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projects in many countries and even in the world, such as aviation, aerospace, energy, transportation,
and medicine. With its high specific strength and high specific modulus, carbon fiber reinforced resin
matrix composite materials have gradually become the key material for aerospace vehicles, with signif-
icant advantages in reducing structural weight and improving structural efficiency. However, in the ultra-
. . low temperature environment such as liquid hydrogen and liquid oxygen, the overall structure of carbon
Low temperature environment-resistance . . . . . . .. .
Composite resin matrix fiber reinforced resin matrlx.composnes~ is severely testeq by the environment, and it is extremely impor-
Environmental durability tant to evaluate the mechanical properties of the composites under ultra-low temperature due to the dif-
Low-temperature design ference of their material structure and properties from those of traditional materials, and the difference of
thermal expansion coefficients between the reinforcing material carbon fiber and the resin matrix in
rocket fuel. In this paper, the epoxy resin-based composite system was prepared by modifying TDE-85
epoxy resin with low-viscosity cyanate resin through molecular structure design, which is suitable for
ultra-low temperature environment. The surface tension and dynamic contact angle of the modified
epoxy resin are better than those of the pure epoxy resin, and it can form a good infiltration with carbon
fiber and the interfacial properties of the composite are excellent. Secondly, the modified epoxy resin-
based composite unidirectional plate was prepared by wet winding molding process, and the low-
temperature mechanical property test specimens were prepared according to the relevant test standards.
The mechanical properties were tested at —196°C, —150°C, —90°C and room temperature 25°C to obtain
the low-temperature mechanical properties of the composite system, which provided the basis for the
design of the composite system in the ultra-low temperature environment. Finally, the microstructure
of the epoxy matrix composites was characterized by SEM method after the different temperature tests.
The material structure, morphology, and composition were characterized by field emission scanning elec-
tron microscopy (FESEM, M400 FEI) with energy dispersive X-ray spectroscopy (EDS). In this paper, TDE-
85 epoxy resin was modified with low viscosity cyanate resin to produce a modified epoxy resin suitable
for ultra-low temperature environment, and the process properties of the epoxy resin were characterized.
The surface tension of the modified epoxy resin was 43.405 mN/m, which was significantly lower than
that of the pure epoxy resin at room temperature of 48.814 mN/m. Therefore, the modified epoxy resin
had better flowability and required less time to wet the fibers during the molding process, resulting in
higher molding efficiency.
© 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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attracted the attention of researchers, is of great significance today.
It is not only closely related to our production life, but also affects
the development and progress of many cutting-edge technologies,
especially in the rapid development of advanced engineering

FLSEVIER Production and hosting by Elsevier

https://doi.org/10.1016/j.jksus.2022.102415
1018-3647/© 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jksus.2022.102415&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jksus.2022.102415
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:zhengjunl0622@163.com
https://doi.org/10.1016/j.jksus.2022.102415
http://www.sciencedirect.com/science/journal/10183647
http://www.sciencedirect.com

C. Li, Z. Liu, J. Tang et al.

technologies such as superconductivity and space technology,
cryogenic technology has also ushered in an important develop-
ment opportunity. The low temperature mentioned in the field of
cryogenic technology is different from our daily low temperature,
usually, the temperature that makes gases such as nitrogen and
oxygen transform into liquid state at atmospheric pressure is
defined as low temperature, and some people call the temperature
below 100 K as low temperature, and the temperature below 77 K
(-196 °C) as ultra-low temperature (Ahmad et al., 2018), so the low
temperature conditions studied by cryogenic engineering are the
extremes that cannot be reached in our daily life environments.
Among these low-temperature fluid media, LH2 and LO2 are envi-
ronmentally friendly and efficient high-quality fuels used in liquid
rocket engines, but due to their low boiling points, they are rela-
tively difficult to obtain and costly, and are generally used to create
extreme low-temperature environments with high requirements;
LN2 is inexpensive and easy to obtain, and due to its stable chem-
ical molecular structure, N2 has a strong chemical inertia, so it is
widely used in laboratories or factories to widely used in laborato-
ries or factories to create engineering cryogenic environments
(Bennett et al., 2019).

