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Abstract

Epoxy-based composites are crucial insulating and structural materials for superconducting
magnets, providing mechanical strength, winding fixation, and heat transfer. However,
future superconducting devices with higher integration and power will place even higher
demands on their toughness, thermal conductivity, electrical insulation, and radiation
resistance at low temperatures. Otherwise, problems such as cracking, detachment, and
low heat dissipation efficiency will arise, which may lead to quenching of low-temperature
superconductors (Nb3Sn, NbTi) and a decline in the performance of high-temperature su-
perconductors (YBCO). Research focuses on summarizing the recent progress in modifying
epoxy resin to address these issues. The current strategies include formula optimization
using mixed curing and toughening agents to enhance mechanical properties, incorporating
functional fillers to improve cryogenic thermal conductivity and reduce the coefficient of
thermal expansion. Studies also evaluate cryogenic electrical insulation performance (DC
breakdown strength, flashover voltage) and radiation resistance under cryogenic condi-
tions. These advancements aim to develop reliable epoxy composites, ensuring the stability
and safety of superconducting magnets in applications such as particle accelerators and
fusion reactors.

Keywords: epoxy; insulating material; superconducting magnet; cryogenic properties

1. Introduction

Epoxy resin is widely used as an insulating material due to its excellent bonding prop-
erties, high mechanical strength, good electrical insulation characteristics, and controllable
curing process [1,2]. The cured epoxy resin can form highly crosslinked three-dimensional
networks that exhibit a high modulus and dimensional stability [3,4]. These advantages
make epoxy resin a natural choice for highly demanding electrical insulation applications.

In superconducting magnet systems, insulating encapsulation is a critical component
for ensuring stable operation, which primarily serves several functions: First, it ensures
electrical isolation between conductors, preventing electrical shorting [5,6]. Second, it
provides structural integrity by transferring stresses between the coil and support struc-
tures [7]. Third, it acts as a protective encapsulant, maintaining the coil geometry and
securing the magnet from environmental damage [8,9]. Therefore, a reliable insulation
system directly impacts the reliability, lifespan, and safety of superconducting magnets.

Due to the extreme operation environments, insulating materials must withstand
immense electromagnetic stresses, fatigue loads from thermal cycling, and potentially
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high-energy neutron irradiations in nuclear fusion devices [10,11]. However, epoxy resin
matrices exhibit several intrinsic shortcomings that limit their performance under these
extreme conditions: the highly crosslinked network structure, while beneficial for the
modulus and dimensional stability, makes epoxy inherently brittle, showing limited elon-
gation and poor resistance to crack propagation at cryogenic temperatures [12,13]; thermal
contraction mismatch between the resin matrix and reinforcing fibers or inorganic fillers
generates significant internal stresses during thermal cycles, often leading to microcracking
or interfacial debonding [14,15]; the inherent low thermal conductivity makes it detrimen-
tal to countering super conductor quenching caused by localized heat accumulation [16];
surface flashover or internal electrical treeing structures are prone to occur under high-
voltage environments, leading to electrical breakdown and insulation failure [17]; and
finally, under long-term irradiation, epoxy might undergo chain scission and crosslink-
ing failures, leading to significant degradations in mechanical properties and insulating
performances [18,19]. These factors directly threaten the reliability of coil insulation.

At present, glass fiber-reinforced epoxy composite materials combined with polyimide
films are most commonly used as insulating materials, particularly for turn insulation,
interlayer insulation, and ground insulation in large fusion magnets [20,21]. Glass fibers
can effectively distribute loads, enhance dimensional stability, and inhibit crack propa-
gation, while reducing the effective stress on the brittle resin matrix [22,23]. Polyimide
films, such as Kapton, are often integrated with glass fiber to enhance dielectric stability
and resistance to partial discharge [24]. More recently, inorganic nanoparticles (e.g., silica,
alumina, hexagonal boron nitride) have been incorporated to improve mechanical strength,
enhance resin—fiber interfacial adhesion, reduce thermal contraction, and increase dielec-
tric breakdown strength [25-27]. Hybrid approaches, combining nano-scale fillers with
traditional fiber reinforcements, offer further optimization [28,29]. In terms of chemical
modification, modified resin formulations such as cyanate ester/epoxy blends have been
designed to resist irradiation-induced embrittlement while preserving processability [30].
These approaches aim to design advanced epoxy composites that can balance electrical
insulation, mechanical strength and toughness, thermal compatibility, and radiation resis-
tance at cryogenic temperatures. The cryogenic property requirements and modification
methods for epoxy-based insulation materials are shown in Figure 1.
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Figure 1. Schematic illustration of the cryogenic property requirements and modification methods
for epoxy-based insulation materials.
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In this review article, we systematically summarize the cryogenic performance of
epoxy composites as insulating encapsulation materials for superconducting magnets
and the corresponding strategies for their improvement. It focuses on analyzing their
mechanical behavior, thermal properties, electrical insulation performance, and radiation
resistance under cryogenic conditions. Additionally, the current primary modification
techniques are categorized and critically discussed. Hopefully, this work fills a gap in the
summary of cryogenic performances of epoxy-based composites and provides a theoretical
basis and technical reference for the future design and application of insulating materials
in superconducting magnets.

