Received: 28 August 2024

Revised: 28 December 2024

W) Check for updates

Accepted: 3 February 2025

DOI: 10.1002/pc.29656

RESEARCH ARTICLE

INSPIRING Polymer
PLASTICS
PROFESSIONALS  COMPOSITES

WILEY

Mechanical properties of novel uniform/gradient auxetic
structures made of CFRP composites

Zhen-Yu Li'

Wei-Ming Zhang® | Xin-Tao Wang® | Jian Xiong® |

1School of Fashion and Textiles, The
Hong Kong Polytechnic University,
Kowloon, China

2Center for Composite Materials, Harbin
Institute of Technology, Harbin, China

*Qingdao Innovation and Development
Base, Harbin Engineering University,
Qingdao, People's Republic of China

“Key Laboratory of Advanced Ship
Materials and Mechanics, College of
Aerospace and Civil Engineering, Harbin
Engineering University, Harbin,

People's Republic of China

Correspondence
Hong Hu, School of Fashion and Textiles,
The Hong Kong Polytechnic University,

Hung Hom, Kowloon, Hong Kong, China.

Email: hu.hong@polyu.edu.hk

Funding information

Research Grants Council of Hong Kong
Special Administrative Region
Government for the NSFC/RGC Joint
Research Scheme, Grant/Award
Numbers: N_PolyU516/20, 12061160461

| Wei-Jing Wang” |

Hong-Ze Li* | Jin-Shui Yang® |
g g
Hong Hu'

Abstract

Carbon fiber reinforced polymer (CFRP) auxetic composite structures have
attracted an increasing attention in recent years due to their lightweight and
superior mechanical properties compared with traditional auxetic structures.
However, most of the reported all-CFRP auxetic structures are often accompa-
nied with cliff-like stress drops during the failure process, resulting in lower
energy absorption. This paper reports the design, fabrication and characteriza-
tion of a novel type of all-CFRP petal-like auxetic structures with lightweight,
high-strength, and good energy absorptive properties. Four uniform/gradient
petal-like structures were first made with different angle values and continu-
ous CFRP composites. Then, their mechanical properties, Poisson's ratio and
failure mechanism under quasi-static compression loading were analyzed.
Based on the quasi-static experimental results, the gradient structure con-
structed with different cells of varying angles was further selected to study its
dynamic response under different initial impact energies and impact positions.
The results show that the novel petal-like structures made of continuous CFRP
composites can maintain good auxetic properties even under large deforma-
tion. Impressively, these structures exhibit a stress plateau phase during com-
pression, indicative of exceptional energy absorption capabilities. The results
of low velocity point impact tests also show that the displacement of the initial
peak and the number of peaks in the load-displacement curves are signifi-
cantly influenced by changes in impact position and energy. This research
offers a valuable insight into developing and fabricating all-CFRP auxetic
structures with superior energy absorption characteristics.

Highlights

« Auxetic structures with high EA capacity are designed and fabricated.

« Their mechanical properties under static and dynamic loads are studied.

« The position and energy of impact have a significant impact on
performance.

« The all-CFRP auxetic structure exhibits abundant failure forms.
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1 | INTRODUCTION

Since the groundbreaking work by Lake et al." in prepar-
ing negative Poisson's ratio (NPR) foam through thermo-
mechanical method, there has been a significant surge
in research efforts focused on exploring the unique phys-
ical and mechanical properties of this type of noncon-
ventional mechanical metamaterials. The discovery of
NPR structures, commonly referred to as auxetic struc-
tures, has catalyzed advancements in the field and led to
the development of various representative designs such
as re-entrant honeycomb structure,” double-arrow
structure,®’ rotation structure,*'® elastic instability
structure,''? and chiral/ anti-chiral structure.!>"'°
These developments have expanded our understanding
of NPR materials and opened up new avenues for the
design and engineering of innovative structures with
unique mechanical properties. Through theoretical anal-
ysis, finite element simulation, and experiment,
researchers have demonstrated the exceptional proper-
ties of auxetic structures, including enhanced shear
resistance,’’™*® indentation resistance,?®?! vibration
and sound absorption,”*** and energy absorption
capabilities.”> >’ As a result, there is a growing interest
in exploiting applications of these auxetic structures in
different fields such as vehicle engineering,”® marine
engineering,” aerospace,’* > protective equipment,*>~>*
sensors,”>>® and beyond.

