) 155-190(s) 969 [75]
96.48Al-3.52Mg 637-651 290 2660 0.72-0.91(s) 114-155(s) 771 [75]
L 0,9 (s,l) [16, 32, 35-37,
Aluminium (Al) 660 - 661 388 - 400 2370- 2700 12 204 920 86, 116, 122]
[21, 27, 29, 32,
49Zn-45Cu-6Mg 703 - 705 176 8670 0.42 (s) 1526 33, 35-37, 39,
44, 116]
[21, 27, 29, 32,
91Cu-9P 715 134 5600 750 33,36, 39, 44,
116]
[21, 27, 29, 32,
69Cu-17Zn-14P 720 368 7000 0.54(s) 2576 33,36, 37,39,
44,116]
(21,27, 29, 32,
74Cu-19Zn-7Si 765 125 7170 896 33,35-37, 39,
44,116]
420 - 422 4150 [21, 27, 29, 32,
56Cu-275i-17Mg 742 -770 o 5060(s) 0.75 (s) 1743 33,35, 36, 39,
>48 3200(1) 44, 116, 128]
1550(s)
97.25Ca-2.75Si 785 180 279 [128]
1400(1)
[21, 27, 29, 32,
84Mg-16Ca 790 272 1380 375 33,36, 37,39,

44, 116]




wt.% Composition Tm Hy P Cpsp ks Min Hg, -
er.
(at.%) (°C) (ki/kg) (kg/m3) (kJ/kg K) (W/mK) (MJ/m?)
[21, 27, 29,32,
47Mg-385i-15Zn 800 314 33,36, 37, 39,
44, 116]
83Cu-175i 802 267 6090(1) 1626 [128]
[21, 27, 29,32,
80Cu-205i 803 197 6600 0.50 (s) 1300 33, 35, 36, 39,
44, 99, 116]
[21, 27, 29,32,
83Cu-10P-75i 840 92 6880 633 33, 35, 36, 39,
44, 116)
[21,27,29,32,
495i-30Mg-21Ca 865 305 2250 686 33,36, 39, 44,
116)
38.2A1-35.45i-26.4Fe
) 869 562 3360 0.762(s) 8.6-12.8(s) 1888 [72,75]@
(AlysSigoFess at.%)
56.551-43.5Mg 757-774 0.79(s) 26/20 16, 21, 27-29,
) 946 - 947 . 1900 - 2000 1438 32,33,36,39,
(MgSiszs at.%) 1212 0.87 75 44, 116]
Gold (Au) 961 105 10500 1102 [21]
47.5Ni-40.15i-12.4Al
o 1079 960 4290 0.65(s) 48-51.7(s) 4118 [72,75]@
(Aly7Sis3Nizo at.%)
714 [16, 32, 35,37
Copper (Cu 1077 - 1083 8800 - 8930 350(s 1698 = 28 22 25
pper (Cu) 193 - 204 () 48, 116]
Silicon (Si) 1414 1805 - 1926 [35, 48]

(M The values are considered by the authors out of the expected range.
(The composition given in reference [72] is at.% and in reference [75] is wt.%, it may be an error.

The latent heat of fusion for the MPCMs in the range of 300 to 900°C is shown in Fig. 7. The
melting temperature of Zinc-based alloys is in the range of 337 to 419°C, approximately, and the average
reported heat of fusion is lower than 150 kJ/kg. The Zn-Mg alloy compositions close to the eutectic point
are the most studied alloys in this range of temperatures because of their high latent heat of fusion. Al-
based alloys were principally investigated in the range of 440 to 660°C, as is shown in Fig. 7. The Mg-
based alloys in the same temperature range show the lowest values of latent heat of fusion, whereas
the Al-Si have the highest values. The average reported heat of fusion for Al-based alloys is higher than
300 kJ/kg, and the thermal conductivity is higher than Zn-based alloys. As a rule, the alloys with a high
content of Si have the higher values of latent heat of fusion, as shown in Fig. 1. Above 700 °C, MPCMs

are almost entirely comprised of Cu-based alloys.

Fig. 7: Latent Heat of Fusion for MPCMs with melting temperature > 300°C. The diameter of the circle represents
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2.2. Medium-Temperature MPCMs, 40°C < Tm < 300°C

In the medium-temperature range of MPCMs, it can be found the low-melting-alloys or fusible
alloys composed of such elements as Bi, Pb, Sn, Cd, In, Ga, Zn, Sb. The low-melting-point alloys have
extensive applications in the fields of welding, continuous casting simulation, materials processing,
electronic and electrical automatic control, and PCMs [129, 130]. In this temperature range, the most
notable alloys are commercially known as Cerrolow 117, Cerrolow 136, Wood’s metal (also known as
Cerrobend or Cerrolow 158). Bismuth is one of the major components of all of them, given the unique
characteristic of expansion upon solidification [131]. Wood’s metal (50Bi-26.7Pb-13.35Sn-10Cd (wt.%)),
proposed by NASA in the 1970s [26], perhaps is the most studied alloy as MPCMs for medium-
temperature applications [132, 133]. Wood’s alloy was widely used and studied for soldering
applications until it was banned for being non-compliant with RoSH due to the content of Pb and Cd
(134, 135].

2.2.1. Alloys containing lead and cadmium

Lead (Pb) is listed as one of the chemical elements that represent a significant threat to human
life and the environment by the European Union’s RoHS (Restriction of Hazardous Substances in
Electrical and Electronic Equipment) and the Environmental Protection Agency (EPA). The lead was
banned from all new electronic consumer products in the EU from 2006 [134, 135] because of the
environmental hazard of electronic waste with Pb. For that reason, in the last 30 years, there have been
intensive research and development on lead-free alloys [136-151], and Lead-free solder databases have
been created [148, 152, 153]. The primary lead-free candidates to substitute the Pb-Sn eutectic solder
are Sn—Ag—Cu near eutectic, Sn—Zn eutectic, and Sn—Bi eutectic alloys. Among them, the strongest
candidate is Sn—(3—4)Ag—(0.5-0.9)Cu (wt.%) [137]. Abtew and Selvaduray [136] summarised some of the
Pb-free solder alloy compositions proposed for microelectronics assemblies. The studies were focused
on the factor that affects the soldering applications as melting point, mechanical properties, wetting
characteristics, availability, and cost.

On the other hand, in the microelectronics industry, the cost is a critical factor; therefore, the
Pb-free solders must be cost-competitive to maximize the reduction in the overall cost. On an element
basis, Pb and Zn are the cheapest metals. Surprisingly, indium (In) is scarce and is more expensive than
Ag [139]. El Daly et al. [142, 145, 147] analyzed several binary alloys consist of Sn, Zn, and Bi, finding that
the increment of the Bi content decreases their melting point.

The alloys developed as lead-free alloys could be used as PCM for different applications,
considering that they met the requirement to be “safe” (non-toxic, non-hazardous, non-flammable, non-
explosive, non-polluting, non-poisonous). However, the requirements that an alloy needs to serve as a
solder are different from the requirements for a PCM. Therefore, it is not easy to find in the new solders
database [148, 152, 153] information on the heat of fusion or specific heat of the alloys.

Despite this, there are some recent publications of Lead-free Bi-based alloys as MPCMs for
thermal management electronic applications [154-157], a passive thermal management system [158],
thermal energy storage and heat sinks [159], and domestic cooking applications [34, 160, 161].
Moreover, there are research works to enhance the relatively low thermal conductivity of the alloys (see
Fig. 2a) using graphite foam [162], expanded graphite [12, 155, 162, 163], carbon foam [59, 158], metal
foam [157]. Fig. 8 shows the effect of the weight percentage of the Wood’s alloy, and the compact
density of the composite PCM is the thermal conductivity and latent heat.

Table 2 summarised the thermophysical properties reported in the literature cited for non RoSH
compliant alloys, which melt between 40°C and 300°C. The discrepancies in some of the values reported,
and the omission of some thermophysical properties can be observed.
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Fig. 8: Thermal conductivity and latent heat storage density of Wood’s alloy +Expandable Graphite: a) the
composite material with a different mass percentage of Wood’s alloy and b) density of the composite with 90 wt.% Wood’s
alloy. Reprinted from [155] with permission from Elsevier

Table 2: “Non-RoSH Compliant” Medium Temperature MPCMs (40°C < Melting Point < 300°C)

Composition ™ Hf p Cp ks/I Min Hf,v Ref
(wt.%) (°C) (k)/kg) (kg/m3) (k)/kg K) (W/m.K) (MJ/m3) ’
44.7Bi-22.6Pb-19.1In- 0.15 (s/1)
28.5-36.8 15
8.35n-5.3Cd 47-48 8860 — 9330 0.163(s) 253 (21, 40, 42, 45,
68.21 16.7(s) 129, 164, 165]
(Cerrolow 117) 0.20
47.5Bi-25.4Pb-12.65n-
9.5Cd-5In 57- 65 36 9470 0.16(s) 15 341 [21]
(Indalloy 140)
9307 + 16 (s) 0.167-0.323 (5) 7.143 +0.028(s)
49Bi-21In-18Pb-12Sn Ta00s 0.211+0.005 (1) A xR0t 21, 26,39, 40,
(Cerrolow 136) 58-61 23-29.9 8220(1) 0.3 (5/) 16.7 - 33.2(s) 18 42,45, 129,
90.9 8570 - 9229 ’ 10.6(1) 154, 158, 164,
0.20
10 166-168]
0.721 ()@
53.5Bi-195n-17Pb-10.5In 60.6/76.2 16.9 9159 155 [129]
) [21, 26, 39,
51In-33Bi-16Cd 61 25 8000-10040 200 =
40, 42, 44]
Potassium (K) 63.2 59.6 664 0.78 54 40 140, 42]
50Bi-26.7Pb-13.35n-10Cd 0.146-0.167(s
(Cerrolow-158 29,6 - 45.8 0.20-0 34(5() ! 167-23(s) [21, 26,30, 34,
Cerrobend ’ 70.0-72.0 ’159(1' ’ 8974 - 9620 e 18-19 266 39,40, 42, 45,
' 0.17-0.184(1) 5891 129, 155, 164]
Wood’s metal) 0,52
52Bi-26Pb-22In 70 29 8000-10103 232 (21, 26, 39,
40,42, 44)]

