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Abstract

This paper reports deformation and damage evolutions of three-dimensional (3-D) braided
composite with different braiding angles under multiple impact compression along longitudinal
direction. Braided composites with braiding angle of 15°, 26° and 37° have been prepared for
the compression tests. The impact compression test was conducted on a split Hopkison pressure
bar (SHPB) along longitudinal direction. A high-speed camera was used to record damage
development. A meso-scale finite element model has been established to simulate damage
processes. The results show that the damage of composites occurs mainly in the first three
impacts. For the 15° sample, damage of yarns and interface dominates the failure mechanisms
at the first impact. For the 26° and 37° samples, the resin fracture and interface de-bonding lead
to compressive failure at the first impact. Breakage and dislocation of yarns occurred for 15°
sample during the subsequent two impacts, whereas it still keeps good structural integrity for
26° and 37° samples. The angle between adjacent yarns increased for the 26° sample and the
yarns just tightened each other for 37° sample. Ductile damage is the primary damage mode for
both yarns and resin during the multiple impacts.

Keywords 3-D braided composite - Multiple impactcompression - Finite element analysis (FEA) -
Split Hopkinson pressure bar (SHPB) - High-speed camera

1 Introduction

Textile preform based composite materials have been widely applied to electromagnetic [1-3],
thermoelectric [4] and mechanical [5, 6] areas. As a specific textile composite, three-
dimensional (3-D) braided composite has also been widely used for aerospace, automotive
and structure engineering due to its high impact resistance, damage tolerance and high strength-
weight ratio [7-9]. It is inevitable for composites to undertake high impact compression load in
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service. Dynamic loading response of composite is quite different from statistic load [10-12].
Dynamic response of braided composite has gained considerable research interest in recent
years. Mechanical property in longitudinal and transverse direction weakened with increasing
braiding angle [13], but strengthen in the through-thickness direction [14]. Yarns breakage,
resin crack, yarns buckling and interface debonding are the main failure modes during impact
processes [15-17]. Zhou [18] found the cracks nucleate in the weak areas and propagate along
the path of least resistance between yarns for low impact velocity. For high impact velocities,
cracks develop along a relatively straight path with fiber breakage under high shear and tensile
stress. The similar result was also found by Zhang [19] in 3-D braided composite under
transverse impact loading. Li [20] found the most damage occurred at the zone between punch
back surface and the middle of the thickness for braided composite under impact shear loading.
These researches are focused on only single impact; however, composites always go through
multiple-pulse compressions under impact load. The damage evolutions and mechanisms may
differ during each impact compression.

There is some literature published to investigate dynamic response of composites under
multiple-pulse impact load. Lai [21] studied the properties of functionally graded cement composite
targets subjected to three projectile impacts. It proved that the penetration depth, crater diameter and
concrete damage increased with the number of impacts. Wu [22] tested the performance of Hard-
Soft-Hard (HSH) composite under multiple impacts. The result indicates that the major cracks at
the top HSH layer after the first impact was detrimental. The cracks widened, propagated and the
sample was finally broken into pieces upon the second impact. Li [23] researched the resistance of
hybrid fiber ultrahigh toughness cement composites under multiple impacts. The results showed
the specimen with 1.0% steel fiber sustained the largest number of impacts. However, the structure
of these composites is different from the braided composite. Damage evolution and mechanisms of
braided composite will be completely different from these composites.

Zhou [24] researched the transverse impact behaviors of braided composite tube within four
impacts. The result shows the stress of the tube amplified as the number of impact cycles
increased. The authors of this paper [25] numerically and experimentally studied the damage
development and mechanisms of 3-D braided composite under multiple-pulse impact load
along transverse direction. Mechanical behavior of anisotropic composite under longitudinal
compressive load is quite different from that under transverse compressive load. The transverse
compressive modulus and strength are considerably lower than the longitudinal compressive
modules and strength [26, 27]. The damage mode of fiber reinforcement is the delamination
between fabric layers in longitudinal direction, while it is shear failure in the transverse
direction [28]. The velocity of stress wave in preform is slower in longitudinal compression
than transverse compression. The energy absorbed under transverse impact compression load
is much higher than that under longitudinal impact compression load [29]. Thus, dynamic
response of 3-D braided composite during each impact compression under multiple impacts
along longitudinal direction may be not the same as transverse direction. Further study is
needed for revealing the directional differences.

