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In this work, we reported a gradient structure that can significantly improve the mechanical strength of aramid
paper by depositing a layer of nano-aramid fibers (ANFs) on both sides. The introduction of Dimethyl Diallyl
Ammonium Chloride (DMDAAC) in the fabrication of nanostructured aramid-composites dramatically promotes
the dewatering efficiency of the aramid nanofibers slurry, and also accelerates the formation of gradient
structural of the composites. The gradient deposition of ANFs in the porous aramid paper matrix yields the

highly pilotaxitic textures and stiff structures of the aramid composite paper. The results indicated that the
tensile strength, specific strength, and fracture energy increased respectively 36.7 times, 14.1 times and 78.0
times from the original aramid paper. The method reported in this work gives a good case for designing the
structure composites with low density and high strength in aerospace and car manufacturing applications.

1. Introduction

In recent years, aramid fiber with high molecular orientation and
crystallinity has become a research hotspot due to its high specific
strength, specific modulus, excellent heat resistance and dielectric
performance [1-4]. Aramid paper made from aramid chopped fibers
(ACFs) and aramid pulp fibers (APFs) was fabricated by the typical
papermaking process. The obtained aramid paper has a variety of un-
ique structures and properties, such as excellent chemical stability, low
density, fairly good flame retardancy and thermal stability, high elec-
trical insulation, and radiation resistance [5]. These features of aramid
paper lead to the important applications of such environmental pro-
tection, energy and chemical industry [6], sensors [7], aerospace,
electric products [8-10], rail transit [11], defense and military in-
dustry.

However, due to the smooth surface and extremely low surface
chemical activity of aramid fibers [12], it is difficult to disperse uni-
formly them in aqueous medium, making it difficult to obtain a paper
with good uniformity and strength. The mechanical strength of aramid
paper is mainly attributed to the random physical bridging between the
fibers and their own rigidity [5,13]. Because of its less fiber inter-
weaving, the weak part of aramid paper firstly breaking under the
stress, leading to the decrease of overall strength. More recently, many
research efforts have been devoted to improving the surface activity of
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aramid fibers by chemical etching and grafting [12,14-17], plasma
surface modification [18-21], high-energy radiation [22], ultrasonic
radiation [23], ultraviolet radiation [24] and so on. They can effec-
tively improve the surface activity and surface roughness of aramid
fibers, and thus the dispersity of aramid fibers in water. However, its
special features including the extremely long aspect ratio results the
difficulty in achieving the uniform structures and outstanding proper-
ties comparable to the ordinary plant fiber paper. Therefore, there is
thereby an urgent need but it is still a significant challenge to have a
substantial improvement of aramid paper’s mechanical strength.

According to the principle of fracture mechanics, the destruction of
materials normally has two stages: one is the existence of cracks inside
the material, and the other is that such cracks can propagate through
the material until it breaks [25]. The reinforcement for the weaker part
of the paper by using reinforcing materials is an effective pathway to
fabricate the highly mechanical composite paper. It optimizes the
whole structure of the paper to be evenly balanced, which can greatly
reduce the chance of the first break from the weak part.

Interestingly, Kotov’s group had discovered that aramid fibers was
completely split into aramid nanofibers (ANFs) in dimethyl sulfoxide
(DMSO) with the presence of some potassium hydroxide (KOH)[26].
The ANFs have diameters in the range of 5-30 nm and lengths in the
range of 5-10 um. The surficial formation of carboxylic acid, carbonyl,
and hydroxyl groups onto ANFs, while retaining the stiff physical
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properties and also the basically chemical composition compared to the
pristine aramid fibers, indicates the possible potential in material de-
sign [26].

