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ABSTRACT: Conductive aramid (PPTA) fibers are highly
needed for making flexible conductive materials, antistatic
materials, and electromagnetic shielding materials. In this work,
silver-plated conductive PPTA fibers with high conductivity and
excellent mechanical properties were prepared by the electroless
plating of PPTA fibers modified with crosslinked hyperbranched
polyamide-amine (HPAMAM). The crosslinked HPAMAM
creates a stable interface between the PPTA fibers and the silver
plating. The morphology and physicochemical properties of the
modified and the silver-plated fibers were characterized by Fourier
transform infrared spectroscopy, scanning electron microscopy,
atomic force microscopy, X-ray diffraction, X-ray photoelectron
spectroscopy, and thermogravimetric analysis. Three epoxy
crosslinking agents with different chain lengths were used to crosslink HPAMAM, and the effects of HPAMAM concentration,
crosslinking agent dosage, and crosslinking time on the resistance of the fibers were studied. The long chain crosslinking agent
appears to be beneficial to silver plating. The lowest resistance (0.067 Ω/cm) was attained when HPAMAM was modified by
diethylene glycol diglycidyl ether (1:1 molar ratio), and 20 g/L HPAMAM was used to modify the PPTA fibers. The tensile strength
of the original PPTA fibers decreased by only 3% or less after silver plating.

1. INTRODUCTION

Para aramid fibers, that is, poly(p-phenylene terephthamide)
fibers, are well known for their high strength, high modulus,
and high crystallinity.1−3 They have not only excellent
mechanical properties but also outstanding thermal stability,
chemical stability, heat resistance, and flame retardant ability.
Para aramid fibers (commonly referred to as PPTA fibers)
were first produced in 1972 and have since then been widely
used in diverse areas such as military applications, aerospace
industry, electrical engineering, and so on.2,4,5 Because PPTA
fibers are excellent materials for electrical insulation, they can
easily generate and accumulate substantial static electricity that
can damage electronic equipment and textiles during their
use.6 Static electricity can also be a fire hazard and negatively
impact human health.7−9 The electromagnetic interference
from PPTA fibers can also interrupt the normal functioning of
electronic devices,10 and cancer risk escalates when people are
exposed to prolonged electromagnetic radiation. As a result,
there is a considerable demand for specialized aramid fibers
that are free from the problems due to static electricity and
electromagnetic interference.
Conductive aramid fibers have attracted extensive attention

from researchers, as they can be used to fabricate functional

fiber devices.11,12 Various methods have been reported to
prepare conductive aramid fibers, for example, blend spinning
of conductive components and aramid polymers,13 chemical
coating with conductive polymers,14 electrodeposition and
electroless deposition of silver, nickel, or other metals,15,16 and
vacuum or sputter plating.17 Electroless plating is advanta-
geous, in that it does not need large-scale instruments and
equipment, which makes it possible to fabricate conductive
aramid fibers at industrial scale.18−20 In addition, the
electroless plating process does not damage the mechanical
properties of the fibers, which is essential in ensuring the
usability of the fiber products.
Because the surface of PPTA fibers is smooth, has low

roughness, and lacks active sites for the deposition of metal
particles, PPTA fibers need to be modified effectively before
electroless plating.21,22 Liang et al.23 roughened aramid fibers
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with a self-made metallization reagent (NaH-DMSO) and
prepared silver-plated conductive aramid fibers by electroless
plating. However, the coarsening process destroys the skin
structure of the fibers and thus decreases the breaking strength
of the fibers (6.5%). Wang et al.24 constructed an organic
polymer transition layer to avoid the direct contact of aramid
fibers and the metal coating. Specifically, polydopamine is used
to treat meta-aramid fibers, and electroless plating is
accomplished with silver that is autocatalytic adsorbed on
the surface of polydopamine. However, the high price of
dopamine precludes the use of this method at a larger scale.
Hyperbranched polyamide-amine (HPAMAM) dendrimers