We prepared 3-D braided composite samples with braiding angle of 15°, 26° and 37° to
investigate multiple impact deformation and damage along longitudinal direction. Dynamic
tests were carried out on split Hopkinson pressure bar (SHPB). A high-speed camera system
was used to capture damage evolution information of composite during each impact pulse. We
have also developed a finite element model at meso-scale structure level to simulate the
damage evolutions. Differences of damage evolution and damage mechanisms among each
impact have been revealed. The effect of braiding angle on damage evolution and mechanisms
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has also been analyzed. Energy absorption and failure modes during each impact are
discussed. We hope this effort could be extended to the optimization of the 3-D braided
composite under multiple impact compressions.

2 Experimental
2.1 Materials Preparation

A four-step braiding machine was used to prepare braided preforms with different braiding
angles. The braiding angle was changed by controlling the beating force that makes the
structure more compact at the end of a braiding cycle. Elastic parameters of carbon fiber tows
(supplied by Toray Inc. (Japan)) used in the preparation are listed in Table 1. The resin (a kind of
bisphenol A epoxy vinyl) was impregnated into the braided preform with vacuum-assisted resin
transfer molding process. The mechanical properties of resin are listed in Table 2. The curing
temperature is 90 °C for 2 h, 110 °C for 1 h and 130 °C for 4 h. Based on the ASTM 685603
standard, the composites were cut into a cube in 12 mm X 12 mm X 12 mm (Fig. 1) for tests.

2.2 Dynamic Impact Compression Test

Impact tests were conducted with a modified split Hopkinson pressure bar (SHPB). The SHPB
test system [30] consists of nitrogen can, striker bar, incident bar, transmission bar, absorption
bar and data analysis system. The bars are 30 mm in diameter, 400 mm in length for striker and
absorption bar and 20,000 mm in length for incident and transmission bar. The impact velocity
is controlled by the magnitude of nitrogen pressure, which is 0.3 MPa used in current research
with a corresponding impact velocity magnitude of 11 m/s. The stress-strain as well as strain
rate-time curves are finally obtained through data analysis system. An i-speed 716 high speed
camera system (IX cameras Ltd., United Kingdom) with shooting frequency of 100,000
frames per second was used to capture the damage evolution. The strain rate for each impact
was around 300/s. Each impact test was repeated at least three samples. Multiple impact
compressions [31] will occur in the SHPB test system. Damage information of samples during
the first three impact pulses was recorded with high-speed camera system.

3 Finite Element Model
3.1 Geometrical Model

Figure 2a shows the geometrical model of preforms and compression direction. Meso-scale
geometrical models were established according to the braided architecture proposed by Li [32].

Table 1 Mechanical parameters of carbon fiber

Fiber En Exn Es; G Gi3 Gn3 v v vyp XT plg/em’)
(GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa)
T700-12 K 230 14 14 9 9 5 0.25 0.3 49 1.8
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Table 2 Mechanical parameters of

epoxy resin Property Value
Density (g/cm?) 1.13
Elastic modulus (GPa) 24
Shear modulus (GPa) 0.89
Compressive strength (MPa) 102
Tensile strength (MPa) 80
Shear strength (MPa) 113
Yield strength (MPa) 69
Poisson’s ratio (MPa) 0.3
Elongation at break (%) 59

The cross section of yarns were assumed to be hexagon based on our previous research [33].
The geometrical model of matrix was created by deducting the preform off from a cube. After
that the resin is assembled together with the preform. The geometrical model is of the same
size as the test sample.

