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Well-aligned PMIA nanofiber mats were fabricated by electrospinning and then hot-pressing was used to produce PMIA nanofiber
mats reinforced PLA matrix by layer-by-layer with the interlayer angles of 0, 45, and 90∘. Orthogonal experimental design was
employed to fix the effect of the hot-pressing parameters on the tensile strength of nanocomposites, and SEM was used to
characterize the broken sections of the nanocomposites after tensile test. The optimized process parameters were achieved of
pressure as 1000 Pa, temperature as 180∘C, and time as 30min.The SEM images of broken sections showed that the different laminate
forms and the state of bearing load of nanofibers resulted in the different morphologies of broken sections. The break strength of
PMIA/PLA nanocomposites with any of interlayer angles at different tensile testing directions was revealed as follows: axial >
oblique > transverse, and the initial modulus also showed the same except the angle of 90∘ with the approach initial modulus at the
axial and transverse directions.Themaximum tensile strength andmodulus of the nanocomposites were 17.12MPa and 1642.17MPa,
respectively, of the axial tensile testing directions of the interlayer angle of 0∘.

1. Introduction

Traditional high performance fibers such as glass, carbon,
and aramid fibers are to be used as reinforcements in
the polymer matrix composites widely [1, 2]. These fibers
reinforced polymer composites exhibit superior structural
properties such as high strength-to-weight and stiffness-to-
weight ratios and the ability in providing both mechanical
and functional performances, which induced them to be used
onmanyfields [2, 3].There aremany factors that can affect the
properties of fibers reinforced polymer composites, in which
one is interfacial characteristics. Strong adhesion between
reinforcing fibers and polymer matrix is the prerequisite for
transferring load sufficiently frommatrix to fibers. Compared
to traditional fibers, nanofibers have a large specific surface
area, which can providemore interaction between reinforcing
fibers and polymer matrix and enables the applied load to
be transferred on fibers-matrix interface, and lead to an
improvement on the properties of the composites [4, 5].

The resultant polymer nanofibers assembled by electro-
spinning are featured on large specific surface area, and it
can enable the applied load to be transferred on nanofibers-
matrix interface [6–10]. Some researchers have attempted
to manufacture nanocomposites reinforced with electrospun
polymer nanofibers [11–18]. Among them, Uyar et al. [12]
have used electrospun polyvinyl alcohol (PVA) to reinforce
the polymethylmethacrylate (PMMA) composites resins, and
their results indicated that the mechanical properties of
PMMA composites were improved, and the improvement
was higher when aligned PVA nanofibers are used. The
maximum values were 5.1MPa (flexural strength), 0.8 GPa
(elastic modulus), and 170 kJ/m3 (toughness) in three-point
bending test. Chen et al. [16] have used the well-aligned
electrospun polyimide (PI) nanofibers containing carbon
nanotubes (CNTs) as homogeneity reinforcement to enhance
the tensile strength and toughness of PI films. Compared
with neat PI film prepared by solution casting, the tensile
strength and elongation at break in the PI film reinforcedwith
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Figure 1: Schematic drawings of layer-by-layer of aligned fibers with different interlayer angles of 0∘ (a), 45∘ (b), 90∘ (c).

CNTs/PI nanofibers were remarkably increased by 138% and
104%, respectively.

Poly(m-phenylene isophthalamide) (PMIA) has espe-
cially prominent thermostability, high flame retardant, self-
extinguishing characteristics, electrical insulation ability,
chemical resistance, mechanical properties, and so forth. So
it is widely applied to special protective clothing, high tem-
perature filter materials, electrical insulating materials, hon-
eycomb structure wainscoting materials, and so forth [19–
21]. Our group successfully manufactured PMIA nanofibers
with excellent morphology by electrospinning [22], and
following the previous work, well-aligned electrospun PMIA
nanofibermats were fabricated and then hot-stretching along
the fiber axis was used to improve the mechanical properties
of nanofibers [23]. Polylactic acid (PLA) is a thermoplastic,
biodegradable, and renewable polymer, which is industrially
obtained, respectively, through the polymerization of lactic
acid or by the ring-opening polymerization of lactide. Some
researches showed that PLA has gained enormous attention
as an alternative to petrochemical-based synthetic polymers
in packaging and/or textile sectors at present.The production
of PLA composites is realized using the following techniques
mainly: (a) melt-compounding, (b) solvent-based, (c) pul-
trusion, (d) coextrusion (fibers, films, and sheets), and (e)
hot-pressing (film stacking). Among them, techniques of (c),
(d), and (e) are usually used to produce fiber reinforced PLA
composites [24–26].

