% polymers

Article

Combing High-Modulus Fibers with a Novel Foaming Structure
Applied to Protective Sandwich-Structured Composites:
Manufacturing Techniques and Property Evaluations

Yi-Huan Ho !, Yan-Yu Lin 1, Mei-Chen Lin %*, Ching-Wen Lou 3-4>67*0, Yueh-Sheng Chen 248

and Jia-Horng Lin

check for
updates

Citation: Ho, Y.-H.; Lin, Y.-Y,; Lin,
M.-C.; Lou, C.-W.; Chen, Y.-S.; Lin,
J.-H. Combing High-Modulus Fibers
with a Novel Foaming Structure
Applied to Protective Sandwich-
Structured Composites:
Manufacturing Techniques and
Property Evaluations. Polymers 2023,
15,424. https://doi.org/10.3390/
polym15020424

Academic Editor: Quim Tarrés

Farrés

Received: 27 November 2022
Revised: 3 January 2023
Accepted: 11 January 2023
Published: 13 January 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1,6,7,8,9,%

Laboratory of Fiber Application and Manufacturing, Advanced Medical Care and Protection Technology
Research Center, Department of Fiber and Composite Materials, Feng Chia University,

Taichung 407102, Taiwan

Department of Biomedical Engineering, College of Biomedical Engineering, China Medical University,
Taichung 404333, Taiwan

Fujian Key Laboratory of Novel Functional Fibers and Materials, Minjiang University, Fuzhou 350108, China
Department of Bioinformatics and Medical Engineering, Asia University, Taichung City 413305, Taiwan
Department of Medical Research, China Medical University Hospital, China Medical University,
Taichung 404327, Taiwan

Innovation Platform of Intelligent and Energy-Saving Textiles, School of Textile Science and Engineering,
Tiangong University, Tianjin 300387, China

Advanced Medical Care and Protection Technology Research Center, College of Textile and Clothing,
Qingdao University, Qingdao 266071, China

8 School of Chinese Medicine, China Medical University, Taichung 404333, Taiwan

College of Material and Chemical Engineering, Minjiang University, Fuzhou 350108, China

*  Correspondence: Imc9363@mail.cmu.edu.tw (M.-C.L.); cwlou@asia.edu.tw (C.-W.L.);

jhlin@fcu.edu.tw (J-H.L.)

Abstract: This study proposes the composites with a sandwich structure that is primarily made by
the multi-step foaming process. The staple material is polyurethane (PU) foam that is combined
with carbon fibers, followed by a Kevlar woven fabric. The composites are evaluated in terms of
puncture resistance, buffer absorption, and electromagnetic wave shielding effectiveness (EMSE).
The manufacturing process provides the composites with a stabilized structure efficiently. Serving
the interlayer, a Kevlar woven fabric are sealed between a top and a bottom layer consisting of both
PU foam and an aluminum film in order, thereby forming five-layered composites. Namely, the
upper and lower surfaces of the five-layered sandwiches are aluminum films which is laminated on
a purpose for the EMSE reinforcement. The test results indicate that the PU foam composites are
well bonded and thus acquire multiple functions from the constituent materials, including buffer
absorption, puncture resistance, and EMSE. There is much prospect that the PU foam composites can
be used as a protective material in diverse fields owing to a flexible range of functions.

Keywords: sandwich structure; polyurethane (PU) foam; Kevlar woven fabric; carbon fibers;
electromagnetic wave shielding effectiveness (EMSE)

1. Introduction

With the progress of technology, to lessen the product weight is a global pursuit prior
to other essential elements. Composites that are reinforced by fibers could attain high
strength, high rigidness, ease of design, a light weight [1], and a higher maximum load, so
they have been commonly used to build the main structures of aircrafts. Furthermore, fiber-
strengthened composites are also pervasively used in other fields including automobile
and motorbike, sports, energy industry, and other emerging industries, which suggests an
immensely commercial potential of fiber-strengthened composites. Moreover, composites
are composed of two or more than two metallic, ceramic, or polymer materials, which
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provides composites with a polyphase. Multiple materials compensate for certain attributes
for each other, thereby achieving a synergistic effect. Unlike products made of a solo
material, composites consisting of diverse materials have versatile functions that can satisfy
demands of the manufacturers and scholars [2-11].

