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Introduction

The vast majority of artificial cooling technologies are
based on vapor-compression cycles of refrigerant
fluids, which are environmentally threatening and
contribute to 7.8% of the total global greenhouse gas
emission [1]. In addition, current cooling technologies
present low energy efficiency (< 60% of the Carnot
cycle), and their scalability to small dimensions is
very limited [1, 2]. Due to these concerns, solid-state
cooling appears to be the most promising alternative
for next-generation refrigeration technologies.
Solid-state cooling is based on solid materials that
present caloric effects and, since the refrigerant is
solid, there is a considerable reduction in gas emis-
sions and favors its recyclability. Caloric effect can be
described as an adiabatic temperature change (ATs)
and an isothermal entropy change (ASr) that a
material undergoes when it is subjected to an external
field excitation, such as magnetic, electric or
mechanic, which giving rise to magnetocaloric, elec-
trocaloric or mechanocaloric effects, respectively.
Mechanocaloric effect also includes special cases, and
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barocaloric effect (driven by hydrostatic pressure
change) is one of them.

Giant barocaloric effects have been reported in a
very extensive and diverse range of materials, such as
ferroelastic fluorides and oxyfluorides [3-5], inter-
metallic compounds with magnetostructural transi-
tions [6-11], ferri- and ferroelectrics [12-15],
superionic conductors [16, 17], organic-inorganic
hybrid perovskites [18-20], spin crossovers materials
[21], polymers [22-27], and plastic crystals [28-31].
An ideal barocaloric material must present large |AS|
and large |AT| in a wide range of temperature and
low-pressure changes, good reversibility, high ther-
mal diffusivity, large density, nontoxicity, and eco-
nomic and geopolitical availability of the raw
materials [32]. However, an ideal barocaloric material
does not exist because one or more aspects of interest
are negatively affected. Among reported barocaloric
materials, elastomer and plastic crystals appear best
positioned for a real implementation in cooling
devices. The limitations for the applicability of these
materials are their low density and low thermal dif-
fusivities [32]. Moreover, plastic crystals still exhibit
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large hysteresis and irreversible barocaloric effects
for low and moderate pressures [31].

In the present study, we systematically investi-
gated the barocaloric effects in polydimethylsiloxane
(PDMS) rubber filled with natural graphite (NG).
PDMS rubber[23] was reported with impressive
barocaloric properties in a wide range of temperature
around room temperature (223-333 K) and low and
moderate pressure change (26-390 MPa), but it is
affected by low thermal conductivity
(~ 016 Wm™ ' K™). It is well-known that several
allotropes of carbon (natural graphite, expanded
graphite, exfoliated graphite, carbon fibers, carbon
nanotubes, graphene, etc.) are extensively used as
filler dispersed in a continuous polymer matrix to
enhance thermal conductivity [33]. Natural graphite
is interesting for the development of barocaloric
composites because it has high values of thermal
conductivity (70-220 W m™' K™) [34], it is inert,
nontoxic, and also it is a very low price raw material
(500-800 US$/ton, with purity of 70-95%) [35].

Experimental
Fabrication of NG/PDMS rubber composites

NG/PDMS rubber composite samples were prepared
from natural graphite of 100 mesh (Vonder) and
Sylgard 184 silicone elastomer (Dow Corning). The
purity of the natural graphite was evaluated by X-ray
diffraction (Fig. S1 in Electronic Supplementary
Material, ESM). The pre-polymer base and the curing
agent were mixed together at the recommended mass
proportion of 10:1, respectively. The fillers of natural
graphite were added and homogenized into the
uncured PDMS, varying the concentration from 0 (no
filler, i.e. pure PDMS) to 40 wt%. The mixed uncured
PDMS with natural graphite was poured into alu-
minum molds and degassed in low vacuum, for
45 min. The samples were cured using a digital oven
at 368 K, for 50 min, then naturally cooled out of the
oven, and finally removed from the molds using
isopropyl alcohol. (See Fig. S2 in ESM for an example
of 40 wt% NG/PDMS rubber composite and pure
PDMS rubber).

