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Continuous fiber reinforced thermoplastic composite (CFRTPC) auxetic honeycomb structures were fabricated
using the 3D printing technology with a specific printing path planning. For comparison, auxetic honeycombs
were also fabricated with pure polylactic acid (PLA). In-plane compression tests were conducted, with corre-
sponding damage types explored using Scanning Electron Microscopy (SEM) images. A printing path-based finite
element (FE) method was developed to mimic both small and large deformations of CFRTPC auxetic honey-
combs, while analytical model was proposed to predict their effective stiffness and Poisson ratio. Good agree-
ment was achieved among analytical predictions, FE simulation results and experimental measurements. A
systematic parametric study was subsequently carried out to quantify the dependence of in-plane mechanical
properties on geometrical parameters. Compared with pure PLA structures, the presence of continuous fibers
efficiently prohibited crack propagation in the matrix for each ligament of CFRTPC auxetic honeycombs. Adding
continuous fibers increased the mass only by 6%, but led to dramatic increase in compressive stiffness and energy
absorption by 86.3% and 100% respectively and smaller Poisson ratios. The proposed 3D printing technology has
great potential in integrated fabrication of continuous fiber reinforced composite lightweight structures having
complex shapes, attractive mechanical properties, and multifunctional attributes.

1. Introduction

Altering the cell angles of a hexagonal honeycomb could enable the
structure to exhibit negative Poisson ratio [1], also called the auxetic
effect. Typically, auxetic honeycombs contract (expand) transversely
when compressed (stretched) in axial direction. Further, auxetic struc-
tures possess superior mechanical and physical properties as compared
with conventional structures, e.g., increased shear modulus, indentation
resistance, fracture toughness, energy absorption, strain-dependent
porosity/permeability, and synclastic curvature. While such auxetic
structures have long existed in nature, since 1980s people have begun to
design and manufacture foams [2-4], polymeric materials [5-7] and
composite materials [8-11] with negative Poisson ratios. More recently,

a multitude of two-dimensional (2D) [12-18] and three-dimensional
(3D) [19-23] structures made of various parent materials, which
exhibit auxetic behaviors under multiple loading conditions, have been
developed.

Along separate but distinct development routes, fiber reinforced
composite lightweight structures (FRCLSs) extract extensive research
interests due to their high specific strength and specific stiffness, good
thermal stability, well design flexibility, recycling and easy machining.
Several conventional processes have been developed to fabricate the
FRCLSs, including interlock assembly molding [24], filament knitting
[25], hot press molding [26,27] and vacuum assisted resin infusion [28].
However, these methods are often complicated, costly and
time-consuming. In addition, widespread industrial applications of
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FRCLSs are limited by the use of mould and low degree of automation.

Different from the conventional fabrication approaches, 3D printing
based fabrication of continuous fiber reinforced thermoplastic com-
posites (CFRTPCs) has become a new manufacturing method, with
relatively short production cycle, low cost and high degree of automa-
tion. It not only promotes integrated forming of complex structural parts
but also provides an effective approach for low-cost rapid
manufacturing of continuous FRCLSs [29,30]. For instance, an innova-
tive technique for in-nozzle impregnation of continuous fiber and ther-
moplastic matrix was developed [31], and the effects of temperature and
extrusion nozzle pressure on the mechanical properties of 3D printed
continuous carbon fiber reinforced PLA (polylactic acid) composites
were systematically studied [32]. Further, the mechanical properties of
the printed composites with or without preprocessed carbon fiber bun-
dles were compared [33], and the performances of continuous carbon,
Kevlar and glass fiber reinforced Nylon composites fabricated using a
Markforged Mark One 3D printing system were evaluated [34]. The
effect of build orientation, layer thickness and fiber volume content on
the interlaminar bonding, impact and mechanical performance were
evaluated utilizing short beam shear, charpy impact, tensile and
three-point bending tests, respectively [35-37]. Subsequently, a new 3D
printer equipped with a novel nozzle structure which can supply
continuous carbon fiber reinforced thermoplastics filaments and addi-
tional matrix resin independently was developed [38].

