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ABSTRACT

With the surging demand for unconventional oil and gas extraction, the insulation performance of
downhole high-power electric heaters has become a critical bottleneck limiting long-term stable
operation. The MgO/epoxy system is an ideal option for end-sealing materials, yet the mechanism
underlying the formation of cascading discharge paths and the insulation failure threshold under
extreme conditions, such as in enclosed environments and micrometer-scale gap arrays (<100 pm),
remains unclear. Therefore, this study prepared MgO matrices at five pressure levels (30-70 MPa),
quantitatively characterized the pore size distribution via FE-SEM, injected epoxy resin to fill pores
under vacuum assistance, and established a 2D one-way coupled phase-field-electrostatic model based
on the Carreau-Yasuda constitutive law. Results indicate that pressing pressure regulates pore geometric
features through sliding, particle rearrangement, and interparticle mechanical interlocking, thereby
influencing the infiltration paths and depth of epoxy resin. Additionally, through dielectric constant
gradient effects and geometric smoothing, microscopic electric field distortion is effectively mitigated,
significantly enhancing the dielectric breakdown characteristics of the composite system, providing a
quantitative basis for optimizing the design of end-sealing materials for high-power electric heaters.
© 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

extraction project (Yu et al., 2025). However, with surging demand
for higher power density and deeper deployment, the insulation

With the strategic shift in global energy structures, the efficient
exploitation of unconventional hydrocarbon resources—particu-
larly oil shale and tar-rich coal—has emerged as a pivotal guar-
antee for national energy security (Kang et al., 2020; Xia et al,,
2019). Among various exploitation techniques, the in-situ con-
version process (ICP) using downhole high-power electric heaters
is widely recognized as the most promising approach due to its
precise temperature control and higher thermal efficiency than
traditional fluid-injection methods (Chen et al., 2022; Melnikov
et al., 1970). As the “heart” of the ICP system, the operational
stability of these heaters under extreme downhole environments
directly determines the economic viability and safety of the
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performance of the heater's end-sealing materials has become a
critical bottleneck, limiting long-term, stable operation. Conse-
quently, these end-sealing materials should not only maintain
excellent mechanical sealing under extreme conditions (Chen
et al, 2022) and at pressures exceeding 100 atm (Shui et al,
2023) but also exhibit superior electrical insulation and thermal
stability (Yatimi et al., 2024; Xia et al., 2019).

The MgO/epoxy composite system is an ideal option for end-
sealing applications due to MgO's high thermal conductivity and
epoxy resin's excellent filling capability (Ge et al., 2020; Cha et al.,
2024). However, residual micropores and interfacial defects in
MgO matrices can form field-enhanced regions under electric
fields, significantly reducing the dielectric breakdown strength
and triggering localized breakdown failures (Rodriguez-Serna
et al., 2020). Moreover, uneven epoxy infiltration or air entrap-
ment creates weak points in the electric field, further increasing
the risk of breakdown (Kurimoto et al., 2019).
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Most current studies treat infiltration processes and electric
field distribution as independent aspects in epoxy/porous media
systems. For instance, Liu et al. (2015) reported the coupling be-
tween dielectric response and pore structure in porous media,
proposing a micro-capacitor viewpoint that links electrical
response to saturation. Hassan et al. (2021) optimized high-
pressure resin-impregnation parameters using silicon micro-
models and confocal laser scanning microscopy (CLSM) and micro-
CT to assess the effects of resin shrinkage and gas entrapment on
impregnation quality. Agrawal and Satapathy (2014) investigated
the thermal and dielectric properties of ceramic particle-filled
epoxy composites and explored the influence of filler volume
fraction. Zhang et al. (2015) used a 3-D pore-network model to
analyze electrokinetic coupling of fluid flow at the pore scale,
providing numerical methods for electric-flow coupling. Cao et al.
(2023) constructed ultrathin Al,03 parallel-plate microcapacitors
and analyzed dielectric properties in Al-epoxy composites using
finite element simulations. Akin and Arikan (2022) simulated
localized electric fields for different electrode-material combina-
tions, revealing how electric-field distortion at interfacial defects
affects breakdown mechanisms. Karlis (2021) used MATLAB/
Simulink to build a capacitive model of partial discharge in epoxy
resin and experimentally studied factors such as humidity. Aliyu
et al. (2024) employed COMSOL-MATLAB co-simulation to
analyze partial discharge behavior under varying frequencies.
None of these studies coupled one-way infiltration processes with
electric field distribution.

