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1 | INTRODUCTION
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Abstract

Manufacturing and investigating metallic-glass-fiber-reinforced epoxies is an
important new attempt to present their potential to contribute to the aviation
industry. In order to explore the energy absorption in novel CoFeSiB metallic-
glass-fiber/epoxy resin composites, CoFeSiB/epoxy resin composite cylinders
with different fiber volume fractions were prepared by a hot-pressing method.
The amorphism of the metal fibers was analyzed using x-ray diffraction. The
quasi-static compression tests were performed on different fiber oriented
samples with a diameter of 3.6 mm and a height of 7.2 mm. The sample with
the fiber orientation [0°/90°] has a higher energy absorption capacity, compared
to the one with the fiber orientation [0°/0°]. The dynamic- compression tests
were performed on the [0°/0°] samples with a diameter of 3 mm and height of
6 mm at different air pressures. The compression fracture surfaces were exam-
ined by scanning electron microscope. Then the energy absorption mechanism
of the composites was investigated. This study is of great significance for the
energy absorption in amorphous metal fiber/epoxy composites.
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strength reached 4000 MPa and its plasticity was up to
1.6%. Yi*’ prepared Pd,CusoNi;oP,o metal-glass nanoscale

Bulk-metal glasses (BMGs) have wide structural applications
due to their high strength, high hardness, and good corro-
sion resistance. But they lack room temperature plastic
deformation ability, which greatly limits their application
in engineering materials." ' The deformation behav-
ior of BMGs visibly relies on the size effect, with the
smaller sample presenting higher plasticity.'"'* Therefore,
metallic-glass-fiber (MGF) has received extensive attention
because micro- or nanoscale MGF has high strength and
better plasticity.”> Wang'* studied the tensile behavior of a
Co-based MGF after cold pulling and found that its tensile

fiber and revealed that the smaller MGF showed superior
tensile plasticity. Zberg'® studied the tensile property of the
MgZnCa MGF, and Weibull Statistical methods were used
to analyze its reliability. It was suggested that a smaller
diameter promoted the tensile plastic-deformation behavior
of the studied MGF. Due to its excellent mechanical proper-
ties, MGF is a hopeful material for potential structural appli-
cations in micro/nano-electro-mechanical systems.*”*®
Composite materials have advantageous performances
owing to the unique superiority of the component
materials.'>*° Fiber reinforced composites are widely used
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in the electronics, machinery manufacturing industry,
automobile, and aerospace fields because of their
low density, low thermal conductivity, high specific
strength, corrosion, and fatigue resistance.”’** Epoxy
resin is a commonly used matrix in fiber reinforced
composites at medium temperatures for its excellent
corrosion resistance and high chemical stability.?"***!
MGF may be used as the enhanced phase in the epoxy-
resin matrix for its low density, high strength, and good
corrosion resistance.””

So far, no study has been found on the energy absorp-
tion in novel CoFeSiB MGF/epoxy resin composites,
although carbon-fiber or steel-reinforced resin-epoxy
composite have presented energy absorption characteris-
tics. For example, Ryzinska®® investigated the effect of
fiber architecture on the specific energy absorption in
carbon-epoxy composite tubes under progressive crush-
ing. It was found that the amount of energy absorbed of
the composite tube increased by 76% with the axial fiber
mass fraction increasing from 0.5 to 1. Xiong®* studied
the compression behavior and energy absorption of a
carbon-fiber/epoxy resin composite sandwich panel made
of three-dimensional (3D) honeycomb grid cores. The
results showed that the 3D grid core sandwich panels
exhibited higher absorption capacity, compared to other
square honeycombs. In this paper, the effects of fiber con-
tents, fiber orientations, and air pressure on the energy
absorption of the new CoFeSiB MGF/epoxy resin com-
posites were investigated by compression experiments.
The mechanism of energy absorption of the novel
composites was analyzed from the failure mode and the
morphology of compression surfaces.