To further reduce the weight of FRCLSs, 3D printed prismatic and
lattice structures have been developed [39-41]. Hou et al. [39] prepared
CFRTPC corrugated structures using the 3D printing technology, and
explored the effects of printing parameters on fiber content and me-
chanical properties. Liu et al. [40] studied the compression performance
of printed CFRTPC pyramid lattice structures, and found that the exis-
tence of many voids caused by the lack of pressure during printing led to
poor mechanical properties of the structure. Further, the functional
properties of printed CFRTPC honeycomb, rhombus, rectangle and circle
sandwich structures were investigated using shape evaluations and
three-point bending tests [41]. At present, however, there were few
reports concerning auxetic CFRTPC honeycombs prepared via 3D
printing. In addition, as existing 3D printed continuous FRCLSs were all
fabricated based upon the specific one-stroke printing path, it is
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necessary to develop printing path-based analytical or numerical
modelling of 3D printed CFRTPC structures.

In this study, a group of auxetic honeycombs made of CFRTPC and
pure PLA were designed and fabricated via 3D printing. One-stroke
printing path planning was developed to ensure the continuity of fiber
bundles in these auxetic honeycombs. Uniaxial compression tests along
two loading directions were conducted to evaluate in-plane mechanical
properties. Damage types of the auxetic honeycombs after tests were
characterized with scanning electron microscopy (SEM). Subsequently,
analytical models were developed and printing path-based finite
element (FE) simulations were carried out to investigate the dependence
of the in-plane mechanical properties on geometrical parameters.

2. Experimental procedures
2.1. Experimental platform and raw materials

The CFRTPC 3D printer employed to fabricate auxetic honeycombs
was acquired from Shaanxi FiberTech Technology Development Co.,
LTD, China. As shown in Fig. 1(a), the FDM-based equipment consisted
mainly of an extrusion head, a control system, a building platform, and a
X-Y motion mechanism; more details of the printing technology were
referred to Tian et al. [32]. Fig. 1(b) illustrated the working process of
the extrusion head that received thermoplastic polymer and continuous
fiber to construct an ultra-lightweight CFRTPC auxetic honeycomb
(Fig. 1(c)). For the present study, Kevlar R fiber (with linear density of
145 dtex and density of 1440 kg/m>) from DuPont Corp. was employed
as the reinforcement material, and polylactic acid (PLA/1.75 mm,
density of 1240 kg/ms) filament from FLASHFORGE Corp. (China) was
used as the thermoplastic material.

2.2. Structure design and 3D printing process

As illustrated in Fig. 2, CFRTPC auxetic honeycomb specimens were
constructed using 5 x 3 unit cells, with geometric dimensions as listed in
Table 1. Since flexible fiber cutting and fiber connecting was not
introduced into the 3D printing process, only one single continuous fiber
bundle was used to print the whole auxetic structure. Therefore, a
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Fig. 1. Equipment and scheme of 3D printing for CFRTPC auxetic honeycombs: (a) setup for 3D printer [32], (b) 3D printing process for CFRTPCs [30], and (c) 3D

printing process for CFRTPC auxetic honeycomb.
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Fig. 2. Schematic of CFRTPC auxetic honeycomb with specific printing path
marked in red lines. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

specific one-stroke printing path was developed as shown in Fig. 2, to
ensure the continuity of fiber bundle in the whole printing process. Since
the diameter of the Kevlar R fiber is about 12 pm, it is very difficult to
simulate the real-size structure across scales from 10 pm to 100 mm. As a
simplification, the thermoplastic matrix infiltrated fibers were treated as
a whole part (named fiber bundle) at an “intermediate” scale. Based
upon the printing continuity, fiber bundle and pure matrix parts were
separately taken into account in subsequent analytical modeling and FE
simulations. Besides, with the fiber bundle taken as continuous along the
3-direction, plane-strain could be assumed. With reference to Table 1
and Fig. 3, the unit cell of the CFRTPC auxetic honeycomb was char-
acterized by: length of vertical strut h, length of inclined strut I, clock-
wise angle of inclined strut from horizontal direction ¢, whole thickness
of vertical strut t;, whole thickness of inclined strut t,, thickness of
external matrix part of vertical and inclined struts ty,, thickness of in-
ternal fiber bundle part of vertical and inclined struts t;, and thickness of
internal matrix part of vertical strut ty;. SEM measurement method was
used to obtain the accurate average value of ty, ty1, t, t; and tp. The
relative density of the CFRTPC auxetic honeycomb could thence be
calculated as:

%

P hty + 2It,

L 1
P, 2(lcos @+ 1) (h—1sin@ —t,/cos 0) )

where p* and ps denoted the densities of unit cell and bulk material (in
this case Kevlar fiber reinforced PLA composite material, 1248 kg/m®)
respectively.

