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To establish in-situ fluidized coal mining technology and a theory of mining mechanics for deep coal resources, it is crucial to
obtain a “fidelity rock core” that maintains deep in-situ conditions to understand the physical mechanics of deep rock. Doing
so requires the development of in-situ condition-preserved coring (ICP-coring) technology. In this work, hollow glass
microsphere/epoxy resin (HGM/EP) composite insulation materials with high strengths were prepared. An epoxy resin matrix
with high strength and high-temperature resistance was selected from among epoxy resins cured by different curing agents.
Then, a series of composite insulation materials with different HGM volume fractions were prepared. The mechanical
strengths of the composites decreased with increasing HGM volume fraction. Then, thermal insulation materials suitable for
different ICP-coring depths were selected. Changes in the thermal conductivities and mechanical strengths of the composites
were characterized after they were subjected to high water pressure (45MPa). Verification of the applicability of the thermal
insulation material under high water pressure (45MPa) conditions demonstrated that it met the working requirements for the
ICP-coring device.

1. Introduction

China’s total coal consumption remains high, and tradi-
tional coal mining and utilization produce large amounts
of carbon dioxide emissions and environmental pollution
[1]. According to China’s energy development strategy, coal
will remain the basic energy source for a long time [2]. Shal-
low coal resources are becoming exhausted, and the depth of
underground mining is gradually increasing and has cur-
rently reached around 1500m [3, 4]. Nearly 70% of China’s
coal resources are distributed below 2000m. Therefore, min-
ing deep coal resources is imperative [5].

Considerable experience in mining shallow coal
resources has accumulated. However, deep coal resources
are very different from shallow coal resources [6, 7], and
the deep environment is characterized by “high temperature,
high stress, and high osmotic pressure” [8–10]. Temperature
has a significant impact on the physical and mechanical
properties and permeability of rock [11–14]. Current basic
research on the development of deep coal resources is highly
insufficient [15]. Traditional research on rock characteristics
is based on the establishment of an “ordinary core” that has
lost its in-situ temperature and osmotic pressure [16]. When
faced with the limitations of the deep formation
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environment, traditional mining and mechanics theories are
unable to solve the technical problems of deep coal mining
[17, 18]. There are severe challenges to the green, safe, and
efficient production of deep coal [19]. In-situ fluidized coal
mining is expected to break through the depth limit of coal
resource mining; address the low production efficiency, poor
safety, and poor resource exploitation rate faced in the min-
ing industry; and reform the mining of deep coal resources
[20, 21]. To establish in-situ fluidized coal mining technol-
ogy and a dynamics theory for deep mining of coal
resources, it is crucial to explore the physical mechanics of
rock at different depths [22]. A “fidelity rock core” that
maintains deep in-situ conditions is essential and can be
obtained through in-situ condition-preserved coring (ICP-
coring) technology [23, 24].

Every 100m below the surface, the rock temperature
increases by approximately 3°C. Therefore, deep rocks and
shallow rocks have very different temperatures [25]. For
example, at a depth of 5000m, the rock core temperature
can reach approximately 150°C. Maintaining the in-situ tem-
perature of a deep rock core requires the development of a
set of in-situ temperature-preserved coring (ITP-coring)
devices. An effective method for ITP-coring is to add an
insulation layer to the coring device [26]. Sun et al. [27] used
frozen alcohol as an insulation layer to maintain the low
temperatures of natural gas hydrate (NGH) cores. The
pressure-temperature core sampler (PTCS) uses an adiabatic
inner tube as the insulation layer and maintains the low tem-
perature of NGH cores by using the Peltier effect [28]. How-
ever, these thermal insulation coring devices are intended to
maintain the low temperatures of NGH cores [29, 30],
whereas the goal in obtaining deep in-situ rock cores is to
maintain high temperatures. Both the First Oceanographic
Institute of China and PTPS add a vacuum layer to the cor-
ing device as an insulation layer [31, 32], but this approach
reduces the impact strength of the coring device while
increasing its volume and cost.