2 | MATERIALS AND METHODS

2.1 | Materials and samples

The CoggFesSiioBis (atomic percent, at.%) button ingot
was prepared by arc-melting mixtures of the elements
(Co, Fe of 99.99% in purity and Si, B of 99.9% in purity
weight percent) in a Ti-gettered argon atmosphere. The
button ingot was melted six times, and followed by
suction-casting into a copper mold to produce a cylindri-
cal rod with a diameter of 10 mm and a length of 70 mm.
To form MGF, the rod was remelted and subsequently
extracted in a home-made melt-extracted device. The
details of the MGF preparation have been illustrated in
Reference 17. The average diameter range of the resulting
MGF with a smooth surface is between 30 pm and
50 pm, which is shown in Figure 1. The used epoxy resin
was composed of E-20 and E-51 mixing matrix, dicyan-
diamide 100 S curing agent and 1.2-dimethylimidazole
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FIGURE 1

Scanning electron microscope image of
CogsFesSinB;s MGF.

promoter in a ratio of 50:50:7:1, provided by a commer-
cial corporation.

The CoggFesSi;,B,s MGF/epoxy resin composites were
prepared by a prepreg two-step vacuum hot pressing
method. A MGF sheet was first laid out by hand with a
nominal ply thickness of 0.08 mm, length of 45 mm, and
width of 40 mm, and then 40% + 2% epoxy resin was
uniformly coated on the surface of the fiber sheet. After
the excess resin was removed from these fiber sheets,
the coated fibers were equably placed in a cylindrical
graphite mold along the longitudinal direction to form pre-
pregs stored in a refrigerator. The refrigerated prepregs
were subsequently placed in a vacuum bag under 0.5 MPa,
first heated to 108°C for 30 min, and then heated to 133°C
for 30 min to cure the cylindrical composites.

Type-A samples with a diameter of 3.6 mm and a
height of 7.2 mm were directly cut from the composite
cylinders with fiber volume fractions of 50%, 60%, and
70%, denoted as samples Al, A2, and A3, respectively.
Type-B samples with the same size and fiber volume
fraction as sample A2 mentioned above were made up of
different height composite cylinders glued together,
denoted as samples B1, B2, B3, and B4, respectively, as
shown in Figure 2A-D. Type-A and B samples were used
for static compression tests. Type-C samples with a diam-
eter of 6 mm and a height of 3 mm used for the dynamic
test were cut from the composite cylinders with a fiber
volume fraction of 60%.

2.2 | Experimental methods

The microstructure of the extracted CoggFesSi;»B;s fiber
was analyzed by an x-ray diffractometer (XRD) with Cu
K, radiation. Figure 3 shows the XRD pattern of the used
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FIGURE 2 Type-A (A) and Type-B (B) samples with different fiber orientations diagrams.
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FIGURE 4 Differential scanning calorimeter curves of the

used epoxy resin at different heating rates.
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TABLE 1 The relationships among the air pressure, impact
speeds and strain-rates.

Air pressure (MPa) 0.5 0.3 0.2
Impact speed (m/s) 15.66 12.01 8.47
Strain-rate (s %) 6140 4312 2684

MGF without crystal sharp peak characteristics. The ther-
mal effect of the used epoxy resin was researched, using a
differential scanning calorimeter (DSC) in a flow of pure
nitrogen gas at a constant heating rate of 5, 10, and
15 K min ", respectively. Figure 4 shows the DSC curves
of the epoxy resin at three heating rates with a single exo-
thermic peak. The curing temperature of the epoxy resin
was determined by linear-fitting characteristic tempera-
tures on the DSC curves of the above three heating rates.

Composite cylindrical samples were tested under
quasi-static and dynamic compressive loading at room
temperature. The quasi-static compressive tests were per-
formed on an INSTRON 5505R at a loading rate of
0.1 mm/min. The preload is 0.05 kN. A split Hopkinson
pressure bar (SHPB) was used for dynamic-compression
testing at 0.2, 0.3, and 0.5 MPa air pressure, respectively.
The relationships among the air pressure, impact speed,
and strain-rate are given in Table 1. The fracture mor-
phologies of the samples were observed by a scanning
electron microscope (SEM), and the failure modes of the
composites were analyzed.

