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ARTICLE INFO ABSTRACT

Keywords: In recent years, nanomaterial reinforced composites have been extensively studied, however, research on mo-
Rigid-rod polymer lecular composites, i.e. composites reinforced by rigid-rod macromolecules of large aspect ratio and superior
Reinforcement mechanical properties, is still rare. In this study, we report that when a new organosoluble rigid-rod aromatic
Egumg;:;izsg polyamide, poly(p-aminophenylene terephthalamide) (NH2-PPTA), is used as a reinforcing agent of epoxy resin,
CFRP it is dispersed in epoxy at molecular level at low contents but forms nanorod- or nanofiber-like aggregates in the

matrices at higher contents, thereby transforming the molecular composite into a nanocomposite. The reactive
amino side groups can not only improve the solubility of NH,-PPTA in epoxy but also participate in the curing
reaction, which leads to the formation of covalent bonds between NH5-PPTA and the matrix. At a content as low
as 0.7 wt%, NH2-PPTA remarkably improves the strength and toughness of epoxy resin with a tensile strength of
100.7 + 5.3 MPa and tensile toughness of 2860 + 316 kJ/m®, which are increased by ~74% and ~118%,
respectively. The strengthening and toughening effects are comparable to those provided by graphene oxide, and
are higher than by many other previously reported inorganic nanofillers. Moreover, NH,-PPTA also significantly
improves the mechanical properties of carbon fiber (CF)/epoxy composites. Flexural strength, total fracture
energy and interlayer shear strength are increased by ~9%, ~67% and~27%, respectively. This is the first report
on the transition of molecular composite to nanocomposite and the effective strengthening and toughening of
epoxy resin and CF reinforced composites by NHy-PPTA.

1. Introduction

In recent years, influence of nanomaterials, such as carbonaceous
and other inorganic nanofibers and nanosheets, on the mechanical
properties of polymeric composites has been extensively studied. How-
ever, surface modification of these nanomaterials is relatively compli-
cated and it is difficult to disperse the nanomaterials uniformly in
polymer matrices. On the other hand, due to the unique molecular
morphology, excellent mechanical and thermal properties, rigid-rod
macromolecules have been suggested to be used as the reinforcing
agent of flexible-chain polymers [1]. The molecular composites can
show remarkably improved mechanical properties, low density, good
processability and wide range of applications, compared with traditional
composites filled with inorganic nanomaterials [2-4]. However, only
when rigid-rod polymers are uniformly dispersed in the polymer matrix
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can molecular composites show excellent reinforcement effects. Flory
[5] studied the dispersion of rigid and flexible macromolecular chains in
solvents by using the nematic liquid crystal lattice model and predicted
that when rigid and flexible polymers are blended or dissolved in a
solvent, incompatibility or phase separation would occur as a result of
the small mixing entropy and the positive mixing enthalpy in the mixing
process. In order to solve this problem, researchers had introduced ionic
interactions [6-8], acid-base interactions [9-11] and hydrogen bonding
interactions [12,13] to reduce the agglomeration of rigid polymers. In
our previous study, molecular composites of poly(p-sulfophenylene
terephthalamide) (sPPTA) reinforced poly(vinyl alcohol) (PVA) were
prepared, which exhibit greatly improved compatibility and reinforce-
ment effect due to the hydrogen bond interaction between the sulfonic
acid side groups of sPPTA and the hydroxyl groups of PVA [14].
Epoxy resin is widely used in various fields as an advanced material
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because of low curing shrinkage, good physical, mechanical and insu-
lation properties, corrosion resistance and bonding strength in thermo-
setting polymer materials [15-18]. Many studies have focused on the
modification of epoxy by nanofillers, such as carbon nanotubes (CNTSs)
[19-24], vapor grown carbon fibers (VGCFs) [25,26], nanoclay
[27-29], alumina platelets [30,31], graphene oxide (GO) and its de-
rivatives [32-40], because of their high strength and modulus [41].
These nanofillers have also been demonstrated to be very useful in
carbon fiber reinforced polymers (CFRPs) as the secondary reinforce-
ment [42-48]. However, surface modification of nanomaterials is usu-
ally required for their uniform dispersion in the matrices, which is
relatively complex and time-consuming [49-52]. sPPTA has also been
demonstrated to be an effective reinforcing and toughening agent for
epoxy resins, however, significantly reduces the glass transition tem-
perature (Tg) of epoxy resin, thus reducing the heat resistance of the
composites.

