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Abstract: In this paper, new epoxy resin/rubber powder/hollow beads three-phase composites were
prepared by designing the incorporation of fly ash hollow beads with different mass fractions (5%, 10%,
15%, and 20%) as new reinforcing phases into epoxy resin/rubber powder two-phase composites with
5% mass fraction of carbon black rubber powder. Quasi-static compression tests were conducted at
room temperature to test the compressive properties of the oxygen resin/rubber powder/hollow beads
composites. Calculate the energy absorption properties and energy absorption efficiency of the
composites from the compression curves. Fracture characteristics of compressed material specimens
with microscopic morphology were observed by scanning electron microscopy. By systematically
analyzing the effect of fly ash hollow beads content on the mechanical properties of epoxy resin/rubber
powder/hollow beads three-phase composites, it was found that fly ash hollow beads as reinforcing
materials can effectively improve the brittleness and yield strength of epoxy resin/rubber powder as well
as the energy-absorbing properties and efficiency of the composites. The energy absorption properties
of the epoxy resin/rubber powder/hollow beads composites increased and then decreased with the
increase in the mass fraction of fly ash hollow beads. In the epoxy resin/rubber powder/hollow beads
composites, the most significant performance was observed when the mass fraction of fly ash was 10%.
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1. Introduction

As one of the three recognized general-purpose thermosetting resins, epoxy resin has an internal
mesh cross-linking structure, which gives it excellent mechanical properties, good chemical stability and
durability [1-3]. Therefore, it is widely used in the fields of electronic packaging, automotive, aerospace
and so on [4-8]. However, due to its highly cross-linked structure, epoxy resin has low toughness and
poor impact and cracking resistance, which limits its application as a structural material [9-13]. In recent
years, the research on the reinforcement and modification of epoxy resin has gradually been emphasized,
and new composite materials with epoxy resin as the matrix phase have been widely used in various
fields [14-16].

Supplements are often added to improve their physical, chemical and mechanical properties. These
additives usually include modified fibers and granular materials [17-19]. It was shown that jute
reinforced composites have good tensile and flexural properties, while banana fiber and coconut fiber
reinforced materials contribute to impact resistance and energy absorption properties are improved to
some extent [20]. Particulates such as alumina, silicon carbide, rubber powder, and silicon oxide can be
used as reinforcement materials in composites. The use of these particles can significantly improve the
overall mechanical properties of composites compared to pure epoxy resins [21, 22]. However,
researchers have found that the addition of just a single fiber and particulate material is limited in
enhancing the mechanical properties of epoxy resins. Therefore, in order to further improve the energy-
absorbing properties of composites, more and more scholars have begun to study the incorporation of a
third supplementary reinforcing filler into the composites [23-25]. Yang et al. used polyaniline with fine
particle structure as an interfacial reinforcing agent to enhance the interfacial adhesion of p-phenylene
benzobisoxazole fiber/epoxy composites. The results showed that the addition of particles increased the
interfacial shear strength and interlaminar shear strength of p-phenylene benzobisoxazole fiber / epoxy
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composites by 60.16 and 54.83%, respectively [26]. Sarmin et al. doped chitosan powder into epoxy
resin/date palm fiber composites and the results of the study showed that the thermal stability of epoxy
resin/date palm fiber composites was improved [27]. Researchers Perumal et al. showed that the
incorporation of zircon particles with a mass fraction of 10% into a glass fiber epoxy composite resulted
in an increase in the tensile strength, tensile modulus, flexural strength and flexural modulus of the
composite by 33.33%, 12.56%, 32.88%, and 15.74%, respectively [28]. However, from the current
research situation, most of the scholars in the study of reinforced epoxy composites, the selected
reinforcing materials are focused on the mechanical properties of flexural, shear and tensile, while the
research on the improvement of energy-absorbing properties of the composites is relatively less [29, 30].
Therefore, in order to further enhance the energy-absorbing properties of the composites, a more suitable
reinforcing material needs to be selected. In this paper, fly ash hollow beads are used as reinforcing
materials to be incorporated into rubber powder epoxy composites. Fly ash hollow beads are a kind of
hollow microspherical industrial waste made of aluminum silicate with good dispersion, homogeneity,
inertness and chemical stability. The special properties of the hollow structure include lightness, rigidity
and compression resistance, as well as strength, which makes it an ideal reinforcing material that can be
added to composites to enhance their properties. The application of this reinforcing material can realize
two purposes: on the one hand, it can reduce the density of the composite material and lower the weight;
on the other hand, it can improve the mechanical properties and energy-absorbing properties of the
composite material [31, 32]. However, there are few studies on the reinforcement of fly ash hollow beads
in rubber powder epoxy composites. Therefore, it is of research value to study the application and
enhancement of fly ash hollow beads in rubber powder epoxy resin composites.