2. Cryogenic Property Enhancement of Epoxy Resin
2.1. Mechanical Properties

Insulation materials face immense electromagnetic and thermal stresses during mag-
net operation. The International Thermonuclear Experimental Reactor (ITER) requires a
minimum ultimate tensile strength (UTS) of 600 MPa and a minimum interlaminar shear
strength (ILSS) of 60 MPa for magnet insulation encapsulation materials [31-33]. However,
pure epoxy resin lacks sufficient strength to meet these mechanical requirements. Therefore,
glass fiber is employed as a reinforcing material, which not only enhances the mechanical
strength and toughness of the epoxy matrix but also offer excellent durability, insulat-
ing properties, and thermal stability [34]. Researchers have characterized the cryogenic
mechanical properties of different glass fiber-reinforced plastics (GFRP).

Wu and his colleagues evaluated the mechanical properties of vacuum bag-processed
GFRP at 77 K, including short-beam strength (SBS), tensile strength, and fatigue fracture
strength after 30,000 cycles [35]. The transverse and longitudinal SBS values of the GFRP
were 125 and 104 MPa, respectively, with a UTS of 759 and 638 MPa. After 30,000 cycles of
400 MPa stress loading, the UTS of GFRP remained at 518 MPa. Without considering other
factors, these strength values of GFRP have all already met ITER requirements. However,
in practical superconducting applications, high-dose irradiation will cause molecular chain
breakage in epoxy resins, leading to significant deterioration in the tensile strength and
toughness. An effective solution is to modify the resin matrix by introducing resins with
superior radiation resistance, such as cyanate ester. Hummer et al. investigated the static
tensile and interlaminar shear strengths at 77 K of boron-free glass fiber in commercial
epoxy, cyanate ester, and epoxy/cyanate ester/polyimide/bismaleimide blend matrix
systems before and after neutron irradiation to a fluence of 1 x 10?2 m~2 at ambient
temperature (E > 0.1 MeV) [36,37]. It was found that commercial epoxy systems exhibited
significant mechanical degradation post-irradiation, with UTS (0° direction) decreasing
from 800-950 MPa to 550-900 MPa, accompanied by poor fatigue performance. Pure
cyanate ester systems (CTD-403) demonstrated excellent radiation resistance, while the
blended system (CTD-x series) exhibited the best overall mechanical properties: post-
irradiation UTS remained at 870-1060 MPa, ILSS at 62-98 MPa, and the tensile fatigue limit
at 250-300 MPa. The use of cyanate ester or cyanate ester-containing systems can maintain
high mechanical strength comparable to epoxy systems while significantly enhancing the
radiation resistance of resins, making it a viable solution for insulating material.

Additionally, increasing the functionality of epoxy resin can enhance its radiation
resistance, but this typically compromises its processability. Wu et al. investigated the
effects of different epoxy matrices (DGEBF, TGPAP) and modifiers (IPBE, HTDE-2) on the
processing properties and radiation resistance of GFRP composites [38]. It was shown
that compared to DGEBF-based epoxy resins, TGPAP-based epoxy resins exhibited lower
initial viscosities and longer working life. The ILSS of TGPAP-based composites was lower
than that of DGEBF-based composites under non-irradiated conditions. However, the
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TGPAP-based system demonstrated superior radiation resistance, with ILSS remaining
higher than or at least equal to the non-irradiated level after ®*Co y-ray irradiation at
ambient temperature (radiation dose rate was 300 Gy /min and the maximum dose was
10 MGy). In contrast, the DGEBF-based system exhibited a 57% decrease in ILSS after
irradiation. For modifiers, HTDE-2 and IPBE can enhance the ILSS of composites prior
to irradiation, but reduce the irradiation resistance. It revealed that GFRP prepared from
highly functional epoxy resin with the assistance of specific modifiers can achieve a balance
between radiation resistance and processability.

Combining fiber reinforcement with nanofillers offers a new approach. Bao et al.
utilized AIN nanoparticles to enhance the mechanical properties of GFRP via the VARTM
impregnation method [39]. AIN nanopowder was deposited onto glass fibers and subse-
quently incorporated into a cyanate ester/epoxy matrix. It was demonstrated that the SBS
of the reinforced composite at 77 K increased by 6.32% compared to the original GFRP.
The values of cryogenic mechanical properties of these GFRPs are summarized in Table 1.
Among the listed materials, systems containing cyanate esters exhibit the highest tensile and
shear strengths, together with minimal degradation after neutron irradiation, indicating
that they represent one of the most suitable resin candidates for magnet impregnation.