To address this gap, this study developed a 2D multiphysics
model of Cahn-Hilliard phase-field coupled with Brinkman-Darcy
flow and Carreau-Yasuda rheology, based on pore geometries
extracted from real SEM images using Fiji. The model was imple-
mented in COMSOL Multiphysics for joint simulation of phase field
infiltration and electrostatic fields. Experiments involving
vacuum-assisted epoxy injection (50 °C/40 kPa) and HDGT 10 kV
withstand voltage tests were conducted on MgO matrices com-
pacted at five densities (30-70 MPa). This integrated approach
aims to elucidate how the porous structure of MgO influences the
evolution of epoxy resin penetration paths and local electric-field
distortion, and how this infiltration behavior affects the dielectric
breakdown performance of the composite system.

2. Experiment and characterization methods

2.1. Dry-pressing preparation and microstructural characterization
of MgO pellets

MgO pellets were prepared through dry pressing under hu-
midity <30% (Castillo et al., 2019). First, 20.4 g of high-purity MgO
powder (>99.9%, particle size 1-5 pm) was weighed using a pre-
cision analytical balance (JJ224BC, G&G). Subsequently, 0.61 g of
deionized water (3 wt% moisture content) was added via a
microsyringe. The mixture was stirred with a glass rod until a non-
adhesive wet-powder state was achieved. The mixture was then
loaded into a uniaxial stainless-steel mold (inner diameter
30.05 + 0.2 mm) and pre-pressed at 10 MPa for 1 min to evacuate
air. During the main pressing stage, a hydraulic press (MCFS-80)
applied five pressure levels (30, 40, 50, 60, and 70 MPa) at a rate of
5 MPa/s, with each pressure held for 6 min and repeated three
times. After depressurization and coding, pellets were dried in a
forced-air oven (8401-0, Shangcheng) using a stepwise protocol:
80 °C (10 min) — 120 °C (5 °C/min, 10 min) — 300 °C (5 °C/min,
30 min). Finally, pellets were equilibrated in a desiccator for 4 h
(Fig. 3). Upon cooling to room temperature, pellet radius r and
thickness h were measured using a digital micrometer, apparent
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density was calculated according to p = _T , porosity was calcu-

latedasP = (1 - ’;—‘> x 100%, where the measured density p,, was

determined from the specimen mass (m) and thickness (h), and the
theoretical density was taken as p; = 3.58 g/cm? (Ha et al., 2025).
To investigate the effect of pressing pressure on pore morphology,
pellets prepared at 30-70 MPa were characterized by field-
emission scanning electron microscopy (FE-SEM, SU8020, Hita-
chi). Cylindrical specimens (@5 mm) sectioned along the center-
line were polished with diamond sandpaper, followed by
ultrasonic cleaning in isopropanol (40 kHz, 15 min), nitrogen
drying, and sputter-coating with a 5-10 nm gold layer (20 maA,
60-120 s). SEM imaging parameters included an accelerating
voltage of 5-10 kV, working distance of 8-10 mm, high-vacuum
mode (<5 x 1074 Pa), and a secondary electron detector. Five
random fields of view were captured at x500 (50 pm) and x200
(100 pm) magnifications, with auto-focusing and manual optimi-
zation of brightness (30%-50%) and contrast (20%-40%). The x500
images were quantitatively analyzed in Fiji to determine pore and
particle size distributions, while the x200 images assessed
macroscopic homogeneity. Representative images were labeled as
“ %500, 50 pm” and “ x200, 100 pm” (as illustrated in Fig. 1).

2.2. Preparation of epoxy-impregnated MgO matrix

MgO matrices compacted at five pressures (30, 40, 50, 60, and
70 MPa) were prepared as described in Section 2 and stored in a
desiccator. During molding, moistened MgO powder was filled into
a polished stainless-steel mold (inner diameter 30.05 mm). After
pre-pressing at 5 MPa to fix the powder, a 12-mm-diameter
hemispherical copper electrode was embedded using tweezers,
and the inter-electrode distance was precisely adjusted to
2.40 4+ 0.05 mm using calipers before applying the target pressure.
After post-drying and cooling, an M3-threaded brass column was
screwed into the electrode to ensure mechanical stability at the
electrode—copper column interface during impregnation (Aouadja
et al., 2022). The epoxy resin system comprised E51 epoxy resin
and polyetheramine curing agent (4:1 vol ratio), mixed at 100 rpm
for 2 min until transparent and homogeneous, followed by
degassing in a vacuum oven (40 kPa, 10 min). Concurrently, the
inner wall of the combined steel mold and copper sheets (0.5 mm
thick) on matrix sides was spray-coated with a 5-10 pm fluoro-
carbon release agent and baked at 150 °C for 40 min to form an
anti-adhesion layer. During impregnation, the MgO/hemispherical
electrode assembly was fixed in the mold, and degassed resin was
injected under constant pressure until the matrix top surface was
fully covered (1.0 + 0.2 mm). Vacuum (40 kPa) was maintained for
10 min to drive resin infiltration via capillary action and negative
pressure synergistically. Curing proceeded at 50 °C for 4 h. After
cooling to room temperature, demolding and copper sheet
removal yielded MgO/EP composite matrices with electrode
spacing deviation < +2% and defect-free interfaces (as shown in
Fig. 2; matrix shown in Fig. 3). Subsequently, ~2 mm specimens
were taken from each MgO/EP matrices adjacent to the two
hemispherical electrodes and scanned by micro-CT using an Xra-
dia 620 Versa (ZEISS, Germany) to examine the epoxy resin's
infiltration distribution and pore filling within the matrix.