42.5Bi-37.7Pb-11.35n-
8.5Cd 71/88 343 9810 0.146(s) 336 [21, 164]
(Indalloy 160-190)

50Bi-26.7Pb-19.1In-8.35n-

< 3cd 72.1 30.4 9582 291 [129]
53Bi-265n-21Cd 92.6 2.5 8773 22 [129]
51.6Bi-40.2Pb-8.2Cd 91.5-93.0 26.7 10417 278 [129]
50Bi-31Pb-19Sn 94.5 26.4 9590 0.138 16.5 253 [30]
52Bi-30Pb-185n 0.151(s) 13
96 34.7 9600 333 21,40, 42
(Indalloy 39) 0.17(1) -24 (21,40, 42)
52.5Bi-32Pb-15.55n [26, 39, 40, 44,
(Cerrolow 203) 95.0-96.9 21.6-34.6 9566 - 9714 207 45, 129, 164,
52Bi-32Pb-165n 169]
) 26.4
46Bi-34Sn-20Pb 96.8 [169]
30.5
) 17.1-17.610
50Bi-28Pb-225n 95.2 - 100 36 9437 161 [129, 169]
52Bi-30Pb-185n 96 22.2-36.5 [169]
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Composition ™ Hf p Cp ks/I Min Hf,v Ref
(wt.%) (°Q) (ki/kg) (kg/m3) (k)/kg K) (W/m.K) (MJ/m3) ’
850 69,8 —86.9 (I , 40, 42,
Sodium (Na) 97.8 113.2 1,27 -1.38 () U 9% [36, 40, 42
927(1) (71) 170]
Eutectic Pb-Bi [21, 26, 34, 35,
(BiPbag 7452 at.%) 123.8- 20386 9660(1) 0.13(s) 4 193 39, 40, 113,
55Bi-45Pb 126.2 : 9860- 10460 0,143 —0.155(1) 12,8- 13,7(l) 164, 169, 171,
(Indalloy 255) 172]
58Bi-415n-1Pb 134.4 45.9 [169]
51.25n-30.6Pb-18.2Cd? 145 40.6 8120 330 [129, 164]
Eutectic Sn-Pb (34 35, 142
SnPh,s 5. t.% 37.7-52.1 = 22 228
(SnPbzs.15.35.09 at. %) 181- 183 8220-8400 02(s) 50 310 151, 160, 169,
635n-37Pb 104.20 173]
625n-38Pb -
60Sn-40Pb 183/190 8520 (s) 0.172 (s) 23.3-26.2 (1) [173, 174]
625n-36Pb-2Ag 179 8410 (s) 0.167 (s) 22.8-26.3 (1) [173, 174]
85Pb-105b-55
n 245-255 0.9 10360 0.15(s) 9 [21)

(Indalloy 233)
(M The values are considered by the authors out of the expected range.
@ The wt.% for Pb and Cd was in reference [129].

Liquid metals have also been studied as advanced heat transfer fluids in concentrated solar
power plants requiring larger heat-flux densities to improve efficiency and reduce costs [171, 172]. A
promising application for liquid Pb-Bi eutectic alloy (55,5Bi-45,5Pb (wt.%) is its use as a coolant for the
new generation nuclear reactors [175-178]. In these applications, the compatibility between the liquid
Pb-Bi and the structural materials is one of the most severe problems [175-178]. The corrosion of the
structural materials used as a container of liquid Pb-Bi alloy is primarily due to the bismuth; the corrosion
effect of bismuth is about 40 times faster than the lead [179].

2.2.2. Lead-Free Alloys

Table 3 summarised the thermophysical properties reported in the literature cited for lead-free
alloys between 40°C and 300°C. The reported thermophysical properties of medium-temperature
MPCMs is limited because they were mainly developed for soldering purposes. There are some omitted
and confusing information reported in the published literature of low-melting-point multi-component
alloys. Some research groups make efforts to characterize the thermophysical properties and to evaluate
the stability of MPCMs. Li and Chung [34] studied the performance of binary alloys Sn-based alloys
(including some non-lead-free alloys) for TES applications. They found that the latent heat and thermal
conductivity of the Sn-9Zn alloy decreased by approximately 5% after 500 thermal cycles. Meydaneri et
al. [180] characterized the thermal conductivity of eutectic alloy Sn-3.5Ag (wt.%) as a function of the
temperature. Singh et al. [115], testing bismuth rich Cu-Bi alloys for energy storage and surge protection,
pointed out their high thermal stability. Zhou et al. [129] synthesized and systemically investigated the
fundamental data of low-melting-point eutectic alloys composed of Bi, Cd, Sn, Pb, and In elements (see
Table 3). Shamberger et al. [169] measured the latent heat of fusion of the ternary alloys Sn-Pb-Bi and
In-Sn-Bi ternary systems and decouple mixing and electronic contributions (see Table 3). Yang et al. [181]
investigated experimentally and numerically the eutectic alloy 31,6Bi-48,8In-19,65n (wt.%) as PCM for
potential thermal management applications; the alloy showed good repeatability and stability without
supercooling. Mawire and Shobo [182] examined the potential of the alloy In-48Sn (wt.%) as PCM for
heating applications at medium-temperature; the alloy provides excellent properties as low vapour
pressure, thermal stability, congruent melting, and solidification, large volumetric storage capacity, and
very small supercooling. Venkitaraj and Suresh [183] experimentally investigated the performance of an
organic Solid-Solid/Low Melting Alloy (Bi, Sn, Zn, In) composite PCM for TES applications. The alloy was
used as an effective additive for improving the thermal performance of organic PCMs. The thermal
storage/ release test showed a reduction of 14.64% and 30.22% in the time taken for total energy
compared to pure organic PCM.
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Although thermal energy storage is considered a prospective application for medium-
temperature MPCMs [42], the number of studies in this temperature range is reduced compared to high-
temperature MPCMs. In this temperature range, the heats of fusion of the metal alloys are below 60
ki/kg (see Fig. 9), therefore they can be competitive where the minimum volume is a critical
requirement, and the weight penalty is acceptable [154].

Table 3 gives the medium-temperature MPCMs, proposed and studied by different authors cited
in this review; the thermophysical properties are presented with the range of data found in the reference
literature. The alloys in this range of temperatures are mainly Bi-based or Sn-based alloys. Most of these
bismuth alloys contain lead and cadmium that are non-RoHS compliant metals. One of the main
applications for low melting point alloys is as solder for electronic components where there is enormous
pressure for developed Lead-free alloys that replace the Pb-Bi eutectic alloy. Most of the potential
MPCM candidates in this range of temperatures were not developed for thermal applications; they are
mainly developed for solder applications. Therefore, the thermophysical properties are not studied
enough to compare them.

Table 3: “RoSH Compliant” Medium Temperature MPCMs (40°C < Melting Point < 300°C)

Composition ™ Hf p Cp ks/I Min Hf,v Ref
(wt.%) (°C) (kJ/kg) (kg/m3) (k)/kg K) (W/m.K) (MJ/m3) ’
) 0.27 £0.015(s) 19.2 +1.1(s)
48.8In-31,6Bi-19,65n 60.2 +0.1 27.940.1 8043 + 39 224 [156, 168, 181]
0.297 +0.003(1) 14.5 +0.5(1)
51In-32Bi-17 1
n-328i A >n 60.1-60.7 27.7 8057 0.197 o(s) 223 (112, 157, 169,
50.5In-33Bi-16.55n 20.9 184]
51.34In-33.1Bi-5.565n 60.42 243 7880 - 8052 191 [129]
Eutectic In-Bi
Biy.5.22 at.?
(InBizu.5.22 at. %) 72.0-72.8 204-250  7990-10000 163 [21, 26,39, 40,
66In-34Bi 42, 44, 169]
(Indalloy 162)
57.5Bi-25.3In-17.35n 8780(s) 040(s) 358(s) 129, 166, 169
o ' 77.0-80.7 32.5-47.7 8200(1) 0.88(1) 28.8(1) 285 (429, 166, 169,
(57Bi-26In-175n) 184]
8540 - 8696 0.17 8.97
54Bi-30In-165n 80.9 38 8470 322 [112, 169]
3.87(0)
56Bi-40Sn-4In 101.1-130.6 206 8525 19.5 33 [35, 129, 185]
67Bi-33In 109 - 110 43.1 8810 380 [112, 169]
Eutectic In-Sn-Zn
106.5 283 7236(s) 0.233(s) 38.8-45.6(s) [186]