3.2 Materials Model

The resin is regarded as isotropic solid which obeys J2-isotropic hardening plasticity theory
[34]. Braided yarns impregnated with the epoxy resin are considered as unidirectional com-
posite, a transversely isotropic material. The local coordinate system was defined for each yarn
in finite element analysis (FEA) as shown in Fig. 2b. Direction 1 denotes the primary direction
whereas 2 and 3 directions correspond to the transverse directions. Bridge model developed by
Huang [35] was used to calculate elastic parameters of yarns. The change of braiding angle
may vary the volume fraction of fiber in the yarns, which can finally lead to different elastic
parameters of braided yarns. Thus, the volume fraction of fiber in the yarns was measured to
ensure the accuracy of yarn’s elastic parameters in FEA. Figure 2c shows the scanning electron
microscope (SEM) photo of yarn’s cross-section before and after processed by Software Image
Pro Plus 6. Table 3 is the fiber volume fraction in braided yarn. Five measurements were
conducted and the averaged value was obtained. Table 4 shows the elastic parameters of yarns

() (b)

-‘
a
o
i)

26°

37°

Fig. 1 Three-dimensional braided composite (a) Composites with different braiding angles (b) Sample and
compression direction
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Fig. 2 Finite element model (a) Geometrical model of preforms and compression direction (b) Local system
defined in the braided yarn (¢) SEM photo of yarn cross-section before and after processed (d) Meshed
reinforcement and matrix (e) impact model

based on each volume fraction on Table 3. Hill’s anisotropic plastic model [36] is used to
define the yield property of the yarns.

Ductile damage criterion in conjunction with shear damage criterion was used to define the
damage initiation. There exists an energy threshold above which ductile and shear damage is
likely to occur. Ductile damage initiation is related to pressure stress, while it is shear stress for
shear damage initiation. The status of ductile and shear damage in elements can be known by
outputting the variable DUCTCRT and SHRCRT in field output of commercial FEA software
ABAQUS respectively. The stiffness of elements degrades with a specified law after the
damage criterion was met. The elements would be removed from FEA when the stiffness
decreases to 1%, which indicates the element completely lost the load-carrying capacity.
Surface-based cohesive behavior was used to model the delamination of resin/yarn interface.
The damage status of interface was able to be known by outputting the variable CSDMG in
field output. More details about damage criterions and cohesive behavior are available to see in
reference [31].

3.3 Mesh

Figure 2d, e shows the impact model used in this research. The commercial FEA software
ABAQUS was used to develop the 3-D numerical model. The contact between bars and

Table 3 Volume fraction of fiber in the yamns (%)

Braiding angle (°) 1# 2# 3# 4# S# Average
15 68.7 71.0 69.1 70.2 75.4 70.88
26 73.1 737 71.7 73.9 71.2 72.72
37 75.3 733 712 80.7 79.8 76.06
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Table 4 Elastic parameters of braided yarns

Braiding angle (0) Ell (GPa) E22 (GP&) E33 (GPa) G12 (GPa) G13 (GPa) G23 (GPa) 1%V) 14K 3

15 163.93 7.7 7.7 3.36 3.36 2.80 028 0.28 04
26 166.67 7.96 7.96 3.51 3.51 291 027 027 04
37 175.44 8.45 8.45 3.84 3.84 3.12 026 0.26 0.39

sample was defined as ‘surface to surface contact’. A cohesive behavior is implemented at
resin/yarn interface. The resin was meshed with the element type of ‘C3D4’ while the yarns
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Fig. 3 Comparison of results (stress-strain curve and damage morphology at each impact) obtained from test and
simulation (a) 15° sample; (b) 26° sample (c) 37° sample
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Fig. 4 Failure analysis of 15° sample at the first impact (a) Test results of damage evolution (b) Damage
simulation of composite components (yarns, resin and interface) around the peak stress (¢) Stress-time and energy
absorption-time curves (d) Element removal of yarns at 175 us
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Fig. 4 (continued)

and the bars were meshed with the element type ‘C3D8R’. The results are insensitive to the
mesh size based on our previous research [25]. Impact load was imparted on the end of
incident bar. The displacement and rotation of bars were fixed in all directions except along
impact direction.

