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Abstract: As a high-performance material for preparing composite
materials, polyimide fibers suffer from many potential drawbacks,
including poor bonding with other substrates, which results in composite
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materials with poor mechanical properties. Therefore, this study proposed
a simple and rapid technique for obtaining loose, porous polyimide ﬁber
papers by implementing a wet method using equal amounts of polyimide
fiber and polyimide fiber paper as reinforcements, respectively. The
polyimide resin-based composite materials were prepared by hand lay-up
and hot pressing. The results showed that the paper-based reinforcement
exhibited high porosity and the fibers were arranged with a uniform
pore size distribution. The tensile properties, bending performance, and
interlaminar shear performance of the paper-based composite improved
by 130%, 108%, and 34.5%, respectively, compared to those of the ﬁberbased counterpart. The factors affecting the mechanical properties of the
composites were analyzed based on the ﬁber length, ﬁber beating or lack
thereof, and the basis weight of the paper. The increased uniformity of
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drawbacks such as difficult dispersion, uneven pore size distribution,
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Introduction

technique is also considered a papermaking method[6].

In the past few years, the form of fibers used in
high-performance resin-based composites has been
continuously developed from discontinuous ﬁbers (short
ﬁbers and whiskers) to continuous ﬁbers (unidirectional
ﬁbers, two-dimensional fabrics, and three-dimensional
fabrics)[1-2]. Resin matrix composite materials reinforced
with short fibers suffer from certain drawbacks.
Specifically, the average fiber length is low, fiber
uniformity is difﬁcult to achieve, and the ﬁber content
is low. Therefore, resin-based composite materials have
been prepared using the injection molding process,
where the distribution of the carbon fibers has a
signiﬁcant inﬂuence on the mechanical properties of the
composite[3]. When a resin-based composite material
is prepared with different fiber contents by applying
the compression molding process, numerous voids
are generated in the composite when the ﬁber content
becomes excessive

[4-5]

. Continuous fiber-reinforced

resin-based composites can withstand higher loads
and generally exhibit better mechanical properties.
However, their higher manufacturing costs limit their
usage in large-scale applications. Therefore, using
existing staple ﬁbers as a raw material and discovering
a method for processing short ﬁbers into fabrics or its
analogues is the key for improving the performance of
short ﬁber-reinforced resin matrix composites.
The recent and rapid growth of the nonwovens
industry has enabled high-performance fiber
applications. Compared to the traditional weaving
and knitting production methods, the nonwoven
technology offers the advantages of short process ﬂow,
intelligent equipment, high production efficiency,
and wide application fields. Nonwoven web forming
techniques can be categorized into dry web forming,
wet web forming, and polymer extrusion forming. In
the wet web forming method, webs are made from

The wet papermaking method delivers good uniformity
of the web and a reasonable fiber structure. The fiber
web is formed under water flow. The fibers are threedimensionally distributed in the web, and the degree
of dispersion of the ﬁbers is reasonable. The ﬁber web
is isotropic, and the uniformity of the web is better
than that of fibers obtained in the dry web forming
and polymer extrusion forming methods. The wet
papermaking product exhibits a ﬂuffy structure, which
is beneficial for improving the interaction of various
components inside the material. Therefore, the wet
forming technology is a green and facile method for
preparing porous materials[7].
Research on polyimide resins, films, and fibers
is currently a hot topic for scholars worldwide[8-10].
Polyimide fibers exhibit excellent resistance to varied
temperatures. They also demonstrate high strength,
modulus, electrical insulation, and corrosion resistance.
These ﬁbers are widely used in high-temperature dust
removal filtration and are employed in protective
fabrics, industrial flame retardants, thermal insulation
materials, and functional composite materials, among
others[11]. In this work, polyimide short-chopped ﬁbers
were used as raw materials, and polyimide ﬁber paper
reinforcements were obtained by using wet papermaking
technology. Fiber and ﬁber paper-reinforced polyimide
resin matrix composites were prepared by using hand
lay-up and hot pressing processes, respectively. The
effects of the ﬁber and ﬁber paper reinforcement forms
on the mechanical properties of the composites were
analyzed from the perspectives of fiber distribution
and pore size distribution. The influence of the wet
papermaking process on the mechanical properties
of the material was discussed. This study provides a
theoretical basis for practical application of short ﬁber
and short fiber-reinforced resin matrix composites in

ﬁbers suspended in a sink, where the ﬁbers are initially

wet papermaking technology.

generated via conventional wet forming techniques.
In the paper industry, “wet non-woven fabrics” are

2

classified as “functional paper”, “special paper”, or
“long fiber paper”. Therefore, the wet web forming

2.1

Experimental
Materials

Dry-spun polyester polyimide short-chopped ﬁbers (2D,
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3 mm & 6 mm) were supplied by Jiangsu Aoshen New

reinforced resin matrix composite was obtained with a

Material Co., Ltd. (Lianyungang, China); polyethylene

ﬁber mass fraction of 40%.

oxide (PEO, number average molecular weight=3

Fibers with the same quality as that of the fiber

million) was provided by Sumitomo Seika Chemicals

paper were obtained, and these fibers were immersed

Co., Ltd. (Yangzhou, China); cationic polyacrylamide

in the low-viscosity resin using the hand-paste method.