(INs2.75N44.0ZN5 4 at. %)
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Composition ™ Hf p Cp ks/I Min Hf,v Ref
(wt.%) (°Q) (k)/kg) (kg/m3) (k)/kg K) (W/m.K) (MJ/m3) ’
Eutectic In-Sn 7290(s) 0.233(s) 34-40.85 (s) [112, 164, 169
InS t.% 118.7 24.9-30.4 7220(1 ’ ) 182 e
(InSne., at.%) M 0.416(l) 61.36(1) 173, 182]
52In-48Sn 7300
60Sn-40Bi 0.18 (s)
138-170 44.4 8120 30 361 21]
(Indalloy 281-338) 0.21 (1) =
Eutectic Sn-Bi
(SNBis.05.43.96 at. %) 0.167(5) 21at85°C [i—lz' %'23—51'3?'
SSB!-4ZSn 136.9-139.6 40.8 - 49.1 8440 - 8560 0.201 (I 15.5-19.0 (s) 344 151 164, 169,
57Bi—43Sn 15.5(1) 173, 187]
(Indalloy 281)
7310 (s) 0-24(s) 86(s) [21, 40, 42, 112
Indium (I 156.8 28.5-28.8 0.27(1 208 e
ndium (in) 7030() 0 36.4() 169, 1701
0.23
865n-9Zn-5Bi 184.8 55.3 426 (34, 35]
. ) 3.98(s)
Lithium (Li) 179 - 186 433.8- 663 515-534 -4.39 13 223 [27, 40, 42]
90Sn-9Zn-1Bi 196 183.70) [142]
875n-9Zn-4Bi 194 163.40) [142]
885n-9Zn-3Bi 196.1 63.4 455 [34, 35, 142]
Eutectic Sn-Zn
32.5M
(SnZn;s,7 at.%) 0.239(s) 21,34, 35, 40,
198.1-199.0 56.2-71.2 7270 -7380 61(s) 236 42,112,142,
915n-9Zn 0.272(1)
191.90 151]
(Indalloy 201)
885n-9Zn-3Cu 208.1 54.3 54.2 (34, 35]
865n-9Zn-5Cu 210.2 48.9 56.8 (34, 35]
95.65n-3.5Ag-0.9Cu 217.2 55.1-66.9 [151]
95.55n-3.8Ag-0.7Cu 217/220 7405 (s) 0.2207 (s) 27.4-31.6(1) [112, 173, 174]
Eutectic Sn-Ag 33.0 - 98.4(s) [112, 151, 173
o, _ ~ o . 7 7 7
(SnAgs 5 at.%) 220.7 56.1- 64,9 7500 0,13-0,26 84,6(1) 421 180, 188, 189]
96.55n-3.5Ag
Eutectic Sn-Cu 7320 (s) 27.4-44.8 (1) [112, 151, 169
(SnCu, 3 at.%) 227 56.3-62.3 7310 0.2205 (s) 58.9(s) 412 E ﬂ EO]
99.35n-0.7Cu
15.1
; 7280(s) 59-73 (s) [21, 40, 42, 48,
Tin (Sn) 232 53.9-60.5 694011 0.22-0.26 20.5(1 392 112,114, 120,
0 S 187, 191]
57.0+4.6 (s)
96.5Bi-3.5Zn 251.4 50.3 9340 0.12 470 [34, 35]
8.1 [21, 40, 42, 48,
Bismuth (Bi) 270.6-271.4 50.9 - 53.9 9790-9800 0.12 7.3-7.5(s) 521 112,113, 169,
14(1) 187, 191]

(M The values are considered by the authors out of the expected range.

2.3.Low-Temperature MPCMs, Tm < 40°C

Low melting point alloys (also called liquid metals) have been investigated for various potentials
applications as thermal management in electronic devices [70, 192-196] , management thermal shock
in electronics [168], thermal energy storage [192, 197], composite PCMs for solar heat and industrial
waste heat recovery application [198], coolant [170, 199-201], thermoelectric generation [202], soft
multifunctional composites for wearable electronics [203]. In this range of temperatures, there are
gallium and Ga-based alloys; their investigation indicates that the purity level of the alloys has a
significant impact on the thermophysical properties [204]. Corrosion problems between the liquid metal
and the structural materials are also indicated at low temperatures [199, 205]. The corrosion tests of
Gallium and their alloys with metal substrates such as aluminium-alloys, copper-alloy, and stainless
steel, indicated that only the stainless steel showed the integral corrosion resistance [199-201, 205].

The supercooling of the Gallium is one of the main drawbacks [206].
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Fig. 10: Latent Heat of Fusion for MPCMs with melting temperature (0 to 100°C). The diameter of the circle
represents the Volumetric heat of Fusion

Table 4 lists metallic materials in this low-temperature range. The alloys in this temperature
range are Ga-based, the heat of fusion of the Gallium is 80 kl/kg, and the thermal conductivity
approximated 30W/m K. As can be seen from Fig. 10, the Ga-based alloys present a higher heat of fusion
and thermal conductivity than the Bi-based alloys (Table 4). In this range of temperatures, the MPCMs

have potential impacts in the field of electronics, biomedicine, and beyond.

Table 4: Low-Temperature MPCMs (Melting Point < 40°C)

Composition

™

Hf

p

Cp

ks/I

Min Hf,v

Ref.
(wt.%) (°c) (k)/kg) (kg/m3) (ki/kg K) (W/mK) (MJ/m3)
21,40, 42
Mercury (Hg) -38.9 11.4 13546(1) 0.14(1) 8.34 154 [—'1%'] -
66Ga-20.5In-13.55n 10.3 [202]
67Ga-20.5In-12.55n() 10.7 67.2 6170 23.4 415 [Q'Zﬁ’] 34,
Eutectic Ga-In 6197 [21, 30, 34,
Galnyy, at.% 15.7 69.7 0,404(1 26,58(! 432 ===
(Galny,; at.%) 6335() (1) (1) 170]
78.55Ga-21.45In
82Ga-12Sn-6Zn 18.8 86.5 5961 516 [21, 30, 34]
74Ga-22Sn-4Cd 20.2 75.2 5983 450 [21, 30, 34]
Eutectic Ga-Sn
(GaSng 4 at.%) 20.6 81.9 5885 482 [21, 30, 34]
86.5Ga-13.55n
93Ga-5Zn-2Cd 24.6 85 6020 512 [21, 30, 34]
Eutectic Ga-Zn
(GazZns 73 at.%) 25 88.5 5946 526 [21, 30, 34]
96.5Ga-3.5Zn
Cesium (Ce) 28.7 16.4 1796(1) 0.24(1) 17.4(1) 29 [40, 42, 170]
26, 39, 40,
Gallium-gallium antimony 29.8 26, 39, 40
441
5903-5907(s) 0.34-0.37(s) 33.5-40.6 (s) [21, 26, 39, 40,
Gallium (Ga) 29.8-30.0 80.1-80.3 5907-6095(1) 0.39 - 0.40(1) 28' 1 33' 700 473 42,44, 45, 168,
5910 0.34-0.83 o 170, 192, 207]
Rubidium (Rb) 38.9 25.7 1470 0.36 29.3 38 [40, 42]

(WThe composition given in references [ﬂ, @, ﬁ] is 67Ga-20.5In-12.5Zn, which can correspond to a typing error.
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3. Other Thermophysical Properties of MPCMs

The set of thermophysical properties found in the published literature for MPCMs is generally is
not completed, dispersed, conflicted, and subjected to uncertainties. As an example, Stolen and
Gronvold [208] presented a review and evaluated the enthalpy of fusion of high purity metals used as
enthalpy standards founded that there was a large spread in the literature values mainly due to the
brought to light the lack of truthful information on the temperature dependency of the thermo-physical
properties of PCMs. As seen in previous sections, the melting point and heat of fusion of MPCMs are
well known in general. However, other critical properties, such as density, thermal conductivities,
specific heat capacity, viscosity and even heat of fusion, are sometimes missing, contradictory or
confusing in the published literature. The eutectic compositions of alloys are specially studied because
of their desirable features like single melting temperature, good reliability, and long-term stability under
charging and discharging cycles [16]. However, there were many non-eutectic alloys proposed in which
the composition of the alloys was not specified, or the nomenclature is confusing (mass weight
composition (wt.%), or atomic composition (at.%)).

The absence of an MPCM thermophysical properties handbook, the lack of international
standards for characterizations and testing, and the significant variation between sources in measured
values of properties have been conducted to the different research groups to employ their methods and
resources for characterization of PCMs. Therefore, the majority of the investigations in PCM are focused
on characterization and not on the evaluation, design, or guidelines for the potential applications.
Thermophysical properties of MPCMs are necessary to produce accurate and reliable LHTES designs
using advanced numerical simulations tools, but, unfortunately, the thermophysical data for many alloys
are limited. This factor is a significant barrier in developing potential applications because of the need
to characterize the PCM spending many resources and time. In summary, there is a definite necessity to
generate an “MPCM Handbook,” as other authors have already proposed [21] for gathering and
summarising the thermophysical properties available for MPCMs. In the next section, the authors
compile the temperature dependence of the thermophysical properties and some theoretical
predictions needed from an engineering point of view.

3.1. The minimum set of thermophysical properties for MPCMs

All the thermophysical properties should be obtained experimentally; however, some
mathematical approximations can estimate the melting point or the expected heat of fusion and the
effect on the elements of the alloys. Nowadays, there are software that use the laws of thermodynamics
to design and predict the thermophysical properties of alloys [117, 118]. In this section, a compilation
of the minimum set of thermophysical properties for MPCMs is intended to be discussed, and the form
of the equations generally used to report the dependence with the temperature of the properties
required to evaluate, design and study LHTES from an engineering point of view.

3.1.1. Melting Point and Latent Heat of Fusion (Hfit)

The melting point and the latent heat of fusion need to be experimentally obtained using
calorimetric methods as differential scanning calorimetry (DSC) or differential thermal analysis (DTA).
However, the latent heat of fusion can be predicted for an n-component alloy using Eq.1, the first part
of the equation is the contribution of latent heat of pure elements, and the second part is the
contribution of specific heat difference between solid and liquid of pure elements [210].

