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A B S T R A C T   

The present work addresses the lack of reported information about the mechanical properties of solid-solid PCMs, 
and how these are affected by their processing, considering that they usually incorporate fillers to increase their 
thermal conductivity. To this end, this work analyzes pentaglycerine (PG) based composites, which are of great 
interest in TES intended for 80 ◦C. These composites are also doped with various contents of expanded graphite 
(EG) with two different particle sizes. With these combinations, the effect of two typical processing methods, 
pressing and casting, on the microstructure of the composites is evaluated. Furthermore, the mechanical behavior 
of these composites in both crystal and plastic phases, as well as their thermal expansion during the transition 
process, is also reported in the current study. Besides demonstrating the important role that processing plays in 
these properties in PG/EG-based composites, it has been found that the use of EG is also beneficial for mitigating 
the permanent deformations experienced by these composites during thermal cycling. Finally, the exposed re
sults give the first evidence of the interesting effect these processing methods have on the thermal properties of 
the composites.   

1. Introduction 

Phase change materials (PCMs) store a large amount of thermal en
ergy (as latent heat) thanks to their phase changes (solid-liquid or solid- 
solid) while maintaining an almost constant temperature during the 
transition process [1]. These systems offer a much higher storage density 
within a narrower temperature range than those based on sensible heat, 
such as water tanks. In this regard, employing PCMs undergoing solid 
phase transitions (solid-solid PCMs) can be an attractive alternative to 
achieve TES compactness while avoiding the cost related to heat ex
changers or PCM macro-encapsulation, that account for c.a. 70 % of the 
total cost of the TES system is many cases. Plastic crystals are one of 
these particular PCMs with solid-solid transitions that generate signifi
cant interest in the energy storage community. These molecules undergo 

reversible solid phase transitions from a low temperature ordered 
structure, denoted as crystal phase, to a high temperature orientation
ally disordered phase, also known as plastic phase. Their transition 
temperatures range from 30 ◦C to 190 ◦C, with unusually high latent 
heat, and their binary and ternary mixtures give rise to new solid PCMs 
with “on-demand” energy storage properties. The possibility of easily 
adapting the working temperature confers to these composites the 
versatility requested by the market [2–4]. 

Concerning these materials, extensive work has been reported on the 
characterization and enhancement of their thermal properties. Some 
works have even evaluated the performance of these materials in TES 
demonstration applications, but they have mainly employed macro
encapsulation through a shell and tube heat exchanger, not making use 
of the advantages of a solid-solid PCM [5,6]. 
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Regarding the thermal properties of these materials, mainly the 
solid-solid transitions of neopentylglycol (NPG), pentaglycerine (PG), 
and pentaerythritol (PE) have been studied, focusing on the specific 
heats, transition temperatures, and latent heats, as well as on the un
derstanding of these transitions of both pure materials and their binary 
and ternary systems [7–15]. Like in most PCMs, a great deal of work has 
been done on these materials to improve their thermal properties and, 
overall, their thermal conductivities. Examples of this thermal conduc
tivity enhancement applied to plastic crystals can be found in PE, whose 
transition temperature of 180 ◦C makes it ideal for industrial applica
tions. In this line, various studies have been done analyzing the effect of 
both alumina particles and copper nanoparticles on the energy perfor
mance of PE-based composites [16–18]. The latest reported studies on 
PE appear to be aimed at using carbon-based materials, such as gra
phene. Hence, T. Liu et al. doped PE with graphene powders reaching 
contents up to 3 wt% [19]. By comparing the effect of graphene with 
alumina particles, they concluded that, due to the increase of carbon 
atom spacing in graphene, the interaction between graphene and pen
taerythritol is enhanced and the heat transfer is further facilitated. 
Indeed, carbon-based materials are among the most widely used doping 
agents to increase PCMs thermal conductivity. Hence, trying to avoid 
PCM leakage, D.J. Johnson et al. [20] injected PG in graphite foams by 
forcing the melted PCM to flow through the foam with sufficient mass 
flow and pressure to displace trapped air, allowing the PCM to occupy up 
to 75 % of the available pore volume. Even so, the PCM content in the 
final composite is low, around 40 wt%, with a consequent loss of thermal 
storage capacity. Adding a small percentage of particles remains the 
most promising strategy to avoid noticeable latent heat loss. Thereby, N. 
Zhang et al. [21] developed a new PG-based solid-solid PCM by doping 
with expanded graphite. They employed up to 4 wt% EG, achieving a 
thermal conductivity of 0.944 W/m⋅K (in contrast to 0.35 W/m⋅K for the 
raw PG [22]). To fabricate these composites, they performed a first 
homogenization treatment by ball milling, followed by a complete 
melting of the PG at 300 ◦C and a further cooling down to obtain the 
final piece. 