(CPAM, number average molecular weight=7 million)

This is a manual operation in which the fibers are

and carboxylated styrene-butadiene latex (50 wt%)

alternately laid. The fiber reinforced resin-based

were supplied by Tianhe Chemical Suzhou Co., Ltd.

composite material was then prepared by hot pressing

(Suzhou, China); N,N-dimethylacetamide (DMAC,

and curing under similar conditions. In addition, equal-

AR) was purchased from Sinopharm Chemical Reagent

quality PEO, CPAM, and styrene-butadiene latex were

Co., Ltd. (Shanghai, China); polyimide resin (20 wt%,

added to the ﬁber-reinforced resin matrix composite.

viscosity=2490 mPa·s (25℃)) was purchased from

A dumbbell-type tensile spline was prepared in

Huizhi Technology Co., Ltd. (Wuxi, China).

accordance with the ASTM D3039 standard. The spline

2.2

size was (180 mm×10 mm×2 mm), the distance

Preparation of polyimide ﬁber/ thermoplastic resin
composites

The 3-mm polyimide fibers were beaten using a
frequency modulation beater (PL4-3 Xianyang Taisite
Test Equipment Co., Ltd., China). The pulping process
parameters included a pulp concentration of 2 wt%,
beating frequency of 20 Hz, beating duration of 30
min, and a lump weight of 3.5 kgf (1 kgf≈9.8 N).
The beaten ﬁbers were baked to dryness in an oven at
105℃.

between the clips was 110 mm, the width of the
intermediate ﬂat section was 10 mm, and the width of
the end was 20 mm. Rectangular curved splines were
prepared in accordance with the ASTM D7264 standard
with a spline size of (80 mm×25 mm×2 mm).
Interlaminar shear splines were prepared according to
the ASTM D2344 standard with a spline size of (20
mm×6 mm×2 mm).
2.3

Characterization

The required amount of fiber was weighed and

Six samples (3 cm×3 cm) were cut to give a 3.14

disintegrated in a fiber dissolver (ZQS4, Shaanxi

g fiber-reinforced polyimide resin-based composite

University of Science and Technology Machinery

material, and the resin in these samples was dissolved

Factory, China) at 30,000 r/min. A paper former (ZQJ1-

with DMAC. A fiber distribution system (YG002C,

B-II, Shaanxi University of Science and Technology

Ningbo Textile Instrument Factory) was used to analyze

Machinery Factory, China) was used to produce the

the ﬁber distribution. The aforementioned test was also

paper (diameter=200 mm). The dosage of PEO was

conducted on the ﬁber paper-based composite material

0.06 wt% (relative to the absolute dry fiber), the

by considering six samples (3 cm×3 cm). The pore

dosage of CPAM was 0.6 wt%, and the dosage of

size distribution in the sample was determined using a

styrene-butadiene latex was 8 wt%. The additives were

porous material pore size analyzer (CFP-1100A, PMI,

combined with the pulp.

USA). Scanning electron microscopy (SEM, SU1510,

A low-viscosity resin solution with a mass ratio of

HITACHI, Japan) was used to observe the surface

polyimide resin to DMAC of 1:6 was prepared and

morphology of the composite at an operating voltage of

placed in a special mold with a diameter of 20 cm. The

5 kV. An electronic universal material testing machine

ﬁber paper was immersed in this mold. The composite

(3385H, INSTRON, USA) was used to evaluate the

was initially cured in an oven at 80 ℃ for 8 h and then

tensile properties of the composite materials under

hot-pressed for 5 min at 240℃ and 9.5 MPa using a hot

a sample loading speed of 2 mm/min. The bending

press machine (4128, CARVER, USA). The ﬁber paper-

properties of the composite were tested by the simple

32

Vol.4, No.3, 2019

PBM·Polyimide Fiber/Thermoplastic Resin Composites
a

b

Fig.1

c

d

Fiber distribution in the ﬁber-reinforced resin matrix composites

supported beam three-point bending method, during

stress. The resin-based composite material is prone

which the sample span thickness ratio was estimated

to uneven stress distribution, which results in poor

at 32:1, and the loading speed was 1 mm/min. The

mechanical properties of the material.