Hy = iy (/) + T st (Coui = Cosdin (/) Ba 1)

where x; is the mole fraction, C, is the specific heat, T;is the melting temperature of the element and T,
is the melting temperature of the alloy.
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3.1.2. Density (p)

Vegard’s law predicts a linear relationship between molar volume and the molar fraction of
constituent elements, and it can be used to calculate the liquid density of metal alloys [169] as Eq.2.

3
pL= ZixiMi/<Zixii/Mi/pu) (Eq.2)

where p; is the liquid density, x; is the molar fraction and M; is the molar mass. Calculated densities are
within 2% for those liquid alloys, which have been previously measured experimentally.

The density of pure liquid metals and alloys as a function of temperature can be estimated from
an empirical linear equation [211-214]. However, some authors considered the density of melts as
weakly nonlinearly dependent on temperature as follows [215]:

pr=po—¢(T=Tres) +¢1 (T = Tpes)’ (Eq. 3)

where p; is the liquid density, p, is the density at the liquidus temperature when T, is the melting
temperature, ¢ are constants, and T is the temperature. Another form to express the liquid density as
linear approximation parameters of its temperature depends on the form of the Eq.4 [216].

pu(T) = Pl(1 —a(T - Tz)) (Eq. 4)

where p;(T) is the liquid density at temperature T, p; is the density at the liquidus temperature, T; is
the liquidus temperature, and «a is the volumetric thermal expansion coefficient.

Table 5 and Table 6 present the coefficients of Eq.(3) for the variation of liquid density as a
function of the temperature for some MPCMs found in the literature, and Table 7 lists the temperature
dependence of liquid density following the Eq.(4).

Table 5: Temperature [K] dependence of Liquid Density (Eq.3)

e Carlyaditery J S O S - S AL

303-1500 6077 0.611 3029  [214]

303-410 6112 0.60 30293 [217]

Gallium (Ga) 410-700 6048 0.70 410 [217]
303-1274 6269.8 0.6268 [218]®

323-773 6262 0.6115 [219]

86.5Ga-13.55n 6355 0.612 [220]

86.3Ga-13.7Sn (8.5 at.% Sn) 323-773 6355 0.6115 [219]

96.5Ga-3.52n 6276 0.609 [220]

6621 0.874 [220]

67Ga-20.5In-12.55n

293 - 493 6580 0.776 2837 [204]

86.3Ga-10.85n-2.9Zn 323.773 6332 0.610 [220]

75Ga-255n (16.4 at.% Sn) 323.773 6464 0.6120 [219]

75Zn-25Ga 6876 0.471 [123]

75Ga-25Zn 6458 0.599 [123]

50Ga-505n (37 at.% Sn) 323-773 6711 0.6123 [219]

50Ga-50Zn 6648 0.515 [123]
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. Temp. Range Po c Ccy Trer Ref
Kol <] (K) (ke/m?) (ke/m?K) (ke/m?K?) (K) '
433.3-1273.5 7318.6 0.699 [218] @
Indium (In)
430-1100 7022 0.762 4297 [214]
52.4In-47.6Bi (33.33 at.% Bi) 365-878 8600.8 0.9571 [221]®
323-773 6976 0.6130 [219]
Tin (Sn) 7370 £ 60 0.82 £0.08 [140]
511-605 7379.5 0.7931 [222]®
99.35n-0.7Cu 500-1024 7467.0 0.799 [223]
995n-1Ag (0.011 at.% Ag) 7396 +47  0.813+0.059 [224]
995n-1Cu (0.018 at.% Cu) 7504+32  0.838+0.041 [225]
97.15n-2.9Cu (0.053 at.% Cu) 7620+£32  0.941+0.038 [225]
7150 £ 70 0.40 +0.09 [140]
97Sn-3Ag
6972 0.662 508 [226]
6998 0.668 500 [226]
96.55n-3.5Ag 7480 £ 50 0.72 £0.08 [140]
7398433 0.804+0.041 [224]
- (2)
96.155n-3.85Ag (96.15 at.% Sn) 495-950 7434.4 07013 (221]
965n-4Ag 7003 0.688 518 [226]
95.15n-2.9Cu (0.087 at.% Cu) 7607+28  0.880+0.03 [225]
955n-5Ag (0.055 at.% Ag) 7603+44  1.041+0.055 [224]
94.45n-5.6Cu (0.1 at.% Cu) 7675+44  0.889+0.048 [225]
94.55n-5.5Zn 6986 0.722 480 [226]
92.65n-4.7Ag-2.8Cu
- + +
(5 305 A % Co) 550-1000 7265423 0.5650.029 [227]
91.95n-6.5Ag-1.6Cu
- + +
(7 2% A3 ot5% Ou) 550- 1000 7313+13  0.581+0.016 [227]
91.55.8.571 6975 0.725 478 [226]
91.25n-8.87n 473-1157 7291.2 0.658 [223]
90.85n-9.2Ag (0.1 at.% Ag) 7534+43  0.864+0.053 [224]
905n-10Ga (84.1 at.% Sn) 323-773 7137 0.6128 [219]
90Sn-10Pb 7540 + 40 0.72£0.06 [140]
89.55n-10.5Zn 6963 0.745 488 [226]
88.25n-11.8Cu (0.2 at.% Cu) 7668+57  0.709 % 0.056 [225]
86.95n-11.3Bi-1.7Cu 8087 0.909 [228]
84.75n-9.6Ag-5.7Cu
- + +
(10 3056 Ag-10 0. CU) 650-1100 7584+18  0.643+0.021 [227]
81.55n-18.5Ag (0.2 at.% Ag) 7889+46  0.87140.051 [224]
81.35n-18.7Cu (0.3 at.% Cu) 8022456  0.973+0.053 [225]
76.45n-14.9Ag-8.8Cu
- + +
(15 % Ag.15 0% Cu) 750-1150 7863+32  0.670+0.035 [227]
74.75n-21.98i-3.3Cu 8893 1.27 [228]
74.55n-20.3Ag-5.1Cu
- + +
(21 2t% A9 2t.% Cu) 650-1100 7560433 0.61240.037 1227]
755n-25Ga (63.8 at.% Sn) 323-773 6976 0.6127 [219]
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. Temp. Range Po c Ccy Trer Ref
Kol <] (K) (ke/m?) (ke/m?K) (ke/m?K?) (K) '
72.55n-27.5Bi 447-745 7940 0.778 447 [229]
725n-28Ag (0.3 at.% Ag) 8167 + 46 0.831+0.048 [224]
67.55n-20.4Ag-12Cu
- + +
(20 at.% Ag-20 at.% Cu) 800-1200 7995 + 39 0.706 +0.039 [227]
65.15n-34.9Cu (0.5 at.% Cu) 8248 £ 56 0.837 £ 0.049 [225]
63.35n-31.8Bi-4.8Cu 8957 0.962 [228]
61.95n-38.1Pb 400-1040 8472 0.810 [213]
61.65n-38.4Ag (59.3 at.% Sn) 715-940 8473 0.8143 [221]@
60Sn-40Pb 8450 £ 20 0.76 +£0.02 [140]
58.15n-26.4Ag-15.5Cu
- + +
(25 at.% Ag-25 at.% Cu) 750-1200 8346+ 74 0.741+0.074 [227]
425-745 8730 1.390 412 [229]
575n-43Bi
8155.3+16.3 1.018+0.020 (2.58£0.33)E-4 439.3 [215]
55.75n-35.4Ag-8.9Cu
- + +
(35 at.9% Ag.15 at.% Cu) 700-1200 8491+ 26 0.745 +0.027 [227)
52.65n-41.1Bi-6.3Cu 9413 1.02 [228]
52.45n-47.6Ag (0.5 at.% Ag) 8982+197  1.322+0.190 [224)
553-1273 10726 1.221 [%]
Bismuth (Bi) (113]
545-1500 10028 1.213 544.55 [231]
65.9Bi-24.15n-10Cu 9611 0.560 [228]
8931.7+17.9 1.082+0.022 (1.53+0.24)E-4  434.3 [215]
67.4Bi-32.65n (53.97 at.% Bi)
433-923 9374 1.0179 [221]@
678i-33In (52.73 at.% Bi) 382-883 9257.4 1.0533 [221]@
60Bi-40Sn 452-745 9220 1.487 452 [229]
58.1Bi-335n-8.8Cu 9376 0.612 [228]
8637.1+17.3 1.035+0.021 (1.61+0.19)E-4 411.2 [215]
58Bi-425n (43.96 at.% Bi) 2
57 5Bi-42.55n 409-922 9025.8 0.9554 [221]
407-1258 9068.4 0.916 [223]
400-680 10080 1.15 398 [229]
400-1225 10922 1.096 [213]
56Bi-44Pb 403-1273 11096 1324 [230]
55.5Bi-44.5Pb 403 - 1273 11065 1.293 [113]
(LBE)
404-678 11054.5 1.3366 [232]
404-678 10522.4 1.3366 398.1 [232]
1103 1.2246 [233]
49.9Bi-42.55n-7.6Cu 9793 1.14 [228]
46Bi-29Pb-255n 370-650 9690 0.892 368 [229]
601-1900 11367 1.194 [230]
601-1823 11441 1.2795 [113)
Lead (Pb)
11471 1.32 [234]
601-2000 10656 1.239 600.61 [231]
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Temp. Range Po c Cq Trer Ref.