Epoxy resins have excellent mechanical properties, electrical
insulation properties, thermal stability and adhesive properties,
and have been widely used in coatings, binders, construction, elec-
trical and aerospace applications (Carrick et al., 2018). Epoxy resin-
based composites, especially fiber-reinforced epoxy composites,
have the advantages of low density, high strength, high modulus,
fatigue resistance and good processability, and have been widely
used in aerospace, naval and marine coastal engineering (da Luz
et al, 2018). Epoxy resin-based composites need good low-
temperature mechanical properties and low-temperature environ-
mental adaptability when applied in polar engineering, but the
epoxy resin matrix brings the disadvantages of high brittleness
and low toughness due to the high crosslink density, and this dis-
advantage will be more prominent in the low-temperature envi-
ronment, while ships in ice areas, polar coasts and marine
equipment need to withstand long-term low temperature, ice
impact loads and strong wind effects, which limits the perfor-
mance of epoxy resin and its This limits the application of epoxy
resins and their composites in polar cryogenic environments
(Kosiel and Smietana, 2020). Therefore, it is important to carry
out the structure and formulation design and performance
research of low-temperature resistant epoxy resin for the engi-
neering application of epoxy resin and composite materials in
low-temperature environment, and to promote the design and
development of ships, polar marine and coastal engineering and
other equipment in ice areas in China. In order to solve the prob-
lems of epoxy resin-based composites in low-temperature envi-
ronment applications, researchers at home and abroad have
conducted a series of researches. Most of the current methods to
improve the performance of epoxy resin at low temperature are
to toughen epoxy resin by using flexible aliphatic resin and liquid
rubber, flexible curing agent, etc. (Kritika et al., 2021; Li et al,
2018), but the toughened system has low glass transition temper-
ature and large free volume at room temperature, which will pro-
duce large thermal contraction when the temperature drops to low
temperature, leading to large thermal stress, which limits its appli-
cation at low temperature. There are also studies on adding ther-
moplastic polymers and nanoparticles to epoxy resin systems to
improve the low-temperature toughness of epoxy resins (Mori
et al, 2021; Ramasamy and Palanisamy, 2021; Reddy et al.,
2018; Saleh and Eskander, 2019).

The mismatch of thermal expansion in the ultra-low tempera-
ture environment has a significant impact on the low temperature
mechanical properties of carbon fiber composites in rocket fuel.
Some experimental studies have shown that as the temperature
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decreases, some mechanical properties of the composites are
anomalous with the law of room temperature conditions, for
example, under the environment of liquid nitrogen at —196 °C,
the tensile strength of the composites is only 80 % of room temper-
ature, while the impact strength is 50 % higher than room temper-
ature. This mechanical response pattern of composite structures in
ultra-low temperature environment is less reported in the open lit-
erature. The low-temperature mechanical property data are the
basis for the design of composite structures, and the evolution
law of low-temperature mechanical properties is the fundamental
guarantee for their reliable application. In this paper, the low vis-
cosity cyanate resin modified with TDE-85 epoxy resin was used
to prepare an epoxy resin-based composite system suitable for
ultra-low temperature environment, and the infiltration perfor-
mance between carbon fiber and resin in rocket fuel was studied.
At the same time, the mechanical properties of carbon fiber-
reinforced composites in low-temperature environments were
studied from microscopic and macroscopic perspectives to reveal
the evolution of mechanical properties of carbon fiber-reinforced
composites in low-temperature environments and to provide sup-
port for the application of carbon fiber-reinforced resin matrix
composites in ultra-low-temperature environments.