Zhu et al. proposed using polyurethane foam as the ther-
mal insulation material for coring devices [33]. However,
polyurethane foam has poor water resistance and loses its
thermal insulation capacity in deep high-pressure water
environments. Polyurethane has low compressive strength
and requires additional reinforcement layer. Therefore,
polyurethane foam is not the best choice for insulating a
deep coring device.

To realize temperature-preserved coring of a deep ITP-
coring system within a small volume, thermal insulation
materials with high compressive strength and high thermal
stability are needed [34]. A high-strength insulation material
can be used as the insulation layer of the coring device with-
out an added reinforcement layer, which would reduce the
size of the coring device compared with a device with a vac-
uum or polyurethane insulation layer. Epoxy resin (EP) is a
thermosetting polymeric material with excellent mechanical
properties and low thermal conductivity [35]. Hollow glass
microspheres (HGMs) are microspheres with hollow struc-
ture and low thermal conductivity [36]. Based on the prop-
erties of EP and HGMs, high-compressive-strength
insulation materials suitable for ITP-coring devices can be

prepared. Here, the EP matrix material with the highest
compressive strength was selected from among EPs with dif-
ferent curing agents. High-strength HGM/EP composite
insulation materials suitable for different coring depths were
obtained. The influence of the HGM volume fraction on the
properties of the composite materials was investigated.

2. Experimental

2.1. Materials

2.1.1. Epoxy Resin. EP prepolymer is an epoxy oligomer that
is liquid at room temperature. It can be cured under certain
conditions and transformed into a rigid thermosetting resin
with a three-dimensional network structure. EP exhibits
minimal shrinkage during curing from a liquid to a solid,
and the cured material has high mechanical strength, high
thermal stability, and strong corrosion resistance. Therefore,
it is suitable for preparing a matrix of high-strength insula-
tion material [37].

The epoxy prepolymer used in this study was bisphenol
A diglycidyl ether, resin E51, which is a transparent liquid.
The viscosity was approximately 2500mPa·s (40°C), the
epoxy value was 0.48–0.54 (mol/100 g), the hydroxyl value
was 0.23–0.28 (mol/100 g), and the polymerization degree
was 0.2–0.6.

2.1.2. Hollow Glass Microspheres. HGMs have smooth sur-
faces and simple structures and are generally regular and
spherical. The key feature is a cavity structure with a very
large volume ratio [38], which contains air, inert gas, and
so on. Due to their unique structure, HGMs exhibit many
excellent properties, such as low density, low thermal con-
ductivity, good sound insulation performance, and high
electrical insulation performance [39].

The HGMs used in this experiment were K1 HGMs pro-
vided by 3M, which had a compressive strength of 1.72MPa,
thermal conductivity of 0.047W/m·K, and density of
0.125 g/cm3.

2.1.3. Other Materials. The sources and structural formulas
for other chemical materials used in the study are shown
in Table 1.

2.2. EP Selection. EP E51 reacts with the curing agent to pro-
duce a high-strength EP matrix. CICG, 594, AEEA, 2E4MI,
and mPDA were used as curing agents according to the
compressive strength desired for the cured EP and the diffi-
culty of composite material preparation. Curing processes
for different curing agents were explored, and a series of
EP matrix samples with different curing agents were pre-
pared to identify an EP matrix with high mechanical
strength and high-temperature resistance. The compressive
strengths and thermal decomposition temperatures of the
different prepared EPs are shown in Figures 1 and 2.

Figure 1 shows that the EP matrix cured with mPDA had
the highest strength, which reached approximately 194MPa.
This high strength is attributable to the rigid and stable ben-
zene ring structure of mPDA, which reduced the extent of
kneading for EP chain segments and enhanced their rigidity.
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Figures 2 and 3 show that the initial thermal decomposition
temperature of E51 EP was 231.0°C before curing. After cur-
ing with mPDA, the initial decomposition temperature of
E51 EP increased to 352.2°C. Although mPDA EP did not
have the highest thermal stability, it fully met the application
requirements for deep ITP-coring devices. Therefore, mPDA
was finally selected as the curing agent for the EP matrix.