Polyurethane (PU) is a polymer that is synthesized by the polyhydroxy compound
and multiple isocyanates via addition reaction. Featuring a lightweight, a low thermal
conductivity, a low hygroscopicity, good elasticity, high specific, soundproof property and
thermal insulation, PU has been drawing considerable attention. In the meanwhile, the
public values the quality of living, which encourages the industries to change produc-
tion for lightweight and eco-friendly products. For example, PU foam materials have a
sheer amplitude of applications, including the construction, domestic appliance, medicine,
aerospace, and sports fields [12-16].

Different fillers or methods can provide PU foam composites with more functions
other than mechanical properties. Sivakumar et al. proposed sandwich-structured com-
posites with PU foam and basalt fibers, thereby strengthening the insulating sheets with
an innovative structure. The test results indicated that the incorporation of silicon dioxide
(S10,) nanoparticles improved the bending property of the composite sandwiches by 3%,
compared to the control group (pure PU foam). The composite sandwiches were also
mechanically reinforced with a lighter weight [17]. Chen et al. studied how the content of
particles that were made of bamboo leaves was associated with the acoustic performance
of PU foam. With 6% of bamboo leaf particles, the PU foam composites demonstrated
the maximal noise reduction coefficient and the maximal sound absorption coefficient.
Specifically, the optimal sound absorption of PU foam composites occurred when 8% of
particles (2-3 mm) were incorporated [18]. Jathin et al. explored the influence of aluminum
oxides over the mechanical properties of rigid PU foam. A combination of the fillers
and MDI was mixed with a polyol premixture. The test results indicated that the filler-
containing PU foam outperformed the pure PU foam in terms of compression resistance
and bending strength [19]. Mohammadi et al. embedded 0-3 wt% of RWF in PU foam
for better acoustic and mechanical properties. Compared to pure PU foam, PUF/RWF
composites demonstrated significantly higher acoustic and mechanical properties [20].
Zhang et al. evaluated how the presence of multiwalled carbon nanotube (MWNT) affected
the properties of PU foam. The reinforcement of MWNT was dependent on its content
and the blending time with polyol, which turned the close-cell state into an open-pore
state of PU foam [21]. Saha et al. combined PU foam with spherical TiO,, flaky nano-clay,
and rod-shaped CNF separately. Comparing to the reinforcement of nano-particles, the
addition of CNF contributed to the maximal reinforcement, while the addition of TiO,
contributed the least reinforcement [22]. By contrast, Kaur et al. reinforced rigid PU foam
with glass fibers. The relative measurements were conducted as related to the engineering
applications. The composites showed rigidness, tensile strength, and compression resis-
tance that were inversely proportion to the pore size. Compared to the pure PU foam, the
composites exhibited better properties that had a trend of linear growth [23].

The literature proves that PU foam composites are versatile and made with a great
diversity of measures. In many studies, PU foam composites were usually mechanically
strengthened by the incorporation of reinforcement fillers, and likewise, the combinations
of fillers and structural designs also provided more functions. In this study, a multi-foaming
process is employed to produce PU foam composite sandwiches. The advantage of using
the specified process is to adhere the laminations without using chemical agents. The use of
PU foam gives the composites a unique structure and processing feasibility. The resulting
PU foam composite sandwiches are characterized with high strength, a light weight, and
high energy absorption (buffer) efficacy. In addition, the whole process is eco-friendly,
pollution-free and efficient, yet contributing to a better mechanical performances and
structural stability than other foaming measures. The sandwich-structured composites
have carbon fiber as the reinforcement while the core and surface separately contain Kevlar
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woven fabric and aluminized foils, both of which as well examined the effect over the
mechanical performance and EMSE of sandwiches.

