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a b s t r a c t

Accurate evaluation of deep oil and gas reservoirs critically depends on key properties such as rock 
porosity and permeability, which are significantly affected by high-temperature conditions in deep 
formations. In-situ temperature-preserved coring (ITP-Coring) is a prerequisite for reliable assessment 
of deep rock properties, with thermal insulation materials serving as its key component. This study 
investigates the performance variation law and damage evolution characteristics of thermal insulation 
materials under high-temperature and high-pressure conditions. The findings show that at elevated 
temperatures, the material compressive strength decreases to one-fourth to one-fifth of its value at 
room temperature, while the peak compressive strain increases by two to three times. Furthermore, the 
energy evolution and damage characteristics of the hollow glass microsphere/epoxy thermal insulation 
materials (HGM/EP materials) during uniaxial compression were analyzed, and an energy-driven sta-
tistical damage constitutive model was established, which effectively predicts the stress–strain 
behaviour of HGM/EP materials after temperature-pressure preconditioning. The correlation between 
initial damage d and pretreatment temperature and pressure was also examined. It was found that 
when the pretreatment pressure is below 100 MPa, the threshold temperature at which initial damage 
sharply increases is 100 ◦ C. An initial damage evolution model considering temperature and pressure 
effects was established, and the relationship between damage rate, temperature, pressure and initial 
damage was analyzed. The research results provide a theoretical basis for the application of thermal 
insulation materials under extreme conditions in deep ITP-Coring operations.
© 2026 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

As the Earth's resources continue to be exploited, the gradual 
depletion of shallow subsurface deposits has driven resource 
exploration and development toward greater depths (Xie et al., 
2015, 2019, 2023). In the context of plentiful oil and gas

resources, China has initiated two ultra-deep scientific exploration 
wells: the Deep Earth TK1 Well and the Deep Earth CK1 Well. 
Notably, the TK1 Well surpassed the 10,000 m mark on March 4, 
2024, achieving a final drilled depth of 10,910 m. Concurrently, the 
CK1 Well is currently being drilled toward its target depth of 
10,520 m (Sun et al., 2024). Deep oil and gas resources are in high-
temperature environments, with a geothermal gradient of up 
30–50 ◦ C/km (Liu et al., 2016). High temperatures can markedly 
affect key properties such as rock permeability and porosity, which 
are critical for accurate assessment of deep subsurface oil and gas 
reserves (Chandra et al., 2021; Lin et al., 2023; Saif et al., 2017). 
Therefore, accurate evaluation of reservoir rock characteristics is a
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K46 microsphere volume fraction that was treated at 140 MPa and 
150 ◦ C.

2.3. Testing method for physical and mechanical properties

The mass of the HGM/EP materials before and after 
temperature-pressure pretreatment is measured as m 1 and m 2 , 
respectively. The mass change is calculated using the following 
Eq. (1):

�  = 
m 2 − m 1 

m 1
× 100% (1)

Quantification of heat transfer characteristics in the HGM/EP 
materials was performed via the TPS2500S hot disk system. Me-
chanical properties evaluation employed an Instron electrome-
chanical testing platform configured for uniaxial compression 
characterization. During both the thermal conductivity and me-
chanical property tests, the materials were maintained at their 
corresponding pretreatment temperatures for measurement. 
Detailed testing procedures were described in previous studies 
(Wei et al., 2025).

3. Analysis of physical and mechanical properties of thermal 
insulation materials

3.1. Analysis of physical properties

Fig. 1 delineates the interdependent variations in water ab-
sorption rate and heat transfer coefficients after different 
temperature-pressure pretreatment. The trends in the changes in 
thermal conductivity are highly consistent with those of the water 
absorption rate. When the pressure is up to 50 MPa, the water 
absorption rate of the material increases with the rising pre-
treatment temperature, and the rate of increase becomes more 
significant. Correspondingly, the thermal conductivity of the ma-
terial also increases. At pressures not exceeding 100 MPa, the 
temperature threshold of a remarkable rise in water absorption 
rate is approximately 100 ◦ C. However, when the pressure reaches 
140 MPa, the temperature threshold of a noticeable rise in water 
absorption drops to 50 ◦ C, with the threshold for the K46-f50 
material being even lower.

It can be observed that pressure is the dominant factor in 
material water absorption. Under high hydrostatic pressure, fluid 
penetration is facilitated, damaging the interface between the

microspheres and the substrate. This damage results in the 
cracking of the microsphere. The infiltrated water, an efficient 
thermal conductor, significantly increases the thermal conductiv-
ity of the material. Elevated temperature also plays a key role by 
increasing the molecular chain mobility, thereby further promot-
ing heat transfer.

3.2. Analysis of mechanical properties

As shown in Fig. 2, the variations in elastic modulus E, 
compressive strength �  c , and the corresponding compressive 
strain at the peak point (hereafter referred to as peak point 
compressive strain ε c ) are presented as functions of pretreatment 
temperature under different hydrostatic pressures. With 
increasing temperature, the compressive strength �  c and elastic 
modulus E decrease consistently. Furthermore, the extent of 
reduction in compressive strength with temperature exhibits a 
clear dependence on the pretreatment pressure.