Nevertheless, the facile deformation of auxetic struc-
tures also results in a reduction of their bearing capacity.
Consequently, recent research endeavors have been con-
centrated on enhancing their bearing capacity without
compromising their auxetic characteristics. Potential solu-
tions to this challenge involve: (1) reinforcing the struc-
ture's bearing capacity through the incorporation of ribs or
plates’; (2) augmenting the mechanical properties of
the structures by enhancing the material strength*®*'; and
(3) modifying the deformation mechanism of the struc-
tures to ameliorate their mechanical properties.**

The modifications outlined above have considerably
enhanced the qualitative bearing capacity of the struc-
tures. Nevertheless, the incorporation of rods has invari-
ably increased the overall weight of the structures,
contradicting the demand for lightweight structures in
sectors like aerospace. Consequently, CFRP composites
possessing lightweight, high specific strength, and high
specific stiffness are being employed in the fabrication of

auxetic structures. Ehsan et al** combined the
stretching-dominated mechanism with the use of CFRP
to prepare lightweight and high-strength auxetic struc-
tures. Gao et al.** employed CFRP to prepare 3D auxetic
lattice structures with high stiffness, lightweight, and
obvious NPR effect. Their research could promote the
application of 3D auxetic lattice structures. However, it
seems that the auxetic structures prepared by using inter-
lock assembly process are suitable for large deformation
and impact resistance. Zhang et al.** showed that the 3D
composite auxetic structure prepared by the interlock
assembly process only had NPR characteristics under
small strains, and brittle fracture occurs in most of the
rods under the impact load. This is a disadvantage for the
structures’ energy absorption. Therefore, the develop-
ment of auxetic structures with lightweight and high
strength, and at the same time with good energy absorp-
tion characteristics is regarded as a research target in the
following period. To meet the stated objectives, the utili-
zation of continuous fiber-reinforced composites can be
an efficient way in the production of auxetic structures.
Wang et al.** conducted a study utilizing continuous
CFRP to fabricate a 3D double-arrow structure. Similarly,
Liu et al.*’ utilized continuous fiber-reinforced compos-
ites in the preparation of re-entrant honeycomb struc-
tures, while Li et al.*® explored the use of the same
material in the development of a composite origami stack
structure. These research findings collectively demon-
strate the feasibility of fabricating auxetic structures with
a unique combination of attributes, such as lightweight
construction, superior strength, and exceptional energy
absorption capabilities through the utilization of continu-
ous fiber-reinforced composites. However, it is very diffi-
cult to prepare complex auxetic structures using
continuous fibers, and the difficulty lies in how to bal-
ance the preparation process and the complexity of con-
figuration design. Currently, only a limited number of
structures can be fabricated in this manner.**~>*

This study explores the utilization of lightweight and
high-strength continuous CFRP to enhance the mechani-
cal properties of auxetic structures. A novel type of petal-
like uniform/gradient auxetic structures with multi-stage
deformation capability was first designed using angle as
an independent variable and manufactured with continu-
ous CFRP composites for experimental evaluation. Then,
their mechanical properties and failure modes under
quasi-static compressive loads were systematically
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investigated. Based on the quasi-static experimental tests,
the gradient structure was further studied to understand
its dynamic response, failure characteristics, and energy
absorption capabilities under point low velocity impact
loads. The paper proceeds to detail the design, fabrica-
tion, and experimental setup of the structures in
Section 2, followed by a description of the finite element
analysis method applied to evaluate the structure's
response in Section 3. In Section 4, the mechanical prop-
erties of uniform/gradient petal-like structures subjected
to quasi-static compressive loads are compared, alongside
an examination of the dynamic responses of gradient
structures exposed to varying impact energies and impact
positions. Finally, the conclusions derived from this study
will be summarized in Section 5.

2 | EXPERIMENTAL WORK

21 |
process

Structure design and preparation

In contrast to conventional metal auxetic structures, the
fabrication of auxetic structures utilizing continuous
CFRP composite necessitates additional considerations,
such as ensuring uniformity in fiber orientation and con-
traction direction during preparation, meticulous mold
design, and proper resin distribution at corners. The
meticulous design of the structure is crucial to ensuring
the successful execution of subsequent steps in the
manufacturing process.

In general, auxetic structures made of CFRP compos-
ites exhibit a loss of auxetic properties under large strain,
while simultaneously experiencing an increase in
strength and stiffness as a result of material changes.*
The utilization of continuous CFRP composites enables
significant deformation of the structure before failure;
however, the occurrence of a cliff-like stress drop due to
fiber fracture greatly affects the energy absorption char-
acteristics of the structure.>* Therefore, it is imperative to
ensure that the structure can withstand loading condi-
tions twice before fiber/matrix failure ensues (that is,
after the first failure of the structure, the rest of the struc-
ture still has a good bearing capacity). Drawing inspira-
tion from the petal-shaped structure,”® a novel design
approach has been introduced to address the aforemen-
tioned challenges.

Figure 1A illustrates the design parameters and prep-
aration procedure of the novel petal-like structure. Con-
sidering that, the sharp corner is prone to damage in the
compression process,”® the chamfers are strategically
smoothed in the mold design. As depicted in Figure 1A,
the geometric characteristics of the structure can be

described using the following parameters: the inclination
angle of the inclined bar 6, the platform width [, the hor-
izontal projection length of the inclined bar /; and I,, unit
cell length I3, the radius of the circular section at the con-
nection between the straight rod and the round rod R,
thickness of the sheet ¢, and the length of the rod in the
extension direction b. The values of these parameters
selected for this study are listed in Table 1. In contrast to
unidirectional prepreg laminates, fabric laminates show-
enhanced capability in mitigating delamination damage
upon exposure to low velocity impact loading.”® As such,
the present study incorporates carbon fiber fabric in the
fabrication of petal-like sheets. Utilizing the hot molding
process, the petal-like sheets were fabricated following
the curing curve of the prepreg material (the mechanical
properties of composite laminates were the same as those
of Li et al.**). Through meticulous cutting, stacking, and
bonding processes, three uniform petal-like structures
and one graded petal-like structure were successfully
manufactured. The corresponding specimen diagrams
can be observed in Figure 1B.