Processing parameters significantly influence the prop-
erties and interfacial characteristics of the composites.
Therefore, suitable processing parameters must be carefully
selected in order to yield the optimum composite products.
In this study, well-aligned electrospun PMIA nanofiber mats
were produced, which have been used to reinforce the PLA
matrix by layer-by-layer with the interlayer angles of 0, 45,
and 90∘. Orthogonal experimental design was employed to
fix the effect of the hot-pressing parameters on the tensile
strength of nanocomposites. The tensile mechanical prop-
erties were evaluated on the axial, transverse, and oblique
directions of the nanocomposites, respectively, and the effects
of the interlayer angles on the tensile mechanical strength
were investigated in detail.

2. Materials and Methods

2.1. Materials. Commercial PMIA fibers (tensile strength at
breakage was ca. 4.5 cN/dtex and density 1.37–1.38 g/cm3)

were provided by Yantai Spandex Co. Ltd. (China). PLA
(PLLA, Mw ≈ 170000) was supplied by W.W Plastic Ningbo
Co. Ltd. (China). DMAc was purchased from J&K Scientific
Co. Ltd. Anhydrous lithium chloride (LiCl) was supplied
by Shanghai Jufeng Chemical Scientific Co. Ltd. (China).
Dichloromethane was purchased from Sinopharm Chemical
ReagentCo., Ltd. (China). All the chemicals were of analytical
reagent grade.

2.2. Preparation of Electrospun Nanofiber Mats. Firstly, the
spinning solution was prepared with the mass fractions of
PMIA and LiCl in the solution being 12% and 6%, respec-
tively. Then the well-aligned electrospun PMIA nanofiber
mats were fabricated by electrospinning on the Nanofiber
Electrospinning Unit made by KATO TECH Co. Ltd., Japan.
Spinning parameters were as follows: inner diameter of spin-
neret 0.45mm, voltage 23 kV, collecting spinning distance
11 cm, solution flow rate 0.26mL⋅h−1, spinneret scan speed
14 cm⋅min−1, and collector rotating speed 6m⋅min−1. The
detailed steps were described in our previous work [23].

2.3. Preparation of Prepregs. Firstly, the PLA was added to
dichloromethane and stirred till it was dissolved completely
with the mass fractions of PLA being about 3∼4%; then
the well-aligned PMIA nanofiber mats (50mm × 40mm)
were laminated into the solution layer-by-layer (2 layers of
nanofiber mats were deposited) with the interlayer angles
of 0, 45, and 90∘, respectively, as shown in Figure 1. Then
the solvent evaporated at room temperature and gained the
prepregs.

2.4. Optimization of the Process Parameters of Hot-Pressing by
Orthogonal Experimental Design. Orthogonal experimental
design was employed to fix the effect of the process param-
eters on the tensile strength of nanocomposites. Take the
nanocomposites of interlayer angles of 0∘ as an example,
and the tensile test progressed along the axial direction.
The nanocomposites obtained finally with the thickness of
0.230 ± 0.020mm and the mass fractions of nanofibers in
nanocomposites were about 20%.The three parameters of the
hot-pressing process were selected as the test factors: hot-
pressing pressure, temperature, and time, and three levels
were set for each factor. The pressure (𝑃) was set at 600 (A1),
1000 (A2), and 1400 (A3) Pa; the temperature (𝑇)was 175 (B1),
180 (B2), and 185 (B3)∘C; the time (𝑡) was 25 (C1), 20 (C2),
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Table 1: Design of experiment and measurement results of each index.

Experiment number A (P/Pa) B (T/∘C) C (t/min) Blank Tensile strength/MPa
I II

1 1 1 1 1 7.397 ± 0.78 7.412 ± 0.77
2 1 2 2 2 8.560 ± 0.86 8.561 ± 0.85
3 1 3 3 3 9.140 ± 0.85 9.126 ± 0.88
4 2 1 2 3 10.152 ± 0.92 10.161 ± 0.90
5 2 2 3 1 13.026 ± 0.88 13.018 ± 0.87
6 2 3 1 2 10.988 ± 0.93 10.980 ± 0.93
7 3 1 3 2 8.869 ± 0.89 8.870 ± 0.90
8 3 2 1 3 7.175 ± 0.78 7.172 ± 0.76
9 3 3 2 1 7.232 ± 0.75 7.228 ± 0.78

Table 2: Analysis of variance of tensile strength.