Table 1. Summary of the mechanical properties of GFRP at 77 K compared with ITER requirements.

. TS ILSS

Resin (MPa) (MPa) Ref.
ITER requirements >600 >60 [31-33]
Epoxy 759 125 [35]
Epoxy (EU3) 882 68 [36]
CE (CTD-403) 894 108 [36]
CE/epoxy (CTD-422) 1043 88 [36]
CE/epoxy/bismaleimide (CTD-10x) 999 - [36]
CE/epoxy/polyimide (CTD-7x) 1113 94 [36]
Epoxy (DGEBF) - 80-82 [38]
Epoxy (TGPAP) - 58-66 [38]
Epoxy (DGEBF)/CE (DCBE)/AIN (21.07 wt%) - 90 [39]

A similar material selection can be observed in high-energy physics applications. For
example, CERN has long employed CTD-101K—a DGEBA /anhydride epoxy system—to
impregnate superconducting coils for the Large Hadron Collider (LHC) and the ongoing
High-Luminosity LHC upgrade, due to its stable performance under cryogenic temper-
atures and its relatively low chain-scission rate under ionizing radiation [40]. More re-
cently, the improved resin formulation POLAB Mix (CTD-101K + DY040), incorporating
a polyether modifier, has been introduced to enhance cryogenic toughness [41]. These
developments highlight that, in addition to high strength, reliable resistance to cryogenic
embrittlement is increasingly critical for large-scale superconducting magnet systems.

Epoxy-based insulating materials exhibit low elongation at break and weak impact
resistance, making them susceptible to failure when subjected to localized high-intensity
stresses [42,43]. Consequently, researchers have explored various modifiers to enhance the
tensile performance and toughness of epoxy resins.

One approach involves introducing insulating inorganic nano fillers for mechanical en-
hancement. Fan et al. investigated the effect of graphene oxide (GO) with varying degrees
of oxidation on the cryogenic mechanical properties of GO/epoxy nanocomposites [44]. It
was found that the degree of oxidation enhanced the dispersion and the interfacial interac-
tion with epoxy resin. At a low GO loading of 0.10 wt%, the GO/epoxy nanocomposite
exhibited the highest tensile strength of 123.2 MPa (77 K), representing an increase of 14%
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over pure epoxy resin. Jin et al. synthesized an EP/CPN-CuO nanocomposite with high
tensile strength and fracture toughness by using a-cyclodextrin (x-CD) for anchoring [45].
«-CD anchored flexible linear polymers attached to the surface of CuO nanorods, which ef-
fectively prevented polymer chain curling and significantly enhanced the chemical bonding
between the epoxy resin and CuO. It was demonstrated that the tensile strength, Young’s
modulus, and fracture toughness of EP/CPN-CuO represented improvements of 67.4%,
10.8%, and 100.7%, respectively, compared to pure epoxy resin. Although nanofiller modifi-
cation has proven effective in enhancing the mechanical properties of epoxy resins, issues
of the inherent insulation of the fillers and the influence of loading rate must be considered.

Chemical modification is another effective method for toughening epoxy resins, which
does not significantly alter the insulation properties or processability. One common strategy
is to introduce flexible structures into epoxy resins. Yang and colleagues utilized two types
of flexible diamine (D-230 and D-400) to toughen DGEBA epoxy resin [46]. The mechanical
property differences in the modified epoxy resin at room temperature and 77 K were in-
vestigated, including tensile properties and Charpy impact strength. The results indicate
that the addition of flexible diamines may reduce the tensile strength at room temperature
but increase the tensile strength at 77 K. The reduction in tensile strength is attributed to
the increased chain length introduced by the flexible diamines, which lowers the crosslink
density of the epoxy. However, due to the low-temperature shrinkage effect, the chain
length shortens at 77 K, while the flexible diamines effectively reduce internal stresses
within the epoxy, which ultimately enhances tensile strength. Additionally, stress relaxation
from the flexible diamine molecular chains enhances both elongation at break and impact
strength at both room temperature and 77 K. Mishra et al. prepared polyhedral oligomeric
silsesquioxane (POSS)/epoxy composites via mechanical mixing [47]. It was revealed that
incorporating 5 wt% POSS could increase fracture toughness at 77 K by 40% compared to
the pure epoxy resin. The addition of POSS led to the formation of deformable regions
instead of the changes in free volume inside the molecular network. Wu et al. evaluated
the mechanical properties of the DGEBA /DETDA system with two hydroxyl-terminated
polyurethanes (HTPU1 and HTPU2) at room temperature and 77 K [48], by studying modi-
fiers with different molecular weights, to reveal the influence of phase structure on overall
resin performance. It was found that the introduction of HTPU1 and HTPU2 successfully
yielded two distinct phase states in composites: a homogeneous phase and a sea—island
structure. The homogeneous phase demonstrated more pronounced enhancement effects
on impact and tensile properties, while the sea—island structure exhibited better retention
in the glass transition temperature of the matrix.