2. Experimental
2.1. Materials

Kevlar woven fabrics (TORAYCA™, Taiwan) have a yarn fineness being 3000 fila-
ments/strand, a warp density being 12.5 ends/inch, and a weft density being 12.5 picks/inch.
The high-density soft PU foam agent A is polyester polyol while the hardener agent B is
isocyanate (Kuang Lung Shing Corporation, Taoyuan City, Taiwan). Carbon fibers (HTS 40,
TORAYCA™, Kaohsiung City, Taiwan) have a length of 6.2 mm and a diameter of 7 um.
PET aluminum films are purchased from General Horng Corporation, Taiwan.

2.2. Preparation Process of PU Foam Composites

Figure 1 illustrates the manufacturing process of five-layered PU foam composites
consisting of aluminized (Al) film/polyurethane (PU) foam/Kevlar woven fabric/PU
foam/Al film planks. The planks are prepared with three stages. In the 1st stage, polyol
and isocyanates with a ratio of 1:4 are blended at 900 rpm/min for 10 s, during which
80 g or 120 g of carbon fibers are added. In the 2nd stage, an aluminized film (A) is
mounted in the bottom of a mold (320 mm X 330 mm x 20 mm) in advance. Next, different
formulated PU (P) foaming mixtures are separately infused into the mold, followed by
a Kevlar woven fabric (K). Afterwards, the mold is sealed for a 300-min foaming-curing
process, forming APK composite. In the 3rd stage, the foaming mixture is formulated
with polyol and isocyanates (1:4) exclusively at 900 rpm/min for 10 s. The APK composite
is first placed into a mold (320 mm x 330 mm x 40 mm) with the side of Al film on
the bottom. Next, the foaming mixture is infused and then covered with another piece of
aluminum film. The mold is also sealed and left for the 300-min foaming and curing at room
temperature. The two types of PU foam composite (experimental groups) are abbreviated
as 80C and 120C according to the content of carbon fiber being 80 g and 120 g. Made with
the same procedure, the control group is also five-layered PU foam composites (i.e., with
a A/P/K/P/A composition) but the top PU layer does not contain carbon fibers. In the
meanwhile, pure PU foam with the same thickness (40 mm) is used for comparisons and
abbreviated as PU in figures. All samples along with constituent materials are tabulated in
Table 1.
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Icarbon
fibers

mold height [ 2 cm |
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Figure 1. The preparation process of PU foam composites.
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Table 1. The specification of the PU foam composites.

Kevlar . .
Sample Types = Woven Fabric Carbon Fiber Al Film Constituent Layers
©) A)
(K)
PU — - - PU
Control — — + A/PU/K/PU/A
80C + 80g + A/PU+C(80g)/K/PU/A
120C + 120 ¢g + A/PU +C (120 g)/K/PU/A

2.3. Measurements
2.3.1. Drop Weight Impact Test

As specified in ASTM D 1596, the buffer absorption and the maximal absorption
energy of samples is measured with a drop weight impact tester (Changfata Industrial Co.,
Ltd., Taichung City, Taiwan). Samples have a size of 100 mm x 100 mm. With an impact
force of 9000 N, a rounded impactor is released from a specified heigh to fall free to strike
the sample. Six samples from each specification are used for an average.

2.3.2. Drop Weight Puncture Resistance Test

The puncture resistance of samples is measured with a drop weight impact tester
(Changfata Industrial Co., Ltd., Taichung City, Taiwan) as specified in NIJ 0115.00 test
standard. With an impact force of 24 ], a needle-like impactor is released from a spec-
ified height (228 mm) and falls freely to penetrate the sample. Samples have a size of
100 mm X 100 mm. Six samples from each specification are used for an average.

2.3.3. Vertical Rebound Elasticity Measurement

As specified in ASTM D2632-15, a vertical rebound assembly is used to measure the
rebound property of samples. The assembly is adjusted to be level for a stabilized state.
The test hammer is released from the height of 400 mm in the assembly and then falls
freely to strike the sample. When a sample is mounted, it is of importance to make sure
that the strike site should be 14-mm from the sample rim. The first three rebounds are free
from recording and only the average of the 4th, 5th, and 6th measurements is recorded and
compared with the standard height of the assembly in per centage (%). The acquired ratio
is called rebound rate.