Based on the previous research of our group, it was shown that carbon black rubber powder epoxy
resin composites with a mass fraction of 5% showed the best mechanical properties [33], so in this study,
fly ash hollow beads were used to toughen the rubber powder epoxy resin matrix with a mass fraction
of 5%. Quasi-static compression tests were carried out using a universal testing machine to obtain stress-
strain curves, focusing on the compression characteristics of the specimens. The mechanical evolution
process and energy-absorbing properties of the microbead rubber powder epoxy resin were analyzed by
combining the scanning electron microscope pictures and the macroscopic changes of the specimens.

2. Materials and methods
2.1. Experimental materials

The bisphenol A epoxy resin used in the experiment was E51 epoxy resin produced by Yueyang
Baling Petrochemical Co. N220 carbon black rubber powder was purchased from North China Fine
Chemical Co, the specific parameters are shown in Table 1. Fly ash hollow beads were purchased from
Hebei Jingjia Mineral Products Processing Co, the specific parameters are shown in Table 2. Coupling
agent KH-550 was purchased from Changzhou Runxiang Chemical Co. All the above materials are
industrial grade materials without further purification.

Table 1. Physical and chemical properties of carbon black rubber powder
300% Constant stretch
Density (g/L) Individual particle strength (CN) pressure (MPa)

Particle diameter
(mm)

0.178+0.005 180+20 <50 -1.9+1.0

Table 2. Physical and chemical properties of fly ash hollow beads

True Density
(9/cmd)

compressive strength

Packing density (g/cm3) (MPa)

Particle diameter (pum)

0.3~0.6 12~1.4 20 ~ 400 10 ~50
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2.2. Experimental equipment

The universal testing machine used in the test is WDW-100, which is produced in Changchun Kexin
company. The scanning electron microscope adopts the EM-30Plus model produced by COEXM
company. The DZF vacuum drying oven is produced by Shanghai Yiheng Technology Instrument Co.,
Ltd. and DF-101 heat collecting magnetic mixer is purchased from Gongyi Kerui Instrument Co., Ltd.

2.3. Experimental method

This study used a silane coupling agent (KH550) to modify the surface of carbon black rubber
powder and fly ash hollow microbeads for 20s, and then added into epoxy resin. The modified carbon
black rubber powder and fly ash hollow microbeads were fully dried and then fully mechanically stirred
in @ magnetic stirrer at different mass fractions. After eliminating air bubbles in a vacuum drying oven,
the liquid epoxy/rubber powder/hollow bead mixture was injected into the mold. After 48 h at room
temperature, samples with dimensions of 10 mm x 10 mm x 25 mm were demolded as shown in Figure
1. Compression tests were carried out on specimens with different mass fractions using a WDW
universal testing machine. The compression tests were carried out at a strain rate of 102 s . After
spraying gold on the fracture surface of the compression specimens, the microscopic morphology of the
specimens was observed under a scanning electron microscope.
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Figure 1. Composite material specimens
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3. Results and discussions
3.1. Density analysis of materials

In order to minimize the effect of chance error during the overall quasi-static compression
experiments, groups of 10 specimens each were prepared for fly ash hollow beads with mass fractions
of 5%, 10%, 15%, and 20%. For epoxy resin/rubber powder/hollow beads three-phase composites the
theoretical density can be calculated using the following equation:

pe=pe(1 =V, = Vy) + ppVp + puVy (1)

