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ABSTRACT

Deep oil and gas reservoirs are under high-temperature conditions, but traditional coring methods do
not consider temperature-preserved measures and ignore the influence of temperature on rock porosity
and permeability, resulting in distorted resource assessments. The development of in situ temperature-
preserved coring (ITP-Coring) technology for deep reservoir rock is urgent, and thermal insulation ma-
terials are key. Therefore, hollow glass microsphere/epoxy resin thermal insulation materials (HGM/EP
materials) were proposed as thermal insulation materials. The materials properties under coupled high-
temperature and high-pressure (HTHP) conditions were tested. The results indicated that high pressures
led to HGM destruction and that the materials water absorption significantly increased; additionally,
increasing temperature accelerated the process. High temperatures directly caused the thermal con-
ductivity of the materials to increase; additionally, the thermal conduction and convection of water
caused by high pressures led to an exponential increase in the thermal conductivity. High temperatures
weakened the matrix, and high pressures destroyed the HGM, which resulted in a decrease in the tensile
mechanical properties of the materials. The materials entered the high elastic state at 150 °C, and the
mechanical properties were weakened more obviously, while the pressure led to a significant effect
when the water absorption was above 10%. Meanwhile, the tensile strength/strain were 13.62 MPa/1.3%
and 6.09 MPa/0.86% at 100 °C and 100 MPa, respectively, which meet the application requirements of the
self-designed coring device. Finally, K46-f40 and K46-f50 HGM/EP materials were proven to be suitable
for ITP-Coring under coupled conditions below 100 °C and 100 MPa. To further improve the materials
properties, the interface layer and EP matrix should be optimized. The results can provide references for
the optimization and engineering application of materials and thus technical support for deep oil and gas
resource development.
© 2024 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-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

Shallow mineral resources are being gradually exhausted, and
the exploitation of resources is moving into the deep earth (Xie et al.,

Abbreviations: ITP-Coring, In situ temperature-preserved coring; HGM]/EP,
Hollow glass microsphere/epoxy resin; HTHP, High-temperature and high-pressure.
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2017, 2021b, 2023). As the exploitation depth has reached 7500 m,
the mining of deep oil and gas has become normal (Xie et al., 2018,
2019, 2021a). Deep oil and gas are generally under high-temperature
conditions (Pang et al., 2015; Yin et al., 2019; Feng et al., 2020), which
will lead to great changes in rock permeability and seepage (Liang
et al., 2005; Wei and Sheng, 2023; Yin et al., 2021a). Saif et al.
(2017) found that oil shale exhibited connected pores and frac-
tures by performing computed tomography under high-temperature
conditions. Zhao et al. (2012) found that the porosity of Daqing and
Yan'an oil shale samples significantly increased in the temperature
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range of 100—200 °C. Ruckdeschel et al. (2017) concluded that
permeability was related to the connectivity of pores and fractures.
The evaluation and exploitation of oil and gas resources are related
to the porosity and permeability of reservoir rock, which affects the
accurate evaluation of resources (Zhou et al.,, 2010; Zhang et al.,
2023; Yin et al,, 2021b; Feng et al., 2019). Scientific drilling is an
important means in the field of oil and gas exploration. However,
due to the lack of temperature-preserved methods in traditional
deep continental coring, the distortion of the core temperature will
lead to the inability to obtain complete and accurate oil and gas
reserve information. Therefore, academician Xie Heping proposed
that developing a deep rock in situ temperature-preserved coring
system (ITP-Coring) was necessary to maintain the rock temperature
for subsequent test analysis (Xie et al., 2020; He et al., 2020; Huang
et al, 2022).

However, only deep-sea coring systems included thermal
insulation technology (as shown in Table 1). Deep rock is in an
environment with high temperatures and high pore water pres-
sures (He et al., 2022). Under these conditions, the common ther-
mal insulation materials adopted in the existing coring devices will
break and absorb water, resulting in a loss of thermal insulation
performance, which will not be suitable for deep rock ITP-Coring.
HGM/EP materials possess the advantages of high strength, low
thermal conductivity and high hydrostatic pressure resistance and
are widely used in deep-sea pipeline insulation (Singewald et al.,
2022; Kiran et al., 2021; Ren et al., 2022). Therefore, HGM/EP ma-
terials are hopeful to be used for deep rock ITP-Coring.

