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HIGHLIGHTS

Good agreement is found between predictions and measurements.

Pyramidal panels are fabricated by the water jet cut and interlocking method.

Results show that the increase of temperature decreases the stiffness and strength.
The failure modes of sandwich panel under different temperatures are different.
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This paper focuses on the effect of temperature on the out-of-plane compressive properties and failure
mechanism of carbon fiber/epoxy composite pyramidal truss cores sandwich panels (CF/CPTSP). CF/CPTSP
with novel reinforced frames are manufactured by the water jet cutting and interlocking assembly method
in this paper. The theoretical analysis is presented to predict the out-of-plane compressive stiffness and
strength of CF/CPTSP at different ambient temperatures. The tests of composite sandwich panels are per-
formed throughout the temperature range from —90°C to 180°C. Good agreement is found between theo-
retical predictions and experimental measurements. Experimental results indicate that the low tempera-
ture increases the compressive stiffness and strength of CF/CPTSP. However, the high temperature causes
the degradation of the compressive stiffness and strength. Meanwhile, the effects of temperature on the
failure mode of composite sandwich panels are also observed.

© 2016 The Authors. Published by Elsevier Ltd on behalf of The Chinese Society of Theoretical and

Out-of-plane compression

Applied Mechanics. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Composite truss core sandwich structures have the signifi-
cant advantage in astronautic and aeronautic applications ow-
ing to their high specific stiffness and strength. In recent years,
different composite sandwich panels have been designed, tested
and analyzed [1-6]. Wang et al. [7] fabricated carbon fabric
composite pyramidal truss core sandwich panels by using a hot
press process. The stiffness and strength of pyramidal truss struc-
tures panels were investigated under compression and shear
loadings. Xiong et al. [8] manufactured carbon fiber/epoxy com-
posite lattice core sandwich panels by laser cutting. The stiffness
and strength of composite lattice core sandwich panels were in-
vestigated under out-of-plane compressive. Fan et al. [9] studied
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the out-of-plane compression, in-plane compression, and three-
point bending properties of carbon fiber/epoxy composite pyrami-
dal truss cores sandwich panels (CF/CPTSP). The delamination and
local buckling were revealed by experiments. Experimental results
showed that carbon fiber reinforced lattice grids are much stiffer
and stronger than foams and honeycombs. George et al. [10] man-
ufactured carbon fiber composite sandwich panels with pyramidal
truss core by employing a snap-fitting method. The Euler buckling
and delamination of the struts were observed in shear tests.

It is generally known that polymer matrix of composite sand-
wich panels are very sensitive to temperature change, lead to po-
tentially dangerous for aeronautical and naval applications where
low or high temperature conditions can occur [11-14]. However,
the research on CF/CPTSP mostly focused on the room temperature.
Currently, the low temperature or high temperature performances
of composite laminates have been studied by many researchers.
Caoetal.[15] studied the tensile properties of composite laminates
subjected to high temperature and they found that temperature
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Fig. 1. [llustration of the manufacturing route of CF/CPTSP. (a) Patterns of water jet cutting from the —45°/45° laminate sheets. The fiber directions are shown in this sketch
and indicate that half of the fibers are distributed along the truss axial direction. (b) Interlocking assembly of patterns to form a pyramidal truss core. (c) The assembly
process of CF/CPTSP with novel reinforced frames. (d) Pyramidal lattice core with aluminum alloy reinforced frames. (e) Pyramidal truss core sandwich panel.

has the important effect on the strength and failure mode of fiber-
reinforced polymer composites. Grape et al. [16] study on the ef-
fect of temperature on compressive deformation and failure mech-
anisms of two-dimensional braided carbon fiber reinforced poly-
imide composite laminate. They discovered temperature affects
the compressive strength and failure mode of carbon fiber rein-
forced polyimide composite laminate. Currently, a some work has
been done to elucidate the effect of temperature on the mechanical
properties of CF/CPTSP. Liu et al. [ 17] investigated the effect of tem-
perature on compressive strength and stiffness of CF/CPTSP under
out-of-plane compression. They adopted the method of hot com-
pression molding to manufacture all-composite pyramidal truss
core sandwich structures in one step, in contrast, in this paper, the
preparation process is more simple and can be used for mass pro-
duction. With the introduction of reinforced frames, the bonding
area between core and face sheet is increased, the relative slippage
is restricted and then the interfacial failure is avoided, thus the me-
chanical properties are increased effectively.