In equation 1, p, is the theoretical density of epoxy resin/N220 carbon black rubber powder/hollow
beads composite, V}, is the volume fraction of N220 carbon black rubber powder, pz is the density of
pure epoxy resin, p, is the density of N220 carbon black rubber powder, py is the density of hollow
beads of fly ash, and Vy; is the volume fraction of hollow beads of fly ash. The volume fraction V of the
fly ash hollow beads can be calculated from the density of the fly ash hollow beads and its mass fraction
in the epoxy resin/rubber powder/hollow beads three-phase composite:

Wy

PE Pn

VH =

(2)

Wy
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Table 3 shows the volume fractions corresponding to different mass fractions of fly ash hollow beads
and the theoretical and actual densities of the epoxy resin/rubber powder/hollow beads three-phase
composites calculated according to equation 2 above. It can be seen that, due to the density of fly ash
hollow beads being less than the density of epoxy resin, when the mass fraction of N220 carbon black
rubber powder is 5% and the volume fraction is 25.3%, with the increase of the mass fraction of fly ash
hollow beads, the volume fraction of fly ash hollow beads are also increasing, and the growth rate of the
volume fraction exceeds the growth rate of the mass fraction, and the theoretical and actual density of
three-phase composites both decreased.

Table 3. Density and volume fraction of composites with different
mass fractions of hollow beads

Mass fraction of hollow Volume fraction of Theoretical density of composite | Actual density of composites
beads (wy/%) hollow beads (V /%) materials (p./g-cm®) (palg-cm®)
5 9.54 0.844 0.826
10 18.02 0.784 0.756
15 25.62 0.730 0.695
20 32.47 0.682 0.643

3.2 Mechanical properties analysis of composite materials

Figure 2 shows the macroscopic state of the epoxy resin/rubber powder/hollow beads three-phase
composite specimens under different strains in the quasi-static compression experiments. According to
the macroscopic deformation diagrams under different strains, it can be seen that the epoxy resin/rubber
powder/hollow beads three-phase composite specimens have just passed through the linear elasticity
stage, and the slight deformation occurs when the strain is 10%, and the deformation is very slight. As
shown in Figure 2b, the surface of the three-phase composite material is compressed, and a "grid-like"
pattern appears, with a slight axial deformation in the surrounding direction, and a tendency to spread in
all directions. When the strain reaches 20%, as shown in Figure 2c, the three-phase composite material
specimen is on both sides of the obvious "bulging” deformation. As the strain continues to increase to
30%, the "bulge™ of the epoxy resin/rubber powder/hollow beads three-phase composite specimen
shown in Figure 2d becomes larger, and the three-phase composite specimen continues to expand around
the specimen under the action of stress. When the strain reaches 50%, the epoxy resin/rubber
powder/hollow beads three-phase composite specimen as shown in Figure 2e shows that the fracture
occurs under the stress, and the crack expands and extends outward from the center of the three-phase
composite specimen. When the strain is 70%, as shown in Figure 2f the fracture zone of the epoxy
resin/rubber powder/hollow beads three-phase composite specimen under stress is almost continuous
throughout the specimen, and at this time the specimen fails in its ability to absorb energy.

=

Figure 2. Macroscopic deformation of composites
during compression

Mater. Plast., 61 (1), 2024, 66-81 69 https://doi.org/10.37358/MP.24.1.5703


https://revmaterialeplastice.ro/

MATERIALE PLASTICE @ @
https://revmaterialeplastice.ro A

https://doi.org/10.37358/Mat.Plast.1964

Figure 3 shows the compressive stress-strain curves of epoxy resin/rubber powder/hollow beads
three-phase composite specimen sets containing different mass fractions (5%, 10%, 15%, 20%) of fly
ash hollow beads, It can be seen that before the strain reaches 45%, the initial stage of quasi-static
compression test is a linear relationship between the stress rises rapidly in the linear-elastic region, this
stage of the specimen set of plastic-elastic deformation occurs in this stage of the withdrawal of the
external force specimens can be returned to the state before deformation. When the strain reaches 45%,
the overall trend of the stress-strain curve of the specimen group with 5% mass fraction of fly ash hollow
beads is that the stress continues to increase, and the stress decrease phase after the end of the yield
plateau corresponds to a relatively short strain, and then enters the dense reinforcement phase, and the
stress rises rapidly with the increase of the strain. While the three specimen groups with fly ash hollow
beads mass fraction of 10%, 15%, and 20% all showed a significant stress decrease stage after the slow
increase of stress in the yield plateau area, which is the internal pore collapse stage. With the increase of
the mass fraction of fly ash hollow beads, the stress of the specimen group decreased more, in which the
stress of the specimen group with a fly ash mass fraction of 20% decreased the fastest amplitude, and
when the stress was reduced to the lowest point of the stress in the stage of pore collapse zone, the stress
decreased by 76.53%.