During the 3D printing process, the printing parameters were set as:
layer thickness of 0.2 mm, hatch spacing of 1 mm, printing speed of 100
mm/min, nozzle temperature of 210 °C, enabling a tradeoff between
printing accuracy and efficiency [32]. As shown in Fig. 4, typical
printing defects of the present CFRTPC auxetic honeycombs included:
(a) for certain inclined struts, the direction of fiber bundles was some-
what deviated from that of the struts; (b) a small amount of fiber bundles
were pulled out from the matrix at some corners; (c) pure matrix areas
with fiber loss occurred when the direction of printing path changed
180°. These printing defects may influence the mechanical properties of
the prismatic structure.
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2.3. Material properties

As mentioned in the previous section, the fiber bundle and matrix
parts were considered separately in analytical and FE models. However,
it had proved difficult to directly measure the mechanical properties of
the fiber bundle. Alternatively, the elastic modulus and yield strength of
a fiber bundle could be derived using the variant of mixing rule, as:

E;=(E,—E,) /v +Ey, (2)

0= (05— 0w) [ v + O 3
where Ej, E; and Ep, were the elastic modulus of the fiber bundle, strut
and matrix, respectively. o, 6; and 6,, were the yield strength of the fiber
bundle, strut and matrix, respectively. vf was the fiber bundle volume
fraction of the strut. For the inclined and vertical struts, vy was calculated
as t¢/t; and 2t¢/t;, respectively.

Uniaxial tensile tests were carried out with hydraulic testing ma-
chine (MTS) to measure the basic mechanical properties of the tensile
specimen for fiber-reinforced thermoplastic composites, as shown in
Fig. 5(a). Extensometer was used to measure strain. Fig. 6 displayed the

B Matrix
Fiber bundles

h

Fig. 4. The 3D printed CFRTPC auxetic honeycomb with typical printing de-
fects: (a) deviation of the fiber alignment, (b) fiber pullout, and (c) pure ma-
trix area.

Table 1

Geometric parameters of 3D printed CFRTPC auxetic honeycomb (unit: mm).
h 1 t ty tm tm1 te 0 a b c
20.52 8.45 2.36 1.38 0.46 0.52 0.46 30° 96.80 50.00 79.34
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measured tensile stress versus strain curves of the inclined struts, ver-
tical struts and 3D printed PLA specimens. Then, together with Egs. (2)
and (3), the elastic modulus and yield strength of the strut, the fiber
bundle and the PLA could be calculated; the results were summarized in
Table 2. Subsequent FE simulations indicated that using the fiber bun-
dles’ properties calculated from the measured inclined struts to simulate
all the fiber bundle parts was quite efficient, of which the simulated
result was almost the same as that from the case that using the fiber
bundles’ properties calculated from inclined and vertical struts to
simulate inclined and vertical fiber bundle parts, respectively. Conse-
quently, for brevity, the modulus and strength of fiber bundles calcu-
lated from inclined struts were employed to characterize all the fiber
bundle parts in analytical modeling and FE simulations.

2.4. Mechanical evaluations

The MTS universal testing machine (MTS-880, MTS Corp., U.S.A)
was used to perform in-plane compression tests, as shown in Fig. 5(b).
With the placement rate fixed at 2 mm/min, a strain up to 60% was
achieved to obtain the whole collapse process of CFRTPC auxetic hon-
eycomb at room temperature. The load, displacement and time data
were obtained from the machine data acquisition system. The tests were
repeated for both horizontal and vertical directions, with each test
recorded using a video camera. The nominal stress was defined as the
applied force divided by the initial projected cross-sectional area (b x ¢
when loading along the 1-direction, or a x b when loading along the 2-
direction; see Fig. 2). The nominal axial strain was defined in terms of
compression displacement divided by initial height. When loading along
the 1-direction, the nominal transverse strain was defined as ex; = (¢ —
Xn1)/c, with x,; being the average horizontal distance between opposite
marks at the n-th step of loading as shown later in Fig. 11. When loading
along the 2-direction, the nominal transverse strain was defined as e, =
(a — xn2)/a, with xp2 being the horizontal distance between marks at the
n-th step of loading shown in Fig. 14. The Poisson ratio was defined as
the negative ratio of the nominal transverse and axial strains.