Here, we report the synthesis of a new aminated aromatic polyamide
and its reinforcing and toughening effect on epoxy resin and epoxy-
based CFRPs. Poly(p-nitrophenylene terephthalamide) (NOy-PPTA)
was synthesized by low-temperature solution polycondensation, and
then poly (p-aminophenylene terephthalamide) (NHy-PPTA) was ob-
tained by hydrogen-reduction. Because of the introduction of amino
groups, the solubility of NHp-PPTA in organic solvents was significantly
improved compared with that of Kevlar. NHy-PPTA was then added as a
reinforcing agent to triglycidyl-p-aminophenol (TGPAP). Chemical
structure of NH,-PPTA was characterized and its influence on the
microstructure, thermal stability and mechanical properties of epoxy
resin were investigated. Furthermore, influence of NHy-PPTA on the
mechanical properties of epoxy-based CFRPs was also reported.

2. Experiments
2.1. Materials

Terephthaloyl chloride (TPC) and 2-nitro-1, 4-phenylenediamine
was supplied by J&K Chemical Ltd. (Shanghai, China). 2-Nitro-1, 4-
phenylenediamine was used after purification by recrystallization. N, N-
Dimethylacetamide (DMAc), lithium chloride (LiCl), palladium-carbon
catalyst (Pd/C), calcium hydride (CaHy), ethanol and pyridine were
purchased from Sinopharm (Shanghai, China). DMAc and pyridine were
dehydrated by CaHj for few days. Epoxy resin TGPAP was obtained from
Shanghai Huayi Resins Co., Ltd. The curing agent of epoxy resin used
was 3,5-Dimethylthio-2,4-toluenediamine (DMTDA) for all the com-
posites, which was supplied by Johnson Chemicals Co. (Haining, China).
Dimethyl sulfoxide-d6 (DMSO-dg) for 'H NMR was purchased from
Cambridge Isotope Laboratories, Inc. Unidirectional T700 carbon fabrics
were supplied by Toray Industries, Inc., Japan.

2.2. Synthesis of NO2-PPTA and of NH,-PPTA

Scheme 1 shows the synthesis of NO,-PPTA and NHy-PPTA. NOo-
PPTA was synthesized by low-temperature solution polycondensation
under the conditions similar to those in the literature [53-55]. 36.75 g of

2-nitro-1,4-phenylenediamine and 12 g of LiCl were dissolved in DMAc
(600 mL) and pyridine (60 mL) in a three-necked flask. After the solution
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Scheme 1. (A) Synthesis of NO,-PPTA and (B) preparation of NH,-PPTA.
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was cooled to 0 °C and purged with nitrogen for half an hour, 52.79 g of
TPC powder was directly added to the flask under magnetic stirring. The
solution was further stirred for about 10 min until gelation appeared and
then heated to 80 °C for an hour to complete the polycondensation. The
final opaque solution was then poured into deionized water and the
precipitate was separated by filtration. The precipitate was washed
twice with deionized water and ethanol, respectively, and then dried at
80 °C to obtain a yellow powder. The molecular weight of NO,-PPTA
was measured by gel permeation chromatography (GPC) using DMF as
the solvent. The number-average and weight-average molecular weights
are about 22,307 and 26,262 g mol !, respectively. A solution of
NO,-PPTA (20 g), 10% Pd/C (0.2 g), and LiCl (10 g) in DMAc (500 mL)
was heated at 108 °C for 12 h and 24 h, respectively, under a hydrogen
atmosphere. After cooling and removing the Pd/C powder from the
solution by vacuum filtration, the polymer solution was poured into
deionized water. The precipitate in the form of a brown powder was
separated by filtration, first washed with deionized water, then washed
thoroughly with ethanol, and then dried under vacuum at 80 °C
overnight.