Since the ANFs were reported, there were many excellent reviews in
the literature dealing with the concepts of ANFs, which significantly
enhance the mechanical properties of the substrate. For instance, Yu
et al. [27]. used ANFs to reinforce the PVA film and the obtained PVA/
ANFs membrane shows a significant growth on tensile strength and
toughness. Lin et al. [28]. added a certain amount of ANFs to the epoxy
resin, which effectively changed the failure mode of the pure epoxy
resin, improved the fracture resistance, and also enhanced the strength,
stiffness, and toughness. In addition, ANFS can be embedded in nano-
composites as a new nanoscale component that can produce composite
membranes with record ultimate strength and stiffness. Zhu et al. [29].
obtained MWCNTs/ANFs hybrid membranes by vacuum filtration, with
tensile strength and Young's modulus being as high as 383 MPa and 35
GPa, respectively. Se at al. [30]. added a certain amount of ANFs in the
preparation of graphene flexible capacitors, which achieved a great
increase in strength. Taking into account the fact that the thermal
properties of aramid nanofibers have not changed much compared with
ACFs [26]. Consequently, ANFs can be considered as a perfect nano-
reinforcement material that can effectively enhance the mechanical
strength of aramid paper.

In this work, we firstly modified the aramid fiber with a coupling
agent to increase the surface activity to maximize the formation of the
original aramid paper (Fig. 1a). The structures of the N-(2-aminoethyl)-
3-aminopropyltrimethoxysilane (KH-792) modified ACFs was in-
vestigated by scanning electron microscopy (SEM) and X-ray photo-
electron spectroscopy (XPS) respectively (Fig. 2). Then a layer of ANFs
was deposited on both sides of the aramid paper by vacuum filtration
(Fig. 1c). According to DLOVE theory [31], the flocculation can be
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induced by electrostatic and long-range van der Waals force effect.
Hence, we added a certain amount of positively charged Dimethyl
Diallyl Ammonium Chloride (DMDAAC) to the ANFs solution to hasten
the filtration process. Finally, the ANFs-reinforced paper can be fabri-
cated by the hot-pressing process. Compared to that of the original
aramid paper, the tensile strength, specific strength, and fracture en-
ergy of the ANFs-reinforced paper were increased 36.7 times, 14.1
times, and 78.0 times.

2. Materials and methods
2.1. Materials

Para-aramid chopped fibers (ACFs) and Para-aramid pulp fibers
(APFs) with an average length between 5 and 6 mm were purchased
from DuPont, Polyoxyethylene (PEO) (Mw = 3,000,000-4,000,000)
were all supplied by Shanghai Maclean Biochemical Technology Co.,
Ltd. Coupling agents N-(2-aminoethyl)-3-aminopropyltrimethoxysilane
(KH-792) provided by Jiangsu Chenguang Coupling Agent Co., Ltd.
KOH and Dimethyl sulfoxide (DMSO) and Dimethyl Diallyl Ammonium
Chloride (DMDAAC) were purchased from Shanghai Lingfeng Chemical
Reagent Co., Ltd. Acetone was supplied by Tianjin Fuyu Fine Chemical
Co., Ltd.

2.2. Surface modification of ACFs and APFs

Firstly, the ACFs and APFs were soaked with acetone and ultra-so-
nicated for 4h with a power of 100 W for the purpose of swelling the
fiber and removing impurities from the fiber surface. For a typical
surface modification, ACFs and APFs were treated by coupling agent
KH792 at a concentration of 20% (with 8% water and 72% ethanol) for
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Fig. 1. (a) Schematic illustration of the aramid fiber modification process and the simple manufacturing process of original aramid paper. (b) Digital photo of ACFs
and ANFs dispersions. (c¢) Schematic illustration of the original aramid paper reinforcement process. (d) The principle of preparing ANFs in DMSO solution. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

251



Y. Ou et al.

Composites Part A 118 (2019) 250-258

b -

~—~

-
=

3

= s
& ‘

z 2

- F4

=

—

Intensity/(a.u.)

0 200 400 600 800 100012001400

Binging Energy(eV)

292 290 288 286 284 282 280
Binging Energy(eV)

¢ g
~ _~
3 g
1 s
z , =
@ = ‘D
= z =]
¥ 2]
- ~—
= =
L | & o )
e
Al h

0 200 400 600 800 100012001400

Binging Energy(eV)

292 290 288 286 284 282 280
Binding Energy(eV)

=

P
s

Intensity/(a.u.)
Si 2.

Si2

Pk

Intensity/(a.u.)