In addition to using flexible molecular chains as modifiers, researchers have discovered
that hyperbranched structures can effectively enhance the toughness of epoxy resins as well.
Yang et al. employed a hydroxyl-functionalized hyperbranched polymer (H30) to enhance
the mechanical properties of DGEBA epoxy resin at 77 K [49]. It was demonstrated that
adding an appropriate amount of H30 simultaneously improved tensile strength, fracture
ductility, and impact strength at 77 K. By introducing 10 wt% H30, the maximum tensile
strength and impact strength at 77 K represented a 17.7% and 26.3% improvement over
pure epoxy resin, respectively. Additionally, the fracture strain at 77 K increased contin-
uously with rising H30 content. These are mainly attributed to the reduction in internal
stress after the introduction of soft flexible groups of H30 into the brittle epoxy network.
Interestingly, the impact strength of the modified system at 77 K was not lower than that at
room temperature. The flexible ester segments in H30 remain unfrozen at 77 K and still
can dissipate the impact energy by segmental motion. Zhao et al. further investigated
the effect of free volume from hyperbranched structures on the mechanical properties
of epoxy-based composites [50]. Through positron annihilation lifetime measurements,
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nano-scaled free-volume holes were characterized. Subsequently, composites with smaller
free-volume holes exhibited superior impact and compression properties. Concurrently,
at 77 K, the impact and tensile properties of the composites showed a positive correlation
with the fraction of free-volume holes. Zhao et al. prepared HBP-GO/EP composites
by grafting GO with hyperbranched polymers (HBP) [51]. HBP-GO were uniformly dis-
persed and firmly bonded with the epoxy matrix through strong chemical interactions,
significantly improving the thermal performance of the composites. With only 0.2 wt%
HPB-GO loading, significant improvements of 58.53%, 68.32%, and 57% were observed
in impact strength, tensile strength, and compressive strength, respectively, compared
to pure epoxy resin. Subsequently, the authors further employed a similar approach to
perform hyperbranched grafting on BN and prepared HPB-BN/EP composites [52]. As a
result, the maximum tensile and impact strengths of 4 wt% HPB-BN/EP increased by 72%
and 135% at 77 K, respectively, compared to pure epoxy. These studies demonstrate that
hyperbranching modification of epoxy resins is one of the effective means for mechanical
property enhancement.

The summary of the mechanical properties of the above modified epoxy-based com-
posites is shown in Table 2. In general, nanofiller reinforcement effectively improves the
tensile modulus; however, it is less effective than chemical modification in enhancing
elongation at break and impact resistance, and it may also adversely affect the processing
properties of the resin. Therefore, chemical modification should be considered the primary
approach for toughening of epoxy resins.

Table 2. Summary of the mechanical properties of epoxy-based composites at 77 K toughened by
different modification methods.

Modifier Tensile Tensile Eloneation at Impact Fracture
Resin (Content) Strength Modulus Brealg< (%) Strength  Toughness  Ref.
(MPa) (GPa) ’ (kJ/m?)  (MPa-m'?)
Epoxy (DGEBA) GO (0.1 wt%) 108 5.7 8.2 - [44]
Epoxy (DGEBA) gﬁ;/f)uo 111.40 6.67 1.63 - 2.69 [45]
Epoxy (DGEBA) g?;;glagargge 107.6 5.11 218 21.62 [46]
Epoxy (DGEBA) gf:&glaglv‘ftﬂf)‘e 108.02 5.23 2.03 16.56 [46]
Epoxy (DGEBF) POSS (5 wt%) - - - - 23 [47]
fgg’% A/DETDA) HTPU (5 pho) 161.67 6.89 2.58 - - [48]
Epoxy (DGEBA)  H30 (10 wt%) 115.6 38 3.1 32.0 [49]
Epoxy (DGEBA) HPB (7.5 wt%)  74.37 5.7 - 17.2 - [50]
Epoxy (DGEBA) S,I;B‘ﬁ% 86 - - 18 - [51]
Epoxy (DGEBA) glzft]fl)\] % ; ; 2% ] [52]

Multi-scale modeling techniques, ranging from molecular dynamics to continuum-
level micromechanics models, have been employed for predicting composite behavior and
establishing structure—property relationships. Elmasry et al. provided a comprehensive
overview of the recent progress in multi-scale modeling of nanocomposites [53]. Through
modeling different resin formulations and composite structures, guidance for composite
optimization can be provided more efficiently.
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2.2. Thermal Properties

Beyond mechanical properties, it is equally critical to understand the thermal proper-
ties of insulation materials. Thermal expansion properties affect the dimensional stability,
strength, and mechanical compatibility of insulation material [54,55]. Significant differ-
ences in thermal expansion coefficients between the magnet and the insulation can lead
to severe thermal stress accumulation during thermal cycling, ultimately causing insula-
tion encapsulation failure [56]. Furthermore, due to the freezing of molecular chains at
cryogenic temperatures, epoxy resin exhibits extremely low thermal conductivity [57,58].
Once thermal accumulation occurs, it may not only accelerate the aging of the epoxy resin
but also cause uncontrolled magnet temperature, severely compromising the operational
stability and reliability of superconducting magnets.