2.2 | Quasi-static compression and
dynamic impact tests

Quasi-static compression experiments on uniform/
gradient petal-like structures were carried out according
to the ASTM C365 standards.*® The tests were conducted
at room temperature by using a universal testing
machine Instron 4505 equipped with a 50 kN load sensor
at a loading speed of 1 mm/min. During the compression
test, the deformation process is analyzed by digital image
correlation (DIC) software, and the failure form of the
structures is recorded by high-resolution cameras.
Through the utilization of the universal testing machine,
data are gathered for longitudinal displacement U, and
reaction force F,. By applying the formulas o, =
Fy/(Ly*L;) and &,=U,/L,, stress and strain values are
calculated, with Ly, L,, and L, representing the initial
dimensions of the structural element. Subsequently, the
equivalent compression modulus of the structure is deter-
mined through E, =o0y/¢,. The focus of this study lies in
analyzing structural deformation through a methodical
approach. Based upon the research by Li et al.>* and
Yang et al.,”” the Poisson's ratio of the structures was cal-
culated by utilizing the relative displacements of the mid-
dle points within the single cells, as well as between the
upper and lower platens. As shown in Figure 2A, the rel-
ative displacement of the central position of the cell
under compression is determined by averaging the dis-
placements at specified points (X;, X,, X3, and X,). Subse-
quently, the nominal strains in both the X and Y
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FIGURE 1 (A) Structural
design and preparation process.
(B) Uniform/gradient peta-like
structure specimens.
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TABLE 1 Values of geometric parameters used.
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FIGURE 2 Experimental
setup. (A) Loading mode under
quasi-static compression and
reference points for Poisson's
ratio calculation. (B) The
loading method under the point
impacts at different impact
positions.
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directions are computed, leading to the establishment of
the Poisson's ratio for a uniform structure using the equa-
tion vy, = —‘Z—; Furthermore, the study explores the vari-
ability in Poisson's ratio within a gradient structure. To
address this, the strains in both X and Y directions for
each row of the structure were systematically measured.

To study the response of the structure under dynamic
impact loading, the Instron CEAST 9350 drop-weight
impact test system with a sensor frequency of 106 Hz and
a maximum measured load of 90 KN was used to test the
gradient petal-like structure according to ASTM
D7136M-20.7® A semi-spherical hammer with a diameter
of 20 mm and a mass of 10.4 kg was used to carry out
impact experiments on different positions of the gradient
petal-like structure with impact energies of 15, 30, and
50 J, respectively. To better study the deformation of the
structure under different impact energies, a Mi 14 high-
speed camera with an acquisition frequency of 1920
frames/SEC and a resolution of 1280 x 720 pixels is used
to record the deformation of the structure. Moreover, an
investigation into the effect of impact position on struc-
tural impact resistance was carried out. The specific
placement of impact positions can be observed in
Figure 2B.

3 | NUMERICAL SIMULATION

The ABAQUS/Explicit software was used to systemati-
cally investigate the deformation and failure modes of
uniform/gradient petal-like structures in quasi-static uni-
axial compression. The numerical model comprises three
components: the upper and platen, the petal-like struc-
ture and the lower palten. The material parameters
related to petal-like structures are shown in Appendix A
Table Al. The upper and lower platens are represented as
rigid bodies, with the displacement controlled by coupled
reference points. Following the experimental setup, the
lower platen is immobile while the displacement of
the upper platen is regulated by a displacement load. The
structural analysis employed an eight-node 3D reduced-
integration solid element model (C3D8R) with a mesh
size of 0.5 mm to optimize computational efficiency
while maintaining precision in the results. It is important
to note that, to minimize numerical simulation errors, we
performed local mesh refinement on the petal-like plates
with a thickness of 0.5 mm, ensuring that each layer of
prepreg contained at least two mesh elements. Addition-
ally, the results of the mesh convergence analysis are pre-
sented in Appendix B Figure Al. Employing hard contact
in the nominal direction and frictionless in the tangential
direction, along with the vector user material subroutine
(VUMAT), which has been proved to be effective in

analyzing the deformation and failure mechanisms of
composite structures.”® Therefore, this method was
extended in this study.