In the present work, a novel method of water jet cut and
interlocking assembly is used to manufacture CF/CPTSP with
reinforced frames. The out-of-plane compressive behavior and
failure mechanism of CF/CPTSP at the temperature range from
—90°C to 180°C are investigated, and analytical models are
presented to predict the out-of-plane compressive stiffness and
strength at different temperatures.

2. Experiment

2.1. Materials and panel fabrication

Continuous carbon fiber reinforced epoxy resin composite
is used to fabricate the pyramidal lattice truss core sandwich
structure because its high specific stiffness/strength. The sample
of carbon fiber reinforced polymer (CFRP) laminate is obtained
from 16 layers of unidirectional carbon fiber/epoxy prepreg sheets
with the T700/YPH-160 epoxy prepreg, (Shanghai Institute of Liso
composite Materials Technology Co. Ltd, China). The epoxy prepreg
is heated and cured at the cure cycle for 30 min at 80°C, followed
by heating to 170°C for 45 min and subjected to a pressure of
0.5 MPa. Epoxy adhesive 603-A and HT-603 which is cured at
180°C for 2 h (Institute of Petrochemistry, Heilongjiang Academy
of Sciences, China) are used to bond the core and the panel. Both the

pyramid lattice core and the face sheets are made from composite
laminates. The glass transition temperature (Tg) of the epoxy is
approximately 165°C.

In the present paper, the water jet cut-interlocking assembly
method is used to fabricate the pyramidal truss core sandwich
structure. The pyramidal truss core are manufactured from laying
direction —45/45° laminate of thickness t = 1.5 mm. Firstly,
the patterns shown in Fig. 1(a) are cut from laminates by water
jet cutting. Benefit of the water jet is that it does not produce
heat which can damage the matrix material at the cut edge
unlike most other machining methods. Secondly, these patterns
are interlocking assembly method to form the core truss (Fig. 1(b)).
Thirdly, aluminum alloy reinforced frames of thickness t =
1.5 mm with cruciform shaped holes are cut by water jet cut
from aluminum alloy plates, as shown in Fig. 1(c). Finally, the
convex platform of the pyramidal truss core covered with the
epoxy adhesive is countersunk into the holes of aluminum alloy
reinforced frames, and then the composite face sheets are bonded
with aluminum alloy reinforced frames and pyramidal truss
core with the epoxy adhesive, as shown in Fig. 1(c). Completed
composite pyramidal truss core sandwich panels are obtained after
the curing of the epoxy adhesive, as sketched in Fig. 1(d) and the
photo of a sample is shown in Fig. 1(e). The sandwich structure
consists of the composite face sheets, aluminum alloy reinforced
frames and pyramidal truss core.

The critical parameters which describe the geometry of the
patterns are sketched in Fig. 2, including strut length [, thickness
t, width w, angle w between the horizontal plane and strut, node
outside width b and node internal width c, respectively. Thus, the
relative density of the core is given by
_p 4[2IW 4+ (b+c —t)h]t ()
p ps (b4 c+2lcosw)? (Isinw + h)’
where p is the density of the pyramidal lattice truss core barring
reinforced frames and ps is the density of the parent materials.
The present pyramidal truss structure has the following geometric
parameters: [ = 19.66 mm, t = 1.5 mm, W = 1.5 mm, b = 8 mm,
¢ = 7.96 mm, h = 2.1 mm and w = 45°. Substituting these
parameters into Eq. (1), we have p = 1.81%.