2.3. Preparation of HGM/EP Composite Insulation Materials.
Thermal insulation materials composed of HGMs and EP
exhibit high compressive strength and low thermal conduc-
tivity. The composite materials are fluid before curing, which
is useful for manufacturing. Based on previous experimental
results [34], K1 HGMs were selected for compounding with
EP, and composite insulation materials with HGM volume
fractions of approximately 10%, 20%, 30%, 40%, 50%, and
60% were successfully prepared. These composites exhibited
different compressive strengths and thermal insulation per-
formances and can be used in ITP-coring devices operating
at different depths.

The detailed preparation process of the composite mate-
rials was as follows:

(1) According to the density of each component and the
ratio of the curing agent to E51, the required mass of
each component was determined, and the raw mate-
rials were weighed according to the calculated mass

(2) E51 and mPDA were heated in an oven at 80°C for
20min. K1 HGMs and E51 were mixed and stirred
with a mechanical mixer at a stirring speed of
60 rpm for 40min. Then, mPDA was added and stir-
red for 20min

(3) The polytetrafluoroethylene molds that were filled
with the composite prepolymer were placed in an
oven at 50°C for 1 h, 80°C for 6 h, and 180°C for
3.5 h. Finally, the prepared sample was demolded

2.4. High-Pressure Water-Loading Experiments. To verify the
resistance of the composite insulation materials to high-
pressure water, the samples were placed in a high-pressure

Table 1: Information on experimental materials.

Name Purity Manufacturer Molecular formula

Common industrial curing agent
(CICA)

Industrial
grade

Jinghong Polymer Materials
Co., Ltd.

—

EP E51
Industrial
grade

Nantong Xingchen Synthetic
Co., Ltd.

594 boramine curing agent (594)
Industrial
grade

China National Bluestar
(Group) Co., Ltd.

Methyltetrahydrophthalic
anhydride

Industrial
grade

China National Bluestar
(Group) Co., Ltd.

Diethyltetramethylimidazole
(2E4MI)

Analytical
reagent

Shanghai Macklin Biochemical
Co., Ltd.

Hydroxyethyl
aminoethylethanolamine (AEEA)

Analytical
reagent

Shanghai Macklin Biochemical
Co., Ltd.

m-Phenylenediamine (mPDA)
Analytical
reagent

Chengdu Kelong Chemicals
Co., Ltd.
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Figure 1: Compressive strengths of EP matrixes prepared with
different curing agents. The compressive strengths of EP cured by
AEEA, 594, CICA, 2E4MI, and mPDA were 82.28MPa,
87.01MPa, 93.4MPa, 143.55MPa, and 194.09MPa, respectively.
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water environment. A 45MPa high-pressure water environ-
ment was provided by equipment constructed in our laboratory,
and the pressure-loading speed was controlled at approximately
10MPa/min. After reaching the preset pressure, the pressure

was stabilized for 2h. The properties of the composite materials
were characterized after high-pressure water-loading
experiments.

2.5. Characterization Methods

2.5.1. Density. Using a model MDY350 true density-
measuring instrument (Zhengzhou Huazhi Technology
Co., Ltd., China), the gas displacement method was
employed to test the densities of the composite materials.

2.5.2. Water Absorption. The composite materials were
placed in water at atmospheric and high pressure (45MPa)
for 2 h each.

2.5.3. Scanning Electron Microscopy (SEM). SEM images of
the composite material cross-sections were obtained by
Apreo S HiVoc (Thermo Fisher Scientific Co., Ltd., the
United States of America) and SU8220 (Hitachi Co., Ltd.,
Japan) with high voltages of 8 kV and 10 kV, respectively.

2.5.4. Mechanical Properties. The compressive strengths of
the composite materials were tested with a model 5967
instrument (Instron Co., Ltd., the United Kingdom). The
compression tests were carried out according to GBT1041-
1992.

2.5.5. Thermal Insulation. The thermal conductivities of the
composite materials were tested with a hot disk device TPS7
(Hot Disk Co., Ltd., Sweden) with a test probe of 5465.