3. Theoretical model
Under in-plane compression, the struts of a CFRTPC auxetic honey-

comb mainly underwent bending and axial stretching. Accordingly, in
this section, its elastic modulus and Poisson ratio along the 1- and the 2-
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Fig. 6. Measured tensile stress versus strain curves for inclined struts, vertical
struts and 3D printed PLA specimens.

Table 2
Mechanical properties of struts, fiber bundles and pure PLA, with the standard
deviation depicted in brackets.

Property Inclined Fiber bundle Vertical Fiber bundle PLA
strut (calculated strut (calculated
from inclined from vertical
strut) strut)
Modulus, 6.33 13.59 (0.49) 6.90 13.47 (0.44) 2.70
GPa (0.16) (0.17) (0.08)
Strength, 140.01 327.63 153.06 320.32 46.20
MPa (7.23) (21.69) (4.53) (11.62) (1.22)

directions are derived, following the loading scheme as shown in Fig. 7.
Symmetrical boundary conditions were applied to ensure the consis-
tency of the expressions of compressive modulus and Poisson ratio be-
tween the representative volume element and macroscopic
homogeneous.

3.1. Compressing along the 1-direction

When compressed along the 1-direction (Fig. 7(a)), the inclined

Fig. 5. (a) Tensile test for the basic mechanical properties of the tensile specimen for fiber-reinforced thermoplastic composites; (b) compression test for the 3D

printed CFRTPC auxetic honeycomb.
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Fig. 7. Top view of unit cell model to calculate in-plane elastic constants: (a)
along 1-direction; (b) along 2-direction.

struts were bent and compressed under the nominal compressive stress
o01. In this case, it had been established that F; =0 and P; = o1b(h —
Isin @ — t; /cos 0). The moment M; tending to bend the inclined strut
was calculated using the equilibrium equation, as [42]:

1
M1:§Pllsin0. (4)

Then, the bending deflection of the inclined strut was derived based
upon the classical beam theory:

PP sin @

=120k, + EL) ©

511
Here, I; and I, were the inertia moments of the matrix and fiber
bundle parts, respectively, given by:

2

bt
) twb, =3

12

be a1
L =" (
12 2

(6)
where b was strut width along the 3-direciton. Additionally, the inclined
strut also bore the axial compressive load component, P;cosé, leading to
an extra axial deflection of:

Pilcos @

Sp=e—
2t bEm + t;DE;

@)

Finally, the total deflection in the 1-direction was obtained as
811 sin @+ 815 cos 0, with the corresponding 1-direction compressive
strain €;; given by:

_ 0y1 sin 6 + 515 cos 0

e lcos O+ 1, ®

Thus, the equivalent compressive modulus in the 1-direction was
E; = 61 /€11, resulting in:
1 0+t
E - cos 0+ 1, . ©)
bl(h — I sin 6 — 1,/cos ) | L’ cos? 0

12(2Enly+Ech) | 2mbEn-+tibE

With the total deflection in the 2-direction given by 611 cos 6 —
812 sin 6, the 2-direction compressive strain €5, became:
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O cos—dysind

= 7 TeT 10
e h—1sin® —1,/cos 0 (10)
Therefore, the Poisson ratio was calculated as v1, = — €an/é11,
giving:
. 12
sin2 6 {12(25,\.11 VEL) 2'n|bEn|I+fbef:| (Leos 0+ 1)
Up=— an

2 sin” 0 cos? @ N _
2 [12(25“,1, e T 2xmb5m+1fb5f] (h—1sin @ —t,/cos )

3.2. Compressing along the 2-direction

For compressing along the 2-direction as shown in Fig. 7(b), the
inclined struts were bent and stretched by the nominal compressive
stress o,. Similar to the previous case, it was established that P, = 0,
F; =o3b(lcos @ +t1),and My = %le cos 0. The bending deflection of the
inclined strut was thus calculated as:

F,P cos 6

O = 0k + Ei)

12)