Shore hardness test

Shore hardness tests of the samples were performed
using a shore durometer from Instrutherm, model
DP-100, which measures Type-A hardness, following
ASTM D2240-15. Each testing specimen was pre-
pared with a diameter of 40 mm and thickness of
10 mm and was measured ten times (five times at the
top and five times at the bottom).

Density test

The density (p) of the samples was estimated by a
10-mL pycnometer, using ultrapure distilled water,
whose density at ambient pressure and temperature
(~ 295 K) is 997.8 kg m °. Each testing specimen
was prepared with a diameter of 8 mm and length of
20 mm and was measured ten times.

Specific heat from differential scanning
calorimetry

Specific heat (c,) as a function of temperature was
determined for PDMS, NG/PDMS composites, and
natural graphite (as powder and pressed powder)
using a commercial differential scanning calorimetry
(NETZSCH, model DSC 214 Polyma). The runs were
performed in heating and cooling processes, with
minimum (Tpi,) and maximum (Tpax) temperatures
of 113 and 373 K, respectively, starting from room
temperature (Ty). The temperature rate was
10 K min~!, with 40 mL min~! of N, flow. The runs
followed the sequence: Ty = Tmax — Tmin = Tmax —
To. The samples had ~ 10 mg and were placed in an
aluminum pan with a holed lid. Sensitivity calibra-
tion was performed with sapphire of 12.5 mg,
according to the manufacturer’s manual; the data
from the second heating (Tiin = Tmax) Were used in
the calculations.

Thermal diffusivity test and thermal
conductivity

Thermal diffusivity () tests were performed using a
homemade diffusimetry, which consists of two ther-
mal reservoirs (293 and 303 K), where the specimen is
dipped from one to another. The testing specimens
were prepared as a hollow cylinder with a length of
90 mm, an outer diameter of 15 mm, and an inner
diameter of 1 mm. A K-type thermocouple of 1-mm
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diameter was inserted through the inner hole and
positioned at 45 mm in length. Temperature versus
time data was recorded by a temperature controller
(Lake Shore Cryotronics, Model 335) and then ana-
lyzed as an infinite cylinder subject to transient con-
duction [36]. Each sample was transferred five times
from the hot reservoir to the cold reservoir, and
another five times from the cold reservoir to the hot
reservoir. Thermal conductivity (k) of the samples
was calculated by x = apc,.

Direct measurement of temperature change

Direct measurement of temperature change (AT) was
performed in a similar experimental setup detailed
elsewhere [37]. An upgrade was accomplished by
automating via LabView different processes in a
universal testing machine, which made it versatile to
evaluate mechanical, barocaloric, and other thermal
properties (See Fig. S3 in ESM for details). In com-
pression or decompression process for AT data,
pressure varies quickly enough (~ 4 s) to preclude
significant heat exchange between the sample and its
surroundings, which can be approximated as a quasi-
adiabatic process. AT was systematically measured as
a function of temperature (range of 223-333 K) and
pressure change (range of 50-390 MPa), in samples of
8-mm diameter and 20-mm length.

Mechanical pressure test

Pressure (p) versus volumetric strain (g, = %, where
V is volume) was measured in a quasi-isothermal
process (maximum temperature variation was less
than 1 K), on the universal testing machine operating
at low speed of 1 mm min~". Data were recorded at
an initial temperature of 303 K, in a compression-

Table 1 Properties of PDMS and NG/PDMS composites
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decompression cycle, with minimum pressure of ~
2 MPa and maximum pressure of 390 MPa. In
addition, it was possible to estimate the bulk modu-

lus (B = (%) T) by numerical differentiation.

Thermal expansion coefficient test

The thermal expansion coefficient test was also per-
formed on the mechanical testing machine, modified
to be a dilatometer in isobaric conditions. The tem-
perature was varied around room temperature (Ty),
between the maximum temperature (Tp.) of 333 K
and the minimum temperature (Tpmin) of 213 K, on
heating and cooling processes. The runs were per-
formed with temperature rate of 4 K min~" (follow-
ing ISO 11359), according to To — Tmax — Tmin
— Tmax. The data analyzed to estimate the coefficient

of thermal expansion (CTE = (%if)p) were from the

last two processes.