2.3. Choice of electrode geometry and material

Hemispherical electrodes were selected because their smooth
curvature produces a controlled, reproducible field distribution:
curvature gives a predictable degree of field concentration without
the singularities of sharp edges, which facilitates direct
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Fig. 1. Flowchart of MgO pellet preparation and observation.
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Fig. 2. Flowchart of MgO/EP matrix preparation and observation.

comparison between experiment and electrostatic simulation and configurations used in these standards while remaining well
between surface-flashover and bulk-puncture modes. Where suited to CT-informed pore-scale modeling.

applicable we followed the procedural elements of ASTM D149 Copper was chosen as the electrode material for practical and
(ASTM International, 2020) and IEC 60243-1 (International application-driven reasons. The heater and power cable conduc-
Electrotechnical Commission, 2013) (electrode cleaning/condi- tors in the target device are copper, so copper electrodes repro-

tioning, precise gap control, and defined voltage-ramp and duce the actual conductor-insulator interface and allow consistent
breakdown detection criteria) so that our measurements are electrostatic boundary conditions between lab tests and device-
reproducible and comparable with standard dielectric tests; the scale simulations. Copper's high conductivity, ease of machining
hemispherical geometry also maps naturally onto the surface-test and stable polished finish improve test repeatability and minimise
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(b)

MgO matrices

Sectional view of MgO/EP matrix

Fig. 3. Representative photograph and sectional view of the actual sample. (a) MgO pellet, MgO matrix and MgO/EP test matrix. (b) Matrices from the same batch tested at
30-70 MPa. (c) Sectional view of MgO pellet. (d) Sectional view of MgO matrix. (e) Sectional view of MgO/EP matrix.

contact-resistance artefacts, consistent with the metallic-
electrode recommendations implicit in ASTM D149 (ASTM
International, 2020) and [IEC 60243-1 (International
Electrotechnical Commission, 2013).

2.4. Dielectric strength testing of MgO matrices

Before testing, both non-impregnated and EP-impregnated
MgO matrices were removed from the desiccator and equili-
brated at 26 °C and constant humidity for 2 h. Electrodes were
connected via the pre-embedded method: a copper alligator clip
linked the positive terminal of a high-voltage DC source (HDGT10
kV, Huading Power) to the top of the copper column. The negative
terminal was connected to the base of the copper column in non-
impregnated MgO matrices with a 1.00 + 0.05 mm air gap, and
directly to the cured layer surface and copper column base in MgO/
EP composites. The grounding end was connected to an indepen-
dent ground stud via a shielded cable (impedance <0.1 Q) to form a
closed circuit (Geng et al., 2018). Matrixes were fixed on a wooden,
insulated platform to prevent movement. Voltage was ramped
continuously at 0.1 kV/s using a portable withstand voltage tester
(HDGT10 kV) with real-time current monitoring. Breakdown was
identified upon the current surge to 1 mA with an audible alarm,
and the breakdown voltage was recorded. Each matrix type was
tested three times, and average breakdown voltages were calcu-
lated to compare dielectric strength before and after EP impreg-
nation (test setup shown in Fig. 4).

3. Multiphysics numerical model
3.1. Pore structure modeling of MgO matrix

To address the limitations of internal sensor embedment and
sparse measurement points in testing, a one-way coupled multi-

physics model of two-phase flow (phase-field), creeping flow, and
electrostatics was developed in COMSOL Multiphysics. First, the
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phase-field method was used to simulate epoxy resin infiltration
into the MgO porous matrix, and the resulting dielectric distri-
bution was fed into the electrostatics module to compute the
electric field strength. Pore structure parameters were derived
from SEM images and Fiji analysis (Zhao et al., 2005), with
experimental data sourced from laboratory measurements and
calibrated against prior studies (Das et al.,, 2022; Djoudi et al.,
2015; White et al., 2015). For each pressing pressure (30, 40, 50,
60, and 70 MPa), SEM cross-sectional images at x500 magnifica-
tion (50-pm scale bar) were acquired. Grayscale images were im-
ported into Fiji, where the Weka Segmentation plugin (Arganda-
Carreras et al., 2017) labeled MgO skeletons and pore matrices to
train a random forest classifier for generating binary images.
Equivalent pore channel width and particle diameter were then
quantified via “Analyze Particles”.