The inclined strut also bore an axial tensile load Fysind, causing an
axial tensile deflection of:

F>lsin 6

Oopy=—"--—""——. 13
2 2UmbEn + tibE; a3
The axial deflection of the vertical strut was:
2F>h
O3 = 2 a4)

(2tm + tm1 )DEw + 2t:DE;

Thus, with the total deflection in the 2-direction given by &2; cos 6 +
822 sin @ + 523, the 2-direction nominal strain was:

_ 521 cos 0 + 522 sin 6 + (523

= . 15
2 (h—1sin@ —1,/cos 0) (15)

The equivalent compressive modulus along the 2-direction was E, =
02/ €22, giving:
Ey— h—1sin@ —t,/cos O . 16)

3 2 )
b(l cos @ ¢ B cos? 6 [ sin” 6
( +) 122wl +Erly) t St 11 BE; | i T YbEm T200ES

With the total deflection in the 1-direction given by &; sin 6 —
85 cos 0, the 1-direction nominal strain was:
S, sin @ — &, cos O

= 17
1 [cos @+t an

Finally, the Poisson ratio was va; = — €2 /€2, giving:

. ]2 _ 1 _ . _
Isin2 0 |:12(2Em11 prry) Zlmbfmﬂb&} (h—1sin @ — 1, /cos 0)
vy = — (18)
B cos® § I sin® 6 2h
2 {12(25.“11 +Erlz) + 2tmbEm+1bEg + (2rm+zm1>bEm+2:bef} (1 cos 6 + [1)

4. Finite element modeling

In-plane compressive behaviors of CFRTPC auxetic honeycombs
were modeled using the explicit version of the commercial FE software
package, ABAQUS (version 6.14-1). The honeycomb structure was
sandwiched between two rigid surfaces simulating the platens of the
MTS-880 testing machine as shown in Fig. 8. To mimic both small and
large deformations, a printing path-based FE model was developed,
which took into account the fiber bundle and pure matrix parts sepa-
rately. Geometric dimensions of the model and material properties of
both the matrix and fiber bundle parts were the same as those given in
Section 2. The matrix was treated as isotropic and the plastic properties
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measured by experiments were input into ABAQUS via a table. For
simplicity, fiber bundle was treated as isotropic and perfectly
elastoplastic.

The matrix and fiber bundle parts were meshed with eight noded
hexahedral linear element (C3D8R) employing reduced integration.
Mesh convergence study showed that the average element size of t;/10
gave efficiently accurate results. Loading velocity sensitivity study
showed that 0.5 mm/ms gives a converged solution. The interaction
property for contact was applied as ALLWITH SELF with a tangential
behavior and friction coefficient penalty of 0.2 to prevent self-
penetration of elements. Co-node connection was used between the
fiber bundle and matrix parts. When loaded along the 2-direction, all
degrees of freedom (translational and rotational) on the bottom rigid
surface and rotational degrees of freedom on the top rigid surface were
constrained. A displacement control boundary was applied on the top
rigid surface. Similar settings of FE simulations were adopted for com-
pressing along the 1-direction.

5. Results and discussion
5.1. Compressive behaviors

Fig. 9 compared the FE predicted nominal compressive stress—strain
responses for both CFRTPC and pure PLA auxetic honeycombs with
experimental measurements when compressive loading applied along
the 1-direction. Deformation mechanisms corresponding to the
numbered bullet markers on the response curve were displayed in
Fig. 11. Overall, good agreement was achieved between experiments
and simulations, confirming the fidelity of the present FE modelling.
Under in-plane compression along the 1-direction, uniformly linear and
small elastic deformation of the auxetic honeycomb started from
configuration @. The first peak stress in Fig. 9 was reached at configu-
ration @, followed by a sudden drop, which was attributed to the
instability and printing defects of the struts. As the structure was further
compressed from @ to ®, the deformation was gradually localized in
the form of rotating inclined struts, corresponding to a short stress
plateau with small fluctuations. From ® to ®, localized densification
formed layer by layer in an asymmetric way. Correspondingly, the
nominal stress increased with some fluctuations as shown in Fig. 9. As
the CFRTPC auxetic honeycomb was compressed to configuration ®,
densification of the whole structure was achieved, corresponding to the
maximum of stress on the stress-strain curve.