2.3.4. Electromagnetic Wave Shielding Effectiveness (EMSE) Measurement

As specified in ASTM D4935-10, the coaxial transmission fixture and spectrum analyzer
(KC901S, TS RF Instruments Co., Ltd., Taoyuan City, Taiwan) are used to measure the EMSE
of samples in a frequency range of 100 KHz~3 GHz. A blank sample with an identical
thickness serves as the reference sample and its EMSE is recorded as SEge¢, according to
which the tester is rectified. Samples have a size of 150 mm x 150 mm. Ten samples from
each specification are used for an average.

3. Results
3.1. Surface Observation of PU Foam Composites

Figure 2 shows the images of PU foam composites as related to the content of carbon
fibers. Figure 2a shows the 40-mm thick pure PU foam with an even foaming structure
as well as the experimental groups (PU foam composites)-80C and 120C with a sandwich
structure. The 80C and 120C composites have lamination layers of an aluminum film, PU
foam with carbon fibers, a Kevlar woven fabric, PU foam, and an aluminum film in order.
The foaming results differ for 80C and 120C groups due to the fiber content. A rise in the
carbon fibers has a positive influence over the foaming density but limiting the foaming
space that fibers are embedded in PU foam. The 120C group exhibits that the carbon fibers
enter to another lamination layer as they are forced by the foaming pressure. Figure 2b,c
show the morphology when the top aluminum films are removed from the experimental
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groups. The fillers and carbon fibers are well distributed and saturated in the PU foam
layer, and the interfaces show that the two materials are perfectly bonded. Figure 2d,e
display the PU foam as related to the magnification rate, suggesting that chemical foaming
leads to the typical close-cell type porous structure with an even pore size distribution.

Figure 2. Images of PU foam composites: (a) cutting section; (b) interface among materials and
(c) related magnified image, (d,e) SEM images of cells.

3.2. Mechanical Performances of PU Foam Composites

In order to evaluate the buffer absorption of PU foam composites against an impact
force, the drop weight impact test is conducted with a specified impact force of 9000 N.
Transiently the PU foam composites bear the impact load, after which the residual forces
are recorded. Figure 3a shows the impactor used in the drop weight impact test and
the residual force that diverse samples react. Figure 3b shows the vertical rebound test
assembly as well as the rebound rate of PU foam composites as related to the content of
carbon fibers being 80 g and 120 g. When the content of carbon fibers increases from 0 g to
120 g, the cell size of PU foam is decreased and therefore the foaming density is increased,
which in turn causes a decreasing trend in the rebound rate of PU foam composites [24].

Figure 4 shows the damaged samples after the buffer absorption test along with the
impact site where the impactor strikes. The test results indicate that the PU foam composite
recovers to its primary state, which means there is little difference in the damage sites after
the sample is damaged. The phenomenon is attributed to the elastic recovery of soft PU
foam that demonstrates comparatively greater durability and better energy absorption
than the solid materials (e.g., metal or plastic). The SEM image shows ruptured cells of the
damage site. As for a multi-layered structure, PU foam layer provides the buffer efficacy
and the fiber layer (reinforcement) confine the crack expansion. A small amount of fibers
are dispersed in the PU foam in a non-continuous phase, and they are randomly distributed
among cells. When encountering the spread of cracks, fibers stop them from exacerbation.
Despite exhibiting cracks, cells are reinforced as a result of the incorporation of carbon
fibers. Subsequently, the improved rigidness of whole material is beneficial to the loading
support, which confines the damage rendered to the cells and cells eventually sustain the
original structure.