Researchers have tested the thermal properties of different fiber-reinforced epoxy com-
posites. Wu et al. investigated the thermal behavior of glass fiber-reinforced IPBE/TGPAP
epoxy-based composites with DETDA as curing agent [59]. The thermal conductivity of
the composite ranges from 0.24 to 0.44 W/(m-K) between 77 and 300 K. Moreover, it was
indicated that the thermal properties and chemical structure of GFRP remained unaffected
by %°Co gamma radiation with a dose rate of 100 Gy /min and a total dose of 1 MGy. Krzak
et al. evaluated the thermal properties of carbon fiber, basalt fiber, and glass-fiber reinforced
epoxy resin under cryogenic conditions [60]. Thermal conductivity and full-hemispherical
emissivity were obtained across a broad temperature range from 5 K to 300 K. Basically,
fiber-reinforced epoxy composites exhibit low thermal conductivities at 77 K, typically
around 0.25 W/(m-K).

To address this, researchers have explored various approaches, including adding
thermal conductive additives, modifying epoxy resins, and enhancing interfacial inter-
actions. The most common approach is to incorporate nanofillers. Bao et al. enhanced
GFRP by introducing AIN nanoparticles onto glass fibers via the VARTM immersion ab-
sorption method [39]. The results showed an increase in the thermal conductivity and a
significant decrease in the thermal expansion coefficient with the addition of aluminum
nitride nanopowders. Zhang and colleagues utilized aminopropyltrimethoxysilane-treated
boron nitride nanotubes (BNNT-APS) as fillers to prepare epoxy nanocomposites [61]. Ata
loading of 10 wt%, the nanocomposites exhibited a 650% enhancement in thermal conduc-
tivity at both room temperatures and 77 K, with a 20% reduction in CTE. Meanwhile, the
nanocomposites maintained a low dielectric constant and dielectric loss. These results were
attributed to the outstanding intrinsic properties of BNNTSs, effective surface modification
by APS molecules, and low interfacial thermal resistance between BNNTs and matrix.
Zhou et al. tested the cryogenic thermal conductivities of AIN/epoxy and SiC/epoxy
composites [62]. It was found that compared to pure epoxy resin, the composites exhibited
a slower reduction in thermal conductivity with decreasing temperature. Furthermore, the
composites showed superior dynamic mechanical properties, dielectric properties, and
a lower coefficient of thermal expansion. Zhou et al. utilized the ice-template method
to prepare BNNS/nanodiamond (ND) aerogels with three-dimensional (3D) structures,
followed by impregnation with epoxy resin to fabricate epoxy composites [63]. BNNS
and ND exhibited significant synergistic effects in enhancing thermal conductivity, while
the 3D structure endowed the composite with strong thermal anisotropy. As a result, the
BNNS/ND/epoxy composite demonstrates a thermal conductivity of 0.67 W/(m-K) at
100 K and a coefficient of thermal expansion (CTE) of 34.4 x 10~° K~1. Xiang et al. em-
ployed «-Si3Ny and 3-Si3Ny as a binary filler to reinforce epoxy resin [64]. It was revealed
that the binary fillers could facilitate thermal conduction pathways more effectively than
single-filler systems. At a 60 wt% loading, the SizN4/EP composite (x-SizNy4:(3-SizNy = 2:8)
exhibited a thermal conductivity of 3266% higher than pure epoxy resin at 77 K. While
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the average CTE of the SizN,/EP composite dropped to 14.1 x 107° K~!, representing a
63% reduction.

Chemical modification methods on the thermal properties include utilizing liquid
crystal epoxy (LCE) or combining thermally conductive fillers with hyperbranched poly-
mers. Li et al. designed an azomethine-type LCE and combined it with KH-550-modified
boron nitride to prepare K-BN/LCE composites [65]. With 30 wt% loading of K-BN, the
composites showed a thermal conductivity of 0.50 W/ (m-K) at 77 K, which was five times
that of pure epoxy resin. Unlike the inherently disordered molecular chain structure within
epoxy, the presence of micro-ordered domains in LCE generates an anisotropic structure
that reduces phonon scattering and lowers interfacial thermal resistance. On the other hand,
the modified BN filler improves its own dispersibility and forms continuous conduction
pathways with the micro-ordered domains, enabling efficient heat transfer. The composite
also exhibited a maximum CTE reduction of 37.8% while maintaining sufficient shear
strength. Hyperbranched modification also effectively enhances the thermal conductivity
of epoxy resins due to the reduction in the interfacial thermal resistance between fillers and
epoxy. The previously mentioned HPB-GO/EP and HPB-BN/EP composites demonstrated
thermal conductivity increases of 80% and 430%, respectively, compared to pure epoxy
resin [51,52].