As can be noticed, although they are composites that are proposed to 
be used in their solid-state, current literature focuses on their thermo
physical properties, but it does not provide adequate information on 
their mechanical properties and shape stability at different tempera
tures. Nor on the effect of processing on their properties, although it 
directly affects the composite structure. And this affirmation can be 
applied not only to plastic crystals but also to the great majority of solid- 
solid PCMs [23–26]. The great interest of solid-solid PCMs lies in the 
possibility of using them directly in the TES system without the need for 
encapsulation or heat exchangers, so understanding the behavior of 
these materials under mechanical stress in both crystalline phases is 
crucial to extract their full potential, or to tackle and correct those weak 
points likely to appear during thermal cycling. 

The present work addresses this aspect of solid-solid PCMs, evalu
ating their mechanical behavior both at high and low temperatures, 
therefore, in their two crystalline phases involved in the energy storage 
process. For this purpose, we focus on Pentaglycerine (PG), whose 
transition temperature at 80 ◦C and latent heat of 175 J/g are especially 
interesting in applications such as solar heating and district heat water 
(DHW) production. Considering that doping agents are generally used to 
improve the PCM thermal conductivity, the addition of different 
amounts of expanded graphite with two different particle sizes is eval
uated since these additives affect the mechanical behavior of the com
posites. Composite processing also affects the mechanical behavior of 
composites, since it modifies the microstructure of the composite, and 
therefore playing a relevant role in the final performance of the system. 
Hence, two standard processing are going to be tested: casting, which is 
the one that predominates in the literature when dealing with these 
materials; and pressing, due to its simplicity, low cost [27], and high 
performance to obtain pieces to fill, for example, a tank of a TES system. 
The microstructure of the composite is directly responsible for the 

mechanical behavior, so we start with a detailed characterization of the 
microstructure, trying to understand the effect of processing and doping 
in the formation of this microstructure. Finally, thermal expansion, an 
important parameter when dealing with phase change composites 
stacked or confined in a tank, is also analyzed. 

2. Materials and methods 

2.1. Materials 

1,1,1-Tris(hydroxymethyl)ethane (purity 98 %) supplied by Sigma- 
Aldrich, also known interchangeably as pentaglycerine (PG) or trime
thylolethane, was selected as solid-solid PCM. PG exhibits a tetragonal 
crystal phase at low temperature and a face-centered cubic (FCC) crystal 
structure at high temperature. The enthalpy of transition is 192 J/g, 
which takes place at 81 ◦C for the crystal-plastic transition, meanwhile 
the plastic-crystal transition has been reported at 74–68 ◦C [7,12,20,21], 
therefore, PG exhibits subcooling. On the other hand, highly conductive 
expanded graphite powder, SIGRATHERM®GFG, supplied by SGL Car
bon, was used as additive for this solid-solid PCM. Two different 
expanded graphite particle sizes were used, 75 μm and 600 μm, here
inafter referred to as EG75 and EG600, respectively. 

2.2. Composite processing methods. Devices and elaboration process 

Two main processing methods were tested: uniaxial cold pressing 
and casting. The processing effect has been studied in both bare PG and 
PG doped with two different expanded graphite (EG75 and EG600). The 
EG content added in both processing methods were 0, 1, 5, and 10 wt%.  

• In the uniaxial pressing, the PCM in powder was compacted in a 
metal die by the pressure applied in a single direction. This method is 
confined to relatively simple shapes; however, production rates are 
high, and the process is inexpensive [28]. A hydraulic manual press 
from Specac Ltd. (Atlas Manual Press 15 T) has been used for the 
uniaxial cold pressing. The selected mold for the pellet preparation 
was made of stainless steel, having a cylindrical shape of 13 mm in 
diameter. For the elaboration of the pellets the PG was initially 
subjected to a ball milling process for 15 min using a Spex mixer mill 
(Spex sampleprep) with stainless steel vials and stainless-steel balls 
under mild conditions (3 balls of 3 mm with a ball powder ratio 
(BPR) = 1). The addition of expanded graphite was carried out after 
the PG milling process, avoiding modifying the initial particle size of 
expanded graphite during the milling. Next, the PG-EG mixture was 
manually homogenized, and the obtained powder was poured into 
the die cavity. The powder was then compacted by means of pressure 
applied to the top die (370 MPa during 30 s), and the compacted 
piece was ejected by the rising action of the bottom punch.  