Figure 5 shows the penetration resistance of PU foam composites as related to the
content of carbon fibers. Figure 5a shows the needle-like impactor used in the dynamic
penetration. The impactor falls free to penetrate the PU foam composites, thereby examin-
ing the penetration resistance. Figure 5b exhibits the test results. A rise in the content of
carbon fibers causes the penetration force to rise. Figure 5c compares the difference in the
penetration resistance when 80 g and 120 g of carbon fibers are used. The foaming density
is dependent on the content of carbon fibers in direct proportion.
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Figure 3. (a) Buffer absorption and (b) vertical rebound rate of PU foam composites.
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Figure 4. SEM images of PU foam composites after the buffer absorption test.

3.3. Electromagnetic Wave Shielding Effectiveness (EMSE)

Electromagnetic wave shielding test results are concluded to evaluate the PU foam
composites. A rule of thumb, electromagnetic waves enter a shield, they are absorbed,
reflected, and multiple reflected over the surface and interior of the shield before they
penetrate the shield. Hence, through the different failure mechanisms as Figure 6, the
energy of electromagnetic waves is consumed by the shield, which is regarded as the EMSE.
In Figure 7, the top aluminum film is removed from the PU foam composites in order to
evaluate the EMSE of PU foam composites as related to the content of carbon fibers. The
test results suggest that the EMSE of PU foam composites changes based on the content
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of carbon fibers. In particular, the group containing more carbon fibers exhibits greater
EMSE against electromagnetic waves at medium and low frequencies. By contrast, it also
shows the EMSE of the experimental groups, including 80C and 120C, and the test results
indicate that with the presence of an aluminum film, both groups exhibit considerably
strengthened EMSE regardless of the content of carbon fibers. Serving as a continuous
film, the aluminum film demonstrates excellent electrical conductivity, which contributes
amazing EMSE that is higher than —90 dB at a frequency range of 1000~2000 MHz where
other shields exhibit comparatively lower EMSE.

vV 8.0mm x50 SE(M)
~

Figure 5. (a) The needle-like impactor for the dynamic penetration test and (b) the penetration
resistance of PU foam composites. SEM images of damaged samples of (c) 80C and (d) 120C.
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4. Discussion

Indicated by the test results, the PU foam composites made by multi-step foaming
process preserve a more comparable structure stability to that of the pure PU foam. Despite
comprising three diverse materials, the PU foam composites still retain an intact structure
without compromised properties. Notably, because of the specific process, the size of PU
foam composites allows much flexibility as required. In the PU foam, there are many evenly
dispersed semi-circular cells. A rise in the content of fillers increases the viscosity of the
foaming mixtures, which in turn improves the nucleation effect concurrently. Previous
studies also indicated that, for the PU foam containing 24% of carbon fibers, increasing the
vermiculite meant increasing the viscosity of polyol that had a positive influence over the
nucleation of cells. In addition, the presence of carbon fibers reduced the energy barrier for
cells, confining the occurring of nucleation over the fillers-and-polymers interface [25]. In
this case, the foaming nucleation rate was on the rise. Nucleation and bubbles occurred at
the same time, which subsequently reduced the gas amount demanded by the formation
of bubbles [26]. By contrast, in this study, carbon fibers lead to heterogeneous nucleation
while decreasing the average cell size and making the pore diameter distribution to be
narrower. The more the content of carbon fibers, the smaller the pore diameter and the
higher the foaming density [24].

Based on the mechanical property evaluations, the incorporation of carbon fibers is
proved to mechanically strengthen the PU foam. The buffer absorption test results show
that the impact load absorption rate reaches 85% regardless of the sample type. Moreover,
the presence of carbon fibers has a positive influence over the buffer absorption. On one
hand, when an appropriate content of carbon fibers is incorporated, carbon fibers can be
embedded in PU matrices, thereby improves the interface bonding, which simultaneously
increases the compression modulus and energy absorption of PU foam composites [27].
On the other hand, increasing the content of carbon fibers also enlarges the contact area
between fillers and PU matrices, thereby improving the stress spreading and compression
energy absorption capacity. Serving as the nucleation points for foaming reaction, carbon
fibers reinforce the interaction between the fillers and PU foam as well as increase the
foaming density. When a force applied externally deforms the PU foam composites, the
cells are deformed, squeezed, and damaged or the cells possibly collapse. Therefore,
PU foam composites with a greater foaming density have a more stabilized structure to
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dissipate more impact load and thus exhibit a lower residual force when being rendered
with an impact force.