The thermal properties of epoxy-based composites are summarized in Table 3. The ther-
mal conductivity of unmodified fiber-reinforced epoxy resin is approximately 0.25 W /(m-K)
at 77 K. With the incorporation of thermally conductive filler, the thermal conductivity can
be increased by 100-300%.

Table 3. Summary of the thermal conductivities and coefficient of thermal expansion of epoxy-based
composites at cryogenic temperatures.

Resin Fiber Nano Filler (Content) T (K) T.Wm1K-1) CTE (10-¢/K) Ref.
10.07 (fill direction)

Epoxy . 12.03 (warp

(IPBE/TGPAP) Glass fiber - 77 0.24 direction) [58]
32.35 (z-direction)

Epoxy (KEP-1138)  Glass fiber - 70 0.23 - [59]

Basalt—

Epoxy (KEP-1138) glass fiber 70 0.25 - [59]

Epoxy (DGEBF)/ ' 0

CE (DCBE) Glass fiber  AIN (31.62 wt%) 77 0.60 27.2 [39]

Epoxy (DGEBF) - BNNT-APS (5 wt%) 77 0.63 36 [60]

Epoxy (DGEBF) - AIN (60 wt%) 60 0.20 27.6 [61]

Epoxy (DGEBF) - SiC (60 wt%) 60 0.24 23.0 [61]

Epoxy (DGEBF) - ggg%{,}f{“’dmm"m 100 067 344 [62]

Epoxy (DGEBF) - (oéosalt\l/‘* )/ B-SisNa 77 1.09 14.1 [63]

Liquid crystal ; BN (30 wt%) 77 0.50 28 [64]

epoxy

Epoxy (DER-332) - ggi;i}:; 100 0.93 34 [52]

2.3. Electrical Properties

During the operation of superconducting devices, in addition to the cryogenic envi-
ronment (77 K or 4.2 K), high voltage, high magnetic field strength (>10 T), strong radiation,
and thermal stress concentration are generated, causing the insulation structure to remain
in an extremely harsh environment for extended periods [66,67]. The presence of impu-
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rities and defects in the insulating material increases the likelihood of partial discharge
phenomena, leading to electron avalanches, thermal pulses, and dynamic pulses [68,69].
The concentrated voltage causes breakdown in the microscopic regions around the defects,
resulting in the overall electrical breakdown of the material [70]. This not only causes the
loss of insulation properties but also leads to a sharp decline in mechanical performance,
ultimately causing the superconductor to quench and resulting in severe economic losses
and significant safety risks.

Electrical damage is the primary cause of insulation structure degradation, with
electrical treeing, electrical breakdown, and surface flashover being the main manifestations
of such damage [71,72]. The electrical insulation properties of epoxy in the low-temperature
region typically exhibit patterns different from those in the room-temperature to high-
temperature range.

The surface flashover voltage of solid materials is usually lower than the breakdown
voltage [73]. Therefore, multiple flashovers may occur before electrical breakdown takes
place, which can cause irreversible damage to the material surface. Hence, studying
flashover at low temperatures is crucial for the stable operation of high-voltage super-
conducting equipment. Research indicates that the secondary electron emission rate and
the cathode electron emission rate are the main factors affecting the surface breakdown
strength under vacuum conditions. Jiang et al. built an efficient integrated electrical testing
system, which realized a wide-range testing of the electrical performance of epoxy resin
from cryogenic to room temperature [74]. The surface flashover of epoxy was investigated,
and the Weibull distribution results indicate that the flashover strength of epoxy resin does
not increase monotonically with decreasing temperature. It was affected by the work func-
tion of the copper electrode and the time scales of the above-process and the sub-process,
where both the collision ionization of gas molecules and carrier migration toward the anode
become more difficult as temperature decreases. Subsequently, they continued to utilize
this equipment to investigate the influence of different types of filler doping on the surface
flashover characteristics of epoxy resin at cryogenic temperatures. The study shows that
an appropriate amount of filler doping can significantly enhance the flashover strength of
epoxy resin at cryogenic temperatures. It is primarily due to the addition of filler creating
traps to capture charge carriers and hinder their migration. Moreover, the effectiveness of
the fillers varies considerably across different temperature ranges. It was observed that
BNNS/EP composites with 1-3 wt% filler content exhibited superior surface flashover
performance compared to pure epoxy [75]. Notably, their flashover voltage followed a
non-monotonic trend, initially increasing before decreasing as temperatures dropped. In
contrast, at the extreme cryogenic temperature of 10 K, the addition of BNNS, regardless of
quantity, proved detrimental to the flashover strength. The effectiveness of ZnO nanoparti-
cles was highly temperature-dependent, enhancing the surface flashover characteristics
of epoxy nanocomposites solely within the 80 K to 280 K range. In contrast, Al,O3/EP
composites consistently outperformed pure epoxy across the entire temperature spectrum.
The optimal filler content for Al,O3 was found to be 1 wt% in the deep cryogenic regime
(10 K to 80 K), while 2 wt% yielded the best performance at all other temperatures [76]. The
variation in the effect of fillers on the dielectric strength of epoxy-based composite may be
related to their intrinsic bandgap and dispersion. The presented work thus offers practical
guidance for enhancing epoxy’s low-temperature performance. However, it also reveals a
more complex physical picture than a simple monotonic dependence. A deeper exploration
of the fundamental mechanisms is necessary. Crucially, the influence of the surface gas state
under cryogenic conditions must be considered and systematically studied in future work.

