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a b s t r a c t

Deep petroleum resources are stored under high temperature and pressure conditions, with the tem-
perature having a significant influence on the properties of rocks. Deep in-situ temperature-preserved
coring (ITP-coring) devices were developed to assess deep petroleum reserves accurately. Herein, hollow
glass microspheres (HGMs)/silicone rubber (SR) composites that exhibit excellent thermal insulation
properties were prepared as thermal insulation materials for deep ITP-coring devices. The mechanism
and process of heat transfer in the composites were explored, as well as their other properties. The
results show that the HGMs exhibit good compatibility with the SR matrix. When the volume fraction of
the HGMs is increased to 50%, the density of the HGMs/SR composites is reduced from 0.97 to 0.56 g/cm3.
The HGMs filler introduces large voids into the composites, reducing their thermal conductivity to
0.11 W/m$K. The addition of HGMs into the composites further enhances the thermal stability of the SR,
wherein the higher the HGMs filler content, the better the thermal stability of the composites. HGMs
significantly enhance the mechanical strength of the SR. HGMs increase the compressive strength of the
composites by 828% and the tensile strength by 164%. Overall, HGMs improve the thermal insulation,
pressure resistance, and thermal stability of HGMs/SR composites.
© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Natural resources have been gradually exhausted, with the
depth at which the materials are located increasing year on year
(Xie et al. 2015, 2019; Gao et al., 2018). For example, the depth for
mining coal has reached 1500 m, the geothermal mining depth
is > 3000 m, the ferrous metal mining depth is > 4350 m, and the
depth required to drill for oil is >7500 m (Gao et al., 2021b; Xie
et al., 2015b; Xie, 2017). Deep in-situ rocks experience three high
types of “high conditions”; high temperature, high osmotic
y Elsevier B.V. on behalf of KeAi Co
pressure, and high in-situ stress (Gao et al., 2020a). Among these,
temperature significantly affects the physical and mechanical
properties of rocks, as well as their permeability (Liang et al., 2005;
Chen et al., 2019; Gao et al., 2021c). The rock cores obtained via
common coring technology without preservation of their temper-
ature seriously affect the accuracy of assessing petroleum resources
(Pang et al., 2015; Gao et al., 2020b; Saif et al., 2017). Exploring the
mechanism of deep in-situ temperature-preserved coring (ITP-
coring) and developing deep ITP-coring devices are thus of great
significance in assessing deep petroleum resources (Xie HP et al.,
2020; Xie et al., 2021; Gao et al., 2021).

There have been many research studies on the temperature-
preserved coring technology of natural gas hydrate. These studies
have included a thermal insulation and pressure temperature core
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List of symbols

Kg the heat transfer coefficient of the gas in HGMs/SR
composites, W/m2$K

Kg,0 the initial heat transfer coefficient of the gas in
HGMs, W/m2$K

KSR the heat transfer coefficient of SR in HGMs/SR
composites, W/m2$K

KSR,0 the initial heat transfer coefficient of SR, W/m2$K
CSR the volume specific heat capacity of SR, J/m3$K
vSR the average root mean velocity of SR phonons, m/s
d the diameter of the HGMs, m

Greek letters
P the volume ratio of the HGMs cavity to the HGMs/

SR composites, dimensionless
b the parameter that represent the collision

between the gas molecules in the HGMs and the
inner surface of the HGMs, dimensionless

Lg the free path of the gas molecules, m
LSR the average free path of SR phonons, m
d the minimum distance between the adjacent