Results and discussion

During the demolding of PDMS and the NG/PDMS
composites, it was interesting to realize some changes
in mechanical properties among the samples. An
increase in hardness was evaluated on Shore A scale,
as shown in Table 1. Although the hardness does not
follow a linear trend (Fig. 54 in ESM), there was a
tendency to increase it as the concentration of natural
graphite increases. For the maximum concentration
of 40 wt% of natural graphite, the increase in Shore A
hardness was ~ 38% compared to PDMS.

Other mechanical properties were also evaluated in
pressure versus volumetric strain curves (Fig. 1a).
Firstly, the viscoelastic behavior was evidenced by

Sample Hardness (shore A) p (kg m™>) cp kg ' K™Y CTEx 10* (K™Y ax 107 (m*s™) xWm K™
PDMS 50(1) 1022(4) 1363(7) 8.3(1) 1.18(2) 0.164(3)

10wt% NG/PDMS  58(2) 1073(2) 1312(9) 7.6(2) 1.85(5) 0.260(7)

20wt% NG/PDMS  62(2) 1139(2) 1266(14) 73Q2) 2.57(6) 0.37(1)

30wt% NG/PDMS  67(2) 1158(2) 1221(28) 6.8(3) 4.9(2) 0.69(3)

40wt% NG/PDMS  69(2) 1212(5) 1091(29) 6.1(2) 7.3(5) 0.97(7)

p is density at ~ 295 K and ambient pressure; c, is specific heat at 220-330 K and ambient pressure; CTE is coefficient of thermal

expansion at 223-333 K and ambient pressure; « is thermal diffusivity at 298 K and ambient pressure; x is thermal conductivity calculated
by i = apcy. The uncertainty for the last digits is shown in parentheses
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Figure 1 Mechanical properties of PDMS and NG/PDMS
composites. a Pressure versus strain in a compression—
decompression cycle. b Strain at 390 MPa versus natural
graphite content; the black circles are experimental data and the

the hysteresis loop defined by the compression and
decompression curve. This behavior was expected
because viscoelastic polymers dissipate heat during a
closed compression—-decompression cycle; such hys-
teresis loops were similar for all samples, reaching
3.2(3) G] m™? of dissipated heat. The samples were
also similar for pressures below 50 MPa, but they
behaved differently for pressures above 50 MPa. As
the concentration of natural graphite increased, the
samples tended to deform less at high pressures. For
the maximum load of 390 MPa, for example, the
composite with 40 wt% of natural graphite
deformed ~ 17% less than PDMS (Fig. 1b). In other
words, composites with higher concentrations of
natural graphite showed higher bulk moduli; this can
be observed in Fig. 1c and d. Although the bulk
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red dashed line is the linear fit of the experimental data. ¢ Bulk
modulus versus strain during compression process. d Bulk
modulus versus strain during decompression process.

modulus curves are noisy, it was possible to observe
a tendency to increase the bulk modulus when the
composites were more deformed, a behavior that is
typical of elastomers. For the bulk moduli values
larger than 6 GPa that occur during the decompres-
sion process (Fig. 1d), they are not intrinsic to that
specific strain range and are due to the slow response
in deformation when the pressure starts to be
relieved, as seen in pressure-strain curves for
decompression (Fig. 1a). In other words, these values
of bulk moduli larger than 6 GPa are artifacts of the
numerical derivative at the limits of the hysteresis
loop attributed to the viscoelastic behavior of PDMS.

The density obtained by pycnometry for PDMS
was 1022(4) kg m 2, against the maximum of 1212(5)
kg m~2 for the 40 wt% NG/PDMS, that is, an increase
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of ~ 19% (Table 1). In general, the density values
followed a linear trend (Fig. S5 in ESM) and were
among the expected values, because the density
reported in the catalog of Sylgard 184 is 1030 kg m >,
while Vonder’s natural graphite can vary between
2100 and 2300 kg m ™.