2. Related works

The lower the temperature, the higher the modulus and the
lower the elongation of the epoxy resin, i.e., there is a negative cor-
relation between brittleness and temperature (Singh et al., 2020).
The researchers defined the free space between molecules in the
three-dimensional epoxy resin network as free space or free vol-
ume to explain the toughening mechanism at low temperature
conditions. They proposed that the presence of free space at low
temperatures relieves the stress in the epoxy resin, which leads
to improved fracture toughness of the epoxy resin (Smith et al.,
2021). The researchers designed several different epoxy systems
and tested the low-temperature mechanical and thermal proper-
ties (Ustolin et al., 2020). The results showed that the control of
chemistry and network structure is important to optimize the
epoxy systems used in low-temperature engineering, and that
the network structure should take precedence over the chemical
structure in improving the low-temperature fracture toughness
(Wang and Zhu, 2018). The researchers mixed two epoxy resins
containing different numbers of epoxy groups and used polyfunc-
tional epoxy tetrakis (glycidylmethyl) diamine (TGMXDA) as a
modifier to improve the fracture toughness of the bisphenol a
epoxy resin system at low temperatures. The results showed that
the resins with larger epoxy equivalents and with flexible molecu-
lar structures exhibited higher fracture toughness at low tempera-
tures (Zaaba et al., 2021).

They also found that the fracture toughness of epoxy resin
depends on the intermolecular force and stress relaxation at the
crack tip, and the epoxy resin with higher cross-linked molecular
weight has crack tip stress relaxation at low temperature, so the
intermolecular force and stress relaxation at the crack tip are very
important to improve the fracture toughness (Ranganath et al.,
2022). The researchers summarized the relationship between
epoxy resin properties and crosslinking degree and temperature
and found that the fracture energy and linear expansion coefficient
are influenced by the crosslinking degree, and the mechanical
strength, linear expansion coefficient and specific heat capacity
are influenced by the temperature (Unhelkar et al.,, 2022). The
researchers studied the mechanical properties of various epoxy
resin systems at 4 K, 77 K and room temperature, and the results
showed that the modulus increased with temperature, but the ten-
sile strength decreased at lower temperatures, and the data were
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more discrete. Free volume is an intrinsic factor that determines
the absorption and diffusion of small molecules within the poly-
mer. In three-dimensional epoxy networks, the free volume origi-
nates from those cavities formed due to the irregular stacking of
the polymer network. Therefore, the free volume is influenced by
the crosslink density and network structure (Bauer et al., 2020).
As the temperature decreases the free volume of the three-
dimensional epoxy resin cross-linked network decreases, and
below the secondary transition temperature the epoxy resin chain
segments are frozen and basically lose their motility. In the low
temperature environment, the free volume of the epoxy resin net-
work decreases and the molecular spacing decreases, which makes
the chain segment less motile and leads to the stress concentration
inside the chain segment and fracture quickly when it is subjected
to external force (Bayoumy et al., 2021). Therefore, controlling the
free volume of the three-dimensional cross-linked network of
epoxy resin can achieve the purpose of improving the toughness
of epoxy at low temperature (Boland and Bronlund, 2019). Increas-
ing the free volume at low temperature can relieve the stress in the
epoxy resin, and improve the molecular chain segment motility,
thus making the epoxy resin fracture toughness improve.