4 Results and Discussion

Figure 3 shows the results obtained from experimental tests and simulation of each sample. A
good agreement could be found. The characteristics of stress-strain curves, both peak load and
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Fig. 5 Failure analysis of 26° and 37° sample at the first impact (a) Test results of damage evolution (b) Damage
simulation of composite components (yarns, resin and interface) around peak stress (¢) Stress-time and energy
absorption-time curves (d) Stress variation on the yarns after resin damaged

modulus, are similar with the results from Zhao [14]. The damage morphology of samples
during each impact pulse in experimental tests also matches well with the FEA result. The
good agreement of both stress-strain curve and damage morphology proves the validity of
model, which indicates that it can be used for further analysis.

4.1 Damage Evolution and Mechanisms

4.1.1 The First Impact

Figure 4a shows damage evolution of 15° sample during the first impact pulse. Damage
initiation was observed at 40 us in terms of crack appearance at yarn/resin interface when the
stress drops off from the peak load. The stress continued to decreasing with the crack
propagating through the sample to the area near transmission bar. Figure 4b shows the damage
of individual components (reinforcement, resin and interface) around the peak stress. A
noticeable damage appears at interface and yarns at the point the stress begins to drop.
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Fig. 5 (continued)

Gideon et al. also found interface debonding and fiber breakage are the main damage
morphology for smaller braiding angle tube composite under axial fatigue load [37].
Figure 4c shows the stress-time as well as energy absorption-time curves. The energy
absorption due to the stiffness degradation of yarns and interface is presented. It can be found
that the drop of stress coincides with the rise of energy absorption curves. Meanwhile, the
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elements removal of yarns is found at 175 us. Thus, it could be concluded that the failure for
the 15° sample is resulted from the yarns and interface damage. This is different with the
damage mechanisms under transverse impact load [31]. Under transverse impact load,
it is the interface debonding and shears damages of resin that finally lead to the failure of the
15° sample.

Contrary to 15° sample, the damage initiated with resin fracture at 40 ps and then the stress
begins to fall down for 26° sample as shown in Fig. 5a. The fractured resin fragments which
contribute to continuous drop of stress gradually moved apart from the sample. At 80 s, a
huge amount of resin fragments has detached off from the surface of composite. The FEA
results show that the interface also goes through pronounced damage when the stress decreases
(Fig. 5b). Figure 5c shows stress-time and energy absorption-time curves. The energy
absorbed due to stiffness degradation of resin and interface is presented. It can be seen that
the stress-time curve starts to decline just at the time when energy absorption curves rise.
Figure 5d shows the stress distribution on yarns for 26° and 37° sample after the resin has
fractured. It can be seen that the stress of yarns gradually decreases because the damaged resin
cannot support the yarns any more. Thus, the yarns bulked and final failure occurred. This
damage process and tendency is also found in 37° sample as shown Fig. 5. This leads to the
conclusion that the failure of the larger braiding angle samples (26° and 37°) is caused by resin
and interface damage.

4.1.2 The Second Impact

Figure 6a presents damages during the second impact. For the 15° sample, the
dislocation of adjacent yarns is very noticeable as highlighted by coloring the yarns.
More debris of the fractured resin and yarns departs away from the sample. For the
26° sample, the angle between adjacent yarns becomes larger under impact. For the
37° sample, the yarns were squeezed much tighter. The failure mechanism schematic
diagram is presented in Fig. 6b.