2.5.6. Thermal Stability. TG and TGA were measured with a
TA Q50 system (TA Instruments Co., Ltd., the United States
of America) with a heating rate of 10°C/s from 50 to 800°C
under a nitrogen flow rate of 50mL/min.

3. Results and Discussion

3.1. Morphology

3.1.1. HGMs. Figure 4 shows that the K1 HGMs had smooth
surfaces and completely spherical structures. Most of the
particle sizes were less than 65μm. Small HGMs were
observed in the gaps between large HGMs. Therefore, the
different particle sizes of the HGMs were conducive to the
use of one EP while filling more volume with the HGMs.

3.1.2. HGM/EP Composite Insulation Materials. As shown in
Figure 5, with low levels of HGM filling, the HGMs appeared
to be stratified in the EP matrix. This is because the EP was a
liquid before curing, and the K1 HGMs floated upward dur-
ing curing because their density was lower than that of the
liquid. Therefore, the composite materials with lower vol-
ume fractions of HGMs had hierarchical structures. In the
temperature-preserved part of the ITP-coring device, due
to the lower distributions of HGMs, the higher mechanical
strengths of the composite materials, this strength-
enhanced layer directly contacted the outside of the ITP-
coring device. The insulating layer contained a more con-
centrated distribution of HGMs close to the sides of the
ITP-coring device.
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Figure 2: Thermogravimetric (TG) curves of the EP matrixes. The
initial thermal decomposition temperatures of E51 EP, AEEA EP,
594 EP, CICG EP, 2E4MI EP, and mPDA EP were 231.0°C,
336.2°C, 368.4°C, 400.5°C, 403.7°C, and 352.2°C, respectively. The
ending thermal decomposition temperatures of E51 EP, AEEA
EP, 594 EP, CICG EP, 2E4MI EP, and mPDA EP were 459.95°C,
394.5°C, 490.3°C, 441.3°C, 440.5°C, and 392.9°C, respectively.
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Figure 3: Derivative thermogravimetry (DTG) curves of the EP
matrixes. The peak thermal decomposition temperatures of E51
EP, AEEA EP, 594 EP, CICG EP, 2E4MI EP, and mPDA EP were
342.9°C, 360.4°C, 430.16°C, 420.7°C, 424.0°C, and 367.1°C,
respectively.
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When the volume fraction of the HGMs was increased to
40%, the distribution became more uniform, and the stratifi-
cation almost disappeared. Figure 5 shows that when the
HGM volume fraction was increased gradually, the number
of broken HGMs also increased. HGMs were destroyed dur-

ing the mixing process. The extent of mutual extrusion
between HGMs increased when more HGMs were added,
which is more likely to lead to stress concentration and frag-
mentation of HGMs. When the volume fraction of the
HGMs was increased to 60%, the HGMs were extruded in
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Figure 4: SEM images of K1 HGMs.
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Figure 5: HGM/EP composite insulation materials with different HGM volume fractions: (a) 10%, (b) 20%, (c) 30%, (d) 40%, (e) 50%, and
(f) 60%.
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Figure 6: Compatibility of HGMs with the EP matrix with volume fractions of (a) 20%, (b) 40%, and (c) 50%.
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the EP matrix, and more HGMs were broken. It is likely that
further increasing the HGM volume fraction will result in
greater HGM destruction due to interference contact [40].

Figure 6 shows that there was a natural connection
between the HGMs and the EP matrix, which showed good
compatibility and no obvious gaps. This was conducive to
improving the overall strengths of the composites [41].
Figure 6 shows that HGMs with smaller particle sizes were
distributed in the gaps generated by HGMs with larger par-
ticle sizes, which confirmed that different HGM particle sizes
were conducive to filling with more HGMs.

