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Heterocyclic aramid fibers, a typical kind of high-performance fibers, have been widely used in aerospace and protection fields
because of  their  excellent  mechanical  properties.  However,  the  application  of  heterocyclic  aramid  fibers  as  a  reinforcement  is
hindered  by  the  weak  interfacial  combination  with  matrix  materials,  especially  epoxy.  Traditional  strategies  enhancing  the
interfacial shear strength (IFSS) usually decrease the tensile strength. Therefore, simultaneous enhancement of both mechanical
properties  remains  a  challenge.  Herein,  we  report  a  novel  heterocyclic  aramid  fiber  with  high  interfacial  shear  strength
(49.3  MPa)  and  tensile  strength  (6.27  GPa),  in  which  4,4 ′-diamino-2 ′-chlorobenzanilide  (DABA-Cl)  and  a  small  amount  of
graphene  oxide  (GO)  are  introduced  through in-situ polymerization.  Hydrogen  bonds  and  π–π  interaction  between  GO  and
polymer chains trigger the enhancement in crystallinity, orientation, and lateral interaction of the fibers, thus improving the tensile
strength and interfacial  shear  strength of  the fibers.  Moreover,  the interfacial  interaction between fiber  and epoxy is  enhanced
due to  the improvement  of  the surface polarity  of  the fibers  caused by DABA-Cl.  Therefore,  a  method to  improve both tensile
strength  and  interfacial  shear  strength  of  heterocyclic  aramid  fibers  was  found  by  introducing  GO  and  DABA-Cl,  which  may
provide guidance for the design and preparation of other high-performance fibers.
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 2.1    Materials

 2.2    In-situ synthesis of F3, F3-Cl, and F3-Cl-GO spinning
dope
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 2.3    Preparation of F3-Cl-GO fibers through wet spinning

 2.4    Characterization

 3.1    Characterization of GO and GO dispersion
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 3.2    Tensile properties and characterization of F3-Cl-GO
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 3.3    Interfacial shear performance and characterization of
F3-Cl-GO
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 3.4    Atomistic simulations
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EXPERIMENTALMETHODS

Mechanism properties evaluation

Fiber mechanical properties test: Firstly, the fiber is twisted on a twisting machine, and the

twisting twist formula is as follows: TPM= (1055±50)/ � , where TPM represents twisting twist

required by the fiber, T is the measured fiber line density. The fiber is placed on the tension

machine to ensure that the fiber bundle is axially stretched in the middle of the two fixtures, and

the pre-tension is applied. The clamp spacing was (170±1) mm and the tensile speed was

(25.4±0.1) mm/min.

Fiber impregnation performance test ： Before the test, the fiber should be impregnated for

preparation. Epoxy resin A, curing agent of epoxy resin A and acetone were used as impregnation

raw materials, and their weights were 100 g, 27 g and 21.6 g respectively. The curing agent is first

dissolved in acetone, and then compounded with epoxy resin A to prepare the adhesive solution.

Pour the prepared glue liquid into the glue tank, and control the temperature of the glue liquid

within the range of 23 °C ~ 38 °C. After pouring the glue into the dipping tank, the compound silk

is introduced into the glue tank through the yarn guide, tension controller and regulating wheel,

and the excess glue is removed by scraping sponge. Then the fiber is wound around the winding

sample frame. The impregnated fiber was left at room temperature for 20 h, then dried in an oven

at 90 °C for 2 h and at 150 °C for 3 h to cure the resin. After impregnation, the fiber weight is

recorded as G1, and the length is recorded as L1. The length of the unimpregnated fiber is L2, and

its weight is G2. Sample glue content Wg follows the formula: Wg = 100% × (G2/L2-

G1/L1)/(G1/L1) control glue content of 50%-55%. The mechanical properties of the impregnated

fiber are also obtained by uniaxial tensile test with a tensile rate of 10 mm min−1. The sample was

fixed on the cardboard frame with epoxy resin before testing, and the test length of the sample was

250 mm.

Interfacial shear strength test: Based on UTM150 micro-nano tensile system, a microdrop

embedding and pulling out experiment was designed for heterocyclic aramid fibers system in this

paper, and the interfacial shear strength of the fiber was tested. Assuming that the microdroplet is

spherical and uniformly around the fiber surface, and the interfacial shear stress is evenly



distributed, the interfacial shear strength can be calculated by ε=F／πDL, where F is the droplet

pulling load, D is the fiber diameter, and L is the droplet coating length. When preparing the

sample, the fiber to be tested should be randomly selected first. The surface of the fiber should be

smooth and complete. The fiber is fixed on the rigid sample frame by epoxy resin, and the fiber

length is 2 cm (Figure S6a). Epoxy E51 resin was used as the droplet solution for embedding, and

D230 polyether amine was used as the curing agent. The mass ratio of the two was 3:1. The

evenly mixed solution was placed in a 100 °C incubator for 8 min to control its viscosity. Take out

the resin solution, dip a small amount of resin with the tip of a needle and transfer it to the surface

of the fiber to be measured. The size of the resin droplet can be adjusted by the thickness of the

needle. After curing at room temperature for 24 h, the sample for microdroplet extraction was

prepared.