0 200 400 600 800 100012001400

Binding Energy(eV)

292 290 288 286 284 282 280
Binding Encrgy(cV)

Fig. 2. SEM image (a) of untreated ACFs, (e) KH-792 modified ACFs. XPS wide-scan (b,c,d) and C 1 s core-level spectra (f,g,h) of untreated ACFs (b, f), acetone ultra-
sonicated ACFs(c, g), KH-792 modified ACFs(d, h). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

4 h under 50 °C.
2.3. Preparation of aramid paper

Aramid paper composites were prepared by a hand sheet former
(MESSMER 255) with a quantitative weighing of 80 g/m? The pre-
paration process is depending on the following procedures. Firstly, the
modified ACFs and APFs were fully mixed in a mass ratio of 4:6. Then
the fibers were separated into single fibers in water by pulp

disintegrator (L&W 991509, Sweden). Subsequently, 0.5 wt% PEO was
added to the fiber suspension used as a dispersant, and then the fiber
suspension was continuously defibered with a pulp disintegrator, the
number of rotations was 30,000 r, and the rotation speed was
6000 rpm. Finally, the fiber suspension was all poured into the hand
sheet former and dehydrated into the paper at one time.
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2.4. Preparation of ANFs/DMSO dispersion

ANFs/DMSO dispersion was prepared by splitting the ACFs in
DMSO with the aid of KOH as previously reported by Kotov’s group
[26]. The ACFs were soaked in acetone (99%) and ultra-sonicated for
4 h to wash the aramid fibers. After ultrasonic treatment, the ACFs were
rinsed with deionized water and placed in a vacuum oven at 80° C for
24 h. Then, the treated ACFs(1g) and KOH (1.5g) were added into
500 mL DMSO. After magnetic stirring with a speed of 1500-2500 rpm
for 7 days at room temperature. Finally get dark red ANFs/DMSO dis-
persion (2.0 mg/mL).

2.5. Fabrication of nanostructured aramid-composites

ANFs-reinforced aramid paper were prepared by a simple Filtration
process (Fig. 1c). First, 5mL ANFs/DMSO dispersion was diluted in
20mL DMSO and stirred evenly, then add 15mL DMDAAC solution
(60 wt%) to the diluent and stir it evenly. At this point, the ANFs starts
to flocculate due to electrostatic adsorption, and the color of the solu-
tion gradually fades (Fig. 4d). The ANFs/DMSO/DMDAAC mixture was
vacuum filtered on a nylon filter membrane (47 mm diameter, 0.2 pm
pore size). As we can see in Fig. 1, we put the original aramid paper on
top of the nylon filter membrane, the aramid nanofibers are uniformly
deposited on the paper by vacuum suction. Then, we also deposited
ANFs on the other side of the paper with the same operation. The ANFs-
reinforced paper was rinsed with water and carefully peeled from the
nylon membrane and placed between PTFE membrane and dried at
80 °C in vacuum for 24 h. The reinforced paper was placed between two
glass slides with 4 clips clamped to prevent bubble formation during the
thermal reduction process. Finally, we pressed the aramid paper with a
flat plate vulcanizer (BoLon Precision Testing Instrument Co., Ltd.) for
5min, set the hot-pressing temperature to 220 °C and the pressure to
10 MPa (Fig. 1c).

2.6. Materials characterization

The structure of the ACFs and aramid paper was studied with a
scanning electron microscope (SEM). JEM-100CXII at an accelerating
voltage of 10 kV. Prior to the examination, the surface of the specimen
was coated with a thin layer of gold, ~20 nm. Surface groups of aramid
fibers were characterized by X-ray photoelectron spectroscopy (XPS)
(Thermo scientific, America). The morphologies of ANFS were observed
by transmission electron microscopy (TEM) (JEOL1400F) and AFM
(Bruker Instruments, Germany), One drop of solution (0.1 mg mL™Y)
was placed on the surface of a holey copper grid coated with carbon
(TEM test) and clean wafers (AFM test) and the solvent was evaporated
before characterization. The thickness was determined using a
Thickness Tester (L&W, Sweden). The ILSS of samples was measured
using a MONITOR/INTERNAL BOND (TMI model 80-01). The me-
chanical strength of samples was measured using a universal tensile
tester (Instron5565, Instron instruments Inc. USA) with the stretching
velocity of 5mm/min. To prevent the sample from slipping during the
test, we wrap the two ends of the sample with ordinary plant fiber
paper and put them into the fixture together and tighten the screws as
much as possible. Samples were first cut to 20.0 mm X 10.0 mm and
placed in a constant temperature and humidity chamber at (50 *= 1) %