3.2. Thermal Stability. The temperature of the deep in-situ
environment is very high. When the coring depth reaches
approximately 5000m, the ground temperature can reach
approximately 150-200°C. Common thermal insulation
materials decompose at these temperatures, the structure of
the material is destroyed, and thermal insulation and
mechanical strength are lost. Therefore, it is necessary to
determine the thermal stabilities of the composite insulation
materials. Figure 7 shows that the residual masses of the
composite materials increased with increasing HGM volume
fraction. Furthermore, according to Figure 8, the addition of
HGMs did not reduce the thermal stability of the EP, and the
temperatures of the initial thermal decomposition of the
composite materials were stable and above 350°C, fully
meeting the requirements for ITP-coring. Figures 7 and 8
show that the introduction of HGMs slightly improved the
initial thermal decomposition temperatures of the composite
insulation materials and enhanced their thermal stabilities.
The addition of HGMs reduced the thermal conductivity
of the material. Therefore, the external temperature must
be increased to achieve the same thermal effect for the com-
posite materials.

3.3. Water Resistance. Deep in-situ core-taking occurs under
high-pressure water conditions. Since the thermal conduc-
tivity of water is higher than those of thermal insulation
materials, water absorption leads to increases in the thermal
conductivities of the materials and reduced thermal
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Figure 7: TG curves of the HGM/EP composite insulation
materials. The initial thermal decomposition temperatures of the
HGM/EP composite insulation materials with HGM volume
fractions of 10 vol%, 20 vol%, 30 vol%, 40 vol%, 50 vol%, and
60 vol% were 354.3°C, 351.7°C, 356.5°C, 356.5°C, 353.9°C, and
356.0°C, respectively. The ending thermal decomposition
temperatures were 392.1°C, 396.3°C, 395.5°C, 394.4°C, 394.5°C,
and 394.8°C, respectively.
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Figure 8: DTG curves of the HGM/EP composite insulation
materials. The peak thermal decomposition temperatures for the
HGM/EP composite insulation materials with HGM volume
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insulation performance. After water absorption, the original
structure of the material is destroyed, which affects its
mechanical strength. Therefore, it is necessary to quantify
the water absorption of the insulation materials. As shown
in Figure 9, the water absorption rates for the composite
materials were almost 0% under atmospheric pressure,
which indicated that the overall structures of the materials
were very dense and without loose pores. After immersion
in water with a pressure of 45MPa for 2 h, the composite
materials absorbed water to varying degrees, but the highest
water absorption percentage did not exceed 5.5%. The sur-
face of the insulation material was ground and polished dur-
ing sample preparation, which led to fragmentation of
HGMs on the surface of the composite material and the for-
mation of pores into which high-pressure water could be

injected. However, in the actual coring process, the material
will absorb less water. Therefore, in terms of water resis-
tance, the insulation material can be used with a water pres-
sure of 45MPa.

3.4. Mechanical Properties. Deep in-situ core-taking involves
high ground pressures, and thermal insulation materials
with low compressive strength will be squeezed and broken,
reducing their thermal insulation capability. Therefore, the
compressive strength of the thermal insulation material is a
key performance factor. High-strength EP provides thermal
insulation materials with high overall compressive strengths
[42, 43]. The strengths of the HGMs used were much lower
than that of the EP matrix. Figure 10 shows that the
strengths of the composite materials decreased gradually
with increasing HGM volume fraction. When the HGM fill-
ing level reached 50%, the compressive strength of the com-
posite material was stable at approximately 50MPa.
However, when the HGM volume fraction exceeded 60%,
the composite materials had a relatively high viscosity before
curing. Further increases in the volume fraction of HGMs
would lead to uneven dispersion of the HGMs and difficul-
ties in molding the material. Consequently, the maximum
HGM volume fraction used for the composite insulation
materials was 60%.

After immersion in water at a pressure of 45MPa for 2 h,
the compressive strengths of the composite materials
decreased slightly, and the maximum reduction ratio did
not exceed 13%. When the filling amount of HGMs was
60 vol%, the compressive strength reached 47.5MPa after
immersion in water at a pressure of 45MPa for 2 h.

Composite materials with different HGM volume frac-
tions exhibited different compressive strengths. Therefore,
composite materials with appropriate strengths can be
selected as thermal insulation materials for the ITP-coring
device according to the demands of the coring depths to be
used. For every 100m depth below the ground surface, the
rock pressure increases by approximately 2.5MPa [44].
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Figure 10: Compressive strength curves of the HGM/EP composite
insulation materials.