SO (K) (kg/m?) (ke/m?K) (kg/m?K?) (K)

89.4Pb-10.65b (16.75 at.% Sb) 573-923 10840 1.13 [234]

71.9Pb-28.15b (40 at.% Sh) 573-923 9980 1.08 [234]

53.2Pb-46.85b (60 at.% Sh) 573-923 8990 0.97 [234]

6580 0.98 692.7 [235]

692-910 6559 0.884 696.7 [214]

Zinc (Zn)

7157 0.450 [123]

429.9-480.8 7872.9 1.3813 [236]

87.9Zn-12.1Al (75 at.% Zn) 873-1023 6290 1.24 [237]

90Zn-Ga 7008 0.426 [123]

70Zn-30Al (49 at.% Zn) 873-1023 5390 1.35 [237]

6982 0.75 [234]

Antimony (Sb)

900-1300 6467 0.608 899 [231]

84.15b-15.9Pb (90 at.% Sb) 573-923 7691 0.82 [234]

Magnesium (Mg) 1590 0.26 922 [235]

63.5Mg-31.4Al-5Zn 773-973 2636.6 0.94 [238]

60.7Mg-39.3Al (63.2 at.% Mg) 723-1053 24413 0.80 [238]

50.2Mg-49.8Al (52.8 at.% Mg) 723-1053 2726.0 0.99 [238]

723-1053 2674.3 0.31 [238]

Aluminium (Al)

2380 0.35 933.5 [235]

94.7A1-5.3Zn 773-1023 7168.7 1.700 [223]

88AI-12Si 858-1700 2603 0.241 [213]

66.8A1-33.2Zn (17 at.% Zn) 923-1023 4490 1.90 [237]

63.8A1-36.2Mg (38.6 at.% Mg) 723-1053 27721 0.80 [238]

60.8Al1-34.6Mg-4.5Zn 773-973 2965.2 0.93 [238]

47.4A1-47.7Mg-5Zn 773-973 2882.4 1.06 [238]
Calcium (Ca) 1085-1156 2357 0.8851 [222]@

Silver (Ag) 1235-1600 9294 0.877 123;4'9 [231]

95.8Ag-4.25n 507-1276 7425.5 0.722 [223]

Silicon (Si) 2530 0.35 1683 [235]

Nickel (Ni) 1728-2500 7861 0.988 1728 [231]

() Coefficients obtained from the data provided.
@ Coefficients obtained from digitalized graphic data provided.

Table 6: Temperature [°C] dependence of Liquid Density (Eq.3)

i Temp. Range Po c Trer Ref
wt.% Composition (c) (kg/m?) (kg/m?°C) ) 0
95Sn-5Zn (91.3 at.% Sn) 7131 0.7872 0 [239]
7097 0.7699 [239]
91Sn-9Zn (84.8 at.% Sn)
513-723 7348 0.758 [240]
85.7Sn-14.3Cd (85 at.% Sn) 7252 0.7659 [239]
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Temp. Range Po c Trer Ref.

wt.% Composition () (kg/m?) (kg/m?°C) )
67.75n-32.3Cd (66.5 at.% Sn) 7389 0.7571 [239]
64.55n-35.5Zn (50 at.% Sn) 6988 0.8221 [239]
51.45n-48.6Cd (50 at.% Sn) 7566 0.8163 [239]
95Cd-5Pb (2.8 at.% Pb) 8458 1.1571 [239]
88.3Cd-11.7Sn (11.18 at.% Sn) 8115 0.9994 [239]
83Cd-17Pb (10 at.% Pb) 8669 1.1308 [239]
74Cd-265n (25 at.% Sn) 7964 1.1293 [239]
61.9Cd-38.1Pb (25 at.% Pb) 9140 1.1751 [239]
50Cd-50Pb (35.2 at.% Pb) 9457 1.1995 [239]
94.3Pb-5.7Cd (90 at.% Pb) 10844 1.2375 [239]
84.7Pb-15.3Cd (75 at.% Pb) 10518 1.3035 [239]
82.5Pb-17.5Cd (71.9 at.% Pb) 10438 1.2747 [239]
77Pb-23Cd (64.5 at.% Pb) 10278 1.3168 [239]
64.8Pb-35.2Cd (50 at.% Pb) 9852 1.1921 [239]
99.5Zn-0.5Pb (0.16 at.% Pb) 6966 0.9566 [239]
98.4Zn-1.6Pb (0.52 at.% Pb) 7010 1.011 [239]
83.2Zn-16.85n (10 at.% Sn) 6987 0.8577 [239]
62.3Zn-37.75n (25 at.% Sn) 6886 0.771 [239]

() Coefficients obtained from data provided
2 Coefficients obtained from digitalized graphic data provided

Khairulin and Stankus [241] proposed the following equation for the temperature dependence
of the melt density over the range from the eutectic temperature 456 K to 1040 K for the eutectic alloy
61.95n-38.1Pb (26.07 at % Pb) based on experimental data:

p =8121.2 —0.9176 (T — 456.6) + 1.8691x10~* (T — 456.6)2 — 6.789x10~8(T — 456.6) (Eq. 5)

Table 7: Temperature dependence of Liquid Density (Eq.4)

Pr a T,

wt.% Composition (kg/m?) (1/°0) 0) Ref.
Aluminium (Al) 2374 12.4E-5 661 [216]
Copper (Cu) 7970 9.0E-5 1084 [216]
97.8Cu-2.2AI (5 at.% Al) 7809 9.6E-5 1080 [216]
95.5Cu-4.5Al (10 at.% Al) 7324 9.7E-5 1070 [216]
91.5Cu-8.5AI (18 at.% Al) 7010 10.3E-5 1032 [216]
87.6Cu-12.4Al (25 at.% Al) 6700 11.9€-5 1049 [216]
84.6Cu-15.4Al (30 at.% Al) 6220 11.4E-5 1040 [216]
82.1Cu-17.9Al (34 at.% Al) 6010 12.1E-5 1022 [216]
77.9Cu-22.1AI (40 at.% Al) 5640 11.5E-5 960 [216]
74.2Cu-25.8Al (45 at.% Al) 5420 10.8E-5 900 [216]
70.2Cu-29.8Al (50 at.% Al) 5299 10.1E-5 850 [216]
65.8Cu-34.2Al (55 at.% Al) 4938 10.0E-5 790 [216]
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61.1Cu-38.9Al (60 at.% Al) 4345 10.9E-5 700 [216]

55.9Cu-44.1Al (65 at.% Al) 4238 10.8E-5 620 [216]
52.8Cu-47.2Al (67.8 at.% Al) 3881 8.13E-5 591 [216]
44Cu-56Al (75 at.% Al) 3691 8.4E-5 580 [216]
32.7Cu-67.3A1 (82.9 at.% Al) 3239 9.5E-5 550 [216]
20.7Cu-79.3Al (90 at.% Al) 2966 9.7E-5 600 [216]
95.5Cu-4.5Al (95 at.% Al) 2575 12.1E-5 640 [216]
wt.% Composition P “ i Ref.
(kg/m?) (1/K) (K)
97.6Pb-2.4Mg (83.06 at.% Pb) 9563 + 27 (11.740.2)E-5 522.7 [242]
90.3Pb-9.6Mg (52.46 at.% Pb) 7027 +17 (12.940.4)E-5 730 [242]
81Pb-19Mg (33.45 at.% Pb) 5256 + 15 (14.6+0.8)E-5 823 [242]
66.8Pb-33.2Mg (19.11 at.% Pb) 3773+£10  (14.7+0.6)E-5 740.2 [242]

Khairulin and Stankus [241] recommended an expression for the density of the liquid lead-tin
system depending on the temperature and concentration. The temperature range from liquidus line to
750 K, and the composition interval of 0-33.88 at.% Pb is as follows:

p = 7359.5 + 47.6551C — 0.10063C? — (0.74284 + 5.8927E — 3C)T (Eq. 6)

where C is the Pb content in the alloy in at.%, T is the absolute temperature, and p is the density in
kg/m3. Stankus et al. [221] measured the density of bismuth-tin and silver-tin binary alloys; the typical
results of measuring the density of alloys versus temperature follows a linear behaviour.

The density of solid alloys as a function of temperature can be estimated from thermal expansion data
with the following equation [212]:

ps =P/ (Eq.7)

where « is the linear thermal expansion coefficient, and T is the temperature. Semi-empirical analyses
of the thermal expansion of crystalline materials revealed the relationship between the mean coefficient
of linear thermal expansion (a,,;) and the melting temperature [212]:

Tmam = 0.0222 (Fq. 8)
3.1.3. Specific Heat Capacity (Cp)

The specific heat capacity depends on the number of species in the system, and it can be
estimated for a liquid alloy (Cp,;) from the elemental heat capacities of the components in the alloy by
using the Kopp-Neuman rule of mixtures [212]:

Cp,l = Z?zlxi(cp)li (Eq. 9)

where x; is the atomic fraction of element i in the alloy.

This equation provides a reasonable value of liquid specific heat capacity (£3%) of the alloy due to the
insignificant changes in the liquid specific heat capacity with the temperature of the elements. In the
mushy zone, solid-liquid range, the specific heat capacity presents significant changes with heating or
cooling rates [212].