interlaminar shear properties of the composites were

Fig.3 shows that the fiber distribution was better

tested using the three-point short beam bending shear

in the composite reinforced with fiber paper, where

method, during which the sample span thickness ratio

the fiber paper reinforcement was formed by the wet

was estimated at 4:1, and the loading speed was 1 mm/

forming technique. The ﬁber distribution was relatively

min. A total of three samples per group were tested.

uniform, and size of the pores among the fibers was

The thickness and tightness of the paper samples were

smaller. Fig.2(b) shows that 92% of the pores in the
100
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composite, they were not evenly dispersed and appeared
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Fig.1 and Fig.2(a) show that when the fibers were

bundled. The pore distance between the ﬁbers differed.
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Fiber distribution in ﬁber-reinforced resin matrix
composites and ﬁber paper

15
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3.1

Results and discussion

70

0.17338

3

75

0.65477

breaking length, and elongation at break of the composite.

80

0.45729

Ltd., China) was used to determine the tensile index,

85

0.64563

Sichuan Changjiang Papermaking Instrument Co.,

90
Pore size distribution/%

Co., Ltd., China). A paper tensile tester (DC-KZ300C,

(a)

95

0.15648

measured using a computerized thickness gauge (DC-

Fiber pore size distribution in the ﬁber reinforcement (a)
and ﬁber paper reinforcement (b)
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(a)

(b)

Fig.3

(c)

(d)

Fiber distribution in 100 g/m2 ﬁber paper-reforced resin matrix composites

ﬁber paper were in the size range of 60~70 mm, and the

played a preliminary role in this study. The resin in the

number of pores with diameters of 70~80 mm did not
exceed 3%. The ﬁber pore size distribution in the ﬁber

composite did not flow and spread well between the

paper is more uniform than that obtained with direct use

covered by the resin. The boundary between the fiber

of the fibers as the reinforcement. The pore diameter

and the resin was conspicuous due to the lower surface

between the fibers was reduced from 90~100 mm to
60~70 mm. The smaller pore size enables effective
transfer of material stress and improves the mechanical
properties of the material, which is the primary

fibers. The single fiber surfaces were not completely

energy of the fiber and poor wetting property of the
resin, and therefore, the resin did not spread well on
the fiber surface. This can result in an adverse effect
on the shear properties of the material, affecting the

advantage of wet papermaking technology.

mechanical properties, such as the tensile and bending

3.2

properties. The subsequent hot press forming process

Micro-morphology of fiber-reinforced resin
matrix composites and ﬁber paper-reinforced resin
matrix composites before and after hot pressing

caused the resin to melt and spread appropriately

Fig.4(a) and Fig.4(b) show the SEM images of the

surface of the ﬁbers was coated with resin after the hot

fiber-reinforced composite before the hot pressing

pressing process, and the compatibility between the

process. These figures show that the hand lay-up

ﬁbers and resin in the composite improved.

(a)

(b)

Fig.4

34

(c)

(d)

Fiber-reinforced resin matrix composites: (a) before hot pressing (×500); (b) before hot pressing (×1000);
(c) after hot pressing (×500); (d) after hot pressing (×1000)

(a)

(b)

Fig.5

between the ﬁbers. Fig.4(c) and Fig.4(d) show that the

(c)

(d)

Fiber paper-reinforced resin matrix composites: (a) before hot pressing (×500); (b) before hot pressing (×1000);
(c) after hot pressing (×500); (d) after hot pressing (×1000)
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As observed from Fig.5(a) and Fig.5(b), before

The tensile strength of the paper-based composite

the hot pressing process, the fiber paper-reinforced

increased by 130%. The polyimide matrix resin

composite material had a three-dimensional layered

demonstrated good toughness, and the composite

structure in which the fibers were staggered and

material did not break easily under load. The bending

ordered in comparison with those in the ﬁber-reinforced

strength increased by 108%. The interfacial properties

composite material. Fig.5(c) and Fig.5(d) show that

of the fiber paper and resin improved, which in turn

the compatibility between the fiber and resin in the

improved the interlaminar shear properties of the

composite material improved after hot pressing. The

material. The interlaminar shear strength increased

resin distribution around the fibers appeared more

by 34.5%. It is important to note that superior shear

uniform, and the fibers formed a strong mechanical

strength of a material is an indicator of its excellent

anchor with the resin.

mechanical properties[12-13].