0 10 20 30 40 50 60
0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

D
en

sit
y 

(g
/c

m
3 )

Volume fraction of HGMs (%)

Figure 11: Densities of the HGM/EP composite insulation
materials with the indicated HGM volume fractions.

0 10 20 30 40 50 60
0.12

0.14

0.16

0.18

0.20

0.22

0.24

0.26

�
er

m
al

 co
nd

uc
tiv

ity
 (W

/m
·K

)

Volume fraction of HGMs (%)

�ermal conductivity (atmospheric pressure)
�ermal conductivity (45 MPa)

Figure 12: Thermal conductivity curves of the HGM/EP composite
insulation materials.

7Geofluids



Taking a coring depth of 2000m as an example, the rock
pressure is approximately 50MPa. Composite materials with
a 60% HGM volume fraction can be selected as the thermal
insulation material for the ITP-coring device and ensure the
best thermal insulation performance.

3.5. Density. Density is one of the main factors affecting a
material’s thermal insulation performance. Generally, a
lower material density leads to a lower proportion of heat-
conducting medium, a lower thermal conductivity, and bet-
ter insulation performance. Since the density of K1 HGMs is
much lower than that of the EP matrix, an increase in the
HGM volume fraction should lead to a decreased density
of the composite material. Figure 11 shows that an increase
in the HGM filling amount increased the extent of mutual
extrusion, and destruction of the HGMs became more com-
mon. However, when a certain number of HGMs was added,
the number of damaged HGMs was far less than the number
of filled HGMs, so the density decreased regularly with
increasing HGM volume fraction.

3.6. Thermal Insulation Performance. Within the environ-
ment and structure of the ITP-coring device, the performance
of the thermal insulation materials mainly depends on their
thermal conductivity [45]. The lower the thermal conductiv-
ity, the better the insulation performance of the material.
The thermal conductivities of the HGMs are lower than that
of the EP matrix [46]. Figure 12 shows that the thermal con-
ductivity of the composite decreased gradually with increasing
HGM volume fraction. When the HGM volume fraction was
increased to 60%, the thermal conductivity of the composite
material reached its lowest value, 0.137W/m·K.

After immersion in water at a pressure of 45MPa for 2 h,
the surface of the material absorbed water, which resulted in
a slight increase in thermal conductivity. Figures 9 and 12
show that, overall, absorption of more water by the compos-
ite materials under high water pressure led to higher thermal
conductivities.

4. Conclusions

Studies of EP properties demonstrated that the mPDA EP
was a high-strength matrix for composite insulation mate-
rials. Then, composite insulation materials suitable for dif-
ferent coring depths were prepared by combining the EP
and HGMs. The applicability of the resulting composite
insulation material under high water pressure (45MPa)
was verified in high-pressure water-loading experiments.
The conclusions are as follows:

(1) Based on the mechanical strength and thermal sta-
bility of the EP, mPDA was selected as the curing
agent for the EP matrix from among several curing
agents tested

(2) The HGM/EP composite insulation materials exhib-
ited high thermal stability. The thermal decomposi-
tion temperatures of composite materials with
different HGM volume fractions were above 350°C,
which is suitable for the ITP-coring device

(3) The compressive strengths of the HGM/EP composite
insulation materials decreased with increasing HGM
volume fraction. When the HGM volume fraction
was increased by 50%, the compressive strength of the
composite materials reached approximately 51.2MPa
and the strength of the composite tended to be stable

(4) The thermal conductivities of the HGM/EP compos-
ite insulation materials decreased with increasing
HGM volume fraction. When the HGM volume
fraction reached its maximum value of 60%, the
thermal conductivity reached its minimum value of
0.137W/m·K

The high-strength thermal insulation materials devel-
oped in this paper can be used for deep ITP-coring devices.
In addition, due to their low density, high strength, and high
insulation performance, they can also be applied to deep-sea
buoyancy materials, deep-sea pipeline insulation materials,
aerospace insulation materials, etc.
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