HGMs, m
h the volume fraction of the HGMs, %
r1 the density of the SR, kg/m3

r2 the density of the HGMs, kg/m3
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sampler (PTCS) developed in Japan (Kawasaki M, et al., 2006), a
deep-water shallow hole thermal insulation and pressure-
maintaining coring tool for natural gas hydrate developed by the
first Institute of Oceanography of China (Zhang et al., 2006), a
pressure and temperature preservation (PTP) system for natural gas
hydrate developed by Zhu et al. (2013) andMilkov et al. (2004), and
a multiple autoclave corer (MAC) and dynamic autoclave piston
corer (DAPC) (Bohrmann et al., 2007; Heeschen et al., 2007).
However, these temperature-preserved coring devices are used to
keep natural gas hydrate at low temperatures (Pang et al., 2021),
which is the opposite to ITP-coring devices, which are used to keep
deep rock at high temperature. The thermal insulation methods
used in temperature-preserved coring, including semiconductor
Peltier chip refrigeration and liquid nitrogen refrigeration, thus
cannot be used in ITP-coring. In addition, both the fidelity coring
devices of the first Institute of Oceanology in China and PTPs
(Dell'Agli et al., 2000; Di et al., 2010) involve the addition of an
interlayer for thermal insulation, which leads to a decrease in the
impact strength of coring devices and an increase in their size,
which is associated with huge financial costs.

General thermal insulation materials are divided into organic
thermal insulation materials and inorganic thermal insulation
materials. Many inorganic materials, including thermal insulation
coatings, have loose and porous structures and are not suitable for
deep water-bearing environments. Organic insulation material is
mostly plastic foam. Plastic foams will decompose thermally under
high-temperature condition. Moreover, the plastic foamwill absorb
water in the high-pressure water, which results in loss of its ther-
mal insulation performance. ZrO2-8 %Y2O3 is coated on the outer
surface of the outer pipe in the pressure and temperature preser-
vation system for gas hydrate bearing developed by Zhu et al.
(2013). Zhu et al. (2011) proposed polyurethane foam material as
insulation material in pressure and temperature preservation
techniques for gas hydrate-bearing sediments sampling. The ther-
mal conductivity of ZrO2-8% Y2O3 coating is relatively high, which is
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1~2W/m$K. Polyurethane foam has many interconnected pores
inside, which are easy to absorb water in long-term water envi-
ronment. And polyurethane foams decompose at a high tempera-
ture of 150 �C. Polyurethane foam has poor elasticity and is easy to
be destroyed under the disturbance of corer operation.

Therefore, there is a lack of thermal insulation materials that
exhibit high pressure and temperature resistance in deep ITP-
coring devices, limiting the development of coring devices and
the accurate assessment of petroleum. To preserve the temperature
of the in-situ core, coring devices must feature a thermal insulation
material that is suitable for use under deep, high-temperature and
high-pressure conditions. Polymer materials have long molecular
chains and irregular amorphous structures, making them poor heat
conductors that do not conduct phonons. Silicone rubber (SR) is a
type of polymer material that exhibits stable chemical properties,
as well as both low- and high-temperature resistance (Zhang et al.,
2020; Ouyang et al., 2021). In addition, it is corrosion-resistant, and
does not readily deteriorate. Moreover, it exhibits low thermal
conductivity (Gao et al., 2013). Therefore, SR is suitable for use in
deep ITP-coring devices. Hollow glass microspheres (HGMs) are
microspheres that exhibit a hollow structure, which endows them
with low thermal conductivity properties. Their micron size is
convenient for adjusting the porosity of polymer materials, which
can further reduce their thermal conductivity. Hollow glass mi-
crospheres/silicone rubber (HGMs/SR) is a composite material
manufactured by compositing HGMs and SR (Zhao et al., 2021). Its
structure is with tiny closed bubbles dispersed in the matrix.
Herein, different HGMs were combined with SR to produce HGMs/
SR composites that exhibit comprehensive thermal insulation and
pressure resistance performance.

2. Theoretical analysis of the heat transfer in the HGMs/SR
composites

2.1. Heat transfer of the gas phase HGMs/SR composites

In HGMs/SR composites, the gas phase is completely composed
of the gas in the HGMs. According to the application conditions of
ITP-coring devices, the heat transfer mechanism can be mainly
divided into the following two parts.

(1) Thermal convection of gas in HGMs

According to the heat transfer equation of gas convection, only
when the Grashof number is > 1000 can gas convection heat
transfer occur. In the Grashof number equation, the heat conduc-
tion caused by gas convection is considered (Vedula et al., 1998)
only when the size of the HGMs is larger than 10mm. The diameter
of the HGMs used to prepare thermal insulation materials in this
experiment is far less than 10 mm, meaning that the effect that gas
heat convection has on the heat conduction in the HGMs can be
ignored.