Test of between-subjects effects
Dependent variable: intensity

Source
Type III
sum of
squares

df Mean square 𝐹 Sig.

Corrected model 59.573a 6 9.929 84.648 .000
Intercept 1513.729 1 1513.729 12905.256 .000

A 45.350 2 22.675 193.317 .000
B 1.830 2 .915 7.799 .008
C 12.393 2 6.196 52.828 .000
Error 1.290 11 .117
Total 1574.592 18

Corrected total 60.863 17
a
𝑅-squared = .979 (adjusted 𝑅-squared = .967).

and 30 (C3) min, respectively. The experiment was repeated
twice. Table 1 showed the orthogonal table L9(3)

4, and SPSS
data software was used to analyze the experimental data by
variance analysis and Duncan’s multiple range test.

2.5. Preparation of Hot-Pressed Nanofiber Mats Reinforced
Composites. The prepregs with different interlayer angles
were hot-pressed at the optimized process parameters and
trimmed their sides carefully after cooling under the room
temperature. The nanocomposites obtained finally with the
thickness of 0.290 ± 0.020mm and the mass fractions of
nanofibers in nanocomposites were about 39%, for the reason
was that the mechanical properties of the nanocomposites
reached the maximum value when the nanofibers content
in the nanocomposites was about 39wt% by changing the
nanofibers content at the optimized process parameters.

2.6. Measurements. The mechanical properties of the
nanocomposites were tested by Instron 5967 mechanical
testing machine with gauge length 20mm and crosshead
speed 20mm/min.The tensile test progressed along the axial
(parallel to the aligned fibers), transverse (perpendicular to
the aligned fibers), and oblique (45∘ bias to the aligned fibers)

directions, respectively. The sample amount was 5 for each
sample, and the sample was cut into dumbbells showed in
Figure 2. The tensile strength at breakage was calculated by
the mean of 5 samples. All of the samples were conditioned
in a laboratory environment (20 ± 1∘C and 65 ± 3%) for 24 h
before testing.

Themorphologies of the broken sections of the nanocom-
posites after the tensile test were observed by scanning
electron microscopy (SEM) (Hitachi S-4800, Japan).

3. Results and Discussion

3.1. Optimization of the Process Parameters of Hot-Press.
Table 1 shows the measurement results of each index and
Table 2 shows the result of variance analysis. It is clear
that all the significance levels (Sig.) of the three factors A
(pressure), B (temperature), and C (time) were less than
0.01, which indicated that all the three factors have the
extreme influence on the tensile strength of nanocomposites.
Duncan’smultiple range test of the three factors was exhibited
in Table 3. The results illustrated that all the Sig. of the
three levels of each factor were more than 0.01, so it meant
that there was no significant difference among the levels on
the tensile strength. Therefore, the level of each factor was
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Figure 2: The sample diagram of tensile test.

Table 3: Duncan’s multiple range test of (a) pressure, (b) tempera-
ture, and (c) time.

(a)

Intensity
Duncana,b

A 𝑁
Subset

1 2 3
3.00 6 7.75676
1.00 6 8.36600
2.00 6 11.38750
Sig. 1.000 1.000 1.000

(b)

Intensity
Duncana,b

B 𝑁
Subset

1 2
1.00 6 8.81017
3.00 6 9.11567
2.00 6 9.58533
Sig. .151 1.000

(c)

Intensity
Duncana,b

C 𝑁
Subset

1 2
1.00 6 8.52067
2.00 6 8.64900
3.00 6 10.34150
Sig. .530 1.000
Means for groups in homogeneous subsets are displayed.
Based on type III sum of squares, the error term ismean square (error) = .117
aUsing harmonic mean sample size = 6.000.
bAlpha = .05.

selected inwhich the nanocomposites with the highest tensile
strength were fabricated, so the levels of the three factors
were selected: pressure A2 (Table 3(a)), temperature B2
(Table 3(b)), and time C3 (Table 3(c)). Finally the optimized
process parameters of hot-pressing were achieved as follows:
pressure as 1000 Pa, temperature as 180∘C, and time as 30min.