3.3

3.4

Effect of fiber reinforcement and fiber paper
reinforcement on mechanical properties of
composites

Effect of fiber paper forming process conditions
on the mechanical properties of composites

As previously mentioned, the mechanical properties

Fig.6 shows the tensile, bending, and interlaminar shear

of the composites can be improved by fiber paper

properties of the 3-mm unbeaten ﬁber-reinforced resin

reinforcement, in which the reinforcing form of the ﬁber

matrix composite and 3-mm unbeaten fiber paper-

is modiﬁed. In addition, the properties of the ﬁber paper

reinforced resin matrix composite. The fibers were

itself can also inﬂuence the properties of the composite.

converted into a sheet material, which in turn changed

A 100 g/m2 fiber paper reinforcement was prepared

the form of the fibers in the composite. The fiber in

using 3-mm and 6-mm unbeaten polyimide fibers as

the fiber paper demonstrated good connectivity, and

raw materials, respectively. The mechanical properties

the pore diameter between the fibers was small and
uniform.
The hot-pressing treatment enabled the polyimide
resin to ﬂow and spread sufﬁciently throughout the ﬁber
web. The ﬁbers demonstrated good compatibility with
the resin, and the obtained composite material exhibited
a stable and compact structure. The special structure of
the ﬁber paper is the main contributor to the improved
mechanical properties of the composite materials.
150

Strength/MPa

120

3-mm unbeaten fiber reinforcement 130.2359
3-mm unbeaten fiber paper
96.8225
reinforcement

90
60

the increase in the ﬁber length contributed to increasing
the tensile strength and breaking length of the fiber
paper. Long ﬁbers provide higher single-ﬁber strength,
greater bond area, and a more uniform load distribution;
the additives generate more chemical bonds among the
fibers, and the strength of the network formed by the
fibers increases, as the fibers are closely intertwined.
Eventually, the tensile strength and breaking length of
the ﬁber paper increase. However, the tightness of the
6-mm unbeaten ﬁber paper was slightly lower. This is
because the paper tightness is determined by factors
such as the fine fiber content and auxiliary retention.

4.3348

4
3
1.8832
2
1
0
Tensile

of the ﬁber papers (summarized in Table 1) indicate that

The mesh material, formed by interweaving of the 3-mm
ﬁbers, had a smaller pore diameter, high retention rate
of the auxiliary agent, and high paper tightness. The
0.0977 0.2031
Flexural

Interlaminar shear

Fig.6 Comparison of mechanical properties of ﬁberreinforced resin matrix composites and ﬁber paper-reinforced
resin matrix composites

pore size formed by the 6-mm ﬁbers was larger because
the ﬁber length is too long to negatively affect the ﬁber
dispersion. The long ﬁbers cannot ﬂow easily in water,
the water filtration is poor, flocculation becomes a
Vol.4, No.3, 2019
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Table 1

Physical properties of fiber paper prepared by different processes
Average thickness

Factors

Tensile index

Tightness
-3

-1

Breaking length

Elongation at break

/mm

/(g·cm )

/(N·m·g )

/km

/%

3-mm unbeaten, 100 g/m2

0.3098

0.323

8.0

0.82

1.2

6-mm unbeaten, 100 g/m2

0.3731

0.268

10.3

1.05

1.4

2

3-mm unbeaten, 100 g/m

0.3098

0.323

8.0

0.82

1.2

3-mm beaten, 100 g/m2

0.2907

0.344

8.3

0.85

1.4

2

3-mm beaten, 50 g/m

0.2391

0.209

—

—

—

Basis

3-mm beaten, 75 g/m2

0.3466

0.216

6.7

0.68

1.2

weight

3-mm beaten, 100 g/m2

0.2907

0.344

8.3

0.85

1.4

2

0.5638

0.222

8.2

0.83

1.6

Length
Beating

3-mm beaten, 125 g/m

serious concern, and the paper uniformity is poor.

of mechanical force, where the tensile strength rises

In summary, the paper made of 6-mm unbeaten

initially and then declines. The highest tensile strength

fibers demonstrates better mechanical properties

was observed when the basis weight was 100 g/m2. The

than that with the 3-mm unbeaten fibers. The tensile

ﬁbers were well dispersed in the aqueous medium, and

properties of the composite of the former were

the fiber structure in the paper was more acceptable.

enhanced. However, the decrease in tightness and

Higher paper uniformity enables better stress transfer

uniformity limits the improvement of the bending and

and mechanical properties. However, a decline in the

interlaminar shear properties of the composite with

fiber strength and elongation is inevitable, which can

6-mm unbeaten ﬁbers. Compared to the 3-mm unbeaten

lead to an adverse effect on the paper strength. As

fiber-reinforced resin-based composite material, the

observed from Fig.8, the tensile strength of the paper

bending and interlaminar shear properties of the

reinforcement made from the beaten fiber improved

composite with 6-mm unbeaten fibers did not change

remarkably. The bending performance increased

much (Fig.7).