• For the casting method, in an initial stage, two different solidification 
rates have been tested in bare PG to select the proper one for elab
orating the composites, fast and slow cooling:  

- For fast cooling (4 ◦C/min), the device consists of a cylindrical tube 
made with cooper to increase the heat transfer between the com
posite and its environment. The diameter of the mold used in fast 
cooling was considerably smaller than that used for slow cooling to 
speed up the solidification. The heating was done with a hot plate at 
the base of the cylinder while to promote the fast-cooling rate, the 
solidification was carried out by free cooling at room temperature, 
reaching a cooling rate of 4 ◦C/min.  

- In the slow casting (0.5 ◦C/min), the sample was deposited on a glass 
container which was then placed inside a sealed stainless-steel 
reactor and melted in an oven. For the solidification step, the oven 
was switched off allowing the sample to cool down slowly at 0.5 ◦C/ 
min inside the oven to room temperature. 

From this initial analysis in bare PG and based on the obtained 
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microstructure, only one solidification rate was selected to manufacture 
the doped samples by casting. The procedure was similar independently 
of the cooling rate. The PG was incorporated as received (in powder) in 
the casting device and melted at 210 ◦C, followed by the solidification 
step previously detailed according to fast or slow casting. The expanded 
graphite was incorporated by manual stirring during the melting process 
of the material, ensuring homogenization of the mixture before 
solidification. 

The nomenclature used hereafter to identify the different samples is 
specified as XWEGY, where X is the processing and can be P for pressing 
or C for casting; W refers to the weight percentage of added expanded 
graphite; and EGY is the type of expanded graphite (EG75 or EG600). 
When referring to a complete series of composites rather than specific 
percentages of graphite, the symbol “_” is used. Therefore, a composite 
elaborated by casting with a 5 wt% of EG600 is denoted as C5EG600, and 
all the set of composites elaborated by casting and EG600 is denoted as 
C_EG600. 

2.3. Characterization 

2.3.1. Microstructure 
To analyze their microstructure, the samples were imaged using a 

scanning electron microscope Quanta 200 FEG operated in low vacuum 
mode at 10 kV featured with a backscattered electron detector (BSED) 
and large field low vacuum detector (LFD). The operational conditions 
were carefully selected to avoid the melting of PG during the study. The 
average grain size was determined from SEM pictures by using the 
software ImageJ2.0 [29] and the linear intercept technique [30]. 
Various random straight lines are randomly drawn through the micro
graph in this method. Then, the number of grain boundaries intersecting 
the line is counted. The average grain size is found by dividing the total 
actual length of all the lines by the number of counted intersections. The 
grain size was measured directly on the image in cases where the 
porosity of the sample or the presence of diffuse edges hampers the use 
of the linear intercept technique. 

2.3.2. True and bulk density 
The true density (ρtrue) of the composites was determined by helium 

pycnometer Micromeritics Accupyc 1340 at room temperature. The di
mensions (diameter and height) and mass of three cylindrical probes for 
each sample were measured and used to determine the bulk density 
(ρbulk). The porosity of the composites (ε) was estimated from the bulk 
density, the true density, and assuming that the sample pores are filled 
with air (Eq. (1)). The air density was considered 1.186 kg/m3, corre
sponding to the density under normal conditions. 

ε =
ρtrue − ρbulk

ρtrue − ρair
(1)  

2.3.3. Mechanical properties 
The mechanical properties of the samples were analyzed through 

uniaxial compression tests using a MTS 370.02 testing instrument. The 
compression tests were carried out at a 0.5 mm/min cross-head speed. 
The dimensions of each tested specimen (cylinders) were registered, and 
each analysis was repeated 3 times. The analysis was carried out at two 
different temperatures, at room temperature (crystal phase) and 120 ◦C 
(plastic phase). From these test results, the specific modulus (E*), which 
is the Young's modulus per mass density of a material, was determined as 
the slope value of the initial part of the compression curves divided by 
the apparent density, while the yield point is determined using the 0.002 
strain offset method. 