Hollow beads mass (raction
5% —o— [0%
80 F 15% 20%

Stress/ MPa
e
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Figure 3. Stress-strain curves of specimens with
different mass fractions of hollow beads

With the increase of strain stress, the stresses of the specimen groups with different mass fractions
of fly ash hollow beads all reached the collapse point and began to enter the internal collapse stage.
Comparing the internal pore collapse stage of specimen groups with different fly ash hollow beads mass
fractions, it can be found that the trend of stress-strain curves in the internal pore collapse stage of
specimen groups with different fly ash hollow beads mass fractions has a big difference. In order to
datum this difference, the following equations 3-6 were used to calculate o, the stress variance in the
energy absorption phase of plastic deformation S2, the average stress in the internal pore collapse phase

oc, and the stress variance in the internal pore collapse phase SZ for the specimen sets with different

hollow bead mass fractions:
1

a_p=g(ap1+ap2 + ot apn) (3)
2?:1(01 _U_)

e o 4

f — (4)
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Op1 *** Opyn IN equation 3 is the value of discrete point stress corresponding to different strains in the

energy absorption phase of plastic deformation, o.;:-0c, is the discrete point stress value
corresponding to different strains during the internal pore collapse phase, the g, of the plastic

deformation energy absorption stage, the stress variance S5 of the plastic deformation energy absorption

stage, the average stress o, and of the internal pore collapse stage and and the stress variance SZ of the
internal pore collapse stage for the specimen groups with different fly ash hollow beads mass fractions
are shown in Table 4 below:

Table 4. Epoxy resin/rubber powder/hollow beads composite material parameter table

Mass fraction of hollow beads 5% 10% 15% 20%
o, (MPa) 50.806 43.238 46.575 37.949
S2 (MPa?) 33.789 10.953 41.503 50.337
oc (MPa) 60.652 45.428 52.372 35.216
S2 (MPa?) 3.477 4.590 6.327 68.077

a,, of the plastic deformation energy absorption stage of the specimen groups with different fly ash
hollow beads mass fractions in the table can characterize the average stress level of the specimens
throughout the plastic deformation stage (i.e., the yield plateau stage and the internal pore collapse
stage), The stress variance S; in the energy-absorbing phase of plastic deformation can be used to
characterize the degree of stress dispersion of the specimen set in the plastic deformation phase, The
average stress g during the internal pore collapse stage can be used to characterize the average stress
level of the specimen during the internal pore collapse stage, The stress variance SZ in the internal pore
collapse stage can be used to characterize the degree of stress dispersion in the specimen during the
internal pore collapse stage. It can be seen that the specimen group with 10% mass fraction of fly ash
hollow beads has the smallest stress variance S; in the energy-absorbing stage of plastic deformation,
and its deformation stability in the plastic deformation stage is the most excellent. The specimen group
with 20% mass fraction of fly ash hollow beads had the largest stress variance SZ and the worst
deformation resistance stability in the internal pore collapse stage.

Figure 4 shows the comparison of yield strength and compression modulus calculated from the stress
points of the stress-strain curves of the epoxy resin/rubber powder/hollow beads three-phase composite
specimen set with different mass fractions of fly ash hollow beads added. It can be seen that with the
increase of the mass fraction of fly ash hollow beads, the yield strengths of the specimen groups
containing different mass fractions of fly ash hollow beads are gradually decreasing. The incorporation
of fly ash hollow beads did not improve the stiffness of the epoxy matrix, but rather reduced the stiffness
of the epoxy matrix during the initial stage of compression.
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Figure 4. Yield strength and compression
modulus of specimens
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Figure 5 shows the maximum stress variation range calculated from the stress-strain curves of the
epoxy resin/rubber powder/hollow beads three-phase composite specimen set with different mass
fractions of fly ash hollow beads added. The maximum stress variation ranges of the specimen groups
with 5%, 10%, 15%, and 20% mass fractions of fly ash hollow beads were 18.353 MPa, 16.358 MPa,
12.538 MPa, and 14.039 MPa, respectively. The epoxy resin/rubber powder/hollow beads three-phase
composites with fly ash hollow beads mass fractions of 5%, 10%, and 20% showed slightly poorer
deformation stability at the initial stage of deformation, while the epoxy resin/rubber powder/hollow
beads three-phase composites with added fly ash hollow beads mass fraction of 15% showed much better
deformation stability at the initial stage of deformation.
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Figure 5. Maximum stress variation
range of the specimen