(2) Heat conduction of gas in the HGMs

The gas heat conduction in the HGMs/SR composites mainly
occurs due to the collision between air molecules in the HGMs and
the collision between air molecules and the walls of the HGMs
(Schiffres et al., 2012). According to the intrinsic thermal conduc-
tivity of gas and the structure of composite materials, Kg can be
expressed using Eq. (1) (Lu et al. 1992, 1995; Zhao et al., 2012):

Kg ¼
Kg;0,P

1þ 2,b,Lg
�
d

(1)
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It can be seen from Eq. (1) that increasing the average free path
of the gas molecules in the cavity Lg or decreasing the cavity size of
the HGMs d can reduce the heat transfer coefficient of the gas Kg.

2.2. Heat transfer of the SR in the HGMs/SR composites

The heat transfer of SR mainly occurs via the vibration of its
molecules, where the minimum units of the vibrational energy are
phonons. Therefore, the transmission properties of phonons in SR
determine the heat transfer coefficient of the material. Combining
the dynamic model (Chen, 2005) and the solid heat transfer coef-
ficient equation, Ks, the contribution that SR makes toward the heat
transfer coefficient of the HGMs/SR composites, can be expressed
according to Eq. (2) (Hu et al., 2019):

KSR ¼ ð1�PÞ,KSR;0 ¼ ð1�PÞ,1
3
,CSR;0,vSR,

�
1

LSR
þ 2
dþ d

��1

(2)

According to Eq. (2), when the cavity size of the HGMs d is much
larger than the phonon-free path LSR, the heat transfer mechanism
of the HGMs/SR composites remains unchanged.

2.3. Analysis of the heat flow transfer of the HGMs/SR composites

According to Eqs. (1) and (2), increasing the porosity and
reducing the cavity size can simultaneously reduce the heat
transfer coefficient of the gas and solid phases in the HGMs, which
endows the HGMs/SR composites with better thermal insulation
properties. According to the filling conditions of the HGMs, the
structures of the HGMs/SR composites can be simplified into five
forms, as shown in Fig. 1, in which the blue part represents the SR
matrix and the white part represents the HGMs. I corresponds to
pure SR; II, III, and IV represent HGMs/SR composites filled with
different amounts of HGMs; and V represents an HGMs/SR com-
posites filled with too many HGMs, which results in them being
crushed and destroyed.

According to Eqs. (1) and (2), the larger the volume fraction of
the HGMs, the larger the porosity of the composites, and the lower
the heat transfer coefficient, the better the thermal insulation
properties of the HGMs/SR composites. The heat transfer of the
HGMs/SR composites is schematically depicted in Fig. 2, in which
the red lines represent the heat flow. For composite I, the heat flux
flows smoothly through it, with its heat transfer coefficient being
the highest, as the heat transfer coefficient of SR is higher than that
of the HGMs. For the II, III, and IV composites, their thermal
Fig. 1. Schematic of structures o
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insulation capacities are better than that of composite I. As the
filling of the HGMs leads to an increase in porosity, the transfer of
the heat flux in the composites is hindered to some extent. In
composite V, the broken HGMs lead to the formation of additional
thermal conduction pathways (Hu et al., 2013). The wall material of
the HGMs is mainly silica, and its intrinsic thermal conductivity
(1.34W/m$K) is higher than that of the SR (0.19W/m$K). Therefore,
the heat conduction path formed by the broken HGMs is more
conducive to heat flow propagation than that of the SR. Therefore, it
is necessary to reasonably control the HGMs content to form the
composite that has structure IV, to prepare HGMs/SR composites
that exhibit the best thermal insulation properties.
3. Experimental methods

3.1. Materials

Silicon rubber prepolymer with a viscosity of 20000 cp, was
purchased from the China Bluestar Research Institute. Different
types of HGMs were purchased from 3M (the United States). The
curing agent methyltris (methylethylketoxime) silane was pur-
chased from Adamas-beta (Shanghai, China).