Figure 7a shows the displacement of yarns for each sample within the second impact. For
15° sample, the displacement of yarns is not the same among different regions of the braided
structure. For 26° sample, the yarns at the end surface have the largest displacement and
buckling deformation have occurred. For 37° sample, the braided structure seems tighter after
the impact. The displacement of the end-surface region gradually increases with the impact
load. Figure 7b shows the typical damage of the yarns for each sample during the impact
process. For 15° braiding angle sample, the breakage and dislocation of yarn initiates during
the first impact. The yarn goes on dislocating within the second impact as also observed from
the experimental shown in Fig. 6a. This can partially account for the uneven deformation
distribution in 15° braided structure. For the 26° sample, the braided yarn goes through
multiple breakages within the second impact and buckling deformation developed around
the breakage area, which finally leads to the increased angle between yarns. For the 37°
sample, little breakage could be seen in the braided yarn.

4.1.3 The Third Impact
Figure 8 shows damage evolution during the third impact. The damage develops faster than the
first and second impact due to stiffness degradation after the first and second impact. For the

15° sample, the braided structure breaks down. For the 26° sample, the angle between yarns
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Fig. 6 Damage evolution and schematic failure mechanism of braided preform at the second impact. a Damage
evolution; (b) schematic damage mechanism (BA: Braiding Angle)

continues to increasing. For the 37° sample, it was compressed more tightly. The impact
energy is almost dissipated up after the third impact.

4.2 Total Energy Absorption

Figure 9 shows the total energy absorption in each impact (E;) and the ratio of energy
absorption by each component to the total energy absorption by the entire composite (7).
Total energy is the sum of energy absorption by the sample due to its elastic deformation,
plastic deformation and stiffness degradation. 7 is given by the following expression.

Ec

=L (1)

Ui
where E, represents the energy absorbed by each component. E; is the total energy absorption
by composite. For the 15° sample, the 1 of yarns is higher than any other component
during all three impacts. The yarns absorb 58.4% energy during the first impact, while
39.3% and 2.3% energy is absorbed by resin and interface, respectively. The 7 of
braiding yarns increase to 78% and 79.1% during the second and third impact
respectively, whereas then of resin and interface reduce to less than 20% and 2% in the
subsequent two impacts respectively.

For the 26° sample, the n of resin is 3.3% smaller than that of yarns at the first
impact. The interface absorbs the least energy with a proportion of 2.5%. The n of
yarns increase significantly at the second impact. The energy absorption ratio gap
between yarn and resin widened to 60% at the second impact with 79.5% of yarns
and 19.3% of resin. The n of the interface is still the smallest at the second impact
with a value of about 1.2%. At the third impact pulse, the yarns are still the dominant
energy absorption constituent with 7 of 78.6%. The 7 of the resin and interface is 20.2% and
1.2%, respectively.

For the 37° sample, the 7 of the resin is the highest at the first impact with an amount of
64%. The 7 of yarns and interface are 31% and 5%, respectively. At the second impact, the 7 of
yarns increases to 37.5%, and it continues to rising to 74% at the third impact. The principal
component for energy absorption of the 37° sample transferred from the resin at the first
impact to the yarns at the third impact. This transformation trend was also found in transverse
impact compression study [25].

For each sample, the 7 of yarns increases from the first impact to the third impact. This is
because the resin damages quickly after the first impact. The yarns undertake more stress in the
second and third impact. Then the 7 of the yarns also goes up.

It can also be found in Fig. 9 that the 7 of resin becomes higher as the braiding angle
increased, especially at the first impact. This is because the stress undertook by yarns
decreased with braiding angle and it increased for resin under longitudinal impact as shown
in Fig. 10. This is just contrary to the result obtained from transverse impact compression [31].
In that impact direction, the stress undertook by yarns raised as the braiding angle and the 7 of
resin decreased. The change of loading direction can result in completely different stress
distribution in the samples.
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Fig. 7 Deformation and failure of braided preform during impact process. (a) Displacement of yams at the
second impact; (b) Typical failure modes of yarns for each sample

4.3 Failure Modes

Figure 11 shows the energy absorption of each component due to its damage (E;). For each
sample, the £, of resin is always the highest due to its poor strength except for the 37° sample
at the 2nd and 3rd impact. For the 15° sample, the E; of interface is less than the yarns at the
first and third impact and almost equals to the yarns at the second impact. The E; of each
component decreases dramatically at the second and third impact, which indicates the less
damage occurred.