3.3. Analysis of energy absorption properties of materials

The energy absorption capacity E of the epoxy resin/rubber powder/hollow beads three-phase
composites can be expressed by equation 7 and the energy absorption efficiency I can be expressed by
equation 8:

E=| 6de (7)

§de (8)

In equation 7, £ and o denote the instantaneous strain and instantaneous stress, respectively, at the
corresponding moments in the static compression process. E denotes the energy absorbed by the
specimen compressed to the current strain. In equation 8, I is the maximum compressive stress that the
specimen is subjected to at a strain of 0 ~ «.

Figure 6 shows the energy absorption curves plotted according to equation 7 for different mass
fractions of fly ash hollow beads specimen sets. It can be seen that among the group of specimens with
different mass fractions of fly ash hollow beads, the highest energy absorption efficiency was achieved
with a mass fraction of 5% of fly ash hollow beads, The energy absorption of the specimen groups with
different mass fractions of fly ash hollow beads (5%, 10%, 15%, and 20%) was 37.301 MJ/m, 33.404
MJ/m3, 33.883 MJ/m3, and 31.270 MJ/m3, respectively, when the strain was 50%.
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Figure 6. Energy absorption curve of the specimen

Figure 7 shows the energy-absorption efficiency curves of epoxy resin/rubber powder/hollow beads
three-phase composite specimen sets with different mass fractions of fly ash hollow beads plotted
according to equation 8. It can be seen that the strain corresponding to the plateau region with higher
energy absorption efficiency ranges from 10% to 70% throughout the compression-absorption process.
The energy absorption efficiency of the specimen group with 15% mass fraction of fly ash hollow beads
was overall higher until the strain reached 45%, with the highest energy absorption efficiency of 79.13%.
The energy absorption efficiencies of the four specimen groups with different hollow bead mass fractions
did not differ much when the strain exceeded 45%. The energy absorption efficiencies of the specimen
groups with different mass fractions of fly ash hollow beads (5%, 10%, 15%, and 20%) were 71.25%,
70.78%, 76.67%, and 72.92%, respectively, when the strain was 40%.
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Figure 7. Energy absorption efficiency curve of the specimen

3.4. Analysis of microscopic failure behavior of composite materials

The following are SEM images of epoxy resin/rubber powder/hollow beads three-phase composite
specimen sets with different fly ash hollow bead mass fractions (5%, 10%, 15% and, 20%) after quasi-
static compression experiments. In the figure, fly ash hollow beads were selected with red boxes, and
N220 carbon black rubber powder was selected with yellow boxes. By observing the microscopic
morphology of epoxy resin/rubber powder/hollow beads three-phase composites with four different fly
ash hollow bead mass fractions, it can be seen that the number of hollow bead compression fragments
distributed on the fracture surfaces of the compression specimens of the specimen groups with different
hollow bead mass fractions increases with the increase of the fly ash hollow bead mass fraction.
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Moreover, by observing the fragments of fly ash hollow beads dislodged around the fracture surfaces
and fracture zones, it can be found that the shape and size of the compressed fragments of hollow beads
in the compression specimens of the specimen groups with different hollow bead mass fractions
decreased with the increase of the mass fraction of fly ash hollow beads. In the SEM images of
compressed specimens with 5 and 10% mass fractions of hollow beads, it can be seen that the fragments
of hollow beads are still in the form of "chunks"”, while when the mass fraction of fly ash hollow beads
is increased to 20%, it can be seen that the compressed fragments of hollow beads are further crushed in
the SEM images of compressed specimens of the specimen set, and most of them are presented in the
form of even smaller "chunks" and "powders".