The physical and mechanical properties of HGM/EP materials
are directly related to the feasibility of the ITP-Coring operation.
Due to the wide application of HGM/EP materials, many scholars
have studied the influence of high temperature or high hydrostatic
pressure on the performance of HGM/EP materials (as shown in
Table 2). However, the temperature and pressure levels applied in
the existing research are relatively low, and the coupled working
environment of high temperature and high hydrostatic pressure of
deep rock ITP-Coring is not considered.

HGM/EP materials were innovatively proposed as thermal
insulation materials for deep rock ITP-Coring in this manuscript.
Based on previous studies (He et al., 2021; Xue et al., 2023), HGM/
EP materials with excellent comprehensive performance were
studied further. The influence and mechanism of the temperature-
pressure coupling conditions on the physical and tensile mechan-
ical properties of the materials were explored, and the applicability
of the materials was further verified by experiments. The results
provide references for the application and optimization of the
properties of HGM/EP materials.

2. Test methods of thermal insulation materials under HTHP
conditions

2.1. Specimen preparation for thermal insulation materials

Here, the HGM/EP materials consist of HGM from 3M™ as a filler

Table 1
Representative coring devices including thermal insulation technology.
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in epoxy resin. The HGM possesses good thermal insulation per-
formance, while the EP matrix possesses a high strength, which
makes the HGM/EP materials simultaneously possess the above
two advantages. E—-51 epoxy resin was selected as the matrix, and
2-ethyl-4-methylimidazole was selected as the curing agent. Ac-
cording to previous research results (Xue et al., 2023), K46-HGM/EP
materials had good thermal conductivity and mechanical proper-
ties, so we chose K46 HGM as the filler, as shown in Table 3. The
volume fractions of the filler were 0%, 40% and 50%. The curing
process in material preparation was curing at 80 °C for 1 h and
170 °C for 3 h.

The tensile test specimens are dumbbell-shaped, and the
effective length x width x thickness is 80 x 10 x 4 mm. The
thermal conductivity test specimens are 45 x 11 mm.

2.2. Testing methods

Since the HGM/EP materials will be applied in an HTHP coring
environment, performance tests at different temperatures and
pressures must be conducted. The specimens were named K46-f0,
K46-f40, and K46-f50 according to the volume fraction. Coupling
conditions with four temperatures of 25, 50, 100 and 150 °C and
four pressures of 0, 50, 100 and 140 MPa were tested.

Taking the material performance test at the coupling conditions
of 150 °C and 140 MPa as an example, the testing steps were as
follows: @ The specimens were first placed in water at 150 °C and
140 MPa for 2 h (considering the actual coring time). @ The water
absorption of the material in the HTHP conditions was then
measured. @ Since the thermal conductivity and tensile mechan-
ical tests could not be carried out under hydrostatic pressure con-
ditions, only a real-time high temperature of 150 °C was applied in
these two tests after water absorption was obtained. In addition,
when the pressure was 0 MPa and the water boiling point was
100 °C, the thermal conductivity and tensile mechanical tests at
150 °C were directly carried out, without step ®.

The instrument used in step @ is the deep in situ condition
simulation system of the State Key Laboratory of Intelligent Con-
struction and Healthy Operation and Maintenance of Deep Under-
ground Engineering, Sichuan University (Fig. 1). The system can
provide coupled HTHP conditions of up to 160 °C/200 MPa.

3. Physical properties of thermal insulation materials under
HTHP conditions

3.1. Water absorption under different HTHP conditions

As shown in Fig. 2, the water absorption results of the materials
at 0, 50, 100 and 140 MPa with different temperature conditions
were obtained. The water absorption of the materials was close to
0% at 0 MPa, which indicated that the HGM/EP materials were
basically nonabsorbent under only the temperature effect
(Fig. 2(a)). The maximum water absorption of the EP matrix (with a
0% volume fraction of HGM) was 2.36% under the coupling
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Table 2
Research on the physical and mechanical properties of HGM/EP materials.
Test items Temperature and pressure References
Triaxial compression -5, 23,50, 80 °C Zhai et al. (2020, 2022)
0 MPa
Water absorption and compressive properties 25,70 °C Gupta and Woldesenbet (2003)
0 MPa