Based on pore width and particle diameter parameters at each
pressure level, 2D representative elements of rounded polygonal
skeletons and tunnel-like pore channels were reconstructed in
CAD. These geometries were imported into COMSOL for meshing
and combined simulations, ensuring microstructural differences
in experiments were accurately reflected. Pearson correlation co-
efficients between experimental and simulated pore/particle sizes
were calculated in Origin for all pressures, constructing a 5 x 5
correlation matrix. The correlation plot plugin generated a heat-
map where color intensity (blue: R—1, red: R— —1) visualized
correlation strength.

3.2. Epoxy-air phase infiltration model using phase field method

3.2.1. Fluid model establishment

The two-phase flow phase field method was coupled with the
creeping flow interface in COMSOL Multiphysics to simulate
epoxy/air infiltration in the MgO matrix (Fei et al., 2023; Jafari
et al, 2021; Zhou et al., 2019). The fluid was modeled as incom-
pressible flow with negligible inertial terms (i.e., omitting con-
vection terms in Stokes flow), retaining only viscous and Darcy
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resistance terms. The core of the model comprises four principal (3) Two-phase flow coupling

components: peristaltic flow hydrodynamics, phase-field evolu-

tion, the two-phase flow coupling framework, and a non- In the simulation, to ensure a smooth transition of material
Newtonian constitutive model for the epoxy resin. properties between air and resin, we introduce a Heaviside func-

tion H(-) to interpolate the density continuously:
(1) Peristaltic flow hydrodynamics

+1
P =Pair + (PP _pair)H(¢T)

au
P = V[—pl+ﬂ[Vu+ (VH)T] ] + Fst + pg
When ¢— + 1 (EP), p—pgp; when ¢— — 1 (air), p—p,;. Likewise,
vV-u=0 the mixture viscosity is
u is the fluid penetration velocity; p is the mixture density, 1-¢ 1+¢

interpolated between air (p,;;) and epoxy (pgp) via the phase field. M= Hair—y TP

Flow is driven by the pressure gradient Vp and viscous stress, with

viscosity x given by a volume-fraction-weighted average. The body

force is dominated by the capillary force Fs; from surface tension at

the pore walls (driving resin penetration). At the same time,

gravity (pg) is included for completeness but is negligible at the ( 1 df)
Ft

where pg;, is the air viscosity and pgp is given by the non-
Newtonian constitutive model. The capillary body force is writ-
ten as

microscale.

(2) Phase-field evolution Which is the key driver of phase separation and epoxy

P 2 infiltration.
d—f +uve=V- (%vw>
“pf (4) Non-Newtonian constitutive model
2 ' .. . . . .
€ The epoxy's shear-thinning in micro-pores is described by the
o 2 2 pf af poxy g p y
V== '(Epfv‘»i’) + (¢ - 1)4’ + 7 op Carreau-Yasuda model:

¢ is the phase-field variable (¢ = +1 for epoxy, — 1 for air). The _ _ 1+ ()% % ,—\/25-S
convective term u-V¢ advects the resin front, while diffusion and HEP = Hoo + (Ho ”‘X’)[ + () ] 4 '

chemical-potential terms smooth the interface and dissipate where  is the local shear rate, ug and . are the zero- and infinite-

interfacial energy. ey sets the interface thickness, 2 (related to  gpaqr yiscosities, 1 is the relaxation time, § is the strain rate tensor,
surface tension ¢) defines interfacial energy, y controls evolution n and a govern thinning intensity and transition sharpness. This
rate, and f(¢) is the free-energy density. formulation ensures high viscosity at low shear and rapid viscosity
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Fig. 5. Physical properties of MgO matrices. (a) Average thickness h and density p. (b)
Average particle size and pore width. (¢) Average porosity.

drop under high shear, matching observed resin penetration
behavior.

3.2.2. Boundary conditions
For the two-phase flow-phase-field, creeping flow simulation,
the inlet pressure Py follows a time-dependent trend:

Py =6000-step1(t)-exp(—t / tau)(Pa)
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where, step1(t) is a smoothed step function (eliminating pressure
jumps for numerical stability), and the exponential term
exp(—t /tau) characterizes EP injection pressure attenuation
characteristics, tau is the time constant of characteristic attenua-
tion. The outlet boundary is defined as Py = 0 Pa, with “suppress
backflow” enabled. The solid-fluid interface was applied with no-
slip condition (u = 0) and phase field flux constraint (n-V¢ = 0) to
prevent fluid penetration into the porous skeleton.