The specimens of the specimen group with 5% mass fraction of fly ash hollow beads did not have a
high content of fly ash hollow beads as a whole, and the SEM images of the compressed specimens are
shown in Figure 8. The fracture surface of the specimen after compression can be seen on the fly ash
hollow beads after the shedding of the occupancy of the cavity left behind, the specimen internal stress
folds are mainly "river-like", the fracture zone can be seen inside the distribution of N220 carbon black
rubber powder and hollow beads, and the fracture zone can be seen inside the fracture surface of the
specimen after compression of the fracture surface. This indicates that N220 carbon black rubber powder
and fly ash hollow beads are the stress concentration points inside the epoxy resin/rubber powder/hollow
beads three-phase composite.

Figure 8. Microscopic morphology of specimens with 5% mass
fraction of hollow beads

The SEM image of the compression specimen of the specimen set with 10% mass fraction of fly ash
hollow beads is shown in Figure 9. It can be seen that the compression specimen fracture surface
dispersed hollow beads compression debris and hollow beads broken off after the occupation of the
"cavity" compared with the fly ash hollow beads mass fraction of 5% of the specimen group has
increased significantly. These hollow beads break off after the formation of the occupancy of the "cavity"
more oval shape, this is because the fly ash hollow beads are crushed under the action of stress, some
fragments and epoxy resin matrix peeling off. At this point the formation of the occupied cavity in the
compression process continues to be compressed, quasi-static compression experiment after the
withdrawal of the external force, the specimen at room temperature in the process of resting will occur
during the rebound, the amount of deformation will be returned to part of the. At this time, the
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compressed cavity will recover part of the roundness to form an elliptical shape. Some of the occupied
cavities still contain compressed fragments of hollow beads, which are present in a "lumpy" form. In the
energy absorption stage of plastic deformation, the specimen group with fly ash hollow mass fraction of
10% had more moderate stress changes, smaller range of stress changes, and more stable process of
compressive deformation.

Figure 9. Microscopic morphology of specimens with 10% mass
fraction of hollow beads

The SEM image of the compression specimen of the specimen set with 15% mass fraction of fly ash
hollow beads is shown in Figure 10. It can be seen that the compression specimen fracture surface
scattered hollow beads compression fragments and hollow beads broken off the occupation of the
"cavity" compared with the fly ash hollow beads mass fraction of 10% of the specimen group has
increased. There are a certain number of occupation cavities distributed at the beginning and termination
of the fracture zone, and a part of the occupation cavities are distributed at the turning position of the
fracture zone. This suggests that fly ash hollow microbeads can constrain the creation and extension of
fracture zones. Combined with Figure 3, the strength of three-phase composites with 15% mass fraction
added decreases in the initial stage of deformation, and the stability against deformation improves. The
strain curves of the specimen group with 15% mass fraction of fly ash hollow beads witnessed a short
stress decrease phase after the stress at the yield plateau had risen to the apex, during which the energy-
absorbing effect of the three-phase composites was enhanced.

Figure 10. Microscopic morphology of specimens with
15% mass fraction of hollow beads

Mater. Plast., 61 (1), 2024, 66-81 75 https://doi.org/10.37358/MP.24.1.5703


https://revmaterialeplastice.ro/

https://revmaterialeplastice.ro
https://doi.org/10.37358/Mat.Plast.1964

MATERIALE PLASTICE @ @
[ Mo

The SEM image of the compression specimen of the specimen set with 20% mass fraction of fly ash
hollow beads is shown in Figure 11. The fracture surfaces and ports of the compression specimens can
be seen to be densely populated with compression fragments of smaller hollow beads and "powdered"
fragments from further crushing. Compared to the other three specimen sets, the fracture zone of the
specimen with 20% mass fraction of fly ash hollow beads was larger after static rebound at room
temperature. This is due to the excessive mass fraction of fly ash hollow beads, which severely damaged
the internal structure of the epoxy resin/rubber powder two-phase composites. Combined with the stress-
strain curves of specimen groups with different hollow bead mass fractions in Figure 3, it can be seen
that when the strain exceeds 45%, the fly ash hollow bead mass fraction of 20% specimen group begins
to enter the internal pore collapse stage. With the increase of strain, the stress begins to decrease rapidly,
and the deformation resistance stability of the specimen with 20% mass fraction of fly ash hollow beads

decreases dramatically at this stage compared to the other specimen sets with other mass fractions of fly
ash hollow beads.