2.3.4. Thermal expansion 
The dimensional changes versus temperature and time both during 

the phase transition and upon the heating and cooling were measured in 
a DIL 402 C/4/G pushrod dilatometer from NETZSCH. This equipment 

was used to determine the thermal expansion of the samples by setting a 
dynamic heating and cooling rate of 0.8 ◦C/min from 40 ◦C to 120 ◦C in 
a controlled nitrogen flow of 100 mL/min. The obtained results were 
compared to those obtained from Differential scanning calorimetry 
(DSC) was used to determine the transition temperatures of the com
posites. For the cycling test, the heating/cooling rate was set at 2 ◦C/min 
to accelerate the analysis. 

3. Results 

3.1. Morphology and inner structure 

3.1.1. Bare PG 
Uniaxial cold pressing and casting were used for the processing of 

bare PG. Initially, the two different solidification rates (fast and slow) 
were tested to determine their effect on the PG microstructure. 

Fig. 1 provides details of the microstructure along the radial axis of 
the cast sample PG processed at a fast cooling rate. In these images, two 
main zones can be easily identified, the chill zone and the columnar 
zone, both characteristic elements of casting. The chill zone, composed 
of dense and fine grain structure, is visible at the edge of the probe, 
where the solidification process starts since the heat dissipation is faster 
at the mold surface. The columnar zone contains elongated grains that 
grow along the radial axis to the center of the probe. This direction of 
growth is opposite to the heat flow, from the coldest to the hottest area 
of the casting. If we examine the middle zone closely, we can notice that 
these columnar grains are composed of many dendrites with an inter
dendritic distance between 2 and 10 μm. The appearance of these den
drites indicates that the molten PG is undercooled before any nucleation 
takes place to promote solidification. 

Two defects are visible in the microstructure due to shrinkage during 
the solidification process. On the one hand, an interdendritic shrinkage 
or interdendritic porosity is visible between the columnar grains. On the 
other hand, a large shrinkage cavity appears at the center of the sample. 
This cavity is even visible in the picture of the probe (Fig. 1.a) and occurs 
when one zone solidifies slower than the others (center slower than the 
mold wall). The scheme depicted in Fig. 1.d helps to understand the 
different elements that can be identified. 

Fig. 2.a and b shows the SEM images of cast PG processed at a slow 
cooling rate. The images reveal the presence of the chill grains at the 
edge of the sample, followed by thick columnar grains. It is noteworthy 
that the dendrite size is larger than that observed in fast cooling, with an 
interdendritic distance up to 10 times larger (60–120 μm) than in the 
previous case. This shows that the cooling rate affects the size of the 
dendrites. The distance between secondary dendritic branches is 
reduced when the casting is cooled faster, as a thinner dendritic network 
conducts the heat from the solidified part to the subcooled liquid more 
efficiently. As in the previous sample, shrinkage porosity is observed; 
however, as there are no significant temperature gradients in the piece 
during solidification, the presence of a shrinkage cavity is avoided. 

Although shorter secondary dendritic arm distances are related to 
higher mechanical strengths [31], the formation of a shrinkage cavity, 
which can strongly affects the mechanical stability of the composite, 
forces us to select a slow cooling rate to carry out the addition of 
expanded graphite in further castings. 

In contrast to casting, uniaxial pressing produces pieces with a more 
homogeneous structure, free of significant defects resulting from 
shrinkage (Fig. 2.c). A higher magnification (Fig. 2.d) reveals the dis
tribution of the small PG crystals, with an average grain size of 1.75 μm. 
Although, as we have mentioned, the structure is free of large defects, 
some small cavities typical of the compaction processes can be observed, 
which give rise to slight porosities in the final piece. 

3.1.2. Expanded graphite based composite 
Considering the results obtained in bare PG, the solidification step in 

samples containing EG was carried out at a slow cooling rate. Fig. 3 
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shows the pictures of the obtained composites containing EG, processed 
both by casting and pressing. In casting, contents of EG higher than 5 wt 
% led to an excess of EG segregated from the PG. Therefore, composites 
containing 10 wt% of EG processed by casting were discarded. In 
contrast to casting, in uniaxial pressing, due to the pressure exerted on 
the axial axis of the pellets, the EG plates are aligned along the radial 
axis, with their surfaces resting on the horizontal plane. This alignment 
exposes a larger surface area of EG than in the case of casting, leading to 
a granite-like appearance overall in P_EG600, with EG particles large 
enough to be visible with the unaided eye. On the other side, the smaller 
size of EG75 causes a darker and more homogeneous aspect. 