Fig. 10 plotted the Poisson ratio vy as a function of the nominal
strain for both CFRTPC and pure PLA auxetic honeycombs when loaded
along the 1-direction. The Poisson ratio increased with increasing
compressive strain. During the whole loading process, the auxetic hon-
eycomb exhibited a negative Poisson ratio, which was smaller than that
of the pure PLA structure.

B Matrix
1 Fiber bundles
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Fig. 9. Compressive stress versus strain responses of CFRTPC and pure PLA

auxetic honeycombs under 1-direction compression: comparison between ex-
periments and FE simulations.

Fig. 12 compared the numerically predicted nominal compressive
stress-strain responses of both CFRTPC and pure PLA auxetic honey-
combs with experimental measurements for the case of loading along
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Fig. 10. Poisson ratio v;, versus strain responses of CFRTPC and pure PLA
auxetic honeycombs under 1-direction compression: comparison between ex-
periments and FE simulations.
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Fig. 8. Details of the FE model for compressing along the 2-direction.
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Fig. 11. Comparsion of exprimentally observed and FE simulated deformation configurations for both CFRTPC and pure PLA auxetic honeycombs subjected to 1-
direction in-plane compression. The numbers corresponded to different loading stages as shown in Fig. 9.

the 2-direction. Deformation mechanisms corresponding to the
numbered bullet markers on the response curve were displayed in
Fig. 14. Again, good agreement between experiments and FE predictions
was achieved. As the structure was compressed from configuration @ to
[, the vertical struts of the same row rotated in the same direction while
adjacent rows rotated in opposite directions, resulting in a long stress
plateau. From ® to ®, the vertical struts of adjacent rows gradually
came into contact with each other, leading to an upward stress trajec-
tory. From ® to ®, a multitude of cracks were formed in the matrix.
Correspondingly, the stress-train curve entered a nearly stress stagnant
region with lots of small fluctuations as shown in Fig. 12. Different from
the case of 1-direction compression, the stress exhibited multi-plateau
effect during the whole process. For the pure PLA structure, the struts
broke when the nominal strain reached 0.45, which caused a sudden

decrease of the carrying capacity. In contrast, the continuous fibers
prohibited efficiently the propagation of cracks in the matrix for each
ligament, thus preventing the breakage of struts and the structure from
being crushed as shown in Fig. 14.

Fig. 13 plotted the Poisson ratio vo; as a function of nominal strain
for both CFRTPC and pure PLA auxetic honeycombs when loaded along
the 2-direction. Different from the case of 1-direction compression, va;
first decreased and then increased, leading to a minimum value when
the strain was 0.17; it then changed from negative to positive when the
strain was increased to 0.52. Again, the Poisson ratio of the CFRTPC
structure was smaller than that of the pure PLA structure.

The in-plane properties of the present CFRTPC auxetic honeycombs
obtained from experiments, FE simulations and analytical predictions
were compared in Table 3. Overall, the good agreement validated the
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Fig. 12. Compressive stress versus strain responses of CFRTPC and pure PLA
auxetic honeycombs under 2-direction compression: comparison between ex-
periments and FE simulations.
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Fig. 13. Poisson ratio vy; versus strain responses of CFRTPC and pure PLA
auxetic honeycombs under 2-direction compression: comparison between ex-
periments and FE simulations.

effectiveness of the printing path-based FE method and the analytical
model. Nonetheless, the slightly large deviation of Poisson ratio between
the experiments and analytical predictions might be induced by the
printed defects and limited image resolution for local deformation
during image processing.

Table 4 compared the in-plane properties of CFRTPC and pure PLA
auxetic honeycombs. Energy absorption was calculated by integrating
the nominal stress-strain cueves up to the nominal strain of 0.5:

0.5
W:/ o(e)de 19)
0

The CFRTPC structure exhibited considerable advantages in terms of
in-plane mechanical properties compared to the pure PLA structure.
With the addition of continuous fibers, the mass was increased only by
6%, but the Poisson ratio was reduced; further, the 1-direction
compressive stiffness, the 2-direction compressive stiffness, the 1-direc-
tion energy absorption, and the 2-direction energy absorption were
dramatically increased by 98.7%, 86.3%, 87% and 100%, respectively.
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5.2. Damage types