3.5. Resilience analysis of composites

Specimen groups with different fly ash hollow beads mass fractions were prepared with 10 specimens
in each group, and the average length was measured after constant strain compression experiments with
one week of natural resting at room temperature, and the resilience was calculated as follows:

R=27H 00y 9)
Ho — H, ’

Equation (9) where R is the resilience, H, is the initial specimen height, H; is the specimen height
after compression, and H, is the specimen height after rebound.
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Figure 12. Resilience of specimen groups with
different mass fractions of hollow beads
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As shown in Figure 12, according to the analysis of the resilience of specimen groups with different
mass fractions of fly ash hollow beads, it can be seen that the resilience of specimen groups with the
same mass fractions generally shows a decreasing and then increasing trend with the increase of constant
strain in the course of fixed-strain quasi-static compression experiments. Among them, the highest
resilience was found in the group of specimens with different mass fractions of fly ash hollow beads at
10% constant strain compression. Combined with the stress-strain curves in Figure 3 above, it can be
seen that at a strain of 10%, the specimens with different mass fractions pass through the linear elastic
zone and the yield point as the stress varies, arriving near the strain corresponding to the trough stress.
When the compressive strain of the specimen is the strain corresponding to the linear elastic zone, the
specimen is able to return to the initial height if the external force is withdrawn. When the strain reaches
10%, at this time the specimen has just passed the linear elastic zone, the overall compression is small,
and the overall performance of the nature of the linear elastic zone. After the quasi-static compression
experiments, the rebound amount is larger and the rebound effect is better, so at this time, the rebound
rate of specimens with different fly ash hollow beads mass fractions are the highest. At this time, the
compression amount is small, the deformation of the specimen is still mainly stress folds, the energy
absorption and deformation of the specimen with different mass fractions of fly ash hollow beads is still
dominated by the structure of the epoxy resin, so when the specimen is placed at room temperature and
rebounded, it is still the rebound amount of the epoxy resin that is the main manifestation. It can be seen
that there is a decreasing trend in the resilience of the specimens as the mass fraction of fly ash hollow
beads increases at a strain of 10%. When the strain of the constant strain compression experiment is
20%, the compression amount reaches 5 mm, at this time, the rebound recovery nature of the linear
elastic region of the specimen is basically destroyed, so the overall rebound rate is greatly reduced
compared with the 10% strain constant strain quasi-static compression experiment. It can be seen that at
this time the highest resilience was found in the different specimen groups with 15% mass fraction of
fly ash hollow beads, and the lowest resilience was found in the specimen group with 5% mass fraction
of hollow beads.

The resilience of the epoxy resin/rubber powder/hollow beads three-phase composite specimen
group with different mass fractions of fly ash hollow beads added was lower than that of the epoxy
resin/rubber powder two-phase composite with 5% mass fraction of N220 carbon black rubber powder
when the strains of the constant-strain compression experiments were 30%, 40%, and 50%, respectively.
This is because when the strain in the quasi-static compression experiment exceeds 30%, the hollow
beads in the epoxy resin/rubber powder/hollow beads three-phase composite specimen set with different
mass fractions of fly ash hollow beads added begin to undergo crushing, and absorption of energy under
the action of compressive stress, and the occupancy cavities when the hollow beads are intact are formed
inside the specimen as shown in Figure 13. Hollow beads in the compression stress under the action of
the broken and these in the fracture surface scattered "cavity" in the compression stress can be deformed
to absorb energy, improve the energy absorption efficiency of the material, improve the material in the
deformation of the energy-absorbing process of the deformation of the stability of the material. In these
three strain stages, with the increase of the mass fraction of fly ash hollow beads, the resilience of
specimen groups with different fly ash hollow bead mass fractions showed a decreasing trend. This is
because, with the increase of the mass fraction of fly ash hollow beads, the number of occupied cavities
exposed by the crushing of fly ash hollow beads under the action of compressive stress is also increasing,
which leads to the decreasing trend of the resilience of specimen groups with different fly ash hollow
bead mass fractions.
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Figure 13. Composite internal cavities

When the strain of the constant strain compression experiment is 70%, the internal pore collapse of
the specimen with 20% mass fraction of fly ash hollow beads is too large, which affects the overall
stability of the specimen, so when the strain is 70%, the resilience of the specimen group with 20% mass
fraction of fly ash hollow beads is lower than that of the specimen group with 15% mass fraction of
hollow beads.