(1) SR

SR is a synthetic rubber that has a siliconeoxygen (SieO)
bonded the main chain and exhibits the characteristics of both an
inorganic material and organic polymer (Kaewsikoun et al., 2020).
For example, it is like an inorganic material in that it does not
support combustion, and like an organic polymer, in the way that it
exhibits low thermal conductivity. The SieO bonds are ionic, with
some of them in the form of double bonds, meaning that the actual
length of the SieO bonds is less than the theoretical value. The
actual bond energy is also less than that of the theoretical value,
and the SieO bond energy of 460.5 kJ/mol is higher than those of
the CeO bond energy of 358 kJ/mol and the CeC bond energy of
304 kJ/mol. Therefore, the thermal stability of SR is higher than that
of general polymer materials. As the methyl group in SR can rotate
freely around the SieO bond, the SRmolecular chain exhibits strong
mobility and high flexibility, resulting in the glass transition tem-
perature, Tg, of SR being low (Shit et al., 2013).

Due to its SieO bonds, SR can be used over a wide temperature
range (Zhao et al., 2015), exhibits good weather and aging resis-
tance, and has special inert surface properties and chemical reac-
tion inertia (Ghanbari-Slahkali et al., 2005). SR is suitable for the
f the HGMs/SR composites.



Fig. 2. Schematic of the heat transfer model of the HGMs/SR composites, in which the red lines represent the heat flow rate. In the case of the same heat transfer into the material,
the less the heat flow, the better the insulation effect of the HGMs/SR composites.

Fig. 4. The Schematic diagram of HGMs.
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preparation of a deep ITP-coring device due to its properties and
usability under the deep environmental conditions of high tem-
perature and pressure.

The SR used in this paper is hydroxyl-terminated poly-
dimethylsiloxane, the structure of which is shown in Fig. 3, where R
is alkyl side groups.

(2) HGMs

HGMs have a smooth surface and a simple structure which are
shown in Fig. 4. The composition and surface properties of different
types of HGMs are basically the same, but the main differences are
the diameter and the wall thickness of HGMs. Their most typical
structural feature is that they have a large cavity volume, which can
be filled with air or inert gas. Due to the hollow structure of HGMs,
they exhibit excellent properties, such as low thermal conductivity
and density (Wu et al., 2021).

The properties of HGMs are shown in Table 1, in which the
thermal insulation performance can be seen to be negatively
correlated with the compressive strength. Of the compressive
strength of the HGMs, that of the IM30K HGMs is the highest, but
its thermal insulation performance is the worst. In contrast, the
Fig. 3. The structure of SR.
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compressive strength of the K1 HGMs is the worst, but its thermal
insulation performance is the best. These properties are related to
particle size. The wall thickness of HGMs with large particle size is
relatively thin, therefore meaning that the cavity structure is large.
The main path of heat transfer is the air, which has very low ther-
mal conductivity. Therefore, the heat preservation effect of the K1
HGMs is the best. Besides this, the larger the particle size, the
smaller the critical stress that breaks K1 HGMs, thus making the
compressive strength the lowest.

Since the compression performance of HGMs is negatively
correlated with the thermal insulation performance, it is necessary
to use different kinds of HGMs to compound with SR. The com-
posite materials with excellent comprehensive properties of ther-
mal insulation and compressive properties are obtained in this way.
3.2. Preparation of the HGMs/SR composites

HGMs/SR composites with stable chemical properties were
prepared via a facile synthesis by combining HGMs with SR to give
materials that exhibit good strength and excellent thermal insu-
lation properties. Each type of HGMs was combined with SR to



Table 1
Properties of different HGMs.

Type Compressive strength, Thermal conductivity, Density, Particle diameter distribution, um

MPa W/m$K g/cm3 10th% 50th% 90th%

K1 1.72 0.047 0.125 30 65 110
K25 5.17 0.085 0.250 25 55 95
K46 41.34 0.153 0.460 15 40 75
IM30K 192.92 0.200 0.600 9 16 25
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prepare composites with around 10%, 20%, 30%, 40%, and 50% HGMs
by volume fraction. Then, the composites with the best thermal
insulation and mechanical properties were selected.