SEM images of the C_EG75 and C_EG600 series cross-sections are 
gathered in Fig. 4, representing the magnification that best shows the 
structure for a given composite. In addition, the brightness and contrast 
have been adjusted to make the presence of EG and its distribution more 
visible. From those images, it is noticeable that the EG is randomly 
distributed throughout the cross-section, generating homogenous com
posites. The most remarkable difference between these samples can be 
found in C5EG75, where due to the smaller EG particle size, a 5 wt% 
addition results in a very homogeneous EG distribution that governs the 
whole microstructure, forming a continuous mesh of interconnected EG. 

The SEM images of P_EG75 and P_EG600 series (Fig. 5) show the 
arrangement of the EG in the inner structure of the pellets. As can be 
seen in all images, it is confirmed that the EG plates tend to be aligned 
along the radial axis. For both series of samples, P_EG75 and P_EG600, the 
increase in graphite content promotes the formation of bonds between 
the EG plates, giving rise to interconnected graphite networks along the 
radial axis of the pellets. In this way, we move from having isolated EG 
plates for 1 % doping to a continuous EG network for 10 % doping. 

Concerning the graphite size used, the use of smaller EG (EG75) favors 
the formation of a better distributed and more homogeneous inter
connected network; on the contrary, when using EG600, it is more likely 
to find areas of PG that limit the prolongation of the graphite network. 

3.2. Bulk and true density 

Table 1 provides the true and bulk densities of the obtained com
posites registered at room temperature. 

Although EG exhibits a low apparent density, the true density is 
higher than that of PG (ca. 2.2 g/cm3 [32]), therefore, as expected, the 
presence of EG, increases the true density of the composites in com
parison with the bare PG specimens. It is noteworthy that in casting, the 
increase of the density with the EG incorporation is higher than in 
pressing (e.g., C5EG75 and C5EG600 vs. P5EG75 and P5EG600). In casting, 
by heating the sample to the melting point of the PG, the air trapped 
inside the EG sheets is evacuated, allowing the molten PG to embed itself 
inside the EG, filling the space previously occupied by air. This results in 
higher true densities, but it is also expected to lead to stronger PG-EG 
interaction. For the bulk density, it is observed a behavior contrary to 
the previous case, whereby the cast samples are less dense than those 
processed by pressing, reflecting the higher porosity of the cast com
posites. Fig. 6 shows the porosity of the composites calculated from Eq. 
(1). This figure evidences the difference in porosity between the samples 
obtained by casting and those obtained by pressing, mainly due to the 
shrinkage process that the former undergoes during solidification, 
which results in higher porosities. Furthermore, the significant effect 
that the addition of EG has on the reduction of porosity in the cast 
composites can be observed. The EG particles may be acting as 

chill grains
columnar 

grains

dendrites

shrinkage 

cavity

b)

c) d)

a)

Fig. 1. a) Picture, SEM images along the axial axis (a. edge, b. medium and c. center) and structure scheme d) of cast PG processed at fast cooling rate.  
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nucleation sites, facilitating PG solidification without the need to un
dercool the molten PG, thus avoiding dendrite promotion, and reducing 
dendrite-derived porosity. 

3.3. Mechanical properties 

As a representative selection of the obtained composites, Fig. 7 

depicts the strain-stress curves derived from compression tests both at 
room temperature (crystal phase) and at 120 ◦C (plastic phase) for the 
bare PG specimens. 

As can be seen, in all cases, two regions of deformation are distin
guished: an initial elastic deformation, in which stress and strain are 
proportional, followed by a permanent plastic deformation whose evo
lution depends on the current composite phase. The plastic deformation 

c) d)

a) b)

Fig. 2. a) Picture and SEM images of cast PG processed at slow cooling rate (a. edge and b. center); c) Picture and SEM images at different magnifications of PG 
processed by uniaxial pressing. 