2.3. Preparation of NH2-PPTA/epoxy composites and CF/NH2-PPTA/
epoxy multi-scale composites

The NHy-PPTA/epoxy composites were fabricated by casting mold-
ing. NH,-PPTA was first dissolved in DMAc. The solution was poured
into TGPAP at 80 °C and magnetically stirred to homogenize the
mixture. The mixture was washed by deionized water and heated at
130-150 °C to remove deionized water. The curing agent dimethyl
sulfide toluene diamine (DMTDA) was added into the mixture. The mass
ratio of epoxy to DMTDA was 2:1 for all the samples. The viscous NHy-
PPTA/epoxy mixtures were heated at 80 °C under vacuum. After all air
bubbles have been removed, the mixtures were poured into a mold,
heated at 120 °C and 150 °C for half an hour, respectively, then heated at
170 °C for about two and a half hours, and finally heated at 200 °C for 1
h. The NH,-PPTA content in the composites was between 0.1 and 1.3 wt
%.

The preparation method of CF/NH,-PPTA/epoxy composite is hand
lay-up and high temperature hot-pressing. The NHy-PPTA/TGPAP
mixtures with various NH,-PPTA contents were mixed with DMTDA and
then coated onto rectangular CF sheets with a length of 17 cm and a
width of 10 cm. Ten layers of the coated unidirectional CF sheets were
then parallelly stacked, degassed in an vacuum oven at 80 °C for one
hour and then transferred into a hot press for curing. The composites
were first heated at 120 °C and 150 °C for half an hour, respectively,
pressurized to 6 MPa and then heated at 170 °C for 2.5 h, heated at 200
°C for one hour, and then cooled to ambient temperature and pressure.

2.4. Characterization

The molecular weight of NO,-PPTA is measured by GPC (Wyatt
DAWN-DSP, USA). Fourier transform infrared (FTIR) spectra were
measured with KBr pellets in a Bruker Vector-22 FTIR spectrophotom-
eter (Germany). 'H NMR spectra were recorded on a Varian Unity Ino-
vaspectrometer (Advance2B, Bruker, Germany) operated at 500 MHz,
using DMSO-dg as the solvent. Dispersion of NH5-PPTA in epoxy matrix
was observed by transmission electron microscopy (TEM) using a 80 kV
JEM-1200EX microscope (JEOL Ltd., Japan). Wide-angle X-ray diffrac-
tion (XRD) measurements were performed to study the crystalline
structure of the NH,-PPTA/epoxy composites on a PANalytical X Pert
PRO MPD X-ray diffractometer (The Netherlands). A tensile testing
machine (Shenzhen SUNS Technology Co., Ltd., China) was used to
measure the tensile properties of the NHy-PPTA/epoxy composites
under ambient conditions according to ASTM D638-03. Dumbbell
samples (60 x 20 x 4 mm®) with a gauge length of 25 mm were used.
The tensile speed was 1.0 mm/min. A RG-3010 electronic universal
testing machine (Reger, China) was employed to measure the flexural
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properties of the composites under ambient conditions. According to the
ASTM D-790 standard, the specimen span was 32 mm and the cross-head
speed was 2.0 mm/min. An impact test machine Model ZBC1400-2
(Shenzhen SANS, China) was used to measure the notched Izod impact
strength, according to ASTM D256. The dimension of the specimens was
80 x 10 x 4 mm?® with a V-shape notch of 2 mm. For the CF/NH,-PPTA/
epoxy composites, the flexural properties were determined according to
ASTM D-790 with a span length of 64 mm and a crosshead velocity of
2.0 mm/min. ASTM D2344 standard was used to determine ILSS using a
span length of 8 mm and a cross-head velocity of 1.0 mm/min. The size
of the specimens was 80 x 15 x 2 mm?>. The test of all the above me-
chanical properties was under displacement control conditions and each
data is the average of six sample data. Scanning electron microscopy
(SEM) images were used to observe the fracture surfaces of samples on a
Hitachi S-4800 FESEM. The thermal stability of the composites was
characterized by thermogravimetric (TG) analysis in nitrogen on a SDT
Q600 thermal analyzer (TA, USA) at a heating rate of 10 °C/min from
50 °C to 950 °C. A Q800 Dynamic Mechanical Analyzer (TA Instruments,
USA) was used to perform the dynamic mechanical analysis (DMA) of
the NH,-PPTA/epoxy composites. The experiments were carried out in a
tensile mode under a nitrogen atmosphere. The heating rate was 3 °C/
min, the frequency was 1 Hz and the size of the rectangular specimen
strips is 60 x 10 x 2 mm®.