Hydrostatic compression

Room temperature

Liu (2019)

15—-150 MPa

Water absorption

Room temperature

Li et al. (2019)

70 and 45 MPa

Water absorption

Room temperature

Yan et al. (2011)

111 and 121 MPa

Water absorption 50, 70, 95 °C Wang and Lou (2002)
17 MPa

Water absorption Room temperature Chen et al. (2018a, b)
45 MPa

Mechanical properties and water absorption 25, 40, 60 °C Pan (2005)
0 MPa

Compressive properties 20, 40, 80 °C Wang (2018)
0 MPa

Tensile and shear properties

0, 25, 40, 60, 80 °C

Tan et al. (2013)

0 MPa

Compressive properties, water absorption and thermal conductivity

Room temperature

He et al. (2021)

010, 20, 40, 60 MPa

Compressive properties

60, 100, 125, 150 °C

Zhang et al. (2022)

0 MPa

Hyperbaric compression and Arcan shear

4,50, 100 °C

Choqueuse et al. (2010) and Le Gall et al. (2014)

45, 50 75, 85, 90 MPa

Table 3
Properties of the K46 HGM applied in the tests.

3 Particle size
distribution, pm
10th% 50th% 90th%

15 40 75

HGM Compressive strength, MPa Density, g-cm™

K46 4134 0.46

Note: 10th% indicates that the HGM smaller than the particle size shown in the table
account for 10% of the total particles, and the other volume fractions have similar
definitions.

=i

xternal heating system
) v, "
X )

Temperature and
pressure controlling
system

Tensile test
specimens

Thermal conductivity
test specimens

Fig. 1. Deep in situ condition simulation system.

conditions of 140 MPa and 150 °C. The matrix can be considered
nonabsorbent. The water absorption of the thermal insulation
materials was mainly affected by the content of HGM and the in-
ternal pores (produced during preparation). For the HGM/EP ma-
terials with 40% and 50% volume fractions of HGM, the water
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absorption nonlinearly increased with increasing temperature. In
particular, when the pressure was lower than 140 MPa, the water
absorption of the HGM/EP materials significantly increased when
the temperature reached 150 °C. When the pressure was 140 MPa,
the thermal conductivity test specimens of the K46-f50 HGM/EP
material showed that water was obviously absorbed at 25 °C
because the pressure had reached the intrusion threshold
(Fig. 2(d)). Meanwhile, with the continuous increase in tempera-
ture, the water absorption sharply increased. The material reached
saturation without a further significant increase in water absorp-
tion when the temperature exceeded 100 °C. Under the coupling
conditions of 140 MPa and 150 °C, the water absorption of the K46-
f50 HGM/EP material tensile and thermal conductivity test speci-
mens was 44.74% and 46.71%, respectively, while that of the K46-
f40 HGM/EP material specimens was 29.88% and 32.82%. Due to
the difference in the HGM volume fraction, the water absorption of
the K46-f50 HGM/EP material was greater than that of K46-f40.

The effects of pressure on water absorption are shown in Fig. 3.
The water absorption of the HGM/EP materials gradually increased
with increasing pressure. Therefore, combined with Fig. 2, pressure
could be considered to be the cause of the water absorption of the
thermal insulation materials, and a temperature increase promoted
the water absorption process. When the temperature was below
100 °C, the water absorption of the HGM/EP materials significantly
rose when the pressure reached 100 or 140 MPa. In contrast, the
HGM/EP materials showed obvious water absorption at 50 MPa
when the temperature reached 150 °C (Fig. 3(d)).

During the curing process, the EP bonded with the HGM to form
the thermal insulation material, but the interface between the HGM
and the EP matrix was relatively weak. As the pressure increased,
water entered the pores of the material and the interface layer,
which further deteriorated the bonding effect and broke the HGM.
At the same time, water absorption steeply increased when the
HGM component was destroyed (Fig. 4). The larger the volume
fraction of HGM, the more water storage space there would be,
resulting in greater water absorption. As shown in Fig. 5, the HGM/
EP materials were affected by the HTHP conditions, the HGM walls
exhibited obvious cracks, and many fragments appeared (Fig. 5(b)
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Fig. 2. Material water absorption at 0, 50, 100 and 140 MPa with different temperatures.

and (¢)). This significantly differed from the specimens not affected
by HTHP (Fig. 5(a)), supporting the analysis in Fig. 4. Considering
the above results and previous work (He et al., 2021), we concluded
that the high pressure provided the basis for water absorption and
that the high temperature aggravated the thermal motion of the
water molecules, finally leading to the water absorption increasing
under HTHP conditions. Notably, at low temperature and pressure,
water might primarily enter the interface layer, leading to an in-
crease in water absorption. In contrast, at high temperature and
pressure, the main mechanism for a significant increase in water
absorption is damage to HGM.