Table 8 illustrates the coefficients for the empirical second-order polynomial equations of the
variation of specific heat with the temperature published for some metal alloys are as follows:
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cpy =a+bT +cT? +dT? (Eq. 10)
Table 8: Temperature dependence of Specific Heat (Eq.10)
Temp. Range a b c d
R o ke ket (ke e/l Ref.
96.48Al-3.52Mg 30-500 0.69058 4.57306E-4 - [75]
90.05AI-4.91Cu-5.04Zn 30-500 0.94403 -5.82262E-4 2.06044E-6 [75]
89.65Al1-10.35Cu 30-500 0.84999 9.19982E-5 - [75]
80.3Al-19.7Si 30-500 1.11513 5.0358E-4 - [75]
79.86Al-10.3Cu-9.84Zn 30-500 0.96562 -0.00149 2.32876E-6 [75]
79.1A1-20.9Cu 30-500 0.84908 2.91358E-4 - [75]
69.88Al-30.12Cu 30-500 0.59075 7.57875E-4 - [75]
69.1A1-20.50Cu-10.45Zn 30-500 0.71747 -0.00131 2.19015E-6 [75]
62.92Al-26.98-10.10Zn 30-500 0.73675 -0.00135 3.221E-6 [75]
59.87Al1-40.13Cu 30-500 0.54948 -1.16513E-4 - [75]
R Temp(}(?ange (kg (kJ/:g.Kz) (kJ/I:g.K3) (kj.: /kg) Ref.
Bismuth (Bi) 545-1300 118.2 5.934E-3 - 7.183E6 [113]
55.5Bi-44.5Pb 430-605 164.8 -3.94E-2 1.25E-5 -4.56E5 [113]
Lead (Pb) 601-1300 175.1 -4.923E-2 1.544E-5 -1.524E6 [113]

3.1.4.

Thermal Conductivity (k)

The thermal conductivity can be described by a second-order polynomial as a function of the

temperature as follows:

k= ko +a(T = Tyop) + b(T = Tyep)”

(Eq. 11)

where k, is the thermal conductivity at the melting temperature when T,.r =T, a and b are
constants. Lattice Monte-Carlo numerical method can be used to estimate the thermal conductivity of
two and three-phase materials [243]. Table 9 summarizes the temperature dependence of thermal
conductivity found in the literature (Eq.11) and the coefficients obtained from thermal conductivity data.

Table 9: Temperature dependence of Thermal Conductivity (Eq.11)

Temp. Range

k

b Tret

a
wt.% Composition o Ref.
°tomp (K) (W/m?K) (1/K) (1/K) (K)
350-550 1.123 0.09844 -5.629E-5 [244)*
+
310-800 76+0.4 0'%73 - -(2.6 £ 1)E-5 [245]
Gallium (Ga) :
-700 30.2 0.041 302.93 [217)
303-850 28.403 0.071896 302.914 [246]
67Ga-20.5In-12.5Zn 283.7 - 600 23.4 0.0614 4.9e-5 283.7 [204]
430-1300 36.493 0.029185 429.748 [246]
Indium (In) 470-1275 13.06 0.05368 -1.66E-5 [247]
0.0428 +
- +
440-800 315+1.6 0.0004 440 [245]
80.53In-19.475n 6.60 0.0582 -1.630E-5 [248]
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wt.% Composition Temp(.KF)(ange (W/I:;Z K ( 17K) (1 /sz) .(r:)f Ref.
49.291n-48.45n-2.31Ag 313-373 29.45 0.3646 -6.75E-4 [249]*

507-2000 28.037 0.023397 505.8 [246]

505-1200 13.90 0.02868 [250]
Tin (Sn) 313-393 81.136 -0.0463 [251]%*
373-473 89.22 -0.061 [252]**
373-473 67.2 -0.066 373 [253]*
9(225;;231 400-700 410.53 -0.0386 -4.408E-5 [254]%*
995n-1Mg 333-463 94.793 -0.0693 [252]%*
99.55n-0.5Al 363-493 83.5 -0.10615 363 [253]*
985n-2Mg 323-463 119.78 -0.1077 [252]%*
(2 isa”t';ilnn) 323-473 104.95 -0.1398 9.769E-5 [190]**
985n-2Mg 323-463 14.135 0.4373 -6.93E-4 [189]*
323-492 92.463 0.094 -2.337E-4 [255]%*

97.85n-2.2Al

323-493 98.8 -0.10882 323 [253]*

96.55n-3.5Ag (s)* 323-483 129.92 -0.1026 2.14E-5 [180]
95.65n-3.5Ag-0.9Cu 313-473 67.899 -0.0102 -5.641E-5 [249]*
955n-5Pb 323-423 76.269 -0.0392 [256]**
945n-6Mg 323-463 112.04 -0.0656 [252]%*
945n-4Ag-2In 323-473 71.423 -0.0182 [190]**
@ 493,;2?;:‘_\2%12:&'“) 322-473 65.71 0.0116 3.77E5 [190]**
905n-10Ag 313-473 153.22 -0.2093 [251]**
90Sn-10Bi 313-393 49.465 -0.0358 [251]**
905n-10Cu 313-473 93.764 -0.061 [251]**
905n-10In 313-373 99.117 -0.0849 [251]**
905n-10Zn 313-433 76.011 -0.0436 [251]%*
895n-65b-5Ag 313-493 49.14 0.07667 -1.821E-4 [249]*
865n-14Zn 323-463 85.69 -0.0625 323 [257]*
765n-22Ag-2In 323-473 78.02 -0.045 [190]**
323-494 126.27 0.1677 -3.946E-4 [255]%*

755n-25Al

323-493 2355 -0.27647 323 [253]*
755n-25Bi 323-383 31.888 -0.0151 [251]%*
70Sn-10Ag-20In 323-453 114.04 -0.129 7.388E-5 [258]*

65.955n-34.05In 8.11 0.0427 -0.886E-5 [248]
61.95n-38.1Pb 323-423 78.904 -0.0528 [256]**
605n-40Pb 323-423 79.252 -0.0559 [256]**
585n-40Ag-2In 323-473 73.161 -0.0411 [190]**
57.165n-42.8Bi-0.04Cu 313-393 26.97 0.06501 -2.018E-4 [249]*
555n-25Ag-20In 323-453 114.15 -0.1565 1.187E-4 [258]*
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- Temp. Range k a b Tref
wt.% Composition o Ref.
o tomp (K) (W/m2K) (1/K) (1/x) (K)
53Sn-40Cd-7Sb
(41.39 at.% Cd — 6.69 at.% Sh) 323-443 88.511 -0.0892 259]
52.9Sn-45.8Bi-1.3Zn
(32 at.% Bi-2.99 at.% Zn ) 313-393 82.045 -0.1099 [259]
51.15n-48.4In-0.5Cu
(49 at.% In — 1 at.% Cu) 318-378 118.33 -0.1299 [259]
50.07Sn-49.93In 6.30 0.0509 -1.370E-5 [248]
323-493 202.88 0.0778 -3.677E-4 [255]**
50Sn-50Al
323-493 191.7 -0.29235 323 [253]*
50Sn-50Zn 323-463 97.31 -0.1093 323 [2571*
545 -1000 6.55 0.01 [230]
464 - 1000 7.34 0.0095 [113]
545-1110 13.199 0.01147 544.55 [260]
Bismuth (Bi)
573-823 6.88 0.0059 3.214E-6 [261]*
313-373 14.866 -0.0208 [251]**
545-970 8.2 0.0058 3.89E-6 [262]
98.2Bi-1.5Zn-0.3Al "
(4.5 at.%zn-2 at.% Al) 323-513 21.723 -0.0425 3.5987E-5 [263]
97.9Bi-2Zn-0.1Al 323-513 15.403 -0.0083 [264]**
93.1Bi-6.6Zn-0.3Al "
(18 at.%Zn-2 at.% Al) 323-513 25.984 -0.0416 2.8664E-5 [263]
87.5Bi-12.1Zn-0.3Al «
(30.1 &t %Zn.2 2% Al 323-513 37.266 -0.0735 5.7145E-5 [263]
56.24Bi-42.735n-1.03Ag 313-393 34.851 -0.0301 [249]*
403 - 1100 3.61 0.01517 -1.74E-6 [230]
55.5Bi-44.5Pb 403 - 1073 3.28 0.01617 -2.305E-6 [113]
423-773 0.3087 0.0251 -9.167E-6 [261]*
97Cd-32Zn .
(5 at.% zn) 373-533 123.03 -0.0709 [265]
95Cd-5Pb 323-513 124.11 -0.0781 [266]**
82.7Cd-17.3Zn *k
(26.5 at.% Zn) 373-533 113.08 0.0592 [265]
_ [113,
601 -1300 9.2 0.011 230]
623-873 8.44 0.0597 -3.286E-5 [261]*
620-730 15.95 0.0128 600 [267]
Lead (Pb)
601-1000 7.665 0.016 [268]
602-1150 16.093 0.0078526 600.61 [246]
323-593 38.924 -0.0111 [266]**
95Pb-5Sn 323-423 57.919 -0.0505 [256]**
95Pb-5Cd 323-513 51.32 -0.0337 [266]**
90Pb-10Sn 323-423 67.341 -0.0661 [256]**
88Pb-12Cd 323-513 63.066 -0.0422 [266]**
80Pb-20Sn 323-423 64.783 -0.0493 [256]**
65Pb-355n 323-423 68.732 -0.044 [256]**
505n-50Pb 323-423 78.151 -0.0615 [256]**
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wt.% Composition Temp(.KF)(ange (W/I:;z n ( 17K) (1 /sz) :-:)' Ref.
50Cd-50Pb 323-513 70.117 -0.0413 [266]**
Zinc (Zn) 323-688 135.96 -0.1055 323 [257]*
08 :f‘yfzz:gas& A) 323-513 132.9 -0.136 6.508E-5 [263]*
5(9]7_3?232_;,%:((:;; 373-533 107.79 -0.0579 [265]**
97.8Zn-1.3AI-1Bi 323-623 175.78 -0.0608 [269]**
80Zn-20Sn 323-463 108.25 -0.1407 323 [257]*
(3225(;;:_;8;;9%6::) 323-513 40.03 0.055 -1.056E-4 [263]*
380-600 249.74 0.0165 -9.219E-5 [270]*
Aluminium (Al)
423-923 302.9 -0.1888 423 [253]*
92.6Al-7.4Cu 298 -775 61.03 0.4558 -0.0004 [125]
75Al1-255n 323-493 136.13 0.667 -1.124E-3 [255]**
Silver (Ag) 313-373 511.48 -0.2397 [251]**
72Ag-20In-85n 323-453 55.78 0.0581 1.612E-4 [258]*
71Ag-275n-2In 323-473 55.728 -0.0234 [190]**
65Ag-20In-155n 323-453 35.43 0.172 -2.836E-4 [258]*
60Ag-385n-2In 323-473 73.816 -0.058 [190]**
45Ag-20In-35Sn 323-453 65.614 0.053 -1.296E-4 [258]*
(5‘54;.;},/%?:?51%';3;23&) 313-303 149.63 -0.1866 [259]
Copper (Cu) 1358-1700 150.49 0.070410 1357.77 [246]
51.7Cu-48.3Al 298-775 78.24 0.1116 -8E-5 [125]
Silicon (Si) 1690-1945 54.702 0.00153 1687.0 [260]
Nickel (Ni) 1730-2000 54.182 0.020970 1728 [246]
Iron (Fe) 1815-2050 36.349 0.0096207 1811 [246]
Titanium (Ti) 587-800 18.4+0.9 O('J(.);gg; 587 [245]
Platinum (Pt) 375-600 68.965 1.818E-4 8.727E-6 [270]*
Cobalt (Co) 1769-1903 29.494 0.08781 1768.15 [260]
wt.% Composition Tem;(); cR)ange (W/I:SZ . ( 1/(1,(:) (1 /?C 2 .(r;:)f Ref.
Tin (Sn) 250-600 2431 0.0155 1.481E-5 [187]*
Bismuth (Bi) 300-600 12.397 0.0033 9.467E-6 [187]*
57Bi-43Sn 150-600 13.59 0.017 1.752E-6 [187]*
96.48Al-3.52Mg 30-500 111.11 0.0888 [75]
90.05AI-4.91Cu-5.04Zn 30-500 152.63 0.07515 [75]
89.65AI1-10.35Cu 30-500 181.69 -0.031 [75]
80.3Al-19.7Si 30-500 183.36 0.07343 [75]
79.86Al1-10.3Cu-9.84Zn 30-500 129.49 0.01033 [75]
79.1A1-20.9Cu 30-500 165.91 0.0047 [75]
69.05AI-20.50Cu-10.45Zn 30-500 99.99 -0.02373 [75]
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wt.% Composition Temp(.KF)(ange (W/niz n ( 17K) (1 /sz) :-:)' Ref.
62.92Al-26.98-10.10Zn 30-500 0.02264 [75]
69.88Al-30.12Cu 30-500 0.0816 [75]
59.87-40.13Cu 30-500 -0.0513 [75]