The longitudinal compressive strength formula can
be obtained, using the energy method and mixing law
and is expressed as,”

Ey
GC/—u:Gm—a—|:1+(E——1>Vf:|, (1)

m

where oz is the critical stress of the matrix when the
shear instability occurs, Ef is the elastic modulus of the
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FIGURE 5 Compression stress-strain curves of Type-A samples with different fiber volume fractions.

fiber, E,, is the elastic modulus of the matrix, V; is the
fiber volume fraction.

The energy absorption can be calculated by integrating
the compression stress—strain curve and is described as.*

w— /0 ” oe)de, 2)

where w is the specific energy absorbed, ¢ (¢) is the com-
pression stress, and ep is the compression strain.

3 | RESULTS AND DISCUSSION

3.1 | Static compression responses

Figure 5 shows the compression stress-strain curves of
Type-A samples with fiber volume fractions of 50%, 60%,
and 70% under a quasi-static test condition. Owing to the
consistency of the experimental results, only one curve
for each fiber oriented structure is shown in the graph for
clarity. As can be seen from Figure 5, the strength of all
peaks is followed by a lower stress state when the fiber
volume fraction increases from 50% to 70%. The peak
strengths of samples Al, A2, and A3 increase first and
then decrease, which are 233.1, 303.5, and 271.7 MPa,
respectively. The difference in the energy absorption of
different fiber volume fractions is evident from the
stress—strain curves of the peak strength.

Type-A samples presented a similar crushing mode,
the cylinders were pressed into frustum cone-like “cups.”
By observing the surface of “cups,” it is able to distinguish
the difference in the morphology of samples with different
fiber volume fractions, as shown in Figure 6. In sample
Al, the MGFs were separated from the epoxy resin, and
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the composite material presented severe interlayer split-
ting. For sample A2, the MGFs were closely arranged and
well combined with the epoxy resin, and interlaminar
splitting occurred in a few parts. The MGFs in sample A2
played the main role in load transfer and suffered from
greater pressure. So, sample A2 showed good load-carrying
capacity. For the sample A3, the MGFs were poorly
bonded to the epoxy resin, and there was obvious stratifi-
cation between the fiber and the matrix. Therefore, the
MGFs were unable to withstand greater stresses, resulting
in a decrease of the compressive strength. In summary,
the sample with a fiber volume fraction of 60% possessed a
larger energy absorption capacity.

Figures 7 and 8 show compression stress-strain
curves and sample shape after the compression failure of
the Type-B samples with different fiber oriented struc-
tures. The compressive behavior of all Type-B samples
can be roughly divided into three stages, the initial failure
stage, the smooth failure stage, and the final failure stage
in Figure 7. Type-B samples presented a different degree
of crushing mode than the type-A samples, the cylinders
were gradually flattened and exhibited interlayer splitting
and fell off, as shown in Figure 8. Samples B1, B2, and B3
entirely reach an initial peak intensity in the range of 0%
to 5% strain (see Figure 7A). After sample B1 reaches the
peak intensity of 127.5 MPa, it starts to lose strength, and
then successively enters the smooth failure stage with
slowly decreasing strength and the final failure stage with
slightly increasing strength (Figure 7A(E1-1,E1-2)). The
MGFs deflected during the compression process, some
fibers separated from the resin at the interface, and
some fibers were pulled out (Figure 8A). As the strain
continued to increase, the sample B1 became flattened
and entered the final failure stage with an axial splitting
mode (Figure 8B). Compared with sample B1, the peak

:sdny woxy papeo[uMO( ‘9 “+Z0T ‘69S08ST

'suor:

9SUADIIT SUOWWO)) AN d[qedr[dde oy Aq PAUISAOS dI SI[INIE Y 2SN JO SINI 10J KIRIQUT AUI[UQ AI[IAY UO (SUONIPUOD-PUB-SULIA) WO’ KA[IM’ATRIqI[auI[uo//:sdNy) SUONIpuo) pue swId ], 3yl 23S [$70Z/01/1€] U0 A1eIqr aurjuQ A1 ‘WSH 3ssauud [, JO ANsioatun £q £Z18Z2d/2001°01/10p/wod Kofim’ Kreiqrpaut|



LIANG ET AL.