marginally, and the interlaminar shear performance was

In the paper industry, beating is closely related to

degraded.

the quality of the paper. High-performance chemical

The basis weight of paper is an important parameter

fibers are very different from conventional plant

used to describe the basic characteristics of the paper

fibers. Although beating does not split the chemical

structure. Fig.9 shows the mechanical properties of

fibers, it can separate the fiber bundles with the aid

the fiber paper-reinforced resin matrix composites

120

Strength/MPa

90

150

130.2359 130.5731
3-mm unbeaten fiber paper
reinforcement

120

6-mm unbeaten fiber paper
reinforcement

60
6

90
Strength/MPa

150

5.3549
4.3348

4

3-mm beaten fiber paper
reinforcement

6.9346

60
6
4.3348
4

2
0

3-mm unbeaten fiber paper 130.2359
123.2219
reinforcement

2
0.2031 0.2986
Tensile

Flexural

0

Interlaminar shear

Fig.7

Mechanical properties of the 3-mm and 6-mm unbeaten
ﬁber paper-reinforced resin matrix composites
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Fig.8

0.2031 0.2826
Tensile

Flexural

Interlaminar shear

Mechanical properties of the unbeaten and beaten ﬁber
paper-reinforced resin matrix composites
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with different basis weight. As the paper basis weight

the paper and composite materials followed an upward

increased, the tensile strength of the composite material

trend with the basis weight. For a basis weight of 100 g/

initially increased and later declined. The highest tensile

m2, the tensile index and breaking length were maximal,

strength was achieved when the basis weight was 100

and the tensile strength of the composite was optimal.

2

When the basis weight exceeded 100 g/m 2, the

g/m .
The bending and shear properties improved as the

effective length of the ﬁber did not increase any further,

basis weight increased. When the basis weight was

the ﬁber binding force was limited, and the arrangement

2

under 100 g/m , the fiber content increased with an

of the fibers in the paper appeared more disorderly.

increase in the basis weight, and an increase in the basis

More fibers were stacked together to improve the

weight increased the effective length of the fiber and

elasticity of the ﬁber bundle. The ﬁbers were ﬂexible,

the ﬁber binding force. Therefore, the tensile strength of

and the paper demonstrated better folding resistance.

8
Tensile strength/MPa

7

Therefore, the bending properties of the composite

6.9346

(a)

improved.

5
4

3.8012

4.7848

4.6225

smaller. After the hot-pressing process, the molten resin

2

can ﬂow better among the ﬁbers, and the ﬁber is more

0

50

75

100

Flexural strength/MPa

125

0.5240

0.5

0.3

0.2345

Conclusions

The fiber paper reinforcement prepared in this study
using the wet papermaking forming technology

0.0368

0

50

effectively overcomes the drawbacks related to
75

100

125

increased ﬁber bundles, uneven pore size distribution,
and low effective length in the fiber-reinforced resin

(c)
102.1910

115.3410

123.2219

134.2822

matrix composite. Compared to the ﬁber reinforcement,
fewer fiber bundles were present in the composite
with the ﬁber paper reinforcement, along with smaller-

90

sized fiber pores, a more uniform distribution, and an

60

improvement in the effective length of the ﬁber.
Compared to the fiber-reinforced composites, the

30
0

composite increased by 31.40% up to a basis weight of

4

0.2826

0.2

120

shear properties of the composite materials were

125 g/m2.

0.4

150

compatible with the resin. Therefore, the interlaminar
improved. The interlaminar shear performance of the

0.6 (b)

0.1

increased quantitatively, the porosity declined, and
the pore diameter between the paper fibers became

3
1

Interlaminar shear strength/MPa

In addition, when the basis weight of the paper was

6

tensile strength, bending strength, and interlaminar
50

75

100

125

Fig. 9 Change in mechanical properties of ﬁber paperreinforced resin matrix composites with different basis weight:
(a) tensile strength, (b) ﬂexural strength, (c) interlaminar shear
strength

shear strength of the ﬁber paper-reinforced composites
improved by 130%, 108%, and 34.5%, respectively. The
parameters for preparation of the paper reinforcement
composites were also optimized. It was discovered that
the desired mechanical properties of the composites
Vol.4, No.3, 2019
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were obtained under the conditions of this experiment
when the 6-mm fibers (after beating) and 100 g/m

2

quantitative paper sheets were utilized.
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