Table 1
Elements changes on the surface of untreated aramid fibers and treated fibers.
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relative humidity (RH) and (23 * 1) °C for 24 h to ensure the stabili-
zation of their water content before characterization. The thermo-
gravimetric analyzer (TA Q500, USA) was utilized to analyze the
thermal properties of ACFs and ANFs and reinforced paper. The test
temperature range was 20 ~ 700°C, and the heating rate was
10°Cmin~! with an air purge at a flow rate of 20 mLmin~'. The
quality of each sample is controlled between 4 and 8 mg during the test.

3. Results and discussion
3.1. Surface characterizations of the coupling agent-modified ACFs

Firstly, the ACFs and APFs were ultra-sonicated with acetone for the
purpose of removing impurities from the fiber surface and swelling the
fiber to expose more active groups such as amino groups and amide
groups on the surface [32,33]. For a potential surface modification,
ACFs were treated by coupling agent KH-792. After the hydrolysis of
KH-792. As shown in the below function, the —Si(OCHj3)3 group is hy-
drolyzed to form a strong hydrophilic —Si(OH)3, which is beneficial to
the dispersion of aramid fibers in water. At the same time, the other
part —(CH»)3NH(CH>)>NH, can graft to —COOH groups on the surface
of aramid fibers through —NH, and —NH— groups (Fig. 1a).

NH,(CH),NH(CH,)3Si(OCH3)5 + 3H,0 —> NH,(CH),NH(CH,)5Si
(OHs); + 3CH,0H

The XPS was used to determine the surface composition of the
aramid fiber. Fig. 2 shows the XPS wide scan of untreated fibers
(Fig. 2b), acetone ultra-sonicated fibers (Fig. 2c), and KH-792 grafted
fibers (Fig. 2d), respectively. The results of elemental content change
are presented in Table 1. After the aramid fiber being ultrasonically
treated with acetone, the contents of N and O on the fiber surface were
increased, while the content of C was decreased obviously. The O/C
ratio was increased from 16.90% to 20.93% and the N/C ratio was
increased from 3.07% to 12.07%. It indicates an increase of surface
active groups and surface energy for aramid fibers. Si element appears
in the XPS spectrum of the original aramid fiber, which may be caused
by the oil on the surface of the aramid fiber or the impurities adhering
on the fiber during the XPS test. As for the Si element on the acetone
ultra-sonicated fiber, it is due to the impact and erosion of the ultra-
sonic wave on the glass container [23], which causes the Si element to
fall off and adhere to the surface of the aramid fiber. In order to in-
vestigate the chemical interaction during the acetone ultrasonic treat-
ment, the deconvolution analysis of the Cls peak was performed and
the results were presented in Fig. 2 and Table 2. For untreated aramid
fibers, there are four peaks indicating C—C group (284.6 eV), C—N/C—0
group (285.7eV), C=0O group (287.8eV), and O=C—O group
(288.9 eV) respectively. After acetone ultrasonic treatment, the ratio of
oxygen-containing groups gradually increases from 36.57% to 37.27%,
while the ratio for C-C group decreases from 63.43% to 61.84%
(Table 2). In particular, the increase of C=0 group from 2.25% to
8.36% indicates that the concentration of exposed —COOH groups on
the fiber surface increase, which is beneficial to the subsequent grafting
reaction with KH-792. As shown in Table 1, the surface elemental
composition of fibers modified by KH-792 undergoes further changes
compared to untreated fibers. The C element content sharply decreased

Samples Chemical composition (%) Atomic ratio (%)

C (0] N Si 0o/C N/C (0 + N)/C
Untreated 82.73 13.98 2.54 0.76 16.90 3.07 19.97
Acetone sonicated 73.01 15.28 8.81 2.90 20.93 12.07 33.00
KH-792 modified 66.32 18.02 9.16 6.50 27.17 13.81 40.98
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Table 2
Contents of functional groups on the surface of untreated fibers and treated
fibers.