5294 | W l L E Y—W nspIRNG Polymer

PROFEssiONALs  COMPOSITES

FIGURE 6
(A) A1-50%, (B) A2-60%, and (C) A3-70%.
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FIGURE 7

strength of sample B2 in the initial failure stage is
reduced to 110.4 MPa. The strength values of the sample
B2 in the smooth failure stage and the final failure stage
are overall higher (Figure 7A(E2-1,E2-2)), indicating
large energy absorption. During the smooth failure stage,
the fiber offset angle of sample B2 increased, and the
fiber became more entangled (Figure 8C). As the strain
continued to increase, sample B2 also entered the final
failure stage with an axial splitting mode (Figure 8D).
The peak strength of the sample B3 in the initial stage
continues to decrease, which is 57.5 MPa. However, the
strength values of the sample B3 in the smooth failure
stage and the final failure stage are mostly higher
(Figure 7A(E3-1,E3-2)), and the maximum value is
101.8 MPa, indicating greater energy absorption. With
the strain increasing, the upper part of the sample B3 fell
off (Figure 8E), and the middle one was pressed to the
90° off axis, entering the final failure stage (Figure 8F). In
general, with the decreasing size of middle fiber in the
Type-B samples, the compressive strength of the samples
decreased and their damage increased. Due to the fiber
damage from winding to interlaminar splitting to deflect-
ing, the energy absorption capacity of the new material
increased.
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Morphologies of side surfaces of Type-A samples with different fiber volume fractions after compression by SEM,
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Compression stress-strain curves of Type-B samples with different fiber orientations, (A) B1, B2, and B3 and (B) B2, B4.

Samples B2 and B4 have the same length of middle
fiber but different fiber orientation structures. The com-
pression stress-strain curves are compared in Figure 7B.
The compression strength of the sample B4 increases first,
then remains basically unchanged, and finally decreases.
Compared with sample B2, the compression strength of
sample B4 is relatively high, reaching 122.59 MPa.
Between 10% and 25% strains, sample B4 has a large plas-
tic platform and exhibits good energy absorption capacity
(Figure 7B(E4-1)). With increasing strain, the compressive
strength of the sample B4 decreases and enters the final
failure stage (Figure 7B(E4-2)). During the compression
process, the upper part and the middle one of the sample
B4 were split and inclined at a large angle to both sides
(Figure 8G), some fibers became entangled, and part of
the fibers was pulled out (Figure 8H), indicative of a more
serious damage state.

3.2 | Dynamic compression responses

Figure 9 shows the dynamic compression stress—strain
curves of Type-C samples at 0.2, 0.3, and 0.5 MPa air
pressures. As can be seen from the dynamic stress—strain
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FIGURE 8 Scanning electron microscope images of

compression surface of Type-B samples with different fiber
orientations, (A, B) B1, (C, D) B2, (E, F) B3, and (G, H) B4.