3. Results and discussions
3.1. Characterization of NH,-PPTA

FTIR was used to characterize the hydrogenation reduction process
of NO2-PPTA. The FTIR curve of NO,-PPTA (see Fig. 1) displays a sig-
nificant C—O0 stretching vibration peak of amide at 1673 cm ! [56-58],
which red-shifts in the FTIR curves of NH>-PPTA to 1658, 1658 and
1644 cm™! because of the conjugation effect of the amino side groups in
NH,-PPTA [59]. The peak intensity of N—O stretching vibration of nitro
side groups at 1507 cm™! decreases obviously with the increase of
reduction time and slightly red-shifts, demonstrating the occurrence of
the hydrogenation reduction. NH»-PPTA exhibits remarkably improved
solubility compared with NO2-PPTA. In a solvent of DMAc and lithium
chloride (LiCl), NH,-PPTA forms a uniformly, stable and transparent
solution at a concentration below 8%, and forms an anisotropic liquid
crystal phase at the concentration between 8% and 13%, and forms a gel
when the concentration exceeds 13%.

NO,-PPTA
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Fig. 1. FTIR spectra of NO,-PPTA, NH,-PPTA-7h, NH,-PPTA-12h and NH,-
PPTA-24h.
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The TG curves of commercial aramid fiber (Kevlar), NO,-PPTA and
NH,-PPTA and corresponding differential TG (dTG) curves are pre-
sented in Fig. 2. The weight loss in the temperature range of 50-200 °C
should be caused by the loss of water absorbed in the samples. For the
aramid fiber, there is only one decomposition peak temperature at 578
°C. With the introduction of nitro side groups and amino side groups, the
decomposition temperature obviously shifts to lower temperatures. As
shown in Fig. 2(B), for NO,-PPTA, noticeable drop in weight at 407 °C
can be ascribed to the departure of nitro side groups. As the reaction
time for hydrogenation reduction increases, the residual weight in-
creases significantly, indicating that the amount of amino groups
attached to the rigid macromolecular backbone increases with the
reduction time. Moreover, for NH,-PPTA, a new decomposition peak
appears at 306 °C due to the lower thermal stability of amino side
groups, and when the reaction time for hydrogenation reduction is 12
and 24 h, the decomposition peak at 407 °C becomes much weaker,
indicating that most nitro side groups have been converted to amino side
groups, which is in good agreement with the above-mentioned FTIR
result.

The molecular structure of NO2-PPTA and NH»-PPTA wasfurther
characterized by H NMR spectra (see Fig. 3). The existence of a
chemical shift at ~11.81 ppm of amide group confirms the formation of
polyamide. The resonances for the aromatic protons of the nitro-
substituted aromatic ring occurred at 8.76 ppm, 8.36 ppm, 8.24 ppm,
7.94 ppm, 7.76 ppm. It is noted that the resonance for the protons of the
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Fig. 2. (A) TG curves and (B) dTG curves of aramid fiber, NO,-PPTA and
NH,-PPTA.
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Fig. 3. 1H NMR spectra of (a) NO,-PPTA and NH,-PPTA hydrogenated for (b)7
h, (¢) 12 h, and (d) 24 h.

amino group appeared at ~4.9 ppm after the hydrogenation reduction
of NO,-PPTA, confirming the conversion of nitro to amino side groups.
Moreover, with the hydrogenation reduction of NO,-PPTA, the band at
11.81 ppm for amide groups (-CONH-) decrease significantly and new
bands at 10.40-11.40 ppm appear, as the result of the conjugative effect
of the amino side groups. The resonance at 8.76 ppm for the aromatic
protons of the nitro-substituted aromatic ring decrease remarkably and
other resonances between 7.76 ppm and 8.36 ppm also shift to some
extent, as the result of conversion of nitro to amino side groups. The
yields of the hydrogenation reduction reaction are obtained by calcu-
lating the ratio of the integral area of amido bond signals at ~11.81 ppm
to the integral area of the signals in the range of 10-12 ppm, which are
approximately 69%, 82% and 91% for the reduction for 7h, 12 h and 24
h, respectively.