3.1.5.

where v is the specific volume, A and C are constants, and T is the absolute temperature. Modification
to Andrade’s equation proposes [212, 271]:

where p is the density, M is the atomic mass, and T, is the melting point in degrees Kelvin. Table 10

* Coefficients obtained from data provided, ** Coefficients obtained from digitalized graphic data provided

Viscosity (u)

The laws of Arrhenius and Andrade are the most famous temperature-dependent viscosity laws.
Andrade derived a semi-empirical for the viscosity in metals as follows:

uv'* = aexp(“/yr)

i = 1.7x1077 p2/3T X2 p=1/6

[Pas]

(Eq. 12)

(Eq. 13)

reports the coefficients of Eq. 12 for temperature-dependent viscosity following Andrade’s law.

Table 10: Constants of Dynamic Viscosity as Andrade’ Equation (Eq.12)

wt.% Composition A C Ref.
Tin (Sn) 2750 88.49 [211]
85Sn-15Pb 2530 94.96 [211]
70Sn-30Pb 2540 93.28 [211]
61.95n-38.1Pb 2530 92.78 [211]
60Sn-40Pb 2478 94.66 [211]
Lead (Pb) 2540 86.30 [211]
98Pb-2Sb 2428 89.561 [272]
95Pb-2.55b-2.55n 2502 88.255 [272]
93.1Pb-6.9Sb 2368 91.030 [272]
90Pb-5Sb-55n 2469 89.728 [272]
90Pb-10Sn 2470 90.00 [211]
89.2Pb-10.8Sb 2373 91.969 [272]
84.8Pb-10.2Sb-55n 2242 96.327 [272]
80Pb-10Sb-10Sn 2192 98.848 [272]
80Pb-20Sn 2400 93.14 [211]
70Pb-30Sn 2460 92.71 [211]
60Pb-40Sn 2470 93.07 [211]
50Pb-50Sn 2500 93.61 [211]

Arrhenius’ law proposed the following equation for the viscosity using the activation energy E,:
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U = pfoexp (Ea/RT) (Eq. 14)

Here, the constants E,, is the activation energy of the viscous fluid, R is the gas constant = 8.3144 J/mol.K
and yg is the pre-exponential factor. Table 11 displays the coefficients of Eq. 14 for temperature-
dependent viscosity following Arrhenius’s law.

Mudry et al. [273] measured the viscosity of Bi-Zn liquid alloys using the oscillating crucible
method and proposed a modification of the Arrhenius’ equation:

w() = woexp (“/pp) e pas] (Fq. 15)

where €7 term describes the divergence of viscosity introduced by concentration fluctuations near the
critical temperature (€ << 1).

Table 11: Temperature dependence of Dynamic Viscosity as Arrhenius’ law (Eq.14)

E
wt.% Composition o E, a/ R Ref.
(mPa.s) (J/mol) (K)
0.358 3906.7 470.1 [123]
Gallium (Ga)
0358 3906.7 [219]
86.3Ga-10.85n-2.92n 0.376 3824.3 [220]
86.3Ga-13.75n (8.5 at.% Sn) 0.342 4295.8 [219]
75Ga-255n (16.4 at.% Sn) 0.310 5290.2 [219]
75Ga-25Zn 0.372 815.3 [123]
67Ga-20.5In-12.5Zn 0.4352 469.8 [204]
50Ga-50Zn 0.377 1159.4 [123]
50Ga-50Sn (37 at.% Sn) 0.254 7148.1 [219]
86.5Ga-13.55n 0.342 4295.8 [220, 274]
96.5Ga-3.5Zn 0.367 3953.4 [220]
67Ga-20.5In-12.55n 0.444 3827.0 [220]
0.42 789.4 [140]
Tin (Sn) 0.315 8488.6 [219]
0.31 6171 [275]
99.35n-0.7Cu Oé‘g’gglgi 767.6 +18.7 [140]
99.35n-0.7Cu (1.3 at.% Cu) 0.34 5751 [275]
975n-3Cu 06‘.‘53 65; 828.0+10.5 [140]
ol 891.2 + 44.4 [140]
96.55n-3.5Ag (3.8 at.% Ag) 0(-)"‘(‘;13;51' 717.8 155 [140]
0.37 6612 [275]
965n-4Ag 0(';"33:31’ 698.9+ 7.4 [140]

96.15n-3.5Ag-0.4Cu

(3.8 at.% Ag -0.7 at.% Cu) 0.35 6433 (275]
95.55n-3.8Ag-0.7Cu 0.448 6280 [276]
91Sn-9Zn 0.355 7855.3 [240]
0.4772 =
- +
90Sn-10Pb 0.0066 702.6 £ 8.1 [140]
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E E“/
wt.% Composition My R Ref.

a
(mPa.s) (J/mol) (K)
90Sn-10Ga (84.1 at.% Sn) 0.284 8438.7 [219]
80.35n-19.6Ag-0.1Cu
(20 at.% Ag -5.7 at.% Cu) 037 9295 [275]
75Sn-25Ga (63.8 at.% Sn) 0.255 8189.2 [219]
0.4791+
- .8+ 14. 14
60Sn-40Pb 0.0084 804.8+14.4 [140]
59.95n-40.1Ag-0.1Cu
(38.8 at.% Ag -8.5 at.% Cu) 0.37 11940 [275]
0.4689 +
-Ag- +
Sn-Ag-Cu 0.0078 725.3+9.5 [140]
0.458 775.8 [230]
Bismuth (Bi)
0.445 780 [113, 230]
0.494 754.1 [113, 230]
55.5Bi-44.5Pb
0.425 841.59 [233]
0.455 1069 [113, 230]
Lead (Pb)
0.543 7889.6 [234]
89.4Pb-10.6Sb (16.75 at.% Sb) 0.530 7495.0 [234]
71.9Pb-28.1Sb (40 at.% Sb) 0.455 7960.9 [234]
53.2Pb-46.85b (60 at.% Sb) 0.342 9814.1 [234]
Zinc (Zn) 0.394 1624.2 [123]
87.9Zn-12.1Al (75 at.% Zn) 0.652 7799 [237]
90Zn-10Ga 0.384 1543.7 [123]
75Zn-25Ga 0.379 1399.5 [123]
70Zn-30Al (49 at.% Zn) 0.564 7704 [237]
Antimony (Sb) 0.160 16938.1 [234]
84.1Sb-15.9Pb (90 at.% Sb) 0.167 16090.8 [234]
63.5Mg-31.4Al-5Zn 0.143 14975.1 [238]
60.7Mg-39.3Al (63.2 at.% Mg) 0.157 13046.4 [238]
50.2Mg-49.8Al (52.8 at.% Mg) 0.144 14327.4 [238]
0.276 12511 [237]
Aluminium (Al)
0.191 14982.4 [238]
66.8Al1-33.2Zn (17 at.% Zn) 0.461 8249.5 [237]
63.8A1-36.2Mg (38.6 at.% Mg) 0.131 14710.6 [238]
60.8Al-34.6Mg-4.5Zn 0.114 16928.9 [238]
55Al-43Zn-1.6Si 0.04861 22946.6 [235]
47.4A1-47.7Mg-5Zn 0.093 19124.5 [238]
Calcium (Ca) 1085-1156 [222]@
Lithium (Li) 0.162 4917 [237]

(M Coefficients obtained from data provided

Assael et al. [213, 214] employed the primary viscosity data as a function of the temperature
and proposed the following equation form for the viscosity, 4 (mPa s), as a function of the absolute
temperature, T (K).
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Loglo(ﬂ/‘uo) = —a]_ + aZ/T

where u, = ImPa.s, and a, is a dimensionless constant and a, is a coefficient in K.

coefficients for temperature-dependent viscosity following Eq. 16.