curve at a 0.5 MPa air pressure in Figure 9A, when the
strain is between 0% and 0.85%, the stress increases first,
and then decreases. This is because the fibers in the sample
underwent elastic deformation due to the low stress in the
initial stage of compression. Moreover, under dynamic-
compressive stress, this elastic deformation will undergo
hysteresis, resulting in a reverse increase in stress. As the
strain continues to increase, the dynamic-compressive stress
increases rapidly in a short time. When the strain increases
to 3.25%, the compressive strength reaches the peak value
of 279.7 MPa, and then the compressive strength decreases
after the material failure. Figure 9B,C show the dynamic-
compressive stress-strain curve at 0.3 MPa and 0.2 MPa air
pressures, respectively. Compared with Figure 9A, the com-
pressive stress in the sample also increases first, and then
decreases when the strain is between 0% and 0.35% at a
0.3 MPa air pressure and between 0% and 0.25% at a
0.2 MPa air pressure. This result showed that the elastic
deformation of the metal glass fiber could resist the impact
on the sample surface exerted by the incident rod at the ini-
tial stage and kept the stress change low in a small strain
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region. As the strain continues to increase, the compressive
stress in the sample increases. When the compressive strain
is 1.72% and 1%, the compressive strength of the sample
reaches the peak values of 186.7 MPa (0.3 MPa air pres-
sure) and 152.9 MPa (0.2 MPa air pressure), respectively.
Then the MGF/epoxy resin composites fail, and the
strength gradually decreases. These results are consis-
tent with the experimental results published by Jia*® for
carbon-fiber/epoxy composites. A platform appears in
the strain range of 3.5%-4% (Figure 9B) or in the strain
range of 1.35%-1.54% (Figure 9C), indicating that the
fibers would store part of the elastic deformation, which
inhibited the reduction of the dynamic-compressive
stress in the sample.

Figure 10 shows images of the Type-C sample after the
dynamic-compression test at 0.2, 0.3, and 0.5 MPa air pres-
sures. The sample was obviously collapsed at a 0.2 MPa air
pressure in Figure 10A, and the bottom of the sample frac-
tured. The fiber on the upper end is relatively complete,
and there is a wide crack in the middle region (Figure 10B).
Compared with the sample under 0.2 MPa pressure, the
sample under 0.3 MPa pressure was seriously damaged.
The cracks in the bottom of the sample increased, and some
fibers fell off. There are also large cracks in the middle area
of the sample, as shown in Figure 10C. The sample was
compressed more seriously under 0.5 MPa air pressure. The
fibers were basically offset, and the interface between the
fibers and the resin was separated, as shown in Figure 10D.
The bottom of the sample was basically crushed, and the
fiber spalling appeared at the edge of the sample, as shown
in Figure 10E. Due to the increase in air pressure, the
impact force of the incident rod increased, and the surface
of the sample was compacted. The upper fibers were
separated from the resin, and the fibers were bent, as
shown in Figure 10F.

3.3 | Composite failure mode

All Type-A, B1, B2, and B3 samples having a fiber orien-
tation [0°/0°] were pressed in the direction of the fiber
during the compression process, and the fibers were kept
in a straight line. Under the action of pressure, the fibers
maintained a certain anti-compression capacity. When
the epoxy matrix reached the shear instability limit, the
matrix lost its ability to prevent deformation. Therefore,
samples of Type-A, Bl, B2, and B3 were destroyed by
overall compression, which began with transverse tensile
cracking and followed shear deformation.

The longitudinal compressive strength of unidirectional
metal glass fiber/epoxy resin composites is determined by
the buckling of the epoxy resin matrix. From Formula (1),
it can be seen that the larger the fiber volume fraction, the
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FIGURE 9
(C) 0.2 MPa.

higher the longitudinal compression strength. However,
when the fiber volume fraction exceeds a certain limit, fiber
degumming occurs, and the fiber cannot withstand greater
stress, resulting in a reduction of the mechanical properties
of sample A3.

In the compression process of sample B4 with a fiber
orientation [0°/90°], the top and bottom were subjected
to transverse compression, and the middle one was sub-
jected to longitudinal compression. Under the transverse
compressive load, the failure of the top and bottom was
caused by the shear failure of the matrix, accompanied
by fibers degumming and deformation. The failure of the
middle part was caused by the transverse tensile cracking
of the matrix, followed by shear deformation, also accom-
panied by fibers degumming and deformation.

In the process of dynamic compression, all the
Type-C samples exhibited a similar crushing mode. Due
to the difference of air pressure, the velocity of the inci-
dent rod is different, and the impact force of the incident
rod on the sample is also different. With the increase of
the air pressure, the crushing damage to the sample was
more serious. Due to the low strength and poor plasticity
of the resin, the resin first cracked, then the fibers shifted,
and finally the sample was crushed.