3.2. Thermal conductivity under different HTHP conditions

A Hot Disk TPS 2500 S was adopted to measure the thermal
conductivity of the materials. As shown in Fig. 6, the test results of
the thermal conductivity of the HGM/EP materials at 0, 50, 100 and
140 MPa with different temperatures were obtained. The thermal
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conductivity of the materials increased with increasing temperature
under different pressures, and most of them showed an obvious
linear variation. The EP matrix (K46-f0) thermal conductivity was
generally greater than that of the K46-f40 and K46-f50 HGM/EP
materials when the pressure was less than 140 MPa, and the rate of
increase in the thermal conductivity was larger. However, when the
conditions reached 150 °C and 140 MPa, the change in the K46-f50
material thermal conductivity transformed from a linear to an
exponential trend, and the thermal conductivity reached 1.15473 W/
m-K, which was 467.1% higher than that at 25 °C (Fig. 6(d)). Because
the K46-f50 material water absorption reached more than 40%
(Fig. 2(d)), the absorbed water had a significant effect on the thermal
conductivity. Correspondingly, the K46-f40 and K46-f50 HGM/EP
materials thermal conductivities were generally higher than that of
the EP matrix under the same conditions. The thermal conductivities
of the K46-f40/K46-f50 HGM/EP materials increased by 8.5%/13.1%,
10.6%/12.0%, 66.7%/264.8% and 80.2%/467.1% from 25 to 150 °C at 0,
50,100 and 140 MPa, respectively. The rate of increase in the thermal
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Fig. 5. Phenomenon of high-pressure water entering the thermal insulation materials observed through SEM.
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Fig. 6. Material thermal conductivities at 0, 50, 100 and 140 MPa with different temperatures.

conductivity of the two materials also increased, and the rate of under the same conditions, which eventually led to a greater in-
increase of the K46-f50 material was greater than that of K46-f40. crease than that of the K46-f40 material under the further influence
This was because the K46-f50 material had a larger water absorption of temperature.
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The effects of pressure on thermal conductivity are shown in
Fig. 7. The K46-f0 material thermal conductivity had no significant
change with pressure due to the low water absorption, indicating
that the EP matrix thermal conductivity was only related to tem-
perature. However, the thermal conductivities of the K46-f40 and
K46-f50 HGM/EP materials obviously increased with increasing
pressure under different temperatures. Due to the higher water
absorption under HTHP conditions, the change trend transformed
from a linear relationship with the single effect of temperature
(25 °C/50 °C) to an exponential relationship with the coupling ef-
fect of higher temperature (100 °C/150 °C) and pressure. Therefore,
according to the above test results, a high temperature can be
concluded to induce an increase in the thermal conductivity of the
thermal insulation materials, and a high pressure can be concluded
to greatly promote the increase in the thermal conductivity.

Thermal insulation materials work by blocking the heat transfer
path and reducing the heat exchange rate (Ruckdeschel et al., 2017).
HGM/EP materials possess good thermal insulation performance
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due to the thin gas in the HGM, but there are still four main heat
transfer paths (Xing et al., 2020): @ Thermal conduction of the EP
matrix and glass walls of the HGM; @ Thermal conduction of the
gas in the HGM; ® Thermal radiation of the glass walls of the HGM;
and @ Thermal convection of the gas in the HGM. Some of the HGM
were broken under the HTHP conditions, and high-pressure water
filled the space created. Two new heat transfer paths were added as
a result: thermal conduction and convection of water (Fig. 8). The
heat transfer rate of water was obviously higher than that of thin
gas, especially in a high-temperature environment, which led to an
increase in the thermal conductivity, that is, a decrease in the
thermal insulation performance. This is the reason why the thermal
conductivity of the HGM/EP materials sharply rose in the deep
coring environment with HTHP conditions. Fig. 9 confirms this
opinion. The thermal conductivity and water absorption are both
influenced by temperature. Interestingly, the variation in the
thermal conductivity was also dependent on the water absorption.
Overall, the variation patterns of thermal conductivity and water
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Fig. 7. Material thermal conductivity at 25, 50, 100 and 150 °C with different pressures.
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absorption were generally consistent, showing linear or nonlinear
growth. However, due to the scale range, this may not be evident
under certain conditions.