3. Curing behavior of epoxy resins resistant to low temperature
environment in rocket fuel

3.1. Molecular structure design of epoxy-based resin system

Under the low temperature environment, the resin material
becomes brittle due to its own microstructural nature, and is prone
to microcracking within the matrix, resulting in a decrease in its
mechanical properties. In this regard, the general toughening
methods adopted at home and abroad are nano-filler toughening
and molecular chain segment modification. Among them, nano-
filler toughening, is to add some nano-scale level filler in the resin
matrix, because the nanoparticles have a large specific surface area
and surface energy, high reactivity and other excellent properties,
so that it has the ability to improve the resin properties, but the
dispersion of nanoparticles in the composite material directly
affects the performance of the nano-modified resin, and the
agglomeration phenomenon of nanoparticles can even become a
major defect of the modified resin. The agglomeration of nanopar-
ticles can even be a major defect of the modified resin. Molecular
chain segment modification is based on the molecular structure
of the epoxy resin itself, using the reactive activity and adhesive-
ness provided by the hydroxyl group, and adding toughening
materials to polymerize with it, such as adding flexible side groups,
so as to improve its low-temperature toughness. The modification
method used in this paper is molecular chain segment modifica-
tion. The molecular structure of epoxy resin contains a large num-
ber of polar groups such as hydroxyl groups, and the C=N of -OCN
group in the molecular structure of cyanate resin can polymerize
with the hydroxyl carbonyl group in the epoxy resin in various
ways, so that the epoxy resin and cyanate resin can be cross-
linked during the curing process, which makes the modified epoxy
resin have better anti-microcracking property and toughness at
low temperature.

It is generally believed that there are three stages of copolymer-
ization: (1) homopolymerization of cyanate resin itself to generate
triazine ring cross-linked structure; (2) polyetherification of epoxy
resin; (3) reaction of cyanate functional group with epoxy func-
tional group to generate oxazolidinone and other structures.
Therefore, the cyanate modified epoxy resin system can not only
make the two resins curing reaction to form stable polymers, but
also make the cyanate ester and epoxy resin co-curing to form a
cross-linked network, so that the three chemical effects comple-
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ment each other, thus retaining the excellent properties of the
original resin, but also making the modified resin add new proper-
ties generated by the new components, as shown in Fig. 1. There-
fore, in this paper, a low viscosity cyanate resin was selected to
be compounded with epoxy resin to prepare a modified epoxy
resin with better low temperature mechanical properties.

3.2. Curing experiments

The non-isothermal DSC method was used to study the curing
process of two low temperature resistant epoxy resin systems:
E54/EE41/DDS and E54/PEK-C/DDS, with the selected ratios of
EP13 and PEK-8. The heating rates were set to 5, 10, 15 and
20 K/min, and the heat flow-temperature DSC curves were
obtained as shown in Fig. 2. The curing exothermic range of the
two epoxy resins is between 130 K and 360 K, and there is a single
curing exothermic peak. With the increase of the heating rate, the
exothermic peak moves to the high temperature direction and the
peak increases, which is caused by the uneven temperature distri-
bution inside the specimen due to the increase of the heating rate
and the slow response of the system, and this phenomenon is
called “hysteresis”. Both systems have a heat absorption peak
between 77 °C and 78 °C, indicating that the powdered curing
agent DDS began to dissolve in the resin.

The starting curing temperature, peak curing temperature, end-
ing curing temperature and curing temperature interval of system
are larger, which indicates that the curing activity of the two epoxy
resin systems is larger.

The temperature at time t in the non-isothermal DSC curve can
be expressed as

T=To+tp

where Ty is the initial temperature and B is the heating rate. It is
known that T and B are linearly related, and the theoretical curing
temperature of the epoxy resin can be obtained by extrapolating
the linear fit to the characteristic temperature points at different
heating rates, so that § = 0. The linear fit of the two systems is
shown in Fig. 3 to find out the theoretical pre-curing temperature.

3.3. Low temperature performance analysis

Based on the previously measured mechanical property data
and trends, a preliminary analysis and interpretation of the tensile
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properties of the composites at low temperatures was carried out
in conjunction with the evolution of the properties of the internal
components of the composites at low temperatures. Since the coef-
ficient of thermal expansion of resin is larger than that of fiber, the
residual thermal stresses undergone by resin from room tempera-
ture to low temperature are tensile stresses, and the residual ther-
mal stresses undergone by fiber are compressive stresses. The main
load-bearing object of the composite material in the tensile test is
the fiber, and the compressive thermal stress on the fiber just
relieves the effect of tensile action on the fiber, so theoretically
the tensile strength of the composite material at low temperature
is elevated. The tensile strength folding line diagram is shown in
Fig. 4.