2.2. Mechanical tests

The compression tests are conducted using INSTRON 5569 test
machine with corresponding environmental chamber. The low
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Fig. 3. (a) Compression test schematic of strut; (b) Molds of composite strut for
compression test.

temperature environment is achieved by using liquid nitrogen, and
the high temperature environment is supported by heater. The
compression tests for pyramidal truss core composite struts are
performed according to ASTM D-695-96 [18]. In order to obtain
the compressive modulus of the parent materials for the pyramidal
core, the composite struts are tested under axial compression
along the fiber direction. The schematic of compression tests is
shown in Fig. 3(a), and the molds in Fig. 3(b) are used to guarantee
the vertical state of test specimens under compression. The out-
of-plane compression tests for pyramidal truss core sandwich
panels are performed according to ASTM standard C365 with
a displacement loading rate of 0.5 mm/min [19]. Compression
tests are conducted at the temperatures —90°C, —70°C, —50°C,
—30°C, —25°C, —80°C, —120°C, —160°C, 180°C, respectively. Five
repeated tests are conducted at the same temperature in order to
gauge the level of the experimental scatter.

3. Results and discussion
3.1. Compressive response of composite struts

To predict the compressive performance of CF/CPTSP under dif-
ferent environment temperatures, we investigate the compressive
modulus and strength of composite struts at different environment
temperatures. The detailed experimental results as shown in Fig. 4.
The compressive modulus and strength of struts are to obtain the
average value of five experimental values at each testing tempera-
ture points.

a 30
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From Fig. 4, it can be seen that the compressive stiffness and
strength of composite struts are strongly dependent on tempera-
ture. The compressive stiffness and strength of composite struts at
low temperature are higher than ones at room temperature. The
compressive stiffness and strength increase by 20.9% and 19.35%,
respectively, when test temperature drops from 25°C to —90°C.
The reason is as follows: the polymer chain segment motion is
frozen and the molecules of polymer matrix are more closely com-
pacted, and the epoxy resin matrix remains in the rigid glassy state
at cryogenic temperature where the composite has the high elas-
tic modulus and small elastic deformation. At the same time, the
residual compressive stresses on the carbon fiber radial surface
due to the thermal shrinkage of epoxy resin matrix create good
bonding conditions within the interface at cryogenic temperature,
which improve the compressive stiffness and strength of compos-
ite struts. However, the stiffness and strength of composite struts
little by little decrease as the temperature increases. The stiffness
and strength decrease by 45.06% and 64.65% as temperature in-
creases from 25°C to 180°C, respectively. This is because the epoxy
resin matrix represents the soft high elastic state and the com-
posite has the low elastic modulus and bigger elastic deformation
when the chain segment becomes the free motion from the thaw
at high temperature.

If the compressive stiffness and strength of composite struts
with temperature change can be characterized, the compressive
stiffness and strength of CPTSP with temperature change can be
predicted by the compressive stiffness and strength of composite
struts. The compressive strength and stiffness of composite struts
are experimentally determined as a function of temperature using
compression tests and subsequently modeled by Gibson et al. [20]:

Py+Pr  Py—

2
where P(T) is a particular stiffness and strength, and Py and Py are
the initial and residual modulus and strength values, respectively.
km is a constant describe the breadth of distributions and T is tem-
perature of mechanical properties decay half. Py, k,, and Ty can be
obtained by experimental data of the laminate. The remaining resin
content, R(T) is used in the decomposition of the polymer matrix
(0 < R(T) < 1).The compressive performance of composite struts
are represented as a function of temperature in Fig. 4. The curves
in Fig. 4 are fitted by Eq. (2).

P(T) = [ Pr tanh (ko (T — Tk))} R(T)", (2)

3.2. Out-of-plane compressive response of CF/CPTSP

The effect of temperature on the compressive properties of
CF/CPTSPis investigated in this section. The experimental results of
the compressive strength and stiffness of CF/CPTSP under different
temperatures are shown in Fig. 6. It is well observed that the out-
of-plane compressive stiffness and strength of CF/CPTSP decrease
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Fig. 4. (a) Effect of temperature on the stiffness of composite struts; (b) Strength of composite struts as a function of temperature (solid curve: fitted data, data points:

experimental data).
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Fig. 5. Different failure modes of pyramidal truss core sandwich panels with temperature variation. (a) —90°C; (b) —70°C; (c) —50°C; (d) —30°C; (e) 25°C; (f) 80°C;

(g) 120°C; (i) 160°C; (j) 180°C.

as the temperature increases from —90°C to 180°C. Taking
room temperature as a reference temperature, the compressive
stiffness and strength of CF/CPTSP decrease, respectively, by 42.47%
and 80.07% as temperature increases from 25°C to 180°C, but
the compressive stiffness and strength of CF/CPTSP increase,
respectively, by 8.09% and 30.25% as temperature drops from 25°C
to —90°C. It can be concluded that the stiffness and strength of
CF/CPTSP are significantly dependent on temperature.