In summary, from the water absorption and thermal conduc-
tivity test results, water absorption of more than 10% is considered
to have a significant effect on the thermal conductivity of the HGM/
EP materials. We can preliminarily conclude that the K46-f40 and
K46-f50 HGM/EP materials are suitable for ITP-Coring under
coupled temperature and pressure conditions below 100 °C and
100 MPa.

4. Tensile mechanical properties of thermal insulation
materials under HTHP conditions

The HGM/EP materials were applied by coating them on the
outside of the cylindrical coring device. The material is in a tensile
state when there is pressure inside the coring device. Therefore, the
tensile mechanical properties of the materials under coring con-
ditions must also be studied. After pretreatment for 2 h under HTHP
conditions, tensile tests were conducted in real-time at a high
temperature.

An Instron universal material testing machine was adopted. The
results are shown in Fig. 10. The tensile strength gradually
decreased with increasing temperature with a linear correlation.
The tensile strength of the three materials decreased by 82.32%,
73.66% and 77.48% at 0 MPa and 150 °C (Fig. 10(a)). Although the
materials had a low water absorption at a pressure of 0 MPa with
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different temperatures (Fig. 2(a)), the tensile strength still linearly
decreased with temperature. Therefore, a temperature increase can
be considered to decrease the tensile strength of the materials. In
contrast, the tensile strain of the K46-f0 material gradually
increased with increasing temperature, and there was a sharp in-
crease at 150 °C (Fig. 10(b)). The tensile strain of the two thermal
insulation materials only increased as the temperature approached
150 °C with a pressure below 140 MPa. At 140 MPa, the tensile
strain first slowly increased as the temperature increased and then
still sharply increased at 150 °C because the two HGM/EP materials
had significant water absorption (Fig. 10(h)). The results showed
that an increase in the temperature led to an increase in the tensile
strain and obvious ductility characteristics of the EP matrix. In
particular, the EP matrix entered the high elastic state when the
temperature exceeded the glass transition temperature (137.52 °C),
and the gain effect of temperature on the matrix tensile strain was
greatly enhanced, whereas the HGM addition inhibited this phe-
nomenon. However, when the water absorption was above 10%, the
HGM debonding and breakage caused the loaded object to change
to the matrix. Therefore, the inhibition effect was weakened,
resulting in a sharp increase in the tensile strain of the HGM/EP
materials.

The influences of pressure on the tensile strength and strain are
shown in Fig. 11. The EP matrix tensile strength and strain did not
significantly change with increasing pressure due to a lack of water
absorption. At 25 and 50 °C, the rising pressure had little effect on
the HGM/EP materials tensile strength and strain because the
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Fig. 9. Dependence of the thermal conduction on water absorption.

influence of pressure on the material mainly comes from the water
absorption increase, while the water absorption was generally low
under these two temperature conditions (Fig. 3(a) and (b)). At
100 °C, the tensile mechanical properties were gradually weakened
by the rising pressure. When the pressure reached 100 MPa and
above, the water absorption was greater than 10%, the strength
decreased, and the strain increased, showing an accelerating trend.
At 150 °C, the materials were in a high elastic state, the strength
was low, and the strain was large overall. Meanwhile, the strength
decreased and strain increased with increasing pressure because
the water absorption exceeded 10% and continually increased.
Furthermore, an increased temperature also affected the tensile
elastic modulus of the materials (Fig. 12). The tensile elastic
modulus decreased with increasing temperature following a linear
relationship, which further indicated that the increased tempera-
ture led to significant ductility characteristics of the materials.
Under different temperatures, the tensile elastic modulus of the EP
matrix was not affected by increasing pressure. In contrast, at 50,
100 and 150 °C, the tensile elastic modulus of the HGM/EP mate-
rials decreased with increasing pressure, which indicated that the
increase in water absorption caused by pressure weakened the
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brittleness of the materials.