3.4 | Energy absorption
The energy absorption of MGF/epoxy resin composites,
calculated by Formula (2), can be reflected by the com-
pressive stress-strain curve, as shown in Figures 7 and 9.
Figure 11 gives an energy absorption diagram of all
Type-B samples with different fiber orientations. It shows
that the energy absorption of samples B1, B2, B3, and B4
gradually increase, which are 33.6, 253.2, 601.4, and
1441.5 kJ/m?, respectively. The energy absorption of
sample B4 with a fiber orientation [0°/90°] is obviously
the highest among all samples.
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Dynamic-compression stress—strain curves of Type-C samples at different air pressures, (A) 0.5 MPa, (B) 0.3 MPa, and

FIGURE 10

Images of compression surface of Type-C samples
under different air pressures. (A, B) 0.2 MPa, (C, D) 0.3 MPa, and
(E, F) 0.5 MPa.

The compression behavior of samples B1, B2, B3,
and B4 due to different architectures translates into
different contributions of the failure mode and, conse-
quently, to the amount of energy absorption.’’ By
analyzing the degree of the middle part axial splits,
and the mode of the top failure, it is found that differ-
ent compressive zone morphologies lead to different
amounts of energy absorption. With decreasing
the middle part size of the samples B1, B2, and B3
with a fiber orientation [0°/0°], the ability of the fiber
to maintain a straight line enhanced, the ultimate
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under different air pressures.

strength of the matrix shear instability increased, and
the failure resistance of the composites structure
increased. Hence, the energy absorption of the new
material gradually increased. The B4 samples with a
fiber orientation of [0°/90°] showed failures such as
upper and lower shear fracture, central tensile fracture,
fiber compression buckling, and debonding under com-
pressive loading. This indicates that the energy absorp-
tion is larger than that of the samples with fiber
orientation of [0°/0°] due to the presence of transverse
shear fracture. Therefore, the samples with a fiber ori-
entation [0°/90°] have more energy absorption than
the ones with fiber orientation [0°/0°].

Figure 12 shows the energy absorption of Type-C
samples at 0.2, 0.3, and 0.5 MPa air pressures. It can be
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seen that the energy absorption of Type-C samples con-
tinues to increase with an increase in the air pressure,
which are 20.6, 54.8, and 178.1 kJ/m>, respectively. The
higher the air pressure, the more energy the Type-C sam-
ple absorbs, which can be justified by the level of damage
to the sample at different air pressures (Figure 10A,C,E).
In the process of dynamic-compression, due to the increase
of the air pressure, the impact force of the incident rod on
the sample increases, the density of the sample increases
(Figure 10B,D,F), and the ability to resist the deformation
behavior of the material is enhanced. So, the energy
absorbed by the MGF/epoxy resin composite increases.

4 | CONCLUSIONS

An experimental study of a novel CoFeSiB MGF/epoxy
resin composite on energy absorption has been per-
formed under quasi-static and dynamic compression con-
ditions. Three fiber contents, two fiber orientations and
three air pressures were tested.

The greatest failure strength in the quasi-static and
dynamic compression processes of samples was obtained
for the fiber volume fraction of 60% and for the air pres-
sure of 0.5 MPa, respectively. As the fiber volume fraction
increases, the failure strength value decreases for the
quasi-static test. The failure strength decreases with
the increase in air pressure for the dynamic test.

The energy absorbed by the samples indicated that
the sample with the fiber orientation [0°/90°] has more
absorption capacity than the one with the fiber orienta-
tion [0°/0°] under quasi-static compression conditions.
For the same fiber orientation [0°/0°], the energy
absorbed by the sample increased with the increase of
the air pressure from 0.2 to 0.5 MPa in a dynamic test.
However, it increased with the decrease in fiber length of
the middle part from 4.8 to 2.4 mm in a quasi-static test.
The analysis of the relationship among the morphology
of the compressive zone, failure mode, and energy
absorption showed that the more serious the damage
degree of the matrix and fiber, the more failure modes,
and the greater the energy absorption.
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