3.6. Failure mechanism analysis of composite materials

Combining the mechanical properties of epoxy resin/rubber powder/hollow beads three-phase
composites in quasi-static compression experiments and the microstructure morphology at different
stages, the failure mechanism of epoxy resin/rubber powder/hollow beads three-phase composites has
been analyzed as shown in Figure 14. Initial state of rubber powder particles and hollow beads uniformly
distributed in the epoxy resin matrix, the initial state of the center of the fly ash hollow beads is hollow
state, the shell contains a certain number of small cavities, the state of the epoxy resin/rubber powder/
hollow beads composite materials for the composite foam structure. With the loading of compression
force, the epoxy resin matrix as a whole under the action of compression stress, the matrix undergoes
compression deformation, and the middle part of the matrix is the first to undergo expansion
deformation. At this stage, the epoxy resin matrix will transfer the compression stress to the uniformly
distributed rubber powder particles and hollow beads in the matrix, the rubber powder particles and
hollow beads in the compression stress play their own toughness, and deformation to absorb the
compression stress, and play the elasticity of the epoxy resin matrix to produce a supporting force,
improve the compression of the initial stage of the epoxy resin matrix of the stability of the resistance to
deformation. As the compression force continues to act, the strain continues to increase, the compression
of the epoxy resin matrix continues to increase, the deformation of the rubber powder and hollow beads
inside the matrix also continues to increase, the hollow beads of the shell is crushed, the irregular small
cavities in the shell are also deformed under the action of the compression stress, and the fragments are
scattered on the fracture surface inside the epoxy resin matrix. Due to the occupancy effect of the hollow
beads before crushing, after the hollow beads are crushed, the occupancy "“cavity" is exposed inside the
epoxy resin matrix, which makes the epoxy resin matrix become a composite foam structure at this stage,
and improves the energy-absorbing ability and energy-absorbing efficiency of the epoxy resin/rubber
powder/hollow beads composites in the stage of plastic deformation, so that the energy-absorbing
efficiency of the three-phase composites in the stage of plastic deformation of the whole material is
maintained in the platform at a higher level and improves the stability of the energy-absorbing process,
and the absorption of compression stress is more moderate and smooth. The compression force continues
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to act, the amount of compression further increases, the epoxy resin composite matrix is further
compressed, the deformation of the rubber powder and epoxy resin inside the matrix continues to
increase, the hollow microbead fragments are further crushed, and the small irregular cavities inside the
shell are compacted.
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Figure 14. Failure mechanism of epoxy resin/rubber
powder/hollow beads composites
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In summary, the energy absorption efficiency during the overall compression deformation of epoxy
resin/rubber powder/hollow beads composites is high and the change of energy absorption efficiency is
small, so the compression deformation process of composites is more stable, and the damage failure
mode is more moderate.

4. Conclusions

The epoxy resin/hollow beads/rubber powder three-phase composites with different mass fractions
of fly ash hollow beads added to the epoxy resin/rubber powder with a 5% mass fraction of N220 carbon
black rubber powder showed a decrease in yield strength during the initial stage of compression, and the
mechanical properties in the on-line elastic zone showed even less performance. However, the degree of
stress fluctuation in the energy-absorbing phase of plastic deformation is smaller, the deformation
stability is better in this phase, the performance of the energy-absorbing buffer is more excellent, and
the energy-absorbing efficiency has been greatly improved. Among the different mass fractions of fly
ash hollow beads, epoxy resin/hollow beads/rubber powder three-phase composites with a mass fraction
of 10% fly ash hollow beads had better mechanical properties, stability during compression deformation,
and energy absorption properties.
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