The PU foam composites have a decreasing trend in the rebound rate. The main
factor is as follows. The foaming density is increased when the carbon fibers increase. The
cells are formed due to the nucleation but the formation of cells against the mold walls is
compressed and restricted from foaming because the mold reaches a density saturation.
Subsequently, the PU foam has a sheath where the foaming level is lower, which leads to a
higher surface density. As a result, PU foam composites exhibit a lower rebound rate when
composed of more carbon fibers.

The presence of carbon fibers also contributes reinforcement in the penetration resis-
tance of PU foam composites. PU foam composites acquire a higher density that strengthens
the overall rigidity concurrently due the incorporation of carbon fibers. Regardless of the
content of carbon fibers, PU foam composites demonstrate a certain level of impact re-
sistance and greater yield stress, which in turn improves the load [22]. The results are in
the conformity with the finding by Cheng et al. where they successfully strengthened the
compression property of PU foam with glass fibers. Moreover, as the core of the sandwich
structure, high modulus Kevlar woven fabric also plays an important role in improving
the puncture resistance. When PU foam composites are penetrated by a force at a high
velocity, the majority of cells collapse, and the pores become dense and at a rigid state. In
the meanwhile, the Kevlar woven fabric (interlayer) and the PU foam layer are mutually
squeezed to disperse the load. On the needle-like impactor penetrating the surface, the
cells of the compact PU foam react with friction against the impactor, providing PU foam
composites with greater puncture resistance.

The EMSE test results substantiate that carbon fibers are fully mixed with the foaming
mixture and are thus evenly distributed in the PU matrices. Carbon fibers preserve electrical
charges due to intrinsic electrical conductivity. With a greater content, more carbon fibers
are prone to be crossed or interlaced with each other, forming a complete shielding network.
The incident electromagnetic waves cause the realignment of electrons in the surface of
conductive material, which attenuates the electromagnetic energy from yielding higher
EMSE. Moreover, the constituent aluminum film also provides PU foam composites with
good EMSE. Owing to the excellent conductivity, aluminum film of PU foam composites
can reflect the majority of the incident electromagnetic waves. The incident electromagnetic
waves are eventually blocked via multiple reflections by the carbon fibers from the interior
of PU foam composites and core Kevlar woven fabric, thereby reinforcing the EMSE of
the PU foam composites. This study proposes an innovative foaming method that bonds
different materials to form PU foam composites, and successfully achieves the goal of
optimization of composites.

5. Conclusions

Targeting at the reinforcement of PU foam, this study proposes the manufacturing
process and experimental design for the versatile composites with an attainable flexible
application range as well as protective functions. The five-layered sandwiches are devel-
oped based on PU foam being the matrices with the multi-step foaming process. For a
pursuit of reinforcement in protective functions and flexible applications, carbon fibers (i.e.,
filler) are used, which improves the mechanical performances of five-layered sandwiches
positively. The PU foam composites (experimental groups) are compared with the pure PU
foam group and the control group in subsequent tests. According to the buffer absorption
results, the experimental groups exhibit lower residual force, and the absorption strength
rate exceeds 85%. As for the puncture resistance, the Kevlar interlayer of experimental
groups demonstrates a positive influence, achieving a distinct protective effect. Finally,
the EMSE results indicate that the PU foam composites yield amazing EMSE level that is
greater than —90 dB due to the incorporation of an aluminum film as the surface layer.
In conclusion, this study proposes a new prospect that combines diverse materials with
an efficient multi-step foaming process, which grants the resultant products with flexible
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applications and a free combination of the materials corresponding to the demands. In the
light of the corresponding derivative applications based on the results, the yielded EMSE
and protective functions of PU foam composites can be applied to an interior material used
in the hospitals and vehicles, or packaging materials for precise machines.
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