Initial conditions: porous channels were fully air-filled (¢ = —
1), the EP injection zone was defined as ¢ = 1. Wall wettability
was implemented via contact angle boundary conditions (Syakur
et al,, 2017): the contact angle between inner walls of the pore
channels and EP was set as 6y = n/6 rad, and 6y = I7/2 rad for
outer walls to replicate observed EP retention. Surface tension
coefficient was set to 0.03 N/m. Material properties: EP was
defined by the Carreau-Yasuda model (no elastic shear thinning),
with zero-shear-rate viscosity po = 35 Pa-s and infinite-shear-rate
viscosity u, =7 Pa-s were measured using a Borealis DV2T
viscometer, relaxation time A = 0.1 s (Zare et al., 2019), flow index
n = 0.4 (Khechiba et al., 2017), transition parameter a = 1.5 (Nazir
et al., 2021). Air was defined as Newtonian fluid (dynamic viscosity
uair = 1.81 x 107> Pa-s). Contact angle data was measured using a
Kino SL250 Optical Contact Angle Meter & Interface Tensometer.

3.3. Finite-element electrostatic field model and combining
strategy

3.3.1. Establishment of electrostatic field model

The EP filling distribution from phase field simulations was
mapped to the electrostatics module. Equivalent dielectric con-
stant was calculated via phase field variable ¢:

2

$+1
2

er(@) = eair + Eepoxy
where, &, = 1, eepoxy = 4.5, the relative dielectric constants of
MgO and the copper electrode were set as eygo = 9 and e, = 1,
respectively. The electrostatic-field governing equation based on
the same porous medium grid was obtained as:

V- [eoer(h)VV]=0,E= — VV

where, vacuum dielectric constant ¢; = 8.854 x 106 nF-mm~1, V
and E represent electric potential (V) and electric field intensity (V/
mm), respectively. The step iteration workflow was:

(1) Solve infiltration-phase field equation at each phase-field
time step to update ¢(x,y,t).

(2) Update global &-(¢) based on ¢(x,y,t).

(3) Solve steady-state electrostatic field equation.

Steady-state iterations continued until phase-field conver-
gence, systematically revealing post-filling electric-field distortion
and providing quantitative insights for optimizing the dielectric
properties of heater-end-sealing materials.

3.3.2. Boundary conditions

In the electrostatic field module, the boundary conditions are:
the left hemisphere electrode surface was subjected to the
experimentally measured breakdown voltage V4, while the right
hemisphere electrode surface, as well as the left, right, and bottom
walls, were set as grounded (V = 0), and the remaining outer walls
were treated with an insulating boundary condition (n-e,VV = 0).
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Fig. 6. Microstructure of MgO matrices under 30-70 MPa pressing pressure at x200 and x500 scales. (a-e) Particle morphology under 30-70 MPa (x200). (f-j) Overall
microstructure under 30-70 MPa (x500).
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Fig. 7. Global simulated infiltration patterns under varying pressures. (a) Global simulation. (b) Local simulation. (c¢) Local simulation and infiltration depth.

To accurately characterize the charge distribution, the material
domain is defined as follows:

1. Solid charge conservation domain: hemispherical electrode
and MgO skeleton regions, the dielectric constant was set as
ecy = 1 for Cu, and eygp = 9.7 for MgO.

2. Fluid charge conservation domain: pore channels and epoxy-
filled regions, the dielectric constant was assigned by compo-
nent proportion: e, = 1 for air and eepoxy = 4.5 for EP.

This configuration enabled one-way coupled electric field cal-
culations across solid-liquid-gas phases via interface potential
continuity ([[V]] = 0) and spatial distribution function &;(¢) of
dielectric constants, effectively capturing the electric-field
enhancement at the interface induced by discontinuities in
dielectric permittivity.
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4. Results and analysis

4.1. Influence mechanism of pressure on the densification behavior
of MgO matrixes

Analysis of pressed and dried MgO matrices (fixed diameter
Rp = 30.05+0.1mm) revealed the regulatory mechanism of
pressure on the densification behavior of the material. Bar plots
(Fig. 5(a)) showed that density p increased nonlinearly with
pressing pressure, rising from 30 MPa (p =2.50 g/mm?3) to 70 MPa
(p = 2.69 g/mm3), while matrix thickness decreased from 11.34
(30 MPa) to 10.45 mm (70 MPa). As illustrated in Fig. 5(a—c), pore
width decreased progressively with increasing pressure, whereas
particle size increased and porosity declined.

FE-SEM analysis (Fig. 6(a-j)) highlighted significant micro-
structural differences under various pressures:
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Cross-sectional views of the 3D-CT skeleton models.
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Fig. 10. Physical vs. simulated pore width/particle size trends and correlation heatmaps. (a) Pore width trend comparison. (b) Pore width correlation. (c) Particle size trend

comparison. (d) Particle size correlation.