C1EG75 C5EG75

C1EG600 C5EG600

P1EG75
P5EG75 P10EG75

P1EG600 P5EG600 P10EG600

Fig. 3. Images C_EG75 and C_EG600 series (left); and images of P_EG75 and P_EG600 series (right).  
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is very short for the crystal phase until fracture, showing brittle 
behavior. On the other hand, the long plastic deformation shows a 
ductile behavior in the plastic phase. Therefore, it evidences that the 
mechanism of this plastic deformation is different for crystal than for 
plastic phases. For the crystal phase, at room temperature, this defor
mation is accomplished by means of a process called slip, which involves 
the motion of dislocations, whereas plastic deformation in the plastic 
phase, at high temperature, occurs by a viscous flow mechanism 
[33,34]. Although for ease of understanding, only the strain-stress 
curves of pure PGs are shown in Fig. 7, the general behaviors previ
ously discussed are also applicable to their composites containing EG. 

The specific modulus (E*), which is the Young's modulus per mass 
density of a material, is calculated and plotted from strain-stress curves 
in Fig. 8. In general terms, the composites obtained by pressing have 
greater E* than their counterparts processed by casting. Elastic defor
mation depends on the interatomic bonding forces, therefore, micro
structure characteristics like grain sizes do not affect E*. On the 
contrary, microscopic flaws or cracks have a noticeable impact on the 
composite behavior under applied stress. These flaws, which can be 
voids (porosity), inclusions, or sharp corners, act as an amplifier of the 
stress, decreasing E* [35,36]. Therefore, the higher porosity of cast 
composites promotes lower E* than the pressing ones. Furthermore, it 
can be observed that the incorporation of EG also decreases the specific 
modulus, indicating a lower Young's modulus value for the EG filler than 
for the PG matrix. Certainly, the low resistance to elastic deformation of 
expanded graphite, especially compared to other types of graphite, has 
been previously reported by several authors [37,38]. Thus, the modulus 

does not exceed 1.7 MPa for a EG density of 0.86 g/cm3 [39], whereas it 
overcomes 200 MPa for 1.1 g/cm3 [40], which agrees with the behavior 
observed in the composites. Hence, samples processed by pressing 
contain compressed EG, denser and with higher Young's modulus than 
those processed by casting [41]. 

When comparing the behavior for the different phases, composites in 
the plastic phase show a lower elastic modulus than in the crystal phase. 
As E* can be seen as a measure of the interatomic bonding forces, it was 
expected that the transition from the crystal to the plastic phase, which 
breaks hydrogen bonds, leads to a decrease also in the modulus of 
elasticity. 

The yield point, that determines the elastic-plastic transition, ob
tained for the different composites both at the crystal and at plastic 
phases is shown in Fig. 9. 

When analyzing the obtained yield point, it must be considered that 
this parameter is influenced by the grain size, the presence of EG, and 
the interaction between phases. 

The grain size has a crucial effect on the mechanical strength of the 
composite. The grain boundary acts as a barrier to dislocation motion 
due to the different orientations of the two grains, hence, a dislocation 
passing through the boundary must change its direction of motion. 
Therefore, a fine-grained material with a greater total grain boundary 
area is harder than a coarse-grained one. Consequently, P0, with small 
grain sizes, exhibits a higher yield point than C0. This behavior is also 
observed when the materials are doped with EG. For the same EG con
tent and processing, the obtained yield point is generally greater for 
EG75, with larger grain boundary areas due to the smaller particle size, 

Fig. 4. SEM images of the inner structure of C_EG600 and C_EG75 series.  
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than for EG600. 
In addition to the microstructure, the degree of bonding between the 

matrix (PG) and the doping agent (EG) plays an important role. As 
previously commented, casting PG penetrates on the EG surface by 
viscous flow when it is melted, leading to certain mechanical bonding. 

Fig. 5. SEM images of the inner structure of P_EG75 and P_EG600 series.  

Table 1 
True and bulk densities of the obtained composites as a function of the EG content and the processing method.  

EG (%wt) True density (g/cm3) Bulk density (g/cm3) 

P_EG75 P_EG600 C_EG75 C_EG600 P_EG75 P_EG600 C_EG75 C_EG600  

0  1.188  1.188 1.230 1.230  1.155  1.155 1.019 1.019  
1  1.238  1.241 1.232 1.233  1.174  1.193 1.068 1.011  
5  1.231  1.231 1.273 1.261  1.186  1.185 1.135 1.085  
10  1.262  1.269 – –  1.224  1.216 – –  
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Fig. 6. Porosity (ε) of the processed composites.  
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temperature (crystal phase) and at 120 ◦C (plastic phase). 
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This greater PG-EG interphase interaction leads to higher mechanical 
resistance when adding EG to cast composites. This is especially evident 
at EG contents of 5 wt%, where the PG-EG interaction becomes 
noticeable. 