4 | RESULTS AND DISCUSSION

4.1 | Properties under quasi-static
compression

4.1.1 | Compressive response, auxetic
characteristic, and failure modes

The equivalent compression modulus and Poisson's ratio
of uniform/gradient composite petal-like structures were
determined through the methods outlined in Sections 2
and 3, and the obtained results are displayed in Figure 3.
It is evident that both the modulus and auxetic effect of
the structures increases with increasing angle 6. In the
case of the graded petal-like structure, the equivalent
compression modulus closely aligns with the average of
the three uniform petal-like structures. The presence
of cells with smaller angles impedes the lateral contrac-
tion of cells with larger angles during compression,
thereby diminishing the auxetic characteristics of each
layer of cells with the gradient structure relative to the
uniform petal-like structures. Notably, a clear relation-
ship was observed between the original auxetic character-
istics of the uniform structures and the subsequent
reduction in auxetic properties after the introduction of a
gradient (Uniform-30 reduced by 22.8%, Uniform-45
reduced by 24.7%, Uniform-60 reduced by 33.7%).

Figure 4 illustrates a comparative analysis of the
stress-strain curves and failure modes under quasi-static
compression obtained from both the simulation and
experiment. The alignment between the simulated
and empirical results is notably laudable. At low strain
levels, the finite element analyses closely correspond to
the experimental observations. Even in instances of struc-
tural failure, finite element data exhibit a consistent trend
with experimental data. The error is attributed to the fact
that the numerical model overlooks the impact of geo-
metric imperfections stemming from the hot molding
process. As a result, slight deviations are observed
between the stress levels derived from experimentation
and predicted by simulation.

It should be noted that petal-like structures composed
of continuous CFRP composite exhibit minimal stress
fluctuations during the compression process, leading to
favorable energy absorption characteristics. The analysis
of the failure process diagrams in Figure 4B-E reveals a
distinct three-stage progression involving shrink, contact,
and rotation. As compression displacement increases,
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FIGURE 3 Experimental and simulating results for composite petal-like structures with different angles under quasi-static compression

loads. (A) Equivalent compression modulus. (B) Poisson's ratio.
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FIGURE 4 Mechanical properties of composite petal-like structures under quasi-static compression loads. (A) Stress-strain curves.

(B) Failure mode of Uniform-30 structure. (C) Failure mode of Uniform-45 structure. (D) Failure mode of Uniform-60 structure. (E) Failure

mode of Gradient structure.

relative sliding occurs at the semicircular cross-sections
in contact, followed by crushing failure at the small
chamfer position adjacent to the crossbar. Subsequently,
the semicircular sections continue to bear the loads,

resulting in a reduced curve fluctuation. The distance
between the inclined rod and cross rod plays a critical
role in determining stress-strain curve fluctuation upon
failure. The structures demonstrate effective energy
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absorption characteristics throughout the compression
process, even as load fluctuation amplitudes increase
with angle value. Increasing angle value enhances the
modulus and auxetic properties of the structure, albeit at
the expense of strength and increased curve fluctuation
intensity. Accordingly, a gradient design approach is pro-
posed and investigated. Examination of Figure 4E high-
lights the complex failure process of gradient petal-like
structures under compression. Notably, 60° cells exhibit
enhanced auxetic properties, resulting in their initial con-
tact during compression. The increased modulus of the
gradient structure causes the 30° cell layer to fail first,
effectively minimizing stress fluctuation before reaching
0.3 strain and enabling high energy absorption character-
istics under significant strain.

4.1.2 | Performance comparison

As shown in Figure 5A, the novel composite petal-like
structures proposed in this study is compared with other
lattice structures®>°°"®* with reference to the Ashby dia-
gram. It is not difficult to find that the new structures
proposed in this paper has excellent energy absorption
performance at low density. Therefore, the goal of light-
weight and high-energy absorption in structural design is
realized. The radar chart depicted in Figure 5B illustrates
the comprehensive performance evaluation of the uni-
form/gradient composite petal-like structures outlined in
this study (obtained from experimental data). Consider-
ing that the Poisson ratio varies among cells within the
gradient structure, the average Poisson ratio of the three
rows of uniform cells is utilized as the representative

Poisson ratio for comparison purposes. The five axes
represented in the radar chart correspond to the struc-
ture's key properties: lightweight, energy absorption
capabilities, auxetic behavior, equivalent compression
modulus, and feasibility of manufacturing using continu-
ous CFRP composites. The structures are assessed for
their energy absorption characteristics using specific
energy absorption (SEA), which measures the amount of
energy absorbed per unit volume and density. Despite the
unavoidable increase in relative density due to the reduc-
tion of angle, all the structures maintain a maximum rel-
ative density below 0.15, effectively achieving lightweight
construction. Moreover, petal-like structures fabricated
with only two layers of fabric prepreg demonstrate favor-
able energy absorption characteristics, exhibiting an
absorption range of 1000-2000 J/kg, surpassing many
alternative structures.®®