The specific preparation process of the HGMs/SR composites
was as follows. SR, curing agent, catalyst, and HGMs were weighed
into the relevant proportions and placed in a beaker. This beaker
was then put into a defoaming vacuum mixer under a low shear
force and stirred for three cycles (the parameters per cycle were
stirring for 1.5 min at a rotation speed of 1800 rpm under a vacuum
of 0.5 KPa). Damage to the HGMs was avoided as far as possible
while still achieving homogeneous mixing. After efficient mixing
and stirring, the composites precursor was injected into a specially
designed polytetrafluoroethylene (PTFE) mold. The shapes of the
test samples were prepared according to Chinese national stan-
dards GB/T 1040. And their tensile strength, compressive strength,
and thermal insulation properties were characterized. After curing
at room temperature for 24 h, the composites were demolded.

3.3. Design of thermal insulation system structure

HGMs/SR composites is a viscous state that can flow before
curing. So, HGMs/SR can be easily molded andmachined in the ITP-
coring device. The structure diagram of the insulation system is
shown in Fig. 5. HGMs/SR composites are filled in the annulus be-
tween the core chamber and the core sleeve of the corer. In this
way, the heat loss of the type core can be effectively blocked. HGMs/
SR is not the direct stress-bearing structure in this design. Due to
the high elasticity, HGMs/SR can maintain the integrity of the
material structure and thermal insulation performance under the
corer disturbance.

3.4. Characterization methods

Density: Composites with different types of HGMs in different
volume fractions were measured using a Beijing Dezhi Innovative
instruments and equipment limited solid density tester. At least
three sets of tests were performed on each sample to ensure test
accuracy.

SEM:Morphologies of cross-sections of the composite materials
were observed by scanning electron microscope (SEM) using an
Fig. 5. Schematic diagram of therm
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Apreo S HiVoc model microscope produced by Thermo Fisher Sci-
entific. Before carrying out any observations, the samples were
brittle broken using liquid nitrogen to decrease the mobility of the
molecular segments of the SR. In the SEM measurements, the
original morphologies of the HGMs/SR composites were observed
to a great extent.

Thermal insulation performance: The thermal conductivity of
the composite materials was measured using a TPS7model hot disk
thermal conductivity tester produced by Sweden Hot Disk. In these
measurements, the lower the thermal conductivity, the better the
thermal insulation properties. Repeated tests were conducted in
each group of samples to improve the accuracy and reliability of the
test data.

Mechanical properties: Tensile and compressive strength
measurements of the HGMs/SR composite materials were carried
out using a 5967-model electronic pulling force instrument pro-
duced by Instron. Each group of samples was tested several times to
ensure test accuracy.

4. Results and discussion

4.1. Density analysis

The density of the HGMs used in the experiment is lower than
that of the SR. According to both theoretical predictions and actual
measurements, the density of the composites decreases with an
increase in the HGMs content. Neglecting the effect that the SR
curing has on the volume shrinkage, the relationship between the
HGMs/SR density and HGMs volume fraction can be expressed
using the Eq. (3):

r¼ r1,ð1� hÞ þ r2 (3)

The results in Fig. 6 show that the measured density of the
samples is lower than the theoretically predicted density, which is
mainly due to the air mixed in the composites. With an increase in
the volume fraction of the HGMs, the more air that is introduced in
the mixing process, the greater the deviation of the measured
density from the theoretical density. The overall trend is that the
density of the samples decreases with an increase in the volume
fraction of the HGMs. The density of the composites is directly
al insulation system structure.



Fig. 6. Relationship between the density of the composites and the volume fraction of the HGMs for the a IM30K, b K1, c K25, and d K46 HGMs/SR composites.
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related to their thermal insulation properties. Generally speaking,
the lower the density of the material, the lower the thermal con-
ductivity of the composites, and the better their thermal insulation
properties.

4.2. Morphological analysis

1) Morphological analysis of the HGMs

The morphologies and structures of the four types of HGMs
were measured. Before measuring the HGMs, they were placed
under a vacuum. If the HGMs contain air, the forcewill destroy their
shells when they are placed under a vacuum. Fig. 7 shows SEM
images of the broken shells of the HGMs, from which their hollow
structures can be observed. From the images, it can be seen that the
IM30K HGMs have the smallest particle size and experience the
minimum damage, whereas the K series has the lowest strength
and experience the most damage, with the K1 HGMs being the
worst.