(A) neat AFG-90

(D) 0.5 wt%

(B) 0.1 wt%

(E) 0.7 wt%
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3.2. Dispersion of NH,-PPTA in epoxy

The microstructure of the NHy-PPTA/epoxy composites was inves-
tigated by TEM, as shown in Fig. 4. For neat epoxy, 0.1 wt%-—
NH,-PPTA/epoxy and 0.3 wt%-NHy-PPTA/epoxy, the TEM images are
featureless, suggesting that the samples are homogeneous and the NHj-
PPTA molecules disperse uniformly in the matrix. For 0.5 wt%-—
NH,-PPTA/epoxy, some dark inclusions become observable in the
samples, some of which are nanorod-like or nanofiber-like as denoted by
the arrow. The dark domains are more obvious with the increase of NH»-
PPTA content, which indicates the occurrence of aggregation and/or
microphase separation [60]. The high magnification TEM image in
Fig. S1 clearly shows the existence of nanorod-like or nanofiber-like
aggregates with a diameter of less than 40 nm in the 0.9 wt%-—
NH,-PPTA/epoxy composites. Previous studies have demonstrated that
epoxy resins and thermoplastics undergo phase separation due to their
incompatibility, resulting in a sea-island or bicontinuous two-phase
structure [61,62]. For some polyamides that can react with the ma-
trix, phase separation can be greatly suppressed, therefore, the poly-
amides disperse homogeneously in the matrix [63]. As is well known,
the amino side groups of NHp-PPTA are reactive with epoxy resin, which
explains why the NH2-PPTA/epoxy composites are optically transparent
and homogeneous at relatively low NH,-PPTA contents. The NHy-PPTA
molecules aggregate at relatively high content, possibly because of the
strong intermolecular attraction between the main chains of the
NH,-PPTA macromolecules, thus form nanometer-sized rods or fibers in
the matrix due to their rigid rod-like macromolecular structure.

Fig. 5 presents the XRD patterns of NH2-PPTA, neat epoxy and NHj-
PPTA/epoxy composites with various amounts of NH,-PPTA contents.
The two diffraction peaks at 20 = 7.4° and 19.8° are broad and weak,
corresponding to the amorphous thermosetting epoxy resin. NHp-PPTA
show two peaks centered at 260 = 10.0° and 23.8°, confirming that NH,-
PPTA has a crystalline structure due to its rigid molecular structure. The
patterns of NHy-PPTA/epoxy composites are similar to that of neat
epoxy and the diffraction peaks of neat NH,-PPTA can not be observed.
This suggests that most NHy-PPTA macromolecules disperse in
molecular-level in the epoxy matrix. The dark inclusions observed in
TEM cannot be the simple aggregates of neat NH,-PPTA but the mixture

(C) 0.3 wt%

(F) 0.9 wt%

Fig. 4. TEM images for (A) neat epoxy resin, (B) 0.1 wt% (C) 0.3 wt% (D) 0.5 wt% (E) 0.7 wt% and (F) 0.9 wt%-NH,-PPTA/epoxy.
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of NHy-PPTA and epoxy molecules with relatively high NH,-PPTA
contents that are not fully dispersed in the matrix. Any neat NHp-PPTA
aggregates formed in the matrix can only be composed of few NH2-PPTA
macromolecules; otherwise, the diffraction peak of neat NHy-PPTA
should be able to be identified.