After the in-plane compression test, damage types in CFRTPC auxetic
honeycomb were observed with the help of SEM images, as shown in
Fig. 15(a-d). At a certain level of the compressive load, cracks initiated
from the edge of the matrix at some corners, and propagated along the
cross-section until it met with the fibers. The propagation of cracks in the
matrix was prohibited by the fiber bundles, attributed to the high
strength of the Kevlar fibers. Afterwards, a few local interfacial
debondings occurred due to the high shear stress in the interface region
between fiber and matrix, which led to subtle crack propagation. Then, a
few fibers were pulled out from matrix due to their high fracture elon-
gation (3.6%) and consumed some energy by friction. Meanwhile, the
fibers moderately eased the stress concentration at the crack tips of the
matrix. When densification of the CFRTPC auxetic honeycomb was
achieved, there was not enough force to break the fibers and the equi-
librium was reached at the crack region. In this way, the continuous
fibers prohibited the propagation of cracks in the matrix, thus prevent-
ing the breakage of struts and the fracture of the structure, as shown in
Fig. 15(a). When the nominal strain exceeded 0.3, delamination
occurred between adjacent deposited lines, mainly attributed to the
relatively poor bonding strength and the large tension on both sides of
the vertical strut provided by the inclined struts under the 2-direction
compression, as shown in Fig. 15(b). No delamination was observed
during the entire process of the 1-direction compression for the vertical
struts mainly subjected to transverse compressive loads when the
structure was greatly deformed. Due to the lack of fiber reinforcement,
fractures occurred in certain pure matrix areas (see Fig. 15(c)), as a
result of the printing defects as described in Section 2. When loaded
along the 2-direcion, as the angle between inclined and vertical struts
gradually increased, the local interfacial debonding was observed be-
tween fiber and matrix caused by transverse stretching at certain cor-
ners, with voids formed, as shown in Fig. 15(d). Again, no void was
observed for the angle between inclined and vertical struts decreased
during the entire process of the 1-direction compression. For compari-
son, the complete cross-sectional morphology of the fractured struts in
pure PLA structure was presented in Fig. 15(e). Due to the lack of suf-
ficient pressure in the printing process, visible voids were formed at the
interface of each pair of adjacent layers, which might reduce the me-
chanical properties of the structure.

5.3. Parametric study

The CFRTPC auxetic honeycomb had a re-entrant hexagonal section
that produced in-plane compression stiffness similar to the one
described by the Gibson-Ashby model for classical center-symmetric
hexagonal configurations [42]. The sensitivity of its in-plane stiffness
and Poisson ratio to variations in geometric parameters could be iden-
tified by performing parameter analysis from Egs. ((9), (11), (16) and
(18). Subsequently, for all the calculations, the parameters of t;/I and
to/l were set as 0.28 and 0.16, respectively.

Figs. 16 and 17 plotted the FE homogenization and analytical pre-
dictions of the in-plane compression modulus E; and Poisson ratio v as
functions of cell angles for selected values of h/l, respectively. As shown
in both figures, there was good agreement between FE homogenization
and analytical predictions. The results of Fig. 16 showed that E;
decreased with increasing h/l while other parameters remained con-
stant. Besides, it increased in an increasingly faster manner as the cell
angle approached 0°, either from positive or negative. Fig. 17 indicated
that when the cell angle was negative, the Poisson ratio v12 was positive,
and increased first and then decreased with the increase of cell angle.
This led to a maximum value of v12 when the cell angle was about —6°.
For positive cell angles, 112 was negative, and decreased first and then
increased with the increase of cell angle, resulting in a minimal v, when
the cell angle was about —7°. Moreover, v15 decreased as h/l was
increased when the cell angle was negative, but increased with
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Fig. 14. Comparsion of exprimentally observed and FE calculated deformation configurations for the CFRTPC and pure PLA auxetic honeycombs under the 2-direc-
tion in-plane compression. The numbers are corresponding to different loading stages as shown in Fig. 12.