2) Morphological analysis of the HGMs/SR composites
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Figs. 8e10 show SEM images of the HGMs/SR composites. Fig. 8a
and b shows that there is good compatibility between the HGMs
and the SR matrix. The HGMs circled with a red dotted line in
Fig. 8b are almost immersed in the SR, and there is no obvious
dividing line between them. The transition is quite natural, which
indicates that the compatibility between the HGMs and SR is good.
This is because of the large number of SieO bonds in both the SR
and the main components of the HGMs. Fig. 8c indicates that HGMs
are fairly evenly distributed with the high-volume fraction of
HGMs. The red dotted line in Fig. 8d shows that SR acts as an ad-
hesive that bonds the HGMs. The red dotted line in Fig. 9a and c
indicates obvious broken traces of the HGMs. From this image it can
be observed that the shells of the HGMs are agglomerated, which
indicates that the SR occupies the original voids of the broken
HGMs. As the porosity of the HGMs/SR composites decreases, there
is an increase in their thermal conductivity and a decrease in their
thermal insulation properties. The degree of damage to the HGMs is
directly related to their strength, and it can be seen from Fig. 9b and
c that the K1 HGMs exhibits the lowest strength and most damage.

Fig. 10a shows that the distribution of the HGMs is stratified.
Meanwhile, Fig. 10b shows that the dense hollow beads are



Fig. 7. SEM images of the HGMs for the a IM30K, b K1, c K25, and d K46 HGMs.

J.-P. Yang, L. Chen, X.-B. Gu et al. Petroleum Science 19 (2022) 309e320
distributed above the dividing line in sharp contrast to the sparse
ones below the dividing line. As the density of the HGMs is lower
than that of the SR, in the process of material preparation, before
the curing of the SR, the HGMs are buoyant on the surface of the SR.
The uneven distribution of the HGMs directly affects the thermal
conductivity and mechanical properties of the corresponding
HGMs/SR composites. To solve the issues associated with the un-
even distribution of the HGMs, in the future 1) the curing process
can be improved to reduce the curing time; 2) a curing agent
accelerator can be added to accelerate the curing process of the SR
after the dispersion is uniform; and 3) the curing temperature of SR
can be reduced as the viscosity of SR increases at low temperature,
which hinders the buoyancy of the HGMs.
4.3. Analysis of thermal insulation properties of the HGMs/SR
composites

Heat transfer coefficient reflects the ability of a substance to
transfer heat by all means. Thermal conductivity reflects the ability
of a substance to transfer heat by means of heat conduction (Zhao
et al., 2018). According to the properties of HGMs/SR composites
and its application environment, the main way of heat transfer of
the composite materials is heat conduction. Therefore, thermal
conductivity is used to characterize the thermal insulation perfor-
mance of composite materials.

A series of samples with low thermal conductivity were pre-
pared by varying the type and amount of the HGMs used as a filler.
Fig. 11 shows the influence that the HGMs filling amount has on the
composites. It can be seen from the data that the thermal con-
ductivity of pure SR is 0.186 W/m$K, which is lower than those of
metals and inorganic materials, showing that it is suitable to be
used as the matrix material of a material with thermal insulation
properties. The data in Fig. 11 also shows that the thermal
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conductivity of the composites decrease with an increase in the
volume fraction of the HGMs, for both the K series and IM30K
HGMs/SR composites. In particular, when the filling volume frac-
tion of the K1 HGMs is 50%, the thermal conductivity of the cor-
responding composites is the lowest, at 0.113 W/m$K. The thermal
conductivity of the K46 HGMs/SR composites decreases before the
volume fraction of the HGMs reaches 40%, but begins to risewhen it
increases to 50%. From this and the previous analysis on the
morphology and heat transfer of the HGMs/SR composites, the
reason for this is the overfilling of the HGMs, resulting in them
crushing one another. In this scenario, a new heat conduction path
is formed as in form (V) in the 2.3 analysis.