The consequence of brittleness is that the resin does not reach
the theoretical tensile strength when subjected to tensile load,
but the tensile strain of the resin itself has reached its limit, and
continued stretching will cause the resin to sprout micro-cracks
under the action of temperature and force fields, thus making the
composite material interlayer damage, and the macro-
mechanical properties are reduced. Microscopically, when the
crack tip energy is greater than the interfacial strength, the single
fiber interface is destroyed and the fiber is easily sheared off, which
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also leads to the decrease of the overall mechanical properties.
Coupled with the fact that the resin is subjected to tensile thermal
stress at low temperature, which itself has already generated a part
of tensile strain, the lower the temperature the greater the tensile
thermal stress, so the tensile strength obtained is even smaller. The
tensile strength increases when the temperature drops from
—150C to —196°C, probably because after the temperature drops
to a certain level, the ultimate tensile strain with temperature is
no longer obvious, and its role is gradually reduced, thus making
the proportion of factors causing the tensile strength to increase
increase, and the tensile strength of the composite material
regains.

Generally speaking, at 25°C, the fracture of the fracture speci-
mens can obviously see many traces of fiber pull-out, i.e., many
single fibers or fiber bundles can be seen protruding from the frac-
ture area, and many “deep pits” left by fiber pull-out can be seen,
and the length of the pulled-out fibers is long, and the fracture area
is small and untidy as a whole. These phenomena indicate that the
tensile fracture mode of the modified epoxy resin matrix compos-
ites is mainly ductile fracture at room temperature, which is man-
ifested by fiber pull-out and interfacial debonding. In this fracture
mode, the reinforcing fibers in the composite are not sheared off
due to the expansion of small cracks and defects in the matrix,
so the excellent properties of the reinforcing fibers themselves
can be presented to a large extent. From the enlarged figure, we
can see that the resin around the fibers is smooth without many
defects and cracks, which indicates that the modified epoxy resin
is well applied in the winding process and the quality of the pre-
pared composite can be guaranteed.

3.4. Performance characterization of cold and thermal shock
environments

The material state of composite materials subjected to hot and
cold shock is different from that obtained by simply heating and
cooling, especially when the amplitude of hot and cold shock is
large. Fibers and resins, as two important components of compos-
ites, will have fatigue effects on their internal molecules when they
are subjected to hot and cold shocks, and the performance changes
due to fatigue are not significant due to the stable molecular struc-
ture and chemical properties of fibers, while resins are polymer
compounds with long molecular chain lengths and cross-linking
between chains after curing, making the resin performance more
sensitive to the drastic changes in temperature, as shown in
Fig. 5. The resin, however, is a polymer compound with long
molecular chain length and cross-linking between chains after cur-
ing, which makes the resin performance more sensitive to drastic
changes in temperature.
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When heating up, the equilibrium distance between atoms in
resin molecules becomes larger, resulting in longer molecular
chains and more violent irregular thermal movements of atoms,
so that the molecular chains lapping each other occur creeping fric-
tion, which makes the solid combination between some molecules
and molecules disintegrate due to high cross-linking degree, and
the combination between molecules becomes more loose and soft,
which is macroscopically manifested as resin volume expansion,
strength decreases to a certain extent and modulus In addition,
due to the uneven thermal expansion, it is easy to breed micro-
cracks and other defects in the resin, causing a further reduction
in performance; when cooling, in contrast to heating, the molecu-
lar chain shrinks, and the cross-linked molecules are combined clo-
sely again. Under the effect of continuous heating and cooling, the
fatigue effect gradually appears, the resin matrix becomes more
and more insensitive to the action of external factors, the bonding
between molecules develops towards a fixed pattern, and various
defects emerge continuously, causing the matrix to become brittle
and hard, and the ductility decreases.