Table 12: Temperature dependence of Dynamic Viscosity as Eq.16

(Eq. 16)

Table 12 lists the

Temp. Range a,; a,

wt.% Composition (K) ) (K) Ref.
Gallium 304-800 0.4465 204.03 [214]
Indium 429-1000 0.3621 272.06 [214]
61.95n-38.1Pb 450-975 0.2266 280.69 [213]
Bismuth (Bi) 545-1000 0.345 321.4 [231]
55.5Bi-44.5Pb 350-1185 0.3173 346.95 [213]
Lead (Pb) 601-1400 0.295 427.1 [231]
Zinc 695-1100 0.3291 631.12 [214]
Antimony (Sb) 900-1300 0.637 712.5 [231]
88AI-12Si 860-1275 0.8022 658.34 [213]
Silver (Ag) 1235-1500 0.258 1081.8 [231]
Nickel (Ni) 1728-2100 0.505 2108.2 [231]

Other authors present the data for viscosity dependence of temperature
following linear equation [223]:

ln('u/uo) = bl/T +b, [mPas]

Table 13 shows the coefficients for temperature-dependent viscosity following Eq. 17.

Table 13: Temperature dependence of Dynamic Viscosity as Eq.17

according to the

(Eq.17)

wt.% Composition Temp(.KI;!ange (l:(l) ?_; Ref.
99.35n-0.7Cu 457-1471 677.5 -0.623 [223]
91.25n-8.8Zn 471-845 689.9 -0.762 [223]
57.5Bi-42.55n 575-871 797.5 -0.847 [223]
94.7Al1-5.3Zn 399-1023 254.9 0.328 [223]
95.8Ag-4.25n 493-1474 892.4 -1.145 [223]

The temperature dependence of the viscosity of Bi-Zn liquid alloys measured by Mudry et al.
[273] is shown in Fig. 11. Sklyarchuk et al. [277] experimentally obtained the temperature dependence

of the viscosity of Bi-Ga liquid alloys measured by Sklyarchuk et al. [277] are shown in
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Fig. 11: Viscosity of liquid Bi, Zn and six Bi-Zn melts. Fig. 12: Viscosities of liquid Bi, Ga and five melts of the Bi-
Reprinted from [273] with permission from Elsevier Ga system. [277]

Mitra [222] derived a three-constant equation for the temperature dependence of the
coefficient of viscosity (Eq.18) and an equation connecting viscosity, density, and temperature that was
found to apply very well for a large number of liquids including molten metals (Eq.19).

u=(a+B8/+cr) (Eq. 18)

(“/p)l/ S=a+b/p (Eq. 19)

where u is the dynamic viscosity in mP, is the density in g/cm3, and a and b are constants.
Konstantinova et al. [216] calculated the kinematic viscosity of the copper—aluminium melts using the
densities of the copper—aluminium melts for different compositions.

Guanbao et al. [278] measured the kinematic viscosity v of Mg—Al alloys containing up to 14 at.%
Al by the method of damped torsional vibrations of a crucible with a melt. The temperature
dependences of the kinematic viscosity obtained upon cooling were then approximated by the Arrhenius
equation as follows:

E
v(T) = vyexp ( a/RT) (Eq. 20)
The coefficients in Arrhenius’s equation found for some alloys are given in Table 14.

Table 14: Temperature dependence of Kinematic Viscosity (Eq.20)

wt.% Composition (rr:/zols) (J/fr‘llol) Ref.
Magnesium (Mg) 1.07E-7 17300 [278]
95Mg-5Al (4.53 at.% Al) 1.27€-7 14200 [278]
93Mg-7Al (6.35 at.% Al) 1.13€-7 14500 [278]
91Mg-9Al (8.18 at.% Al) 1.37E-7 13100 [278]
89Mg-11AI (10.02 at.% Al) 1.62E-7 9700 [278]
87Mg-13Al (11.86 at.% Al) 2.43E-7 7600 [278]
85Mg-15Al (13.72 at.% Al) 3.41E-7 5300 [278]

Sklyarchuk et al. [279] studied the temperature dependence of thermal conductivity and
viscosity for Pb-Sn melts in a wide temperature interval. They found that the experimental data on the
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thermal conductivity were in good agreement with the data calculated by electrical conduction. Also,
they verified that during the cooling, the viscosity increases by the Arrhenius law.

Table 15 indicates some of the expansion coefficients and dynamic viscosity reported in the

literature.

Table 15: Thermal Expansion Coefficients and Dynamic viscosity for some alloys

o B
Temp. Vi it L Th I Volumetric
wt.% Composition Range scosity inear therma Thermal Exp. Ref.
o (mPas) Exp. Coeff. (s)
(°c) (1/K) Coeff. (1)
(1/K)
1.75 1.2E-4 [192]
Gallium (Ga) 2.04 9.85E-5 [207]
20 1.80E-5 [217]
30(s)
52In-48Sn 120 () 2.874E-5 (s) 2.351E-5 (1) [182]
49Bi-21In-18Pb-125n 1.2 Pa.s* 2.30E-5 [158]
- 20-660 (s)
Aluminium 660-760 (1 2.77E-5 0.90E-4 [280]
572-580 2.96 21.60E-6 10 E-6 [78]
88AI-12Si 20-579
(AlSiz2 at.%) (Linear) 1.70€-5 1.30E-5 [280]
579-679
20.5E-6 [88]
20-548
AlSi17s (at.%) (Linear) 1.50E-5 1.10E-4 [280]
548-748
80AI-20Si 17.6E-6 (88]
(AlSizo at.%) 576-585 (78]
98.2Bi-1.5Zn-0.3Al (4.5 at.%Zn-2 at.% Al) 8.17E-4 [263]
93.1Bi-6.6Zn-0.3Al (18 at.%Zn-2 at.% Al) 9.75E-4 [263]
87.5Bi-12.1Zn-0.3Al (30.1 at.%Zn-2 at.% Al) 11.94E-4 [263]
99.2Zn-0.8Al (98 at.%Zn-2 at.% Al) 5.85E-4 [263]
56.2Zn-43.2Bi-0.6Al (79 at.%Zn-2 at.% Al) 9.34E-4 [263]

4. Recommendations and Conclusions

This review collected the fundamental thermophysical properties and temperature dependence

properties for metallic PCMs in the published literature. The conducted analysis of the literature enables
us to conclude the following:

The set of thermophysical properties found in the published literature for MPCMs is generally not
completed, dispersed, conflicted, and subjected to uncertainties. The lack of an MPCM
thermophysical properties handbook is a significant barrier in developing potential applications
because of the resources needed to characterize the PCM. In summary, there is a definite necessity
to generate an “MPCM Handbook” to design, study, and evaluate the MPCMs in LHTES engineering
applications.

The classification by temperature range of the MPCMs, evidenced that metallics materials have been
mostly studied in the high-temperature range, mainly for solar energy thermal storage. MPCMs have
not been studied thoroughly for the medium and low-temperature range because of their low
specific latent heat, high cost and weight, and container corrosion problems.

Many researchers pointed out as the main disadvantage of MPCMs for LHTES is their elevated
weight. However, It could be in part balance with a detailed analysis of the LHTES system, where the
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reduction of the storage volume and the simplified design due to the high thermal conductivity can
bring significant advantages. Also, recent research trends evaluate the use of composite or hybrid
PCMs combining metal and other organic/inorganic materials.

The most studied MPCMs for medium-temperature applications are non-compliant with Restriction
of Hazardous Substances (RoHS) directives and similar international environmental legislation.
MPCMs with banned substances (as lead, cadmium) are not recommended for thermal storage
applications with potential risk to the environment or health.

In high-temperature applications, the most severe problem of MPCMs is their chemical compatibility
with containers, also applicable for salt hydrate. The study of encapsulations or packaging
technologies of MPCMs and their long-term compatibility with the container is a fundamental
research topic for developing this technology in practical applications.

In low-temperature applications, gallium and Ga-based alloys are the dominant metallic materials.
Thermal management is the most studied application for these materials. Supercooling and
corrosion problems are the main challenges.

Innovative LHTES systems for metallic PCMs include solid-solid PCM, miscibility gap binary alloys,
composite PCM, metal-organic framework, shape-stabilised.
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