Samples Concentrations of correlative functional groups (%)

c—C C—N/C-0 0=C-0 C=0 C—Si
Untreated 63.43 30.38 3.94 2.25 0
Acetone sonicated  61.84 25.07 3.84 8.36 0.89
KH-792 modified 46.07 38.30 6.16 7.98 1.49

from 82.73% to 66.32%, while the Si element content is 6.50%, 8.55
times higher than the original fiber of 0.76%. At the same time, the O/C
ratio and N/C ratio further increased to 27.17% and 13.81%, respec-
tively. The Cls core-level spectrum of the KH-792 modified fiber could
be curve-fitted with five peak components (Fig. 2h), including a new C-
Si peak (282.2 eV) compared to the untreated aramid fibers (Fig. 2f).
The content of this C-Si peak is 1.49%. Compared with the significant
decrease of C—C group (284.6 eV), in addition, the contents of C-N/C-O
group (285.5eV), O=C—0O (288.8eV) group, and C=0 (287.8eV)
group have also increased significantly (Table 2). This substantial in-
crease of the oxygen group contents on the fiber side further demon-
strates the successful modification of aramid fiber surface with KH-792,
which will facilitate the dispersion of aramid fibers in water and the
formation of paper.

The surface morphology of aramid fibers were investigated by SEM.
Compared to the smooth surface of the untreated aramid fiber (Fig. 2a),
the surface of the modified fiber becomes rougher, with a large number
of obvious spot-like attachments (Fig. 2e), which was consistent with
the results of XPS. In general, the increase of surface roughness will
enhance the mechanical interlocking and lead to stronger interfacial
bonding strength [34] between ACFs and matrix. In our case, the im-
provement of fiber surface roughness is also beneficial to the interface
compatibility between ACFs and APFs, leading to an enhancement in
mechanical properties of the papery materials.

3.2. ANFs-reinforced aramid paper

Being modified by the coupling agent, the dispersibility of the
aramid fiber has been improved. However, the formation of aramid
paper is still poor compared with that from plant fibers caused by the
large aspect ratio and low surface activity of the aramid fiber. It is well
known that the hydrogen bonds between fibers is the reason why the
paper can retain some physical strength [35]. Although aramid fibers
had undergone surface modification, there were still few hydrogen
bonds that can be formed between fibers. The strength of our original
aramid paper was still very low. As already mentioned in the in-
troduction part, we can reinforce the weaker part of the paper by using
reinforcing materials when it is impossible to greatly improve the
uniformity of the paper and the binding force between the fibers.
Taking into account the excellent performance of ANFs and their
compatibility with aramid fibers, it is reasonable to use ANFs as aramid
paper reinforcing material.

As shown in Fig. 1b, the orange-red solution of the ANFs was ob-
tained by adding the aramid original fibers into a solvent system con-
taining DMSO and KOH. Hydrogen atoms from the amide groups were
removed to reduce sharply the hydrogen bonding interactions in the
polymer chains, and form the negatively charged nitrogen ion, which
increased the electrostatic repulsion between the polymer chains and
finally facilitated the formation of ANFs (Fig. 1d). The morphology of
ANFs was characterized by AFM (Fig. 4a) and TEM (Fig. 4b). The ob-
tained ANFs have a wide range from 30 ~ 70 nm and lengths about
several micrometers.

The schematic illustration of the original aramid paper reinforce-
ment process is shown in Fig. 1c. We deposited a layer of ANFs on both
sides of the paper by a simple vacuum filtration process. The
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Fig. 3. Chemical Structure of DMDAAC.

distribution of ANFs in the paper structure is shown in Fig. 6e. The
deposition of ANFs into the two sides of the whole structure results in
the gradient structure, which brings the significant improvement of the
strength. As we can know, the surficial strength plays the important role
in indicating the whole strength because destroy usually starts from the
surficial part of the composites. Hence, this work tries to strengthen the
surficial structure by introducing the gradient structures in which de-
position of the ANFs produces the stiff structure with decrease pro-
gressively across the half thickness direction.