For the 26° sample, the E, of interface is higher than yarns at the first impact. It manifests
that interface damaged more seriously than the yarns at the first impact. This is contrary to the
result of the 15° sample. The more inclined yarns in the 26° sample is attributed to this
difference. The stress on yarns reduced when the yarns got more inclined, which results in less
yarn damage occurred than the interface. The E, of the yarns and interface is nearly equal and
very little at the subsequent two impacts, which indicates the little yarn and interface damage
occurred.

In contrast to the 26° sample, the E; of the yarns is higher than the interface at the first
impact for the 37° sample. This is because the compact preform structure of the 37° sample
makes yarns intend to squeeze each other rather than buckled in 26° sample. Thus, the £, of
the yarns is higher than interface. The E,; of yarns still maintains high magnitude at the second
and third impact. This indicates that braided structure still undertakes certain load due to its
good structural integrity. The damage of the yarns has become the dominant damage mech-
anism at the second and third impact.

It can be found in Fig. 11 that the yarns have been damaged significantly at the first impact
regardless of braiding angles. This is also different with the result from transverse impact

BA 1525 us 1565 us 1605 us 1645 us 1695 us

Fig. 8 Damage evolution of each sample at the third impact
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compression [31]. Under transverse impact, the yarns are always most damaged at the second
impact. This is because the yarn will not bear too much stress at the beginning under transverse
impact. Under the longitudinal impact, the yarns share the most of impact load at the first impact.

Figure 12 shows failure modes of the yarns and resin at each impact. Ductile damage is the
primary failure mode for both resin and yarns. The failure area of the resin is relatively
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Fig. 10 Stress distribution on yamns and resin at the first impact
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Fig. 11 Energy absorbed by each sample’s component due to its stiffness degradation at each impact
concentrated for the 15° sample compared to larger braiding angle samples (26° and 37°
sample). The interface damage distributed similarly as the resin damage, concentrated for 15°
sample, and more evenly for 26° and 37° sample as shown in Fig. 13.

5 Conclusions

We investigated the influence of braiding angle (i.e., 15°, 26° and 37°) on the multiple impact
damages of 3-D braided composite under longitudinal direction. The impact damages were
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Fig. 12 Ductile and shear damage of (a) yarns and (b) resin at each impact
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Fig. 13 Distribution of interface damage for each sample at every single impact

tested on a split Hopkinson pressure bar apparatus. The impact behaviors, including stress-
strain curves, impact damages, were recorded and observed to analyze the impact damage
behaviors. We also established a FEA model at meso-structural level to show the damage
mechanisms. We have found that:

L.

For the 15° sample, the damage of yarns is more serious than the interface at the first and
third impact. The yarns and interface were damaged almost equally at the second
impact. For the 26° sample, the interface damage was more serious than the yarns
at the first impact. It goes through nearly identical damage for the interface and
yarns at the second and third impact. For the 37° sample, the dominant damage
component is resin at the first impact. It changed to the yarns at the second and
third impact.

The proportion of energy absorption by yarns gradually increases from the first impact to
the third. The proportion of energy absorption by the resin increases as braiding
angle increases. The yarns are the dominant energy absorption component for
smaller braiding angle sample while it changes to resin for the higher braiding
angle sample.

The braiding angle influences the impact damages significantly along longitudinal direc-
tion. The samples with larger braiding angle maintain better structure integrity under
multiple impacts, especially for the 37° sample. It could still undertake considerable load
at the third impact. More investigations on the braiding angles could be conducted for
revealing the impact damage mechanisms deeply.
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