During the operation of a superconducting magnet, fluctuations such as local tempera-
ture rises may cause a local quench, resulting in a large voltage difference [77,78]. This can
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lead to a transient electrical breakdown. Therefore, the electrical breakdown strength of
epoxy resin at low temperatures serves as a critical indicator for evaluating the performance
of superconducting magnet systems. A study by Wang et al. on glass fiber-reinforced epoxy
revealed a significant enhancement in DC breakdown strength at 78 K compared to 300 K,
with a 25 kV/mm improvement determined by Weibull analysis. They concluded that
the cryogenic conditions freeze the polymer’s molecular chains and side branches, which
suppresses atomic vibrations, reduces free volume, hinders electron multiplication, and
limits charge carrier mobility, thereby collectively increasing the breakdown strength [79].
Adding nano- or micrometer fillers is also one of the main methods to improve the insu-
lation performance of epoxy resins. Lee et al. investigated the low-temperature electrical
properties of epoxy resin modified with silica microfillers and alumina and titanium dioxide
nanofillers [80]. Through AC withstand voltage tests and partial discharge inception volt-
age tests, they found that the nanofiller-modified epoxy composites demonstrated higher
breakdown strength compared to those with micron-sized fillers in cryogenic environments,
while exhibiting similar breakdown voltage characteristics to insulating oil. Jiang et al.
investigated the DC breakdown strength and surface potential behavior of epoxy/alumina
nanocomposites (with 0, 1, 3, and 5 wt% filler content) under both room temperature and
cryogenic conditions [81]. The study revealed that with increasing nanoparticle content,
both the DC breakdown strength and initial surface potential exhibited a trend of an initial
increase followed by a decrease. Under cryogenic conditions, enhancements in breakdown
strength and initial surface potential were also observed. Furthermore, at low tempera-
tures, the incorporation of nanoparticles significantly altered the trap distribution, thereby
affecting the dielectric strength. This phenomenon is primarily attributed to reduced space
charge accumulation, modified charge carrier mobility, and variations in charge carrier
energy within the bulk material. Jia et al. investigated the DC breakdown strength of GFRP
incorporated with zinc oxide nanoparticles at both cryogenic and room temperatures [82].
The zinc oxide nanoparticles were modified with a silane coupling agent. The results
demonstrated that increasing the content of modified zinc oxide nanoparticles enhanced
the DC breakdown strength of GFRP, reaching its maximum at 5 wt% concentration. This
improvement is attributed to the fact that the incorporated zinc oxide nanoparticles hinder
the electron multiplication process during electrical breakdown. Furthermore, the break-
down strength of the same material at 77 K was found to be higher than that at 300 K,
primarily due to the suppressed mobility of chain segments and reduced kinetic energy
of charge carriers in the epoxy matrix under cryogenic conditions. Koo et al. investigated
the electrical performance of GFRP through thermal stress testing [83]. Although some
microcracks were observed in the GFRP specimens, both the AC and DC surface flashover
strengths of GFRP were found to be significantly higher than those of epoxy resin. It can
therefore be inferred that despite the presence of microcracks, GFRP maintains excellent
electrical insulation performance under cryogenic conditions.

Damage caused by high-energy radiation is also a significant factor leading to the
deterioration of material insulation performance. Li et al. investigated the electrical break-
down strength of a cyanate ester/epoxy composite at 6.1 K before and after irradiation [84].
The study found that the composite exhibited increased electrical breakdown strength at
cryogenic temperatures. Furthermore, due to the presence of cyanate ester, the ©°Co y-ray
irradiation showed no significant impact on the electrical breakdown strength at 6.1 K,
indicating that this composite system possesses excellent radiation resistance.