We found that the fibers are rapidly deposited to form a filter cake
at the beginning of the vacuum filtration process. As the process goes
on, DMSO is hard to pass through the filter cake and the deposited rate
becomes slower due to the tiny pore of the filter cake, resulting in a low
production efficiency. Therefore, we added a certain amount of floc-
culant diallyldimethylammonium chloride (DMDAAC) to the ANFs
dispersion to accelerate the speed of filtration. DMDAAC is a water-
soluble cationic compound with a high positive charge density (Fig. 3)
[36]. With the addition of the DMDAAC solution, the color of the nano-
aramid dispersion gradually faded to form a stable and transparent
solution. The Tyndall effect [37] was observed in both ANFs suspension
and flocculated ANFs suspension resulting from the stable colloidal
dispersion (Fig. 4d). According to the classical DLVO theory [31], there
is not only the repulsive energy between colloids but also the suction
potential energy. The former is the electrostatic repulsive force gener-
ated by the overlap of the diffusion layers when the charged colloids are
close together. The suction potential is the long-range van der Waals
force. Schematic diagram of mechanisms for ANFs flocculation was
shown in Fig. 4e. Due to the presence of many negative charges in the
long-chain of ANFs, DMDAAC molecules would be immediately ad-
sorbed on the ANFs by electrostatic attraction when adding into the
ANFs dispersion, leading to the formation of ANFs-DMDAAC composite
structure (ADCS). On one hand, ADCS can be close to each other in a
certain agglomeration between the nano-aramid fibers because of the
long-range van der Waals attraction between adjacent ADCS. On the
other hand, a large amount of positive charges distributed on the sur-
face causes a repulsive effect between ADCS. The combination of the
forces above renders the overall system finally being in a stable state.
Compared with the original ANFs (Fig. 4b), the flocculation nano-
aramid fibers are obviously intertwined and look like some black spots
(Fig. 4c). By the flocculation of ANFs, the suction filtration time is
greatly reduced from 20 h and 30 min to 1h and 10 min, which greatly
improves the preparation efficiency (Fig. 4f). It is worth mentioning
that the flocculation of ANFs is only owing to electrostatic and long-
range van der Waals forces rather than chemical bonding. Therefore,
the ANFs after flocculation still maintain good nano-characteristics so
that there is no significant change in the strength after film formation.

3.3. High performance of aramid paper composite

The ANFs-reinforced paper exhibited a yellower color than the
original aramid paper (Fig. 5a). The differences from the ideal structure
of original aramid paper to the ANFs-reinforced samples were distinctly
observed from SEM images by scanning cross-sections and fracture
surface. The original aramid paper was loosely composed of large pores,
ACFs, and APFs (Fig. 5d). The weak combination and relatively poor
dispersion of ACFs and APFs result in rough paper surface and loose
paper structure. There is an obvious contrast between the reinforced
part and unenhanced part of the paper, which distinctly shows the
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strengthening effect of ANFs on paper (Fig. 5b). The flat smooth surface
of the ANFs-reinforced paper indicated that the aramid nanofiber with
small size and the perfect coverage for paper weaknesses (Fig. 5¢). In
addition, the ACFs and the ANFs are well combined with each other.
The ANFs in small size filled out the pores between the aramid fibers
(ACFs and APFs) and glued on the skeleton of the ACFs made the
aramid paper more compact. From a partial enlargement (Fig. 5e), we
can observe the nano-shape character of ANFs. The cross-sectional SEM
photographs of the original aramid paper and the ANFs-reinforced
paper treated with the same hot-pressing process are respectively
shown in Fig. 5f and g. Compared with the original aramid paper, the
reinforced paper has a flatter surface, thinner thickness and more
compact paper structure. In fact, the thickness of the original aramid
paper is about 230 + 20 um, the thickness of the aramid paper after
hot-pressing is about 170 + 20 um, and the thickness of the ANFs-re-
inforced paper is further reduced to approximately 130 = 15um. It is
undoubtedly that this will contribute to the increase in the physical
strength of the paper. One reason for reinforcement is the bridging ef-
fect of gradient distributed ANFs, making the ACFs and APFs bond
closer together in the paper structure (Fig. 6e). Another one is that there
are some DMSO/KOH in the paper structure that has not been com-
pletely washed, which will have a definite activation effect, exposing
more hydroxyl groups on APFs when performing high-temperature and
high-pressure hot pressing.