At a pretreatment pressure is 0 MPa, the rate of decrease in 
compressive strength with temperature follows a two-stage 
pattern: slow initially, then fast. When the pretreatment pres-
sure is increased but does not exceed 100 MPa, the decrease in 
compressive strength with temperature exhibits an approximately 
linear trend. The rate of decrease is similar to the average rate of 
the two-stage decline observed under atmospheric pressure. 
While the hydrostatic pressure rises to 140 MPa, the rate of 
decrease again shows a two-stage pattern, but with the sequence 
reversed: fast initially, then slow. The transition temperature for 
this rate change is consistent with that under atmospheric pres-
sure treatment, occurring at approximately 100 ◦ C. In summary, 
compressive strength decreases with increasing temperature at all 
pretreatment pressures, and higher pressure accelerates this 
reduction.

The peak point compressive strain ε c exhibits a distinct tem-
perature threshold. Below this threshold, εc remains nearly con-
stant, whereas it increases rapidly once the temperature is 
exceeded. At pressures ≤100 MPa, this threshold is approximately 
100 ◦ C. When the pressure reaches 140 MPa, the threshold drops to 
50 ◦ C or lower. Furthermore, the higher the pressure, the increase 
in compressive strain at the peak point. This behavior is consistent 
with the trend observed for water absorption, indicating that 
water infiltrated under high pressure facilitates plastic deforma-
tion. Concurrently, elevated temperature enhances the molecular 
chain mobility of the HGM/EP composite, promoting a transition

Fig. 1. Variation curves of physical properties of HGM/EP materials.
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order to reduce the damage accumulation rate of insulation ma-
terials under HTHP conditions, it is recommended to minimize �  
and � . This can be achieved in future insulation material

optimization by enhancing microsphere strength, improving 
interfacial bonding, and increasing the thermal resistance of the 
matrix.

Fig. 8. Predicted values from the statistical damage constitutive model and experimental stress–strain curves of HGM/EP materials at different temperature and pressure 
situations.
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effect. This shielding effect ultimately reduces the damage rate of 
the HGM/EP materials under uniaxial compression.

6. Conclusions

Regarding the performance changes of HGM/EP materials after 
temperature-pressure pretreatment, the variation laws of their 
physical and mechanical properties were analyzed. The energy 
evolution behavior during the uniaxial compression was explored, 
and a statistical damage constitutive model was established. The 
correlation between initial damage and damage rate with tem-
perature and pressure were discussed. The main conclusions are as 
follows:

1. The variation rules of the properties of K46-f40 and K46-f50 
HGM/EP materials after HTHP pretreatment were analyzed. 
High pressure is the primary factor leading to increased water 
absorption in the material. The infiltration of high-pressure 
water causes microsphere fracture, and the subsequent filling 
of the cavities establishes interconnected pathways for heat 
transfer, thereby enhancing thermal conductivity. Simulta-
neously, elevated temperature accelerates water infiltration 
and increases molecular chain mobility, further contributing to 
the rise in thermal conductivity. Furthermore, increasing pre-
treatment temperature softens the epoxy matrix, causing a 
transition from brittle to plastic failure and resulting in three 
characteristic types of stress-strain curves. High pressure fa-
cilitates this brittle-to-ductile transition.

2. Based on energy analysis, the damage evolution of HGM/EP 
materials during uniaxial compression after different 
temperature-pressure pretreatments was elucidated. When the 
pretreatment pressure does not exceed 50 MPa, the energy 
evolution is characterized by a transition at 100 ◦ C from a 
regime dominated by elastic strain energy storage in the matrix 
to one governed by energy dissipation through matrix plastic 
deformation and microsphere damage. At elevated tempera-
tures approaching the glass transition temperature, the epoxy 
matrix undergoes a progressive transition, leading to a defor-
mation mechanism dominated by plastic flow. This is charac-
terized by a continuous increase in energy dissipation.

3. A statistical damage constitutive model was developed for the 
HGM/EP composite. The model employs the dissipated energy 
weight factor (� ) and the stiffness degradation factor (� ) to 
assess the effects of temperature-pressure pretreatment on 
mechanical properties. The introduced weighting coefficients 
(� , � ) reveal that, as α increases, the variation in the damage 
evolution rate (dD/d� ) with respect to a characteristic element 
strength follows one of two patterns: an initial increase fol-
lowed by a decrease, or an initial decrease followed by an in-
crease. The constructed model provides accurate predictions of 
the stress–strain response. The constructed initial damage 
evolution model indicates that the pre-treatment temperature 
is the key factor governing the accumulation of initial damage 
d, while the temperature-pressure coupling further exacer-
bates damage. Based on the integrated analysis of the physical-
mechanical properties and damage evolution of both K46-f40 
and K46-f50 thermal insulation materials, they are considered 
suitable for in-situ deep rock coring applications at tempera-
tures up to 100 ◦ C and pressures up to 100 MPa.
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