Low-pressure matrixes (30-40 MPa): dominated by loose
debris particles (3040 pm) and open pores, with porosity of
30.08%-29.22%.

Medium-pressure matrices (40-50 MPa): reduced porosity
(27.46%) due to particle rearrangement; small clusters of particle
aggregates (>60 pm) observed at 50 MPa.

High-pressure matrices (60-70 MPa): continuous particle ag-
gregates (>100 pm), with porosity drastically reduced to
27.07%-25.00%.

The drying protocol (gradient heating to 300 °C) further
enhanced pore closing efficiency and structural stability. FE-SEM
images (Fig. 6(a-j)) confirmed that high-pressure matrices
(60-70 MPa) exhibited strengthened interparticle mechanical
interlocking at interfaces under synergistic pressure-heating ef-
fects, significantly reducing pore width and increasing uniform
particle aggregate size. In contrast, low-pressure matrices
(30-40 MPa) retained open pores (porosity 30.08%-29.22%) due to
their high initial connectivity, resulting in only localized shrinkage
via liquid-phase evaporation. These results demonstrate that
pressing pressure regulates pore networks (open — closed tran-
sition) through particle dynamics (sliding — particle rearrange-
ment — interparticle mechanical interlocking), while the drying
process drives interface bonding via thermally activated diffusion.

4.2. Regulatory mechanism of pore structure on the infiltration
path of EP

Results indicate that in the low-pressure range (30-40 MPa),
larger pore widths (15.79-16.66 pm, Fig. 7(b) and (c)) enabled
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infiltration depths of 1.91-2.05 mm (Fig. 8(a)), which is aligned
with simulation results of 1.90-2.01 mm (as shown in Fig. 7(a—c),
in which blue = EP phase, red = air phase, white = MgO). EP
infiltrated smoothly along multiple parallel channels with flat in-
terfaces (Fig. 7(b)). In the medium-pressure range (50-60 MPa),
reduced pore widths (12.04-13.64 um, Fig. 7(c)) limited infiltration
depth to 1.42-1.58 mm (simulation error <5%), with local stagna-
tion and interface undulations at secondary channels at the front
end of infiltration (Fig. 7(b) and (c)). At high pressure (70 MPa), the
average pore width decreased further to 11.05 pm, resulting in a
sharp decline in infiltration depth (1.51 mm; simulation:
1.50 mm). EP flowed primarily through primary (smaller) channels
(<15 pm) at the front end of infiltration. In comparison, minimal
infiltration occurred in secondary (larger) channels (>15 pm),
leading to significant air entrapment at branches (See Figs. 7(c)
and 9).

By performing image analysis on the 3D CT reconstructions
obtained from samples compacted at different pressures, the
volume fraction of EP within the MgO matrix (EP proportion) was
quantified. The results show a monotonic decrease in resin pro-
portion as compaction pressure increases from 30 to 70 MPa:
13.41% at 30 MPa, 10.26% at 40 MPa, 8.37% at 50 MPa, 5.72% at
60 MPa, and 4.69% at 70 MPa (See Fig. 8(b)). Notably, although the
penetration depth at 70 MPa partially recovered relative to 60 MPa
(rising from approximately 1.42 to 1.51 mm), the resin proportion
at 70 MPa (4.69%) remained the lowest across all pressure condi-
tions. The cross-sectional views indicate that under this high-
pressure condition the resin preferentially formed fast penetra-
tion paths along a small number of principal channels, while the
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majority of secondary channels were not effectively filled
(Fig. 8(c)).

Mechanistic analysis indicates that the apparent viscosity of
the epoxy u(y) approximates its zero-shear value py when the
shear rate y<1/4. As the y increases significantly, the Carreau-
Yasuda model,

UEP = Hoo + (1o —Hoo)[1 + (ﬂ;‘z)a]% predicts  shear-thinning
behavior with u(7) — u., (shear stress = = u(y)y, and y ~u/ R). A
reduction in pore radius R elevates y and reduces u(y) (See Fig. 9),
so local velocity # must increase to maintain a constant injection
rate, thereby enhancing shear thinning and lowering x (Datta et al.,
2014). However, permeability scales as KxR? and thus drops
sharply, causing Darcy resistance to rise proportionally (Tosco
et al., 2013). Consequently, in the 30-50 MPa range, y remains
below 1/ so that x does not decrease markedly, the modest Darcy
resistance together with stable capillary forces permits resin
infiltration through both primary and secondary channels. At
60-70 MPa, 7 exceeds the A~! threshold, x rapidly approaches y.,
and the primary channel—experiencing lower shear viscosi-
ty—supports higher flow rates. In contrast, the secondary channel,
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with larger R and much greater Darcy resistance, is impeded
(Fig. 9).