3.3. Mechanical properties of NH,-PPTA/epoxy composites

The mechanical properties of the neat epoxy and NH,-PPTA/epoxy
composites are presented in Fig. 6. The tensile properties including
tensile strength (6;) and Young’s modulus (E,), elongation at break (¢)
and tensile toughness (K), the flexural properties including flexural
strength (op), flexural modulus (Ey) and flexural toughness (A), and
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notched impact strength (IS) of neat epoxy and NH,-PPTA/epoxy com-
posites are summarized in Table S1. Addition of low content of NHj-
PPTA remarkably increases the tensile and flexural properties of NH,-
PPTA/epoxy composites. 0.7 wt%-NHo-PPTA/epoxy shows a tensile
strength of 100.7 + 5.3 MPa, ~74% higher than that of pure epoxy resin
(57.8 + 6.0 MPa), confirming that NHo-PPTA is very effective as a
molecular reinforcing agent for epoxy resin. The tensile strength is not
further improved when the content of NH,-PPTA is further increased
(<1.3 wt%), which may be due to the aggregation of NH,-PPTA mac-
romolecules in epoxy at higher contents, as shown by TEM images in
Fig. 4. However, it is interesting that the NH,-PPTA/epoxy composites
still remain much higher tensile strengths than pure epoxy resin. What
needs to be emphasized is that NH,-PPTA also remarkably increases the
toughness of the composites. The maximum elongation at break in
increased to 5.6 &+ 0.3% and the tensile toughness in increased to 2860
+ 316 kJ/m°>, which are ~30% and ~131% higher than those of pure
epoxy resin, respectively. When the content of NH,-PPTA is 0.5 wt%,
Young’s modulus is increased to 2.70 + 0.13 GPa, which is increased by
~34% compared with that of neat epoxy resin. Fig. 6(C) and (D) present
the flexural properties, which show that the flexural strength is also
improved and reaches a maximum value of 179.2 £+ 0.9 MPa for 0.9 wt
%-NHo-PPTA/epoxy, which is increased by ~41%. The flexural
toughness (A) reaches the peak value of 0.56 + 0.03 J for 0.9 wt%-—
NH,-PPTA/epoxy, which is increased by ~143%. The flexural modulus
of the composites is not increased, possibly due to the relative low
modulus of NH,-PPTA compared with that of inorganic nanofillers. The
notched Izod impact strength of 0.7 wt%-NHy-PPTA/AFG-90 is also
increased by ~14%, confirming that the toughness of epoxy is also
increased by very small amount of NHy-PPTA.

Previous studies have demonstrated that many nanofillers can
improve the mechanical properties of epoxy resins. In Table S2, the
increase of the mechanical properties of epoxy resins by previously re-
ported nanofillers is summarized. It is noted that the increase of the
mechanical properties of NH,-PPTA/epoxy composites is comparable
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Fig. 6. (A) Stress-strain curves and (B) tensile properties; (C) stress-deflection curves and (D) flexural properties.
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with that provided by GO [36,64,65], and is superior to those of pro-
vided by many other previously reported nanofillers. GO is a type of
widely studied nanofiller with remarkable reinforcing effect, however, it
has disadvantages of easy aggregation, low compatibility with polymers
and high cost. In contrast, the synthesis and hydrogenation reduction of
NO,-PPTA is relatively simple and easier to scale-up, and the product
NH,-PPTA can be dissolved in some organic solvents, such as DMF and
DMAc, which facilitates its convenient blending with epoxy. The strong
interaction between NH,-PPTA and epoxy resin and formation of
chemical bonds between them ensure effective stress transfer to the
reinforcing phase. NHy-PPTA also significantly improves the flexural
toughness and elongation at break of the composites. These results
confirm that both the strength and toughness of epoxy resins can be
remarkably increased by NHy-PPTA.