4. Experimental results and analysis

4.1. Analysis of low-temperature ply shear performance of composite
materials

Layer shear specimens are similar to the bending force, but
there are obvious differences. Specimen size on the layer shear
and bending although the shape is similar, are long specimens,
but the bending specimen length and width and length-thickness
ratio are much larger than the layer shear; in the loading mode,
bending and layer shear with three points bending loading, but
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the layer shear specimen loading span is much smaller. Therefore,
the failure form of shear specimens and bending specimens are
completely different from the two ways. Layer shear specimen sec-
tion of the stress schematic diagram can be seen, the section of the
lower (upper) surface of the tensile (compressive) positive stress is
very large, the stress gradient in the direction of the vertical neu-
tral surface of the specimen is quite large, which is the main factor
affecting the failure of the specimen. The stress gradient is too
large, causing the adjacent layer of material in the specimen to
bear a very large shear stress effect, when the shear stress reaches
the ultimate shear stress of the material, the material shear dam-
age occurs, the adjacent layer of material ripped away, and the
shear stress is the subject of the matrix resin and interface. Similar
to the compressive properties, as the resin strength increases at
low temperature, the resin intermolecular cross-linking is stronger,
and the interface is more tightly bonded, which, together with the
combined effect of various factors, makes the interlayer shear
strength of the composite material increase as the temperature
decreases.

In addition to testing the mechanical properties of the compos-
ites at different temperatures, the mechanical properties of the
composites were also investigated before and after being subjected
to hot and cold impacts. The temperature control conditions were
as follows: the specimens were first cooled down from room tem-
perature to —196 °C at a rate of 20 °C per minute, held for 5 min,
then warmed up to 100 °C at a rate of 10 °C per minute, held for
5 min and then cooled down to room temperature to complete a
temperature cycle, as shown in Fig. 6.

The test specimens were selected for different number of
impacts, 0, 10, 20, 50 and 100 times, respectively, and the test tem-
perature was 25 °C at room temperature. Based on the experimen-
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tal data and the study of the evolution of the properties of the low
temperature components of the composites, the mechanical prop-
erties of the composites subjected to hot and cold impacts are ana-
lyzed in this paper. The material state of composite materials
subjected to hot and cold shock is different from that obtained
by simply heating and cooling, especially when the amplitude of
hot and cold shock is large. Fibers and resins, as two important
components of composites, have fatigue effects on their internal
molecules when subjected to hot and cold shocks, and due to their
stable molecular structure and chemical properties, the perfor-
mance changes due to fatigue are not significant, while resins are
polymer compounds with long molecular chain lengths and
cross-linking between chains after curing, making the resin prop-
erties more sensitive to drastic changes in temperature. perfor-
mance is more sensitive to drastic changes in temperature.

4.2. Characterization of low-temperature environmental resistance

The interface, another fundamental component of the compos-
ite, also plays an important role in the cold and thermal impact
tests. The dimensionality of the interfacial phase is relatively low,
as it basically remains around 100 nm in the thickness direction,
the thickness scale is not worth mentioning compared to its vast
area, so the interfacial phase can be regarded as a quasi-two-
dimensional component, and the deformation of the interfacial
phase in the thickness direction compared to the fiber and resin
is not considered in this paper. When the composite material is
subjected to hot and cold shock, the uncoordinated hot and cold
deformation of the matrix resin and the reinforcing fiber leads to
a larger out-of-plane stress at the interface: the thermal deforma-
tion of the resin matrix is much larger than that of the fiber, so the
interface has been under the alternating action of compressive and
tensile stresses during the temperature rise and fall, and the inter-
face is constantly “breathing”. The component materials of the
interface phase are also constantly fatigued in the transformation,
and the stress relaxation leads to the gradual reduction of the
molding thermal stress (as shown in Fig. 7), and the interface per-
formance is partially improved; however, with the increase of the
number of alternations, the influence of the molding thermal stress
has been stabilized, and the decrease of the strength caused by the
stress concentration and fatigue of tensile and compressive effects
gradually appears, and the interface bond strength decreases.