With the calorimetric measurements, it was possi-
ble to estimate the glass transition temperature (T) of
PDMS and NG/PDMS composites and also their
specific heats; Fig. S6 (ESM) illustrates these results
for a heating process. It was observed that all samples
presented T, around 151 K, similar to the T, around
150 K reported in the literature for different PDMS
samples [38, 39]. The difference between the com-
posites was essentially in specific heat, due to the low
specific heat of the natural graphite. The mean values
of specific heat in the range of 220-330 K, which were
used to estimate the isothermal entropy change, are
displayed in Table 1.

Another property investigated was the coefficient of
thermal expansion (CTE), displayed in Table 1 and
Fig. 57 (ESM). The addition of natural graphite linearly
reduced the ability of the samples to deform with
temperature. For PDMS, a CTE of 8.3(1) x 10°* K™'
was obtained, against 6.1(2) x 107* K" for 40 wt%
NG/PDMS, which is equivalent to a reduction of ~
27%. Despite this, the order of magnitude was 107,
which is considerably high for solid materials; high
values of CTE are important because elastomers have
giant barocaloric effects due to these characteristics.

8 e Thermal diffusivity I

Thermal diffusivity x 10" (m*s™)
S
1

o

0 10 20 30 40
Natural graphite content (wt%)

Figure 2 Thermal diffusivity as a function of natural graphite
content for PDMS and NG/PDMS composites.
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The thermal diffusivity increased ~ 500% from
1.18(2) x 107 m*s™! for PDMS to 7.3(5) x 107
m? s~ for 40 wt% NG/PDMS (Table 1). The increase
in thermal diffusivity in relation to the increase in
graphite concentration does not follow a linear trend
(Fig. 2); this can be explained by the greater thermal
contact between particles of natural graphite inside
the matrix of composites with higher content of nat-
ural graphite. The thermal conductivity of PDMS is
merely 0.164(3) W m ! K7}, while thermal conduc-
tivity increases to 0.260(7), 0.37(1), 0.69(3), and 0.97(7)
W m~! K™}, for NG/PDMS composites with 10, 20,
30, and 40 wt% NG, respectively (Table 1).

Figure 3 displays the temperature change (AT)
obtained in compression and decompression pro-
cesses for PDMS and NG/PDMS composites. The
results for PDMS are similar to those reported in the
literature [23]; for example, a maximum value of |AT|
=28.5 K at 283 K for |Ap| = 390 MPa was reported by
Carvalho et al. [23], while in this work it was
observed |AT| = 27.7 K under the same conditions.
This difference between the AT values was expected
because the process reported by Carvalho et al.[23]
was performed on a manual hydraulic press, which
can perform a process closer to the adiabatic condi-
tion (~ 02s for any decompression pressure
change) than the automated process on the universal
testing machine (~ 4 s for any compression and
decompression pressure change).

The change in slope observed in |AT| vs. T curves
(mainly for higher pressures on PDMS and 10%wt
NG/PDMS) is related to the glass transition, which
shifts its temperature value with pressure. In such
state, the mobility of the polymeric chains is drasti-
cally reduced when compared to the rubbery state.
Since the |AT| in elastomers are strongly related to
conformations and mobility of chains [26], it is
expected that values of |AT| are reduced below T,.
Also, this behavior was previously observed in other
elastomers, such as vulcanized natural rubber [22]
and nitrile butadiene rubber[24].