3.4. Thermal expansion 

One of the important properties of materials intended for thermal 
storage is their thermal expansion, especially if they are stacked or 
coated in the final application. To evaluate this property, three heating/ 
cooling cycles have been performed in a dilatometer to record the 
thermal expansion of the composites. To better understand the effect of 
processing on thermal expansion, Fig. 10 compares the second cycle of 
C0, P0, and P5EG75. We display only P5EG75, but the general behavior 
observed in the graph can be extended to any of the samples containing 
EG (pressing series). 

In these tests, an unexpected behavior was observed in casting 
samples (C_EG75 and C_EG600 series). The samples produced by casting 
cracked during the dilatometry test, probably due to excessive expan
sion of the air contained in their pores during heating. As a prelude of 
what would happen with the series of samples C_EG75 and C_EG600, in 
Fig. 10, in red, a sudden thermal expansion can be observed in C0 during 
the phase transition, while its contraction is smaller compared to P0 and 
P5EG75. Due to the failure of samples C_EG75 and C_EG600, the data 
recorded in the dilatometry test for these samples are not considered 
reliable. Nevertheless, it is evident that casting processing has a negative 
effect on the mechanical stability of the specimens during thermal 
cycling. About the samples obtained by pressing, the expansion expe
rienced during heating is greater than the thermal contraction on cool
ing, leading to a permanent deformation of the material. Nevertheless, 

in P5EG75 the presence of EG facilitates the contraction during the phase 
transition on cooling, as can be seen in the abrupt change of slope during 
the plastic-crystal transition. 

In addition to the thermal expansion, relevant information about the 
phase transitions of the composites can be extracted from the dilatom
etry tests. An approximation of the beginning and end phase transition 
temperature can be obtained from the intersection of the lines that fit 
each expansion/contraction section. Although these values do not serve 
as a reference for precise real values, they serve to compare the behavior 
between samples. In this way, the degree of subcooling of these com
posites can be obtained, which is a critical parameter when dealing with 
materials intended for thermal energy storage. Table 2 shows the sub
cooling observed during dilatometry for the different composites tested. 
These values show a decrease in subcooling in specimens processed by 
pressing, being the subcooling degree between 3.5 and 6.8 ◦C, mean
while, C0 exhibits 8.1 ◦C of hysteresis. This behavior was confirmed by 
DSC (Fig. 10, upper left corner). This is not a minor observation since, in 
the literature reported to date, the PG subcooling is found to be between 
8 ◦C to 13 ◦C [7,20,21]. A significant reduction of this hysteresis in solid- 
solid PCMs has not yet been reported, and it would help to deal with one 
of the major obstacles of these materials for their successful entry into 
the energy market. Although we want to record this observation, the 
thermal behavior of these materials will be studied in future work. 

From the slope of each section, we can obtain the corresponding 
linear expansion coefficient. Fig. 11 gathers the linear expansion co
efficients (obtained from the second cycle) for the crystal phase, phase 
transition, and plastic phase, both during heating and cooling. It is 
observed that the linear expansion coefficients in contraction are smaller 
than the ones registered during expansion in each of the sections, 
leading to permanent deformations. However, the presence of expanded 
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graphite retains the expansion in the plastic phase, allowing similar 
contraction-expansion coefficients as the EG content increases. To 
examine this behavior, we analyze 10 additional thermal cycles (Fig. 11. 
b) for the most extreme cases, P0 and P10EG75, which present the largest 
and the smallest difference between their expansion/contraction co
efficients, respectively. As expected, P0 undergoes a greater deformation 
in the first cycles. This deformation reached its limit from the 4th cycle 
onwards, and no further changes were recorded. After the test, P0 had 
increased in diameter and lost its initial shape stability, crumbling easily 
when handled. On the other hand, although the deformation of P10EG75 
is initially more moderate, this deformation does not cease after 13 
cycles. The extension of this deformation diminishes with the number of 
cycles, deviating progressively from the linear trend marked by the gray 
line in the graph. Hence, it is expected that, after several successive 
cycles, P10EG75 will reach a deformation limit similar to that observed 
in P0, also losing its shape stability. After the test, P10EG75 only 
deformed along its axial axis, presenting the same initial diameter (8.00 
mm). This behavior reflects the EG effect, which completely retains the 
deformation along the axis along which it is aligned. 