Scanning electron microscopy (SEM) was also performed on
material sections broken due to tension. As shown in Fig. 13(a) and
(b), the broken section of the EP matrix showed a moire pattern at
25 °C, while the section was smooth on both the micro- and mac-
roscales at 150 °C. In the high-temperature environment, the mo-
lecular chain segment of the EP matrix continuously moved and
adjusted during the tensile failure process, resulting in a smooth
section when the specimen was destroyed. This further supported
the observation that the tensile strain increased and that ductility
characteristics appeared as the temperature increased. As shown in
Fig. 13(c) and (d), the EP matrix moire pattern of the K46-f50 HGM/
EP material was significantly reduced under HTHP conditions. The
HGM with obvious brittle characteristics debonded and broke, and
the material failure mode was mainly determined by the matrix
material. Therefore, the HGM/EP materials finally exhibited ductile
fracture under HTHP conditions.

In summary, high temperatures affected the EP matrix, while
high pressures destroyed the HGM, resulting in weakened tensile
mechanical properties of the materials. At 100 °C and 100 MPa, the
tensile strength/strain of the K46-f40 and K46-f50 HGM/EP
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Fig. 11. Material tensile strength and strain at 25, 50, 100 and 150 °C with different pressures.

materials were 13.62 MPa/1.3% and 6.09 MPa/0.86%, respectively.
From the perspective of the strain compatibility, HGM/EP materials
could still meet the 0.07% strain requirements of the self-designed
ITP-Coring device operated at 100 °C and 100 MPa. Therefore, the
HGM/EP materials could be applied as thermal insulation materials
for ITP-Coring of deep oil and gas reservoir rock at conditions below
100 °C and 100 MPa. According to the results, optimization of the
matrix and interface layer properties can be conducted to make the
materials suitable for higher temperature and pressure conditions.

5. Conclusion
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To develop deep rock ITP-Coring technology, the influences of
HTHP coupled conditions during the coring process on the physical
and mechanical properties of K46-f40 and K46-f50 HGM/EP ther-
mal insulation materials were studied. The weakening mechanism
of coring conditions on the material properties was revealed. Then,
the applicable conditions of the thermal insulation materials were
determined, which provided experimental and theoretical support
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for engineering applications and material optimization research.

(1) The increase in HGM/EP materials water absorption was

mainly dominated by high pressure. The water entered the
interface, which led to HGM destruction, and then, the water
absorption rate increased. Meanwhile, an increasing tem-
perature accelerated the water absorption. An increase in the
HGM content would also lead to an increase in water ab-
sorption. Finally, the maximum water absorption was 46.71%,
which appeared in the K46-f50 HGM/EP material under
140 MPa and 150 °C conditions.

(2) A high temperature was the cause of the increase in the

thermal conductivity of the HGM/EP materials, and the ma-
terials at high pressure had two newly added heat transfer
modes of thermal conduction and convection of water. The
thermal conductivity sharply increased, changing from a
linear increase to an exponential increase, up to 1.15473 W/
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m-K (K46-f50 HGM/EP material under 140 MPa and 150 °C
conditions).

(3) The coupled conditions weakened the tensile properties of
the HGM/EP materials. High temperatures affected the EP
matrix, while high pressures destroyed the HGM. To further
improve the material properties, the interface layer and EP
matrix should be optimized. At 150 °C, the materials entered
the high elastic state, and property weakening was more
obvious. The influence threshold of pressure on the material
tensile properties corresponded to a water absorption of 10%.

(4) At 100 °C and 100 MPa, the K46-f40 and K46-f50 HGM/EP
materials met the strain compatibility of the self-designed
ITP-Coring device, while the tensile strength/strain were
13.62 MPa/1.3% and 6.09 MPa/0.86%, respectively. The phys-
ical properties did not greatly change. Therefore, the above
two materials with high strength and good thermal insu-
lation can be applied to deep oil and gas reservoir rock ITP-
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Coring under coupled temperature and pressure conditions
below 100 °C and 100 MPa.
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