The glass transition also influences |AT| of NG/
PDMS composites, but such influence was less and
less significant within the temperature range ana-
lyzed, as the concentration of natural graphite
increased. Probably, the addition of natural graphite
to the PDMS matrix resulted in a different pressure
shift of T, (i.e., dT,/dp) for each composite. For a
maximum of 40 wt% of natural graphite, the curves
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Figure 3 Temperature change
(AT) versus temperature for
PDMS and NG/PDMS
composites, in compression
process (closed symbols on the
left) and decompression
process (open symbols on the
right), under pressure change
(Ap) of 50(2), 100(3), 150(5),
200(6), 260(8), 320(10), and
390(12) MPa. Pressure errors
were estimated at £ 3%. The
dotted lines connecting the
symbols are guides for the
eyes.
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Table 2 Barocaloric properties of some promising materials for solid-state cooling devices
Barocaloric material T (K) Ap (GPa) AT (K) |AT/Ap| (K GPa™") |AS| Jkg™" K™ |AS/Ap| J kg~'  Reference
K~!' GPa™!)
PDMS 323 —0.39 — 286 733 120.6 309.3 This work
10 wt% NG/PDMS 323 —0.39 —28.0  71.8 113.7 291.5 This work
20 wt% NG/PDMS 323 —0.39 —246  63.1 96.2 246.7 This work
30 wt% NG/PDMS 323 —0.39 —22.1 567 83.3 213.6 This work
40 wt% NG/PDMS 323 —0.39 —18.7 479 63.5 162.8 This work
PDMS 273 —0.39 —244 626 121.6 311.7 This work
10 wt% NG/PDMS 273 —0.39 —252 646 121.1 310.5 This work
20 wt% NG/PDMS 273 —0.39 —212 544 98.8 253.2 This work
30 wt% NG/PDMS 273 —0.39 —192 492 86.0 220.5 This work
40 wt% NG/PDMS 273 —0.39 —169 433 67.8 173.7 This work
PDMS 223 —0.39 —132 338 79.9 204.9 This work
10 wt% NG/PDMS 223 —0.39 —184 472 109.2 279.9 This work
20 wt% NG/PDMS 223 —0.39 —164 421 929 238.3 This work
30 wt% NG/PDMS 223 —0.39 —152 390 83.5 214.1 This work
40 wt% NG/PDMS 223 —0.39 —13.8 354 67.4 172.7 This work
PDMS 304 —0.39 —282 723 146.0 374.4 [23]
PDMS 243 —0.39 —240 615 144.1 369.5 [23]
VNR 315 —0.39 —249  63.8 - - [22]
VNR 272 —0.39 —215 551 - - [22]
VNR 226 —0.39 —10.1 259 - - [22]
NBR 303 —0.173 —8.6 49.7 36.4 210.4 [24]
NBR 303 —0.39 —159 407 58.8 150.7 [24]
ASR 298 —0.39 —41.1 1054 198.7 509.4 [27]
ASR 273 —0.39 -357 915 181.5 465.5 [27]
ASR 226 —0.39 —18.1 464 115.1 295.4 [27]
MnCoGeg 9olng o1 299 0.3 —94 313 - - [6]
MnCoGeggolng o1 299 0.3 —185"  61.6 ~ 52 ~ 173 [6]
MnNiSi-FeCoGe 338 —0.2 3.1 155 - - (7]
MnNiSi-FeCoGe 338 0.25 —43 17.2 - - [7]
MnNiSi-FeCoGe 338 0.27 —16' 5931 ~ 70 ~ 259 [7]
Mn;GaN 288 —0.093 1.32 14.2 - - [11]
Mn;GaN 285 —0.093 4.8 51.61 ~ 215 ~ 2312 [11]
(NH.),S0,4 219 0.1 -8 80 ~ 60 ~ 600 [15]
GdsSi,Ge, 270 0.2 1.1 5.5 ~ 107 ~ 535 [8]
LaFe;; 33C00478i12 237 —0.2 22 11 ~ 83 ~ 415 [9]
LaFe;; 33C00478i12 239 —0.1 1.5 15 ~5 ~ 50 [9]
FesoRhs, 313 0.25 10.4! 41.6' ~ 10.8 ~ 432 [10]
(TPrA)[Mn(dca);] 330 0.00689  5.0' 7257 37 5370 [18]
(NH4);MoO5F; 320 0.5 14.7 2941 14.0 28.0 [3
Rb,KFeFg 246 0.5 17.41 34.8 15.5 31.0 [3]
Rb,KTiOF5 237 0.5 15.8' 31.6' 16.7 33.4 [3]
(NH4);M00,F, 270 0.5 ~ 12 ~ 24 ~ 13 ~ 26 [4]
(NH4);WO,F, 201 0.5 ~ 100~ 20 ~ 133 ~ 26.6 [4]
Agl 390 —0.25 ~ 18  ~ 72 ~ 60 ~ 240 [16]
NPG 320 —0.25 —235" 94,0 445 1780 [30]
NPG 320 —0.52 —43.8" 8421 500 961.5 [30]
NPA ~ 240 —0.26 —-16' 615 290 1115 [31]
NPA ~ 240 —0.58 —421 724 470 810 [31]