Due to limitations in the manufacturing process,
structures fabricated with CFRP composite materials
often experience a reduction in energy absorption
characteristics despite their lightweight nature and high-
strength properties.*>** This results in a restricted appli-
cability of such materials in engineering. Conversely, the
novel petal-like structures proposed in this study are fab-
ricated using continuous fiber-reinforced composite
material, enabling them to retain pronounced auxetic
characteristics even under large deformation, while pre-
serving requisite strength and stiffness. By conducting
Poisson's ratio analysis in section 4.1.1 and referring to
the radar diagram presented in Figure 5B, our findings
indicate that the gradient structure exhibits favorable
modulus E and SEA at a lower relative density. Addition-
ally, the structure demonstrates a variety of Poisson

( A) 300 (B) Relative density
®  Alumina hollow lattice 0.16
Hybrid hollow lattice
A Polymeric BCC lattice
240 + * . : :
., v NiP multiscale lattice
lg * ¢ TiN octahedral hollow lattice
g CNT/PA12 SC-12H lattice
g 180 * CNT/PA12 pyramidal lattice
E=] CNT/PA12 honeycomb lattice
g Tough polymeric re-entrant lattice
172} " ».
] ® NiBCC lattice
< 120 |
> L *  This work
2
Q
|
— A
60 |- B
u A
. &
0 ] bl I L 1
0 100 200 300 400 500
Density (kg/m?)

FIGURE 5

Performance analysis. (A) Ashby diagram of energy absorption and density per unit volume. (B) Comprehensive capabilities

that combine lightweight, energy absorption properties, Poisson's ratio, equivalent compression modulus, and manufacturability of

multifunctional composite petal-like structures.
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ratios, suggesting its potential adaptability for diverse
engineering requirements. Therefore, further investiga-
tions will delve into the mechanical properties and fail-
ure mechanisms of gradient petal-like structures under
low velocity impact conditions.

4.2 | Properties under low velocity point
impact
4.2.1 | Deformation and failure process

For facilitating explanation, the specific designations corre-
sponding to various impact positions and impact energies of
the gradient structure presented in Section 2.2 are assigned
in Table 2. An examination of the deformation and failure
mechanisms of the petal-like structure during impact, as
presented in Figure 6, reveals the diverse array of deforma-
tion modes of the structure. Unlike the failure progression
of the gradient structure under quasi-static compression
loading, the cells fail sequentially from the top to the bot-
tom upon exposure to impact loading. In the analysis
regarding the energy and impact resistance of the structural
configuration, it is observed that the cells located at Line
3 did not experience failure. This discovery indicates that
the suggested gradient arrangement successfully shields the
fundamental structure from harm when the object requir-
ing protection is located within the cell of the bottom layer.
When subjected to an impact energy of 15j at the “val-
ley” position, the structure exhibits a noticeable contraction
pattern. Specifically, the cells located below the impact point
undergo a more significant contraction compared to the
cells on either side. The increasing contraction of the initial
row of cells results in enhanced rotation of the inclined
plate within the upper portion of this cell layer. Subse-
quently, a fracture occurs at the juncture of the diagonal
and cross plates. Despite the crushing of the upper portion
of the central cell in the first row, the two adjacent cells in
the same row continue to tend to contract toward the cen-
tral position due to the ongoing connection with the lower

TABLE 2 Naming of impact tests.
Specimen Impact Impact
Name type position energy(J)
Valley-15J Gradient Valley 15
Valley-30 J Gradient Valley 30
Valley-50 J Gradient Valley 50
Peak-157J Gradient Peak 15
Peak-30J Gradient Peak 30
Peak-50 J Gradient Peak 50

{
PROFESSIONALS  COMPOSITES

portion cells. In contrast to the phenomenon observed
with the impact “valley” position at 15j energy, the cells
located in the second row exhibit a pattern of crushing
in response to escalating energy levels. It is noteworthy
that upon complete crushing of the middle cell in the
first row, the lack of constraint on the adjacent cells
results in outward expansion, a visual representation of
which can be observed in the final diagrams of
Figure 6B,C. Moreover, as the impactor displacement
continues to increase, a rotational and relative sliding
motion is observed in the lower half of the first row of
cells, as well as in the second and third rows. This dis-
tinct deformation behavior of the auxetic structure and
subsequent structural failure play a pivotal role in
enhancing energy dissipation mechanisms.

When the “peak” position of the structure is subjected
to an impact load, the structure maintains its auxetic
characteristics and exhibits noticeable contact and rota-
tion as depicted in Figure 6D-F. Figure 6D illustrates the
deformation caused by the impact of a 15j energy on the
“peak” position of the petal-like structure. Upon impact
loading, evident contact and rotation are observed in the
lower cells of the impactor. Subsequently, the impactor
descends further, causing a depression in the inclined
plate of the structure. As the impact energy increases,
the inclination of the structure toward the impactor
becomes more pronounced, and crushing failure is
observed in the second layer. Similar to the impact at
the “valley” position, once the lower half of the first row
of cells under the impactor is completely crushed, the
cells lose their constraint and the contraction of both
sides ceases.