The morphology of both the tensile and flexural fracture surfaces
were observed by SEM to further analyze the reinforcing and toughening
effect of NH,-PPTA on epoxy, as shown in Fig. 7, Figs. S2 and S3. For
neat epoxy resin, the fracture surfaces demonstrate the typical features
of brittle polymers, where “river-like” fracture patterns with long and
parallel ripples and the smooth regions between the ripples indicate that
cracks propagate rapidly and are seldom deflected during the crack
development. However, as shown in Figs. S2 and S3, the fracture sur-
faces of the NH,-PPTA/epoxy composites with only 0.1 and 0.3 wt% of
NH,-PPTA become rougher and more cracks and ripples emerge, indi-
cating that the propagating crack fronts are hindered and extend in
different directions, which can consume more energy and thus improve
the toughness of the NHy-PPTA/epoxy composites [66]. When the
NH,-PPTA content is above 0.7 wt%, the fracture surfaces become
extremely rough and a large amount of distorted and randomly oriented
small cracks are observed. Many submicrometer-sized protruding par-
ticles, small cavities, fine fibers and ripples can be observed on the
fracture surfaces of composites with high NH,-PPTA contents, which
results in more energy consumption during fracture and better tough-
ness of the composites. The high magnification SEM image in Fig. 8
shows that there are a large amount of small irregular particles with
diameter less than 200 nm on the fracture surfaces of 0.5 wt%—
NH,-PPTA/epoxy composites. For 0.9 wt%-NH;-PPTA/epoxy com-
posites, rod- or fiber-like particles protruding on the fracture surfaces
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Fig. 8. High magnification SEM images of NH,-PPTA/epoxy composites with
0.5 wt% and 0.7 wt% of NH,-PPTA.

are observed, which are of several hundred nanometers in diameter.
This result is also in consistence with the TEM result showing the exis-
tence of nanorod- or nanofiber-like aggregates of several tens of nano-
meters in diameter in the composites. However, the size of rod- or
fiber-like particles on the fracture surfaces is about one order of

Fig. 7. SEM images of neat epoxy resin and NH,-PPTA/epoxy composites.
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magnitude larger than that of the nanorod- or nanofiber-like aggregates
observed by TEM, indicating that the aggregates are encapsulated by
matrix resin when being pulled out of the fracture surfaces, due to the
strong filler-matrix interfacial interaction.

Basing on above experimental results, the mechanism for the
strengthening and toughening of epoxy resin by NH,-PPTA can be
summarized as follows. With the increase of NH,-PPTA contents, the
molecular composites transfer to nanocomposites. Therefore, the
mechanism for the strengthening and toughening is related to the con-
tent of NHy-PPTA. At low contents, NH,-PPTA disperses at the molecular
level in the matrix. As a rigid-rod aromatic polymer with extended
molecular chains, NH,-PPTA is superior to amorphous and flexible
polymers in mechanical properties, because theoretical research has
shown that the energy required for the deformation of molecular chain
caused by bond angle bending is ten times of the energy required for
bond angle rotation, while the energy required for bond extension can
reach 100 times of the rotation of bond angle [67]. On the other hand,
the amino side groups of NHy-PPTA can react with epoxy matrix,
thereby facilitating the transfer of stress from the matrix to NHy-PPTA.
Therefore, the energy required for deformation and failure of
NH,-PPTA/epoxy composites is much higher. When the content of
NH,-PPTA is high, NH,-PPTA aggregates to form nanorods or nano-
fibers. The mechanism for the strengthening and toughening should be
similar to that of nanocomposites. At higher NH,-PPTA content, the
aggregation becomes more significant, thereby reducing the modifica-
tion effect.

The influence of NH5-PPTA on the dynamic mechanical properties of
epoxy was investigated with DMA. The storage modulus (E') and loss
tangent (tan 8) as the functions of temperature are shown in Fig. 9. The
storage modulus of 0.1-0.5 wt%-NHo-PPTA/epoxy composites almost
is almost the same with that of neat epoxy. However, E' of 0.7 and 0.9 wt
%-NH,-PPTA/epoxy composites increases at temperatures below 150
°C. The tan & curves show that addition of NH,-PPTA does not lead to
apparent shifting of Ty peaks to low temperatures. In contrast, previous
studies have shown that graphene oxide, carboxylated carbon nanotubes
and sulfonated aromatic polyamide decrease the T, values of epoxy
greatly by more than 30 °C because the carboxyl and sulfonic acid group
change the stoichiometric ratio between epoxy resin and the curing
agent, thus reducing the crosslinking density. In contrast, the amount of
NH,-PPTA added in epoxy is rather low and the small amount of addi-
tional amino group of NH2-PPTA does not significantly reduce the
crosslinking density of epoxy, thus the T values and heat resistance of
NH2-PPTA/epoxy resin are not reduced.
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Fig. 9. Storage modulus (E') and tan & curves.
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3.4. Mechanical properties of CF/NH,-PPTA/epoxy composites