It is worth noting that the thermal conductivity of the IM30K,
K1, and K25 HGMs/SR composites are similar up to a fill volume of
30 vol%, after which a slowly declining trend is observed. The
thermal conductivity of the K25 HGMs/SR composites decreases
rapidly. Nevertheless, the HGMs of the K25 HGMs/SR composites
only can be filled by up to 40 vol%, due to the high viscosity of the
SR. In addition, the thermal conductivity of the K25 and K1 HGMs/
SR composites are close when the volume fraction of the HGMs is
around 40%. The trend in the thermal conductivity of the K25
HGMs/SR composites gradually slows down, while that of the K1
HGMs/SR composites shows an obvious decrease. Therefore, it can
be inferred that at a volume fraction of the K1 HGMs of 50%, the
corresponding composites exhibits the lowest thermal conductiv-
ity and the best thermal insulation properties among the
composites.
4.4. Analysis of the thermal stabilities of the HGMs/SR composites

The bond energy of the SieO bonds that make up themain chain
of SR is higher than that of carbon-based polymers, which means
that SR exhibits higher thermal stability than carbon-based



Fig. 8. a the IM30K HGMs/SR composites with 20 vol% of the IM30K HGMs; b the IM30K HGMs/SR composites with 4 vol % of the IM30K HGMs; c and d the IM30K HGMs/SR
composites with 31 vol% of the HGMs.

Fig. 9. a the IM30K HGMs/SR composites with 4 vol% of the IM30K HGMs; b and c the K1 HGMs/SR composites with 50 vol% of the K1 HGMs.
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polymers. As can be seen in Fig. 12, the initial thermal decompo-
sition temperature of pure SR is 389.2 �C. Moreover, there are two
peaks, at 405.3 and 479.6 �C. The end temperature of the thermal
decomposition is 505.2 �C. The results show that the thermal sta-
bilities of the HGMs/SR composites are further enhanced after they
are filled with the HGMs. The initial thermal decomposition tem-
perature of the HGMs/SR composites becomes increasingly higher
in line with an increase in the HGMs, which is 400.6 �C at 15 vol% of
HGMs and 466.8 �C at 31 vol% of HGMs. The corresponding end
temperatures of the thermal decomposition also become increas-
ingly higher, at 564.1 �C at 15 vol% of HGMs and 563.2 �C at 31 vol%
of HGMs.

The reasons for the high thermal decomposition temperatures
of the composites are as follows.1) HGMs are added into the SR, and
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the HGMs do not decompose in the temperature range used in the
thermal analysis (25e800 �C). The thermal conductivity of the
HGMs is lower than that of the SR. Therefore, under the same
experimental conditions, a higher temperature is required to break
the SieO bonds. 2) Themain component of the HGMs is SiO2, which
interacts with the SieO bonds of the SR to make the composites
more stable, therefore resulting in an increase in the thermal
decomposition temperature.

4.5. Analysis of the mechanical properties of the HGMs/SR
composites

The molecular chains of SR are flexible, resulting in it exhibiting
a low glass Tg, being viscous at room temperature, and having



Fig. 10. a and b the IM30K HGMs/SR composites with 4 vol% of the IM30K HGMs.

Fig. 11. Influence of the type and filling amount of the HGMs on the thermal con-
ductivities of the HGMs/SR composites.
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elastic properties, a large recoverable elastic deformation, and poor
mechanical properties. Fig. 13 shows the influence that the content
and type of the HGMs have on the mechanical properties of the
corresponding composites. From Fig. 13, it can be seen that the
compressive and tensile strengths of the HGMs/SR composites in-
crease in line with their hollow volume fractions. It is worth noting
that the IM30K HGMs/SR composites have the highest strength and
the K1 HGMs/SR composites the lowest. However, their values are
quite close and far higher than those of pure SR. The increase in the
tensile strength of the composites with the IM30K HGMs relative to
SR is 164% and the increase in the compressive strength of the
composites with the K46 HGMs relative to SR is 828%. The
compressive and tensile strengths of the HGMs/SR composites are
increased by 466% and 108%, respectively, at an HGMs filling vol-
ume of 50%. However, the compressive strengths of the composites
are quite different from their hydrostatic compressive strengths.
The main reason for this is that the strength of SR is low, and its
deformation is large when under stress, which leads to its
displacement and contact with the HGMs filler. When the HGMs
are in contact with each other, the spherical structures of the HGMs
lead to a concentration of stress, which results in their breakage.
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4.6. Comparative analysis of the thermal insulation and pressure
resistance of the HGMs/SR composites