The post-curing effect of resin refers to the cumulative thermal
effect of the composite material when subjected to cold and ther-
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mal cycling or cold and thermal shock, which leads to further
cross-linking and curing of the resin, resulting in an improvement
in the performance of the composite matrix. In the cold and ther-
mal shock temperature cycling curve taken in this paper, the high
temperature section is insulated for 5 min and the high tempera-
ture section is insulated for up to 500 min after accumulating
100 cycles, and then considering that further cross-linking may
also occur during the temperature rise and fall of the specimen,
the post-curing effect of the resin also affects the cold and thermal
shock experimental performance of the composite material.

The line graphs of the ply shear data before and after cold and
hot impacts are shown in Fig. 8. From the data, we can see that
the interlaminar shear strength of the composite increases gradu-
ally with the increase of the number of impacts: after 10 cold and
hot impacts, the shear strength of the specimen increases by 24.2 %
compared with that of the composite without cold and hot
impacts, after 20 cold and hot impacts, the shear strength of the
composite is slightly higher by 0.2 % compared with that of 10
impacts, after 50 cold and hot impacts, the shear strength of the
composite is higher by 1.6 % compared with that of 20 impacts,
and after 100 cold and hot impacts, the shear strength of the com-
posite is higher by 5.6 % compared with that of 50 impacts. The
shear strength of the plies was 1.6 % higher than the shear strength
of the plies with 20 cold and hot impacts and 5.4 % higher than the
shear strength of the plies with 100 cold and hot impacts.

4.3. Analysis of specimens before and after cold and heat shock

Therefore, as the temperature decreases, the ultimate elonga-
tion at break of the resin matrix gradually decreases, and the influ-
ence of other factors is combined, resulting in a gradual decline in
tensile properties. When the composite material is subjected to
compression load at low temperature, contrary to the tensile situ-
ation, the resin matrix is strengthened, and the tensile thermal
stress generated by cooling neutralizes part of the compressive
load, and due to the improvement of the interface and other prop-
erties at low temperature, resulting in a gradual increase in the
compressive strength of the composite material at low tempera-
ture. For the bending and impact loading effects, the composite is
divided into two parts by the neutral surface, the tensile zone
and the compressive zone, and the strength of the compressive
zone increases and the strength of the tensile zone decreases, but
the deformation of the external material is reduced by the con-
straint of the internal material due to the asymptotic distribution
of the stress in the numerical direction, and combined with the
improvement of the interface properties, it leads to the increase
of both the bending strength and the impact strength of the com-
posite at low temperature, as shown in Fig. 9. When the composite
material is subjected to low-temperature ply shear load, the load
force is mainly shear stress because the subject of force is the resin
matrix and the interface, and the resin molecules are firmly
bonded at low temperature and the shear strength is increased,
which, together with the enhancement of the interface at low tem-
perature, leads to the gradual increase of the overall composite
material ply shear strength.

As shown in Fig. 10, the T, of epoxy resin decreased by 20.6 %
after adding 4 wt% of PEK-C. After that, the Ty of epoxy resin cured
products increased and then decreased with the increase of PEK-C
filling, and the T, of the system was the highest when the PEK-C
content was 8 wt%, and the T of PEK-8 increased by 6.95 % than
that of N-DGE, and the Ty of PEK-12 and PEK The T, of PEK-12
and PEK-16 were basically the same. PEK-C is an amorphous ther-
moplastic resin with a glass transition temperature of 231 °C.
When 4 wt% PEK-C is added, PEK-C undergoes slight phase separa-
tion in the epoxy resin matrix, and the more rigid PEK-C dispersed
phase particles can improve the deformation ability of the epoxy