T is initial temperature; Ap is pressure change (positive for compression and negative for decompression); AT is temperature change at T
and Ap. |AT/Ap| is normalized temperature change. ' indirect methods
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Table 3 Coefficient of

J Mater Sci (2022) 57:311-323

performance of PDMS and Barocaloric material

NG/PDMS composites

COP for different pressures changes

50 MPa 100 MPa 150 MPa 200 MPa 260 MPa 320 MPa 390 MPa
PDMS 8.0 3.8 2.6 2.0 1.5 1.2 1.0
10 wt% NG/PDMS 8.3 4.0 2.7 2.0 1.6 1.3 1.1
20 wt% NG/PDMS 7.0 3.6 2.4 1.9 1.4 1.2 1.0
30 wt% NG/PDMS 6.9 34 2.2 1.7 1.3 1.1 0.9
40 wt% NG/PDMS 54 29 2.0 1.5 1.2 1.0 0.8

The COP was calculated using AS data from decompression process at 273 K (Fig. 4), density from
Table 1 and pressure vs. strain data from Fig. la

for the same |Ap| practically do not vary |AT| over a
wide temperature range, meaning that dT,/dp is
lower when compared to PDMS.

The entropy change (|AS|) showed in Fig. 4 was
calculated through Maxwell’s relation considering a
¢y independent of pressure, following the well-
known equation |AS| = |AT|c,/T; this consideration is
valid only far from transitions [40], which is the case
of PDMS and NG/PDMS composites within the
measured temperature range of 223-333 K.

The reduction of |AT| and |AS| values as the
amount of NG increases is a trade-off for the gain in
thermal performance (e.g., thermal diffusivity and
conductivity). As well as the amount of the dispersed
phase influences some properties that are intrinsi-
cally related to the barocaloric effect (e.g., bulk
modulus and thermal expansion). Furthermore, NG
may have an impact on reducing chain mobility of
PDMS, and its contribution for |AT| and |AS| is
expected to be low.

It is also important to mention that |AT| and |AS]
values of NG/PDMS composite are in the class of
giant barocaloric effects with large reversible values
and in the absence of phase transitions, even for the

Table 4 Normalized

maximum concentration of 40 wt% of natural gra-
phite. When comparing different values of AT and AS
from NG/PDMS composites with AT and AS from
other materials reported in the literature (Table 2), it
is possible to conclude that NG/PDMS composite are
great candidates for solid-state refrigeration. In gen-
eral, AT values measured directly are higher or
equivalent for different materials reported in the lit-
erature. The exceptions appear in two situations: (1)
with ASR (acetic silicone rubber), which has a
supergiant (or colossal) barocaloric effect due to
combined effects of the first-order crystalline-amor-
phous transition and the polymer chain rearrange-
ments unrelated to the crystallization process[27]; or
(2) when there is a comparison with some materials
evaluated by indirect methods. It is important to
mention that indirect methods for AT tend to over-
estimate the measured values directly because the
equations used always assume equilibrium condi-
tions, which does not happen in practice (especially
when there is a phase transition).

The energy efficiency of a barocaloric material was
assessed by the Coefficient of Performance (COP) and
the Normalized Refrigerant Capacity (NRC). The
COP was evaluated as COP = |Q/W/|, where Q = TAS

Refrigerant Capacity (NRC) of ~ Barocaloric material Tw (K) Ap (MPa) NRC (kJ kg™' GPa™") Reference
ifferent barocalori
:lasetoin::rliia(;:z ?nacterials at PDMS 300 — 200 9.3 This work
ATp_c (temperature , 10 wt% NG/PDMS 300 — 200 9.2" Th%s work
difference between hot and 20 wt% NG/PDMS 300 — 200 7.7 Th%s work
cold reservoirs) of 25 K 30 wt% NG/PDMS 300 — 200 6.6' This work
40 wt% NG/PDMS 300 — 200 5.3" This work
ASR 300 173 15.1° [27]
VNR 315 173 8.3 [22]
NBR 315 173 52" [24]

Ty is the temperature of the hot reservoir; Ap is the pressure change (positive for compression and
negative for decompression). ‘obtained from reversible AS
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is the useful heat removed by the sample and W =
p [ prde is the work required for this. In Table 3,

COP values of the composites at 273 K are assigned,
for several pressure changes, considering the
decompression AS data from Fig. 4, density from
Table 1, and pressure vs. strain data from Fig. 1a.
Since the theoretical performance limit for a Carnot
refrigeration cycle (COPcymo = THT+TC) operating with
a hot reservoir of Ty = 300 K and a cold reservoir of
Tc = 270K is 9, it is possible to observe again that
NG/PDMS composites can be good candidates for
solid-state refrigeration.