3.2. Morphologies of the Broken Sections. Figure 3 shows SEM
images of the broken sections of the nanocomposites after
the tensile test, and the inserted image is the magnified
parts.The nanofibers revealed excellent morphologies, which
demonstrated that the hot-pressing process did not damage
the nanofibers figuration.On crack of PLAmatrix, nanofibers
were pulled out and fracture of PLA and fracture of
nanofibers occurred when tensile testing.The alignment state
of nanofibers with different interlayer angles was displayed
clearly through the broken sections. For the interlayer angles
of 0∘ (Figure 3(a)), the aligned nanofibers were perpendicular
to the broken section and adhered to the PLA matrix on
crack when axial tensile testing. On the contrary, the aligned
nanofibers parallel to the broken section and there were
hardly nanofibers adhered to the PLA matrix on crack when
transverse tensile testing. For the reason is that the tensile
direction was along the aligned nanofibers axis when axial
tensile testing, then the nanofibers suffered the primary load
transferred from the matrix, while the tensile direction was
perpendicular to the aligned nanofibers axis when transverse
tensile testing, and the nanofibers were unable to undertake
the load. For 45∘ (Figure 3(b)), the broken sections of axial
and oblique tensile testing appeared a certain step-shaped,
even a slip plane emerged in the transverse broken section.
This is probably because the double nanofibers mats bore the
load together at axial and oblique tensile testing, the aligned
nanofibers axis of which along the tensile direction suffered
a greater load than the other, that induced the emergence of
step. While only one nanofibers mat undertook partial load
when transverse tensile testing, the matrix surrounding the
nanofibers which could not bear the load was easy to slip
when stretching. For 90∘ (Figure 3(c)), the morphologies of
the broken sections of axial and transverse tensile testingwere
similar for the reason was that the nanofibers were arranged
perpendicularly to intersect, and a slip plane appeared on
the broken sections, for they had the same force way when
stretching. In a word, the different laminate forms and the
state of bearing load of nanofibers resulted in the different
morphologies of broken sections.

3.3. Mechanical Properties. The obtained PMIA/PLA na-
nocomposites reinforced by the aligned nanofiber mats
deposited by layer-by-layer with interlayer angles will exhibit
anisotropic distribution of mechanical properties. Figure 4
shows the tensile strength at break, initial modulus, and
elongation at break of nanocomposites at the tensile testing
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Figure 3: SEM images of the broken sections of the nanocomposites after the tensile test: the interlayer angles of (a) 0∘, (b) 45∘, and (c) 90∘.

directions of axial, transverse, and oblique. Figure 5 shows
the mechanical properties of nanofiber mats and pure PLA
which is produced by the same method of nanocomposites.
The results indicated that the break strength of PMIA/PLA
nanocomposites with any of interlayer angles at different
tensile testing directions is revealed as follows: axial> oblique
> transverse, and the modulus also showed the same except
the angle of 90∘ with the approach modulus at the axial
and transverse directions. The break strength of PMIA/PLA
nanocomposites along the axial direction decreased with
increasing the interlayer angles, while that along the trans-
verse direction increased gradually and that along the oblique
direction increased first and then decreased. The maximum
tensile strength and initial modulus of the nanocomposites
were 17.12MPa and 1642.17MPa, respectively, of the axial
tensile testing directions of 0∘. The tensile strength and initial
modulus of the nanocomposites peaked at ca. 205% and ca.
169%, respectively, compared with the pure PLA. From the
structural point of view, the axial structure is able to transmit
forces along its tensile directions, so the distributed tensile
mechanical properties of nanocomposites are according to
the fiber arrangement and fiber orientation angles.The cross-
linking structure centered the strength along the tensile
direction, although the interlayer angles existed on the fibers
tensile direction.

4. Conclusions

Well-aligned PMIA nanofiber mats were fabricated by elec-
trospinning, which had been used to reinforce the PLA
matrix by layer-by-layer with the interlayer angles of 0, 45,
and 90∘ by hot-pressing. Orthogonal experimental design
was employed to fix the effect of the hot-pressing param-
eters on the tensile strength of nanocomposites. The opti-
mized process parameters were achieved of pressure 1000 Pa,
temperature 180∘C, and time 30min. The SEM images of
broken sections of the nanocomposites after the tensile
testing showed that the different laminate forms and the
state of bearing load of nanofibers resulted in the different
morphologies of broken sections. The break strength of
PMIA/PLA nanocomposites with any of interlayer angles at
different tensile testing directions was revealed as follows:
axial > oblique > transverse, and the modulus also showed
the same except the angle of 90∘ with the approach modulus
at the axial and transverse directions. The maximum tensile
strength and modulus of the nanocomposites were 17.12MPa
and 1642.17MPa, respectively, of the axial tensile testing
directions of the interlayer angle of 0∘.
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Figure 4: Mechanical properties of nanocomposites: tensile strength (a), initial modulus (b), and elongation (c).
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Figure 5: Mechanical properties of nanofiber mats and pure PLA.
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