Figure 5 shows the different failure modes of CF/CPTSP with
temperature change. It indicates that temperature significantly
affects the compressive failure mode. At the temperature —90°C,
the failure under compression load is characterized by the brittle
rupture of composite struts as shown in Fig. 5(a). The delamination
failure of struts of CPTSP is observed in the temperature range from
—70°C to 160°C in Fig. 5(b)—(g). The reason that these two failure
modes occur is as follows: When the temperature is below —90°C,
the thermal contraction of epoxy resin matrix is serious, which
hinders the relative slippage of molecular chains. At the moment,
the molecule is in the relative rest state, which is similar to the
brittle material. Therefore, the brittle rupture of composite struts
is easy to occur under the low temperature. When temperature
varies from —70°C to 160°C, the main molecular chains of polymer
are still frozen, but some small molecular chains (e.g. side group
of benzene ring whereon main molecular chains) are gradually
unfrozen with temperature increases. Therefore, it can be seen
that the failure mode changes from the rigid brittle rupture to
the flexible plastic kinking failure. When temperature is more
than 160°C, the plastic kinking failure is the main failure mode of
CF/CPTSP as shown in Fig. 5(i)-(j). That is the reason that when
temperature overtops the Glass transition temperature of epoxy
resin, the main molecular chains of epoxy resin are thawed, which
leads to the occurrence of the thermal softening, and decrease the
stiffness at last.

The effective out-of-plane compressive modulus and strength
of CF/CPTSP can be obtained according to the expression of
Finnegan [21].

The effective compressive modulus E (T) of pyramidal truss core
is expressed as:

8wt
(b + ¢ + 2l cos w)?

E(T) =

2
X [sin3a)—|— (%) sina)coszw] Es(T), (3)

where Es(T) is the Young's modulus of composite strut. The
value of E5(T) is dependent on temperature, and the relationship
between Es(T) and T is given by Eq. (2).
The effective compressive strength o, (T) of pyramidal truss
core is written as
F
Upk(T) = Q =
A (b + ¢ + 2lcos w)
where o,¢(T) is the compressive strength of the composite
strut. The value of op,¢(T) is dependent on temperature, and the
relationship between op,¢(T) and T is obtained by Eq. (2).

The compressive modulus and strength of CF/CPTSP are
expressed as a function of temperature in Fig. 6. The data points
are the experimental values while the solid-line curves show the
predicted compressive modulus and strength calculated using Eqs.
(3) and (4), respectively. As can be seen in Fig. 6, the predicted
values and experimental data is good agreement between.

8wt sinw

~0e(T), (4)

4. Conclusions

The water cutting and interlocking assembly method are
developed to manufacture the CPTSP with reinforced joints.
The effects of temperature on the out-of-plane compressive
properties and failure mechanism of CF/CPTSP are investigated
experimentally and theoretically. Good agreement is found
between the theoretical predictions and experimental results.
Experimental results indicate compressive stiffness and strength
of CF/CPTSP are dependent on temperature. The cryogenic
temperature results in the increasing of the compressive stiffness
and strength of CPTSP. However, the high temperature causes
the degradation of the compressive stiffness and strength of
CPTSP. There is transformation of the failure mode of CPTSP at
the critical temperature. At the temperature below —90°C, the
failure is characterized by the brittle rupture of composite struts.
The delamination failure of composite struts is observed in the
temperature range from —70°C to 160°C. At the temperature
above 160°C, the failure is characterized by the plastic kinking of
composite struts.
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Fig. 6. (a) Comparison of the predicted and measured stiffness of CF/CPTSP with temperature change; (b) Comparison of the predicted and measured strength of pyramidal
truss core sandwich panels with temperature change (solid curve: prediction, data points: experiment).
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