4.3. Validation of simulation-experiment correlation

Experimental observations and numerical simulations showed
high consistency in microstructural parameters. As shown in
Figs. 10(a) and 5(b), the pore width of both the actual matrixes
and the simulation models decreased significantly as the pressing
pressure dropped from 30 to 70 MPa, the actual values decreased
from 16.66 to 11.05 pm, while the simulated values decreased
simultaneously from 17.01 to 10.41 pm, with the maximum relative
error being less than 6%; the particle size analysis also showed the
same trend (Figs. 10(c) and 5(b)): the average particle size increased
from 116.8 to 175.66 pm, and the simulation value increased from
120.66 to 171.88 pm. To quantitatively evaluate the structural fitting
degree (Hutchinson and Grimm, 2022), this study constructed a
5 x 5 Pearson correlation matrix and presented it in a heatmap
(Fig.10(b) and (d)): the correlation coefficients for each pore width
dimension under different pressure conditions were all >0.85
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(P < 0.05), indicating that the simulation model can faithfully
reconstruct the pore structure under different compaction condi-
tions; the particle size also maintained a high correlation in the
medium-pressure range (>0.85, P < 0.05), but decreased to 0.10 in
the 30 MPa/70 MPa ranges, reflecting the structural differences
under extreme compaction conditions that exceed the fitting ability
across intervals. Overall, the above results verified that the two-
dimensional structural model constructed from FE-SEM images
and machine learning segmentation exhibits excellent consistency
and adaptability, providing a reliable geometric basis for subse-
quent combined simulation of infiltration and the electric field.

4.4. Breakdown characteristics of MgO/EP vs. MgO catrices

Breakdown voltages of non-impregnated MgO and epoxy-filled
MgO/EP matrices were statistically analyzed using a-two-param-
eter Weibull distribution. Fig. 11(a) and (c) present the bar chart
and Weibull probability graph of the breakdown voltages of non-
impregnated MgO matrixes under different pressing pressures
(30, 40, 50, 60, and 70 MPa), the corresponding characteristic
breakdown voltages are 3.70, 4.16, 4.16, 4.42, and 4.75 kV, showing
a clear trend of increasing with the increase in pressure. In
contrast, Fig. 11(b) and (d) show that the characteristic breakdown
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voltages of MgO/EP matrices rose from 9.07 to 11.93 kV, repre-
senting a 2.3-fold overall enhancement over non-impregnated
matrices owing to the effective resin filling; within the
60-70 MPa range, this increase plateaus. Moreover, the epoxy resin
infiltration not only markedly enhances the breakdown strength
(increased a = 63.2%) but also homogenizes the internal structure
by eliminating pores and interfacial defects, thereby yielding more
uniform breakdown initiation and improving the reliability of the
dielectric breakdown performance. The Weibull shape parameter g
exceeded 10 for both matrix types, indicating highly concentrated,
low-dispersion breakdown voltage distributions; notably, s values
for MgO/EP matrixes were significantly higher than those for MgO
matrixes, confirming the enhanced distribution uniformity ach-
ieved through epoxy filling.

4.5. EP infiltration and local electric field distortion

First, electrostatic field simulations were conducted on pure
MgO matrices under 30-70 MPa to calculate the global and local
electric field strengths and field-line distributions along the radial
and axial directions of the pores, as shown in Fig. 12(a) and (c).
Subsequently, under identical boundary conditions, the local
infiltration depths obtained from phase-field simulations were
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mapped to assign dielectric constants. The electrostatic field was
re-simulated for the MgO/EP composite system, as illustrated in
Fig. 12(b) and (d). The results reveal that before EP injection,
high electric fields were concentrated in the air and pores above
the hemispherical anode. After EP injection, the high-field regions
shifted to the matrix edges near the anode and the inter-electrode
pores. Moreover, EP injection significantly reduced the peak local
electric field: for the 30 MPa matrices (Fig. 13), the maximum
electric field strength decreased from 67,368 to 23,813 V/mm (a
reduction of ~65%), while for the 40 MPa matrices, it dropped from
41,962 to 27,368 V/mm (a reduction of ~35%). These findings
conclusively demonstrate that EP injection effectively mitigates
electric field distortion caused by MgO pores and air.