Table 3
Comparison of in-plane properties of CFRTPC auxetic honeycomb, with the standard deviation depicted in brackets.
Compression Modulus, Error, Poisson ratio, Error, Compression Modulus, Error, Poisson ratio, Error,
E, (MPa) Sg1 (%) Via dvq2 (%) E, (MPa) Sg2 (%) Va1 Sua1 (%)
Experiment 31.95(1.08) —0.89(0.03) 24.85(0.97) —0.71(0.02)
FE simulation 34.02 6.48 -0.92 3.37 25.95 4.43 —0.76 7.04
Analytical prediction 34.25 7.2 —1.08 21.35 26.09 4.99 —0.82 15.49

increasing h/l when the cell angle was positive.

In Figs. 18 and 19, the FE homogenization and analytical predictions
of compression modulus E; and Poisson ratio vy and their dependence
on cell angle for selected values of h/l were presented. The FE homog-
enization and analytical predictions of the Poisson ratio showed excel-
lent agreement but diviated somewhat for the compression modulus.
The compression modulus first decreased and then increased with
increasing cell angle, taking a minimum value when the cell angle was

about 10° (Fig. 17). In addition, it increased as h/I was increased while
other geometrical parameters remained constant. Fig. 19 illustrated that
Vg1 was positive when the cell angle was negative, and negative when
the cell angle was positive. It decreased with increasing cell angle.
Further, v9; increased with increasing h/l when cell angle was negative
and decreased with increasing h/l when cell angle was positive.
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Table 4
Comparison of in-plane properties between CFRTPC and pure PLA auxetic honeycombs, with the standard deviation depicted in brackets.
Loading along the 1-direction Loading along the 2-direction Weight
Compression Poisson Energy absorption ( x 10° J/ Compression Poisson Energy absorption ( x 10° J/ @
Modulus, ratio, m?) Modulus, ratio, m?)
E, (MPa) V12 E> (MPa) 125
CFRTPC 31.95(1.08) —0.89(0.03) 0.43(0.01) 24.85(0.97) —0.71(0.02) 0.56(0.02) 123(2)
Pure PLA  16.08(0.52) —0.82(0.02) 0.23(0.01) 13.34(0.36) —0.68(0.02) 0.28(0.01) 116(2)

Fig. 15. SEM images showing various damage types: (a) crack, (b) delamination, (c) fracture, and (d) void in CFRTPC auxetic honeycomb after test; (e) cross-

sectional morphology of fractured struts in pure PLA auxetic honeycomb after test.
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Fig. 16. Effect of cell angle on compressive modulus E; for selected values of h/
I with t;/1 = 0.28 and t,/l = 0.16.

6. Conclusions

This study demonstrates the low-cost rapid manufacturing of
CFRTPC auxetic honeycomb structures using 3D printing technology,
and a convenient one-stroke printing path planning was developed. A
combined experimental, analytical and numerical approach was
employed to investigate the in-plane compressive behaviors of CFRTPC
auxetic honeycombs. The main findings were summarized as follows:

(1) The printing path-based analytical model and FE method took
into account both the fiber bundle and pure matrix parts and
hence were reliable for the design of 3D printed continuous
FRCLSs.

10
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Fig. 17. Effect of cell angle on Poisson ratio v1, for selected values of h/l with
t;/l = 0.28 and t»/1 = 0.16.

(2)

@3

~

4

In contrast to pure PLA structures, CFRTPC auxetic honeycombs
had smaller Poisson ratios and exhibited dramatic increase of the
1-direction compressive stiffness, the 2-direction compressive
stiffness, the 1-direction energy absorption, and the 2-direction
energy absorption by 98.7%, 86.3%, 87% and 100%, respec-
tively, while the mass was increased only by 6%.

For CFRTPC auxetic honeycombs, the continuous fibers pro-
hibited efficiently the propagation of cracks in the matrix, which
in turn prevented the breakage of struts and the whole structure
from being crushed. In contrast, the struts fractured prematurely
for pure PLA structures, leading to a sudden drop in load.

Large variations and control of in-plane mechanical properties
can be tailored by altering unit cell geometric parameters for
CFRTPC auxetic honeycombs.
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Fig. 18. Effect of cell angle on compressive modulus E; for selected values of h/
1 with t;/1 = 0.28 and /1 = 0.16.
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Fig. 19. Effect of cell angle on Poisson ratio vo; for selected values of h/l with
t;/l = 0.28 and t»/1 = 0.16.

(5) The mechanical properties of CFRTPC auxetic honeycombs can
be further improved by increasing the fiber content and reducing
the printing defects.
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