Fig. 6 shows the morphologies of the uncomplete broken ANFs-re-
inforced paper crack section (Fig. 6a) and its completely broken cross
section (Fig. 6b) and the complete broken cross section of the original
aramid paper (Fig. 6¢). It can be speculated that the nanometer aramid
layer on the surface of the paper first breaks during the tensile strength
test, and then the internal structure of the paper is pulled off. It in-
dicates that the increase in paper strength is due primarily to the
coating of ANFs. Fig. 6e shows the Interlayer bonding strength (ILSS)
test results of the three papers. For the hot-pressed paper, the paper was
longitudinally torn apart from the middle after the interlayer bonding
strength test, and the average ILSS was 57.265J/m>. For the ANFs-re-
inforced paper, the ANFs layer on the surface was torn apart after the
interlayer bond strength test. The average ILSS between the ANFs layer
and the core layer was 51.621 J/m?, which was only slightly smaller
than the ILSS of the core layer paper (hot-pressed paper). It can be
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clearly seen from the SEM photograph that although the ANFs layer is
torn apart (Fig. 6d), a large amount of ACFs and APFs adhere to this
thin film, which shows that the interlayer bonding force between the
ANFs layer and the core layer is sufficient to ensure the overall strength
of the paper. Fig. 6e and Fig. 6f show the tensile strength test results for
the three papers. The average tensile strength of original paper and hot-
pressed paper were 1.16 MPa and 5.65 MPa, respectively. The average
tensile strength of ANFs-reinforced paper was 43.7 MPa, which was
significantly increased by 36.7 times and 6.7 times compared with
original paper and hot-pressed paper, respectively. We also compare the
specific strength of papers before and after reinforcement (Fig. 6g). The
average specific strength of ANFs-reinforced paper, hot-pressed paper,
and original paper are 54576 m?/s?, 13050 m?/s?, 3622 m?/s?, respec-
tively. The specific strength of ANFs-reinforced paper increased by 14.1
times compared with the original paper, which is more favorable for its
potential application as a lightweight high-strength material. A com-
parison of the fracture energy of the papers mentioned above is shown
on the left of Fig. 6e. It is worth noting that the fracture energy of the
ANFs-reinforced paper has sharply increased by 78 times from 155 J/
m? to 12241 J/m? Compared with other people's work [38-44], this
work is of great success in enhancing the strength of aramid paper
(Fig. 6f).

Fig. 7 shows the thermogravimetric analysis (TGA) curves of ANFs
and aramid paper. On the whole, the ACFs, ANFs, and ANFs-reinforced
aramid paper are relatively stable under high-temperature condition
with similar thermal stability. The reason why ANFs-reinforced aramid
paper has a high weight loss rate before 500 °C is due to the addition of
some paper additives such as dispersant PEO, cationic starch, etc. In
addition, some moisture and DMSO remain in the paper will decompose
and volatilize at lower temperatures. The thermal decomposition re-
sidual rate of ACFs is lower than that of ANFs. It is caused by some
organic solvents on the surface of ACFs residual in industrial produc-
tion, while the ANFs do not contain these substances.

4. Conclusions

In summary, the significant enhancement of ANFs to ordinary
aramid paper has been demonstrated, and a high-performance nano-
aramid composite with a gradient structure can be prepared only by a
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Fig. 5. Digital photo of nano aramid reinforced paper and original aramid paper (a), SEM images of aramid paper surface: (d) original paper, (b), (c), (e) nano aramid
reinforced paper; SEM micrographs of the fracture surface: (f) original paper, (g) nano aramid reinforced paper. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

simple vacuum filtration process. ANFs have prominent effects on paper
structure, like reinforcement, filling, bridging, etc. In addition, the
coupling agent KH-792 improved the inert surface modification of ACFS
remarkably. The addition of DMDAAC solution could promote the
formation of ANFs on paper and increases the efficiency of the whole
process. The reinforced aramid paper has excellent thermal and me-
chanical properties, and compared to the original aramid paper, its
tensile strength, specific strength, and fracture energy are raised 36.7
times, 14.1 times, and 78.0 times, respectively. This work is expected to
helpful for the development of lightweight and high-strength honey-
comb materials for aircraft fuselages, ships, high-speed trains, and car
bodies, as well as insulation materials under high-temperature condi-
tions. And this work also demonstrates the enormous potential of ANFs
as a new reinforcement for aramid paper and other high-performance

materials.
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figure legend, the reader is referred to the web version of this article.)
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