4.2.2 | Failure modes of fibers under low
velocity impact

In contrast to conventional multicellular structures com-
posed of isotropic materials such as metal or polymer,
auxetic structures constructed from continuous CFRP
composites exhibit a heightened complexity in terms of
failure modes when subjected to low velocity impact
loads. This complexity arises from the diverse failure
modes inherent in CFRP composites, including fiber
stretching, fiber compression, matrix stretching, matrix
compression, and interlaminar shear. To accurately char-
acterize the failure mechanisms of these structures, a por-
table electron microscope with a magnification capability
of up to 1600 times (sourced from Shenzhen Tiankui
Hardware Tools Co., LTD.) was employed to examine
and illustrate the fiber failure, as illustrated in Figure 7.
Upon meticulous examination of the specimen
labeled as “Valley-1517”, it is evident that there is no
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(A) Valley-15J

2

Rotationand  Lower layer no failure
Line 2 and Line 3

Further shrink

relative slide

Rotation and Crushing (Line 2) and Lowest layer no
relative slide further rotation (Line 3) failure

. Further crushin Lowest layer no
Crushitng (Line 2) failure

(B) Valley-30J

Origin Shrink Crushing

(C) Valley-50J

Rotation and
relative slide

(D) Peak-15J

Pit

Further shrink Contact and crushing Springback

Origin Shrink Contact Crushing Further crushing Further crushing
and relative slide (Line 2)

Origin

(E) Peak-30J

(F) Peak-50J

Further crushing Further crushing owest layer no
and relative slide (Line 2) failure

Origin

FIGURE 6 Deformation and failure process of gradient specimens under low velocity point impact with different energies. (A) Valley-
15 J. (B) Valley-30 J. (C) Valley-50 J. (D) Peak-15 J. (E) Peak-30 J. (F) Peak-50 J.

discernible damage present on the surface. The structural ~ minor magnitude (15 J), with the energy being dissipated
failure is localized at the juncture where the inclined bar ~ through deformation and subsequent brittle fracture
meets the horizontal bar. This indicates that the auxetic =~ occurring at the interface between the two mentioned
structure is capable of absorbing impact energy of a  bars. In contrast, the specimen denoted as “Peak-15J”
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Brittle fracture
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Tensile fracture

(F) Peak-50J
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FIGURE 7 Failure forms of the gradient structure under different impact energies and impact positions. (A) Valley-15 J. (B) Valley-30 J.

(C) Valley-50 J. (D) Peak-15 J. (E) Peak-30 J. (F) Peak-50 J.

displays a more intricate failure mode of the fibers, char-
acterized by pronounced pits and tears at the impact site,
specifically at the connection point between the large
semicircular section and the inclined plate. Upon closer
inspection of the fibers at the pit and tear locations, it
becomes apparent that there is an observable tensile frac-
ture and delamination evident in these areas. Notably,
the degree of fiber delamination in the composite petal-
like structures formed through fabric preparation
remains minimal under low velocity impact loads, consis-
tent with the findings reported by Ma et al.’® With the
escalation of impact energy, the failure mode of fibers
exhibits an increasing complexity. Specifically, in the case
of “Valley-30J,” significant damages are observed on
both sides of the inclined plate, attributed to the auxetic
characteristics causing shrinkage toward the center
under the impact load. Furthermore, aside from the

brittle fractures evident in “Valley-151J”, notable
instances of tensile fracture and delamination are
observed at pit and tear sites. In the scenario of “Peak-
307J,” alongside the presence of pits and tears at lower
energy levels, intensified deformation results in excessive
deformation at the junction of the inclined plate with the
horizontal plate, consequently leading to brittle fracture.
At higher impact energy of 50J, “Valley-50 J” experi-
ences tearing failure at the junction of the semicircular
section with the inclined bar, while “Peak-50 J” presents
a distinct pit at the maximum displacement of the punch.

4.2.3 | Dynamic response

The force-displacement curves of the composite petal-like
gradient structure subjected to hammer impact with
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varying impact energies and impact positions were analyzed
and presented in Figure 8. Upon examination of the curves
for impacts at distinct positions with equal impact energy, it
is observed that the impact load has a nearly linear increase
up to a falling displacement of 7.5 mm when impacted at
the “Valley” position, followed by a “plateau” phase. This
phenomenon occurs due to the dynamic response of adja-
cent cells when the central cell experiences an impact load,
resulting in immediate contraction toward the central cell
and contact between neighboring cells. The extrusion action
of the punch on the inclined plates corresponds closely to
the deformation pattern of the cell under compression load-
ing, leading to heightened deformation in the middle cell.
As the displacement of the punch is progressively aug-
mented, the semicircular cross-section of the central cell
comes into contact with the slanted plates situated on either
side, causing a brief slope to rise in the force-displacement
curve. Subsequently, as the punch displacement increases,
the inclined plates of the two sides cells cease to contact
with the central cell, resulting in the absorption of energy
through the deformation of the central cell and the manifes-
tation of a plateau on the force-displacement curve. Upon
reaching a specific displacement level, the deformation of
the upper half of the first layer cell reaches its maximum,
leading to fiber failure as the punch continues to descend
and the load intensifies.