During the test, the lower end of the rigid frame used to hold the fiber sample is fixed to the lower

end of the instrument fixture attached to the sensor (Figure S6a). The upper fixture of the

instrument is replaced with a self-made stainless steel clamping chuck, and the clamping groove

of the stainless-steel clamping chuck is placed under the droplet. As the chuck moves upward, the

slot approaches the microdroplet and contacts it, eventually scraping the microdroplet away from

the fiber surface (Figure S6b). The load is recorded using a sensor to which the chuck is linked.

Atomistic calculations

Atomistic simulations were performed using the polymer consistent force field (PCFF) to

describe the interatomic potentials[1, 2]. All simulations were conducted using large-scale

atomic/molecular massively parallel simulator (LAMMPS) computational package[3]. The

long-range Columbia interaction was included using particle-particle-particle mesh (PPPM)

method[4], while the van der Waals interaction was described by the 9-6 Lennard-Jones potential

ɛ[2(σ/r)9 - 3(σ/r)6] with a cutoff distance of 1.0 nm.

To calculate the binding energies, the models of F3 chains (F3/F3), F3-Cl chains

(F3-Cl/F3-Cl), and F3-Cl chain onto a GO sheet (F3-Cl/GO) were constructed. The binding

energy for each model was calculated as the sum of the energies of the isolated chains/sheets

minus the total energy of the adsorbed structure upon structural optimization (normalized per

atom).



To investigate the mechanical behaviors F3-Cl and F3-Cl-GO assemblies, tensile tests were

performed. The model of the F3-Cl assembly was formed by arranging F3-Cl chains in a

brick-wall manner, while the model of the F3-Cl-GO assembly was formed by additionally

inserting GO sheets. To integrate the Newton equations of motion, the Verlet algorithm was

adopted with a time step of 0.5 fs. Before the tensile deformation protocol was applied, the

constructed structures were energy minimized using a conjugate gradient algorithm. Afterwards,

mechanical responses to tensile loads of these structures were investigated at nearly zero Kelvin

using a Nosé-Hoover thermostat. Periodic boundary conditions were applied along all directions.

The strain rate was set as 108 s-1.

EXPERIMENTALDATA

Figure S1 Raman spectra of GO after processing.



Figure S2 OM images of the spinning dope with different addition contents of GO (a) 0.3 wt%;

(b) 0.5 wt%.

Figure S3 (a) Tensile strength of the composite fiber with different GO concentrations. (b) 1D

WAXS profiles of composite fiber. (c) Comparison of the FWHM of composite fiber from the

1D-WAXS curves. (d) Azimuthal intensity profile of composite fiber from the 2D-WAXS analysis.



Table S1Mechanical properties of three aramid fibers

Samples
Tensile strength (cN/dtex) and Initial modulus (cN/dtex)

1 2 3 4 5
F3 32.8 823.5 32.5 828.3 32.7 844.7 32.6 839.8 31.9. 825.1

F3-Cl 31.5 855.3 31.8 825.1 31.7 845.2 31.4 850.5 31.1 855.6
F3-Cl-GO 35.2 860.5 35.3 884.9 34.9 886.4 35.5 870.6 35.4 878.6

Figure S4 (a) XPS spectra of composite fiber. (b) FTIR spectra of samples GO-400 ℃-1min and

GO. (c) XPS spectra of GO-400 ℃-1min.

Figure S5 AFM photographs for composite fiber surface (a) F3, (b) F3-Cl, (c) F3-Cl-GO.

Table S2 Surface roughness of composite fibers (4 μm×4 μm)

Samples
Root mean square surface roughness Rq (RMS)/nm

area 1 area 2 area 3 area 4 area 5
F3 91.6 91.9 91 88.3 94.4

F3-Cl 100 109 103 107 108
F3-Cl-GO 123 131 116 112 110



Figure S6 (a) Schematic diagram of droplet removal device. (b) Schematic diagram of

microdroplet removal experiment.



Figure S7 (a) Physical diagram of composite fiber dissolved in DMSO-KOH: (Ⅰ) F3-Cl-GO, (Ⅱ)

F3-Cl, (Ⅲ) F3. (b) Mechanical curve of droplet pull-out test for F3, F3-Cl and F3-Cl-GO. (c)

Mechanical curve of droplet pull-out test for F3-GO and F3-Cl-GO. (d) Strength and elongation at

break of various high-performance fibers.

Table S3 Interfacial shear strength of three aramid fibers

Samples
Interfacial shear strength IFSS (MPa)

1 2 3 4 5
F3 31.4 31.2 29.8 30.3 31.7

F3-Cl 35.5 33.4 38.2 35.8 34.7
F3-Cl-GO 46.7 49.7 52.2 49.5 48.2
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