Finally, considering the behavior of the material as isotropic, a sit
uation that could be applied to undoped compounds as P0, the volu
metric expansion coefficient (γ) can be obtained as the product of 3 
times the coefficient of linear expansion (α) [42]. With this coefficient, 
the volumetric expansion that the material undergoes during the phase 
transition can be estimated. Thus, P0 composite presents a volumetric 
expansion of 6.23 %, a value in the range of those previously reported 
for the transition in NPG (4.9 %) [43,44] and in PG itself (5.4 %) [45]. It 
is noted that this volume change is much smaller than that typically 
shown for solid-liquid PCMs (12–15 %). This volumetric expansion 
would be even smaller in the case of EG doping, as it introduces a 
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Fig. 10. Second cycle of thermal expansion/contraction.  

Table 2 
Subcooling degree observed in dilatometry test.  

EG content (wt%) P_EG75 P_EG600 Casting 

ΔT (◦C)  

0  3.57  3.57 8.08  
1  6.77  4.56 –  
5  4.06  5.62 –  
10  4.31  4.19 –  
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mechanical constraint to the matrix expansion. This lower volumetric 
change would facilitate the application of coatings or encapsulants to 
cope with the demanding operating conditions. It must be mentioned 
that the deformation of these materials and their volumetric change, 
although small, could cause overpressures if they are confined in a 
coating. It is well known that under certain pressures plastic crystals 
show barocaloric effects that shift their transition temperatures, how
ever, the pressures necessary for these effects to appear are so huge that 
they are not expected to occur in these cases [43]. 

4. Conclusions 

The effect of processing on the structure of pentaglycerine-based 
composites containing EG has been explored. It was observed that 
casting produces pieces with greater porosity than the pressing ones and 
leads to a random distribution of the dopant particles. On the other 
hand, pressing leads to an EG arrangement aligned along the radial axis. 
Moreover, cast composites exhibit higher PG-EG interaction due to the 
inoculation of the molten PG inside the EG during the casting process. 
This microstructure influences the mechanical properties. Hence, in the 
crystal phase, composites are brittle, and the porosity and the addition of 
EG decrease their mechanical resistance, which is more pronounced in 
castings. On the contrary, in the plastic phase, the plastic deformation 
under compression occurs by a viscous flow mechanism. In that sce
nario, the greater PG-EG interphase interaction leads to higher 

mechanical resistance when adding EG to cast composites. 
Regarding thermal expansion, for all the samples, as cycles are per

formed, there is a permanent deformation in the piece. However, the 
presence of expanded graphite influences the plastic phase, allowing 
similar contraction-expansion coefficients. These deformations could be 
critical when the materials are stacked in a tank, so they need an 
additional coating or filler to mitigate this deformation. Therefore, 
future studies must focus on avoiding deformation, testing the effect of 
different filler geometries, applying retention coatings, and evaluating 
the mechanical properties in conjunction with the filler and the coating. 
On the other hand, the volume change observed during the transition 
(<6.8 %) is smaller than that typically shown for solid-liquid PCMs 
(12–15 %). This volumetric expansion is even smaller in the case of EG 
doping. 

Finally, composites manufactured by pressing showed considerably 
less subcooling than those processed by casting. This significant reduc
tion in subcooling of plastic crystals has not been previously reported, 
and it would help to deal with one of the main obstacles of these ma
terials for their successful entry into the energy market. Therefore, 
future research is needed to elucidate the causes behind this subcooling 
reduction, as well as to complete and extend the understanding of the 
processing effect on the main thermophysical properties of PG/EG-based 
composites (latent heat, subcooling, thermal conductivity and transition 
kinetics). 

Fig. 11. a) Coefficients of thermal expansion for crystal, transition and plastic phases registered during the second cycle of heating/cooling in the dilatometry test. b) 
Thermal expansion during thermal cycling. From the 3rd cycle, the heating/cooling rate was increased to 2 ◦C/min to accelerate the analysis. 
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