As is well known, continuous fiber reinforced composites have the
disadvantage of low interfacial strength and brittleness of the matrix
[68]. As aforementioned, the mechanical properties of NHy-PPTA/e-
poxy composites are greatly increased, therefore, it is reasonable to
speculate that NH5-PPTA can also be used for the modification of the
CF/NH,-PPTA/epoxy composites [69]. Flexural strength (cf) and
modulus (Ep) of the CF/NH2-PPTA/epoxy composites were then
measured by three-point bending test, and interlaminar shear strength
(ILSS) was measured by short-beam shear test. Moreover, the toughness
of the CF reinforced composites was characterized by total energy (Eqp),
i.e. the sum of the energy dissipated during fracture, which was calcu-
lated by the integral of the load-deflection curve in the range from zero
to maximum load [70]. The flexural properties and the ILSS values of the
CF reinforced epoxy composites are presented in Fig. 10 and Table S3. It
can be found that NH,-PPTA not only increases the strength but also the
toughness of CF reinforced composites. For 0.5 wt%-NH,-PPTA/CF/e-
poxy, oy and ILSS are increased by ~16% and ~27%, respectively.
Because flexural properties of continuous CF reinforced polymers is
mainly determined by CFs, NHy-PPTA can only slightly improve the
flexural strength. However, as shown in Table S4, NH2-PPTA increases
ILSS more effectively than some previously reported MWCNTs and
carbon nanofibers. Moreover, addition of NH»-PPTA leads to an increase
of Ey by ~67%, indicating that NH5-PPTA is effective for increasing the
toughness of CF/epoxy composites, which is of great significance for the
application of CF/epoxy composites. At higher NH5-PPTA contents, the
reinforcement becomes less effective. This may be related to the high
viscosity of NHy-PPTA/epoxy with a high NH3-PPTA content, which
makes it difficult for the resin to wet the carbon fibers sufficiently during
the preparation of the CF/NH2-PPTA/epoxy composites.

4. Conclusions

Aminated aromatic polyamide NHy-PPTA was prepared by low-
temperature solution polycondensation followed by hydrogenation
reduction. The rigid-rod NH»-PPTA is demonstrated to be idea rein-
forcing and toughening agent of epoxy resin. When the NH3-PPTA
content is less than 0.5 wt%, NH,-PPTA is dispersed at the molecular
level in the epoxy resin, and when the NH,-PPTA content is higher, the
molecular composite is converted into a nanocomposite due to micro-
phase separation and the formation of nanorod- or nanofiber-like ag-
gregates in the matrices.

NH,-PPTA improves both the strength and toughness of epoxy resin.
A maximum tensile strength of 100.7 + 5.3 MPa was achieved for 0.7 wt
%-NH,-PPTA/epoxy, which is increased by ~74% compared with that
of neat epoxy resin. Furthermore, the elongation at break and tensile
toughness are improved by ~30% and ~131%, respectively, for 1.3 wt
%-NH2-PPTA/epoxy. The flexural strength is also improved to 179.2 £+
0.9 MPa for 0.9 wt%-NH,-PPTA/epoxy, which is increased by ~41%.
The flexural toughness and the notched Izod impact strength are
increased by ~143% and ~14%, respectively. Moreover, NH,-PPTA is
also found to be effective for the modification of CF/epoxy composites.
For 0.5 wt%-NH2-PPTA/CF/epoxy composite, the flexural strength,
ILSS and Ey are increased by ~16%, ~27% and ~67%, respectively.
Preparation of NHp-PPTA/epoxy composites is relatively convenient,
and the reinforcing effect of NH,-PPTA is even better than many pre-
viously reported carbonaceous and inorganic nanofillers. Therefore,
NH2-PPTA can be used in many high performance thermosetting com-
posites and CFRPs in place of or in combination with traditional nano-
materials in the future.
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