When hitting the “Peak” position, the punch is equi-
distantly situated between two cells, thereby exerting an

outward extrusion effect on the adjacent cells as it
descends. The auxetic properties of the cells also cause
them to contract toward the punch's location. Conse-
quently, when impacted at the “Peak” position, the struc-
ture exhibits heightened stiffness, resulting in a steeper
force-displacement curve. Furthermore, because of cell
compression toward the central position and the semi-
circular section coming into contact with each other, the
escalation of punch displacement leads to detrimental
effects on the fibers. Consequently, the load exhibits a
continuous rise without reaching a “plateau” phase.

When maintaining a constant impact position, the
augmentation of impact energy does not significantly
affect the initial phase of the force-displacement curves.
This suggests that for a specific structure, consistency in
impact position results in uniform impact resistance and
comparable deformation circumstances, as illustrated in
Figure 8D,E. Nonetheless, the escalation of impact
energy also results in a greater number of cell failures, as
evidenced by a heightened quantity of peaks on the
curve.

4.2.4 | Energy absorption and performance
comparison

The energy absorption behavior of the novel gradient
composite petal-like structure subjected to point impact
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(B) Influence of impact energy.
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FIGURE 9 Performance comparison of the gradient structure under impact with different locations and energies. (A) Energy

absorption-displacement curves. (B) Radar map.

with different locations and energies is illustrated in
Figure 9A. It is evident that up to a displacement of
7 mm, varying impact locations exhibit similar energy
absorption properties. Subsequently, as the punch dis-
placement increases, the energy absorption behavior of
the structure is influenced by the impact location. Nota-
bly, at a displacement range of 7-30 mm, the impact
“Peak” position demonstrates higher energy absorption
capabilities compared to the impact “Valley” position.
This observation underscores the ability of fiber destruc-
tion to more rapidly dissipate energy than structural
deformation.

In the comprehensive analysis of a structure under
low velocity impact loads, the mean crush force (MCF)
serves as a metric to assess the average load experienced
by structures during compression. MCF is determined by
the ratio of the energy absorbed by the structure during
impact to the displacement of the punch. As shown in
Figure 9B, a radar diagram is employed to evaluate five
key properties of the structure in question during drop
hammer testing: SEA, MCF, Maximum displacement,
Maximum load, and Maximum energy absorption. A pos-
itive correlation is observed between the initial impact
energy and these performance indicators. Notably, the
impact “Valley” position results in a higher average load
and displacement, while the remaining properties are
mainly influenced by the initial impact energy. Impact
position has minimal effect on these properties. Addition-
ally, although the impact “Peak” position may exhibit
superior energy absorption characteristics with small dis-
placement, the structure's stiffness is compromised due
to punch crushing, leading to reduced impact resistance.

Consequently, the “Peak” position impact may yield
greater maximum displacement.

5 | CONCLUSIONS

Upon evaluation of the deformation process of auxetic
structures and the preparation process of continuous
CFRP composites, a type of novel uniform/gradient
petal-like structures was introduced in the present study.
Their compression behavior, auxetic properties, and fail-
ure mechanisms under quasi-static compression loads
were investigated through simulation and experimental
analyses. Subsequently, low velocity impact tests were
conducted on the gradient petal-like structure exhibiting
favorable overall properties and diverse failure modes,
with a systematic exploration of the impact energy and
position effects on its mechanical behavior. The main
conclusions of the study are as follows: All-CFRP auxetic
structures with lightweight, elevated specific strength,
heightened specific stiffness, and effective energy absorp-
tion capabilities can be designed based on petal-like
geometry and manufactured using continuous fiber rein-
forced composites. Under the quasi-static compression
loading, the modulus and auxetic characteristics of the
structures increase with increase of angle magnitude, and
the gradient design reduces the auxetic characteristics of
the structure to a certain extent. The equivalent compres-
sion modulus of the gradient structure formed by stack-
ing cells with three angles is approximately equal to the
average modulus of the three uniform structures.
The quasi-static compression deformation process of the
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petal-like structures can be characterized by three dis-
tinct stages: shrinkage, contact, and rotation. With the
increase of compression displacement, the two adjacent
semicircular cross sections are relatively easy to slide,
and the position where the inclined sheet and the hori-
zontal sheet are connected is most prone to failure. The
gradient structure still has good auxetic characteristics
under low velocity point impact and its deformation and
mechanical properties are greatly affected by impact loca-
tion. When impacting at the “Valley” position, the energy
of the punch is first dissipated by the structure through
the shrinkage, rotation mechanism, and friction between
the semicircular cross sections and the plates, and subse-
quently by the fiber damage. When impacting at the
“Peak” position, the adjacent cells contract toward the
punch position and the fibers fail to absorb energy rap-
idly. The impact energy is shown to have minimal influ-
ence on the structural deformation and failure modes,
but significantly affect the number of damaged cells, as
evidenced by the rise in load peak numbers on the force-
displacement curve.
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TABLE A1l

APPENDIX A

Mechanical properties of composite laminates

made from carbon fiber reinforced orthogonal plain weave fabrics

(T300 3 K).