Analysis of the electric field strength results for MgO and MgO/
EP matrices (Fig. 12(c) and (d) and Fig. 13(b) and (c)) shows that
before EP infiltration, the abrupt change in dielectric constants
between the MgO skeleton (egp = 9) and air (e,;; = 1), coupled
with the sharp geometric morphology of the pores, caused electric
field lines to “escape” and concentrate at the pore wall edges,
creating localized high-field regions. After EP infiltration, the
replacement of air with EP (egp = 4.5) reduced the dielectric ratio
from 9:1 to 9:4.5, resulting in a more uniform electric field dis-
tribution. Simultaneously, the geometric smoothing effect of EP on
pore boundaries further weakened the field concentration at sharp
positions. The increased dielectric constant in the filled regions
allowed more electric field lines to pass through originally low-
field regions. The overall field strength expanded into the higher-
middle value range, leading to optimized global and local
maximum field strengths, consistent with the electric field dis-
tribution near the maximum, as depicted in Fig. 13(a).

The electrostatic simulations further elucidate the experi-
mentally observed shift in breakdown location following epoxy
impregnation. In the unfilled configuration, the peak electric field
is concentrated in surface air gaps between the electrodes,
consistent with the measured surface flashover. When a wetting
front is present, however, the simulated field maps show a
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pronounced relocation of the local field maximum toward the
termination of the impregnating front. This relocation arises from
the permittivity discontinuity and the geometric edge formed at
the EP/MgO/air three-phase contact field, which together produce
alocal field intensification sufficient to trigger breakdown at lower
applied voltages than those required within the fully impregnated
bulk (breakdown propagation path (white reference line) in
Fig. 13(b) and (c)). The simulations, therefore, rationalize the
observed correlation between impregnation depth and breakdown
initiation site (Fig. 13(b) and (c)) and imply that partial fil-
ling—despite increasing bulk permittivity—can create new, locally
vulnerable regions at the wetting front (See Fig. 7(c)).

5. Conclusions

Based on systematic experiments and multiphysics simulations
of the MgO/EP composite system under five pressing pressures
(30-70 MPa), the following key conclusions are drawn:

(1) Influence of pressing pressure on the densification behavior
of MgO matrix

The synergistic effects of dry pressing and high-temperature
drying resulted in a nonlinear increase in the apparent density of
the matrices with increasing pressing pressure, accompanied by a
significant reduction in pore width. The particle aggregation
transitioned from loose fragments to continuous clusters, forming
a more closed and uniform pore network at high pressure
(60-70 MPa). These results validate the mechanism by which
pressing pressure regulates pore structure through sliding, particle
rearrangement, and interparticle mechanical interlocking.

(2) Infiltration mechanism of EP in the pore network

Consistent with phase-field creeping-flow simulations and
experimental observations, CT image analysis shows a monotonic
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decline in epoxy volume fraction with increasing compaction
pressure (13.41% — 10.26% — 8.37% — 5.72% — 4.69% from 30 to
70 MPa), reflecting the progressive reduction of accessible pores
and flow pathways. At low pressures (30-50 MPa), larger pores and
lower Darcy resistance facilitate uniform infiltration through
multiple channels. At high pressures (60-70 MPa), shear-thinning
lowers the apparent viscosity in primary channels, improving
their infiltration while secondary channels begin to close, which
increases gas entrapment and contributes to the observed decline
in epoxy volume fraction.

(3) Enhancement of dielectric breakdown performance by EP
filling

Weibull statistical analysis shows that the breakdown voltage
of unfilled MgO matrices increased from 3.70 to 4.75 kV with rising
pressing pressure. Under the same conditions, MgO/EP matrices
exhibited breakdown voltages ranging from 9.07 to 11.93 kV, sur-
passing unfilled matrices by approximately 5.4-7.2 kV. Addition-
ally, the Weibull shape parameter g for both matrix types exceeded
10, with higher g values observed in EP-filled matrices, indicating a
more concentrated breakdown-voltage distribution and improved
material reliability.

(4) Mitigation mechanism of local electric field distortion after
EP filling

Electrostatic simulations and experiments show that epoxy
infiltration substantially reduces electric-field distortion at MgO
pore/air interfaces. Before infiltration, high-field regions concen-
trate in air-filled pores above the electrodes, leading to surface-
initiated breakdown. After infiltration, these regions shift toward
electrode edges and primary pore channels, and the peak field
strength drops markedly—from 67,368 and 41,962 V/mm (30 and
40 MPa) to 23,813 V/mm (65% reduction) and 27,368 V/mm (35%
reduction). This improvement results from dielectric constant
matching and geometric smoothing, which suppress local field
concentration and improve field uniformity. As a result, break-
down in unfilled specimens originates at surface air gaps, whereas
in partially impregnated specimens it relocates to the EP/MgO/air
three-phase wetting front.

In summary, this study systematically reveals the evolution of
pore structures in MgO/EP composites from open networks to
closed uniformity under pressing pressure, as well as the mecha-
nism by which EP filling mitigates local electric field distortion and
improves breakdown voltage. These findings provide a valuable
reference for the design of end-sealing materials in high-power
downhole electric heaters.
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