Due to the presence of internal microscopic defects, space charges collide with the
molecular chains of the material, which can trigger the initiation of electrical treeing [85,86].
The growth behavior of electrical trees at low temperatures differs significantly from that at
room temperature. Wang et al. investigated the electrical treeing characteristics of epoxy
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resin at 77 K, observing carbonization in tree channels through Raman spectroscopy [87].
The study revealed that while electrical tree propagation in liquid nitrogen exhibited slower
growth rates, it developed more branches with increased density and higher degrees of
carbonization. The electrical trees appeared darker in color with more complex dendritic
structures, indicating more severe material damage under cryogenic conditions. Notably,
the electrical tree initiation probability decreased, and tree growth was significantly sup-
pressed at low temperatures. However, once electrical trees entered the propagation phase,
the size of graphitic domains within the material was found to be more than twice that
observed at room temperature, which accounts for the accelerated late-stage growth of
electrical trees at 77 K.

3. Conclusions

In summary, this paper presents a comprehensive and systematic review of the cryo-
genic performances in epoxy-based composites specifically for superconducting magnets
encapsulation, including studies on cryogenic mechanical reinforcement, thermal prop-
erties enhancement, and electrical insulation characteristics. The irradiation resistance
of epoxy resins in relation to these properties is also discussed. The conventional glass
fiber-reinforced epoxy composites provide adequate tensile and interlaminar shear strength
for current magnet systems (shown in Table 1), with excellent insulation properties. How-
ever, their low cryogenic toughness, low thermal conductivity (~0.25 W m~! K~ at 77 K),
and relatively high thermal expansion make them insufficient for the next generation of
larger fusion and accelerator magnets. An enhanced approach involves utilizing insu-
lating ceramic nanofillers such as AIN, graphene oxide, BN, etc. This method has been
demonstrated to simultaneously enhance cryogenic mechanical properties, increase thermal
conductivity, and effectively reduce the thermal expansion coefficient, while maintaining
excellent electrical insulation of composites. Chemical modification techniques—including
the introduction of flexible segments, liquid crystals, and hyperbranched structures—can
significantly enhance epoxy resin cryogenic performance. Regarding electrical insulation
properties, adding inorganic fillers is one of the primary methods. However, this approach
is not always beneficial and may even produce adverse effects in certain circumstances. For
improving radiation resistance, utilizing hybrid-resin matrices incorporating cyanate esters
or highly functionalized epoxies is proven highly effective.

In addition, several recommendations for further investigation are presented as follows:

Conduct more systematic research on the cryogenic properties of epoxy resins, eluci-
date the mechanisms of toughening and thermal conductivity enhancement under cryo-
genic conditions. Precisely establish the quantitative relationship between nanofillers and
toughness/thermal property improvements of epoxy-based composites.

Apply multi-scale modeling to optimize epoxy-based composites. For example, utilize
molecular dynamic simulations to design resin formulations and calculate material proper-
ties, employ macro-scale modeling and the finite element method to perform mechanical
analyses on the impregnation models of superconducting coils.

Translate resin design into insulating encapsulation applications. Perform more im-
pregnation experiments on superconducting coils with novel resin systems to assess both
processability and practical performance. Combine with pore and microcrack detection
techniques to identify internal defects of insulation structures.

Improve the corresponding electrical property testing equipment to delve into the
mechanisms of electrical behavior under cryogenic conditions.

Targeting the future performance requirements of magnet encapsulation insulation
materials, utilize a hybrid method to design advanced epoxy-based composites with
synergistically enhanced properties.
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Abbreviations

The following abbreviations are used in this manuscript:

boron nitride nanosheet BNNS Hydroxyl-Terminated Hyperbranched Polyurethane HTPU
boron nitride nanotube BNNT Interlaminar shear strength ILSS
cyanate ester CE isopropylidenebisphenol bis[(2-glycidyloxy-3-n- IPBE
butoxy)-1-propylether]
coefficient of thermal expansion CTE International Thermonuclear Experimental Reactor ITER
diethyl toluene diamine DETDA  Liquid crystal epoxy LCE
diglycidyl 1,2-cyclohexanedicarboxylate DCBE Large Hadron Collider LHC
diglycidyl ether of bisphenol A DGEBA Nanodiamond ND
diglycidyl ether of bisphenol F DGEBF  Polyhedral oligomeric silsesquioxane POSS
epoxy EP Triglycidyl p-Aminophenol TGPAP
glass fiber-reinforced polymer GFRP Ultimate tensile strength UTS
graphene oxide GO Vacuum-Assisted Resin Transfer Molding VARTM
Hyperbranched polymers HBP
Hyperbranched poly(trimellitic HTDE
anhydride-diethylene glycol) ester epoxy resin
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