Property

Longitudinal Young's modulus
Out-of-plane modulus

Poisson's ratio

Poisson’s ratio

Shear modulus

Longitudinal tensile strength
Longitudinal compressive strength
Transverse tensile strength
Transverse compressive strength
Out-of-plane tensile strength
Out-of-plane compressive strength
Shear strength

Shear strength

Density

Symbol
En,Ex
E33

V12
013,023
G12,G13,Ga3
X

Xe

Y,

Y,

Z

Z.

Si2
S13,523

Value
65GPa
8.3GPa
0.064
0.32
4.2GPa
900MPa
625MPa
900MPa
625MPa
60MPa
198MPa
118MPa
86MPa
1250kg/m?

INSPIRING
PLASTICS
PROFESSIONALS

rmer  WILEY-2%

COMPOSITES
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FIGURE A1l Mesh convergence analysis. (A) Meshing details. (B) Mesh convergence.

APPENDIX C

The modified 3D Hashin's failure criterion and Yeh
delaminational failure criteria are used into damage
initiation model. In composite laminates, five damage
modes can be summarized: fiber tensile fracture, fiber
compression fracture, matrix tensile fracture, matrix
compression fracture and delamination failure.
The corresponding five types of failure modes are
defined as:

a. Fiber stretching (e1; > 0):

€11 2 €12 2 €13 2
R <_) +(T> +(T) (1)
f[ T SlZ 513
b. Fiber compression (11 <0):

2
€11
Rfc = <_f;) (C.2)

¢. Matrix tension (&, + £33 > 0):

2 2 2
€11+ €33 1 E22E23
RZ - ( ) + < 5 > (82 - 822833)
m Y;‘ SZS 2 G%S

€12 ? €13 2
(%) ()
512 513

d. Matrix compression (&, + £33 < 0):

R — <E22€22 +E33833>2

G255,
< EnY: >2 1
2G12$‘i2

n €22 +f33
Ye

1 2 E22E23 2 €12 2 €13 2
+(T> (82 g fnEn) Tl | Tl
523 . G%3 SlZ Sl3

(C4)

e. Delamination failure (33 > 0):

2 2 2
€33 €13 €23

Ry = <—> + <—> + (—) (C.5)
ld Z? Sis S5

where X7, X are longitudinal tensile and compressive ulti-
mate strain of composite laminates respectively, Y7,Y¢, are
transverse tensile and compressive ultimate strain respec-
tively, S5;,57, and Sj, are in-plane and out-plane shear
ultimate strain respectively, Z7 is tensile delamination
ultimate strain. Failure factor R;(i = ft,fc, mt,mc,ld) repre-
sents the failure level. These limit strain components are
defined as follows:

X X Y Y Z
xe=2L xe=2C ve =L ye == 7z =28 5,
gn %11 ESM Ey’ Ess’

S12 Si3 S23
S4. = , S5, =
G12 13 — G 23 G23
(C.6)

The damage variable d; is introduced into the damage
evolution process to characterize the damage degree of
composites. The definition domain of damage variable d;
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is [0,1]. If d; = 0, there is no damage; when d; = 1, the com-
posite material completely lost its mechanical properties.
When damage occurs (d;>0), the corresponding mechani-
cal properties (elastic modulus) begin to deteriorate. The
relationship d; with R; is shown in Equation (C.7):

0 (Ri<1)

d;i= I_Rim (RiZl),(lzﬁ,fc,mt,mc,ld) (C.7)

i

where m (m>0) is the non-dimensional parameter to
control the stiffness degradation rate of composite mate-
rial. At time t, the damage variable as:

d; =max(d;,0), (r <t;i = ft,fc,mt, me,d) (C.8)

Based on damage variation, the stress-strain relation-
ship of laminates can be expressed as:

r 1 10 U13
En(1—om) CEn Es
V12 1 V23
&n " Exn Exn(l—m,) " Exn
€22 V13 23 1
€3 | " Ey " En  En(l-os
712
723
713 0

{
PROFESSIONALS  COMPOSITES

where damage parameter w; = (i=1,---,6) is defined as:

w1 =max(0,dy),w, = max(0,ds,dp), w3
= max |0, df,ddg,au = maxEO, dr,dm), o5

= max O,df,dd ,g = Max O,df,dd),df
=max (0, dft,dfc>’dm = max(O, dmt,dmc)add
= max(O,dld) (C.IO)

According to the failure criterion, the unit stiff-
ness will degenerate when a unit fails. Therefore, the
maximum strain criterion is applied in the VUMAT
subroutine to remove the distorted elements. Fur-
thermore, considering the debonding damage was
not the mainly damage models for the present com-
posite Petal-like structures, and the simulation of
debonding generally requires vast computing capacity
and time, the simulation of the debonding between
strips was ignored.

0 o011
022
O
+ (C.9)
1 0 0 712
G12(1 —0)4) 723
1 T
0 — 0 13
G23(1 — 0)5)
0 0 !
G13(1 —ws) |
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