C. Li, Z. Liu, J. Tang et al.

62.5 4

Journal of King Saud University — Science 35 (2023) 102415

2.6
© © 254
O 62.0 [a
2 2
& . & 2.4
[ N (O]
j - —
k7 5 23
z)’ 61.0 $
K% 2,
€ €
<>% ws1  Matrix rich node § ..{ Matrix starved node
60.0 T T T T T 1 20 T T T T T 1
0 2 4 6 8 10 12 0 2 4 6 8 10 12
96 7]
— 94 — 70
& ol &
2 2 6.8
T; 90 4 T; 6.6 -
(%] (%]
8 88 E 6.4
= 4+
g6 v 62
(%] (%]
E ] E =]
S ] interface node S fiber inner node
5.4
78
T T T T T 1 5.2 T T T T T 1
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Thermal cycles (times) Thermal cycles (times)
Fig. 7.

76

—#— Impact strength
—e— Simulation strength

72

68

64

60

56

52

Impact strength (KJ/m?)

48

44

-15 -13 -11

Testing temperature (°C)

Fig. 8.

resin by bridging and anchoring when subjected to external forces.
The deformation ability of the epoxy resin is improved, so that the
movement ability of the system molecules is increased, thus reduc-
ing the energy required for the glass transition of the epoxy resin
and Ty is reduced. In contrast, PEK-8 epoxy resin is a homogeneous
system, PEK-C and the base resin are tightly bonded, and the more
rigid benzene ring in PEK-C further increases the Tg of the system.

The flexible structure enhances the movement ability of the
epoxy resin molecular chain, and when cracks occur and expand,
more fracture work is absorbed through the movement of the
molecular chain and the rotation of the matrix to relax the stress,
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Fig. 9.

thus terminating the cracks, or changing the direction of crack
expansion to form secondary microcracks. The secondary microc-
rack expansion is interlaced to form shell-like crack microregions,
and there are stress whitening areas at the edges of the microre-
gions, which are caused by the rapid crack expansion, and the
matrix absorbs a large amount of fracture work during the process
to deflect the crack path. As the content of EE41 increases, the plas-
tic deformation capacity of the epoxy resin increases. The plastic
deformation areas appear on the fracture surfaces of EP12, EP11,
EP21 and EP31, and most of these plastic deformation areas appear
in the direction perpendicular to the shell-like crack expansion
zone, indicating that the crack terminates at the edge of the
shell-like expansion zone, after which the matrix undergoes plastic
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deformation to relax the stress. The fracture steps appear on the
surface of the epoxy fractures with m(EE41):m(DGEBA) of 2:1
and 3:1, which are formed when the epoxy resin yields and the
cracks expand in the direction perpendicular to the original grain
path, thus enabling the matrix to absorb more energy before frac-
ture occurs.

5. Conclusion

In this paper, TDE-85 epoxy resin was modified with low viscos-
ity cyanate resin to produce a modified epoxy resin suitable for
ultra-low temperature environment, and the process properties
of the epoxy resin were characterized. The surface tension of the
modified epoxy resin was 43.405 mN/m, which was significantly
lower than that of the pure epoxy resin at room temperature of
48.814 mN/m. Therefore, the modified epoxy resin had better
flowability and required less time to wet the fibers during the
molding process, resulting in higher molding efficiency. The sur-
face tension of cyanate resin is unstable at room temperature
and an accurate value cannot be obtained, and it was found that
the surface tension value decreases with the increase of tempera-
ture. The dynamic contact angle of the modified epoxy resin and
the pure epoxy resin were tested with T700 carbon fiber, and it
was found that the dynamic contact angle of the modified epoxy
resin was 63.035° at room temperature, which was less than the
73.551° of the pure epoxy resin, so the modified epoxy resin had
better infiltration performance with carbon fiber than the pure
epoxy resin and had better molding processability. By testing the
contact angle of cyanate resin, it was found that the dynamic con-
tact angle of cyanate was not consistent with the theory due to the
high viscosity of cyanate resin and the error of the experiment
itself. The interfacial shear strength value of the modified epoxy
resin was 64.55 MPa, which was higher than that of the pure epoxy
resin (54.38 MPa).
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