The NRC was calculated according to NRC =

’Ap_l I ;’ZASdT‘ for different elastomer-based materi-

als available in the literature, considering a temper-
ature difference between Ty and T (e,
ATy_c =Ty — Tc) of 25 K, as displayed in Table 4. In
general, NG/PDMS composites presented NRC val-
ues better or equally comparable to insulating
elastomers.

Finally, we propose a Material Property Chart
(sometimes also called Figure of Merit) that presents a
combination of properties that matter for solid-state
cooling devices. This chart is built by plotting |AT|y

14
O PDMS
124 O O 10 wt% NG/PDMS
A 20 wt% NG/PDMS
O
¥ 30 wt% NG/PDMS
<10+ & 40 wit% NG/PDMS
o © ¥ NBR
E g- > X NVR
X ﬁ + ASR
2 6- Aﬁ-
x ~
= 4 Z: o +
= O +
24 % %AD
X x . On &)+
0 )& X D% D N ++
T T T T T T T

T T
30 40 50 60 70 80 90 100 110 120
|AT/Ap| (K GPa™)

Figure 5 |AT|y vs. |AT/Ap| at 273 K, in decompression process,
for PDMS and NG/PDMS composites for |Ap| of 50, 100, 150,
200, 260, 320 and 390 MPa; and NBR [24], NVR [22] and ASR
[27] for |Ap| of 26.0, 43.4, 86, 173, 273 and 390 MPa. |Ap| values
were not shown for the sake of clarity, but can be allocated for
each material knowing that |AT|y is directly proportional to |Ap|.
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vs. |AT /Ap| because |AT|y maximizes the rate of heat
exchanged by the solid refrigerant in a refrigeration
cycle and |AT/Ap| normalizes |AT| in order to avoid
striking |AT| obtained from very high |Ap|. The
resulting chart is helpful to organize promising bar-
ocaloric materials and also can suggest directions for
further material development. As shown in Fig. 5,
NG/PDMS composites again present better or similar
performance among different barocaloric elastomers.
It is important to highlight that the region near the
upper-right corner is the ideal region of interest
because it combines high values of |AT|y with high
values of |AT/Ap|.

Conclusions

A systematic investigation of embedding natural
graphite to PDMS rubber revealed that NG/PDMS
rubber composites can combine giant barocaloric
effects in a wide temperature range, and low and
moderate pressure changes, in addition to improving
the thermal conductivity and thermal diffusivity.
NG/PDMS rubber composites presented giant bar-
ocaloric effects with a maximum reduction of ~ 40%
in |AT| and ~ 50% in |AS| when compared to PDMS,
but the thermal diffusivity increased ~ 500%, from
1.182) x 107 to 7.3(5) x 107 m®s™', and the ther-
mal conductivity, from 0.164(3) to 0.97(7) Wm ™' K™%,
Our study evidences a promising potential of ther-
mal-conductivity-based elastomer composites for
solid-state cooling devices and should incite the
development of other composites with different
matrices (such as ASR or plastic crystals, which pre-
sent supergiant or colossal barocaloric effect)
embedded with different thermally conductive fillers
(such as aluminum, copper, graphene, etc.), or even
intermetallic compounds with different caloric
effects, resulting in superior multi caloric materials.

Electronic supplementary material

See supplementary material for additional data on
X-ray diffraction of natural graphite, sample’s pic-
tures, scheme of the barocaloric apparatus, shore
hardness versus natural graphite content, density
versus natural graphite content, specific heat curves
for all samples and, coefficient of thermal expansion
versus natural graphite content.
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