Taking the K1 HGMs/SR composites as an example, the curves of
their thermal conductivity and compressive strength according to
the volume fraction of the HGMs are shown in Fig. 14. The data
shows that an increase in the filling amount of the HGMs improves
the compressive strength and reduces the thermal conductivity of
the composites. In other words, the filled HGMs both improve the
thermal insulation and the pressure resistance of the composites.
This breaks the traditional concept that thermal conductivity and
compressive strength tend to show opposite trends.

In terms of thermal insulation properties, the hollow structure is
introduced into the composites upon the filling of the HGMs. This
increases the closed porosity, preventing the propagation of heat
flow in the composites, and therefore leading to an improvement in
the thermal insulation properties of the composites. In terms of
pressure resistance, the load-bearing phase of the composites
changes from the former elastic SR to both HGMs and SR. The
intrinsic compressive strength of the HGMs is greater than that of
the SR, therefore leading to an improvement in the compressive
strength of the composites.

According to the heat transfer analysis above and the experi-
mental results, to simultaneously improve the thermal insulation
properties and pressure resistance of the composites, it is necessary
to increase their porosity and also increase the intrinsic strength of
the matrix material. To improve the compressive strength of SR,
which functions as the matrix material in the composites, its mo-
lecular structure should bemodified. For example, rigid side groups
can be introduced into the molecular chain of the SR, and its curing
cross-linking nodes can be increased to increase its degree of
curing.

5. Conclusions

To meet the needs of deep ITP-coring devices, composite ma-
terials were prepared with excellent thermal insulation properties
by combining different types of HGMs with SR. The specific con-
clusions of this research are as follows.

The HGMs fillers enhance the thermal insulation and pressure
resistance properties of the corresponding composites. Upon an
increase in the volume fraction of the K1 HGMs from 0% to 50%, the
thermal conductivity of the composites decreases from 0.19 to
0.11 W/m$K, and the compressive strength of the composites in-
creases by 460%, from 0.065 to 0.37 MPa. This shows that the
thermal insulation resistance and pressure resistance properties



Fig. 12. Thermal analysis curves of SR and two HGMs/SR composites. a Pure SR. b HGMs/SR composites with 15 vol% IM30K HGMs. c HGMs/SR composites with 31 vol% IM30K
HGMs.
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can be simultaneously improved by introducing porosity and high
strength bearing phase into the composites.

The HGMs/SR thermal insulation composites prepared in this
work exhibit excellent thermal stability (a thermal decomposition
temperature of up to 466.8 �C), as well as strong corrosion and
weather resistance. The composite materials are intended to be
318
used in deep ITP-coring devices, but they can also be used for
thermal insulation of oil pipelines in transportation processes and
thermal insulation of high-temperature pipelines in the chemical
industry.

A disadvantage of the HGMs/SR thermal insulation composites
prepared in this work is that their compressive strength is not high



Fig. 13. a Tensile strengths (fracture strengths) of the HGMs/SR composites according to their volume fraction of HGMs. b Compressive strengths (compressive strain 10%) of the
HGMs/SR composites according to the volume fraction of HGMs.

Fig. 14. Coupling curves of the thermal conductivity and compressive strengths of the
K1 HGMs/SR composites.
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enough. The highest compressive strength of the K46 HGMs/SR
composites is only 0.60 MPa. Therefore, in future work, the mo-
lecular structure of SR will be further modified to improve the
pressure resistance properties of the composites.

The thermal insulation and mechanical properties of the HGMs/
SR composites developed in this work have been exploring in-
depth under high temperature and pressure conditions. Overall,
HGMs/SR composites have been designed and improved toward
the development of materials for use in ITP-coring devices.
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