are a type of polyamide-amine dendrimers.25,26 The outside of
these three-dimensional and highly branched dendrimers is
covered by many N and O functional groups, and the inside
has substantial cavities.27,28 They can thus be used as a high-
capacity chelating agent and catalyst carrier for metal ions, and
they play a crucial role in various areas including adsorption,
catalysis, drug delivery, and so on.29−31 Whereas other
dendritic polyamide-amine dendrimers have very symmetrical
and regular structures that require delicate step-by-step
synthesis through costly and tedious protection, separation,
and purification steps, HPAMAM has an irregular ellipsoid
shape that allows a simple, economical, one-pot synthesis, and
yet, it still retains very similar material properties.32 Therefore,
HPAMAM is more suitable for large-scale industrial
applications.33 Coating HPAMAM dendrimers on the surface
of the fibers can increase the roughness and improve the
surface activity of the fibers. More importantly, the coated
HPAMAM dendrimer layer can act as a secondary reaction
platform to bind metal ions and then reduce in situ to form
metal nanoparticles as catalytic activation centers in electroless
plating, which helps to avoid the complicated and costly
pretreatment process in traditional electroless plating that
requires individual coarsening, sensitization, and activation
steps.34

In this work, we prepared a series of conductive PPTA fibers
by the electroless silver plating of Kevlar 49 PPTA fibers that
are modified with crosslinked HPAMAM. The crosslinked
HPAMAM improves the surface activity and roughness of the
PPTA fibers and provides a reaction platform for the
subsequent silver plating that relies on the chelation of Ag(I)
by HPAMAM. We systematically investigated the factors that
influence the electrical conductivity and the mechanical
properties of the conductive fiber, including the type and
dosage of crosslinking agent, the reaction time of crosslinking,
and the dosage of HPAMAM.

2. EXPERIMENTAL SECTION

2.1. Materials. All chemicals were used as received unless
stated otherwise. PPTA fibers (Kevlar 491420D) were
purchased from DuPont, Inc. (USA). HPAMAM was
purchased from Weihai CY Dendrimer Technology Co., Ltd.
(China). Epichlorohydrin (ECH), methyl alcohol, glucose, and
silver nitrate (AgNO3) were purchased from Sinopharm
Chemical Reagent Co., Ltd. (China). Ethylene glycol
diglycidyl ether (EGDE) and polyvinylpyrrolidone (PVP)
were purchased from Shanghai Macklin Biochemical Co., Ltd.
(China). Industrial grade diethylene glycol diglycidyl ether
(DGDE) was purchased from Anhui Xinyuan Technology Co.,
Ltd. (China). Polyethylene glycol 2000 (PEG) was purchased
from Tianjin BASF Chemical Trade Co., Ltd. (China). All
chemicals except DGDE were analytical grade.

2.2. Preparation of Silver-Plated PPTA Fibers. A
specified amount of HPAMAM in methanol (100 mL) was
magnetically stirred for 30 min at 60 °C to form a solution
(10−30 g/L HPAMAM in MeOH) before the addition of the
crosslinking agent (ECH, EGDE, or DGDE; stoichiometry of
the HPAMAM/crosslinking agent varies from 1:1 to 1:5; see
Table 1). The mixture was maintained at 60 °C under
magnetic stirring for 5 h to give the crosslinked HPAMAM
that is introduced onto the PPTA fibers (see below). The
obtained crosslinked HPAMAM gels are referred to as CxHPy,
where C is the crosslinking agent (or the group in aggregate), x
indicates the molar ratio of HPAMAM to the crosslinking
agent, and y indicates the amount of HPAMAM used in the
synthesis.
The commercial PPTA fibers were cleaned in a Soxhlet

extractor first with acetone at reflux for 24 h and then with
ethanol at reflux for 24 h. The cleaned fibers were dried in a
vacuum oven at 60 °C to constant weight.35 The dried PPTA
fibers were soaked in the solution of the crosslinked
HPAMAM at room temperature for 60 min and then cured
at 60 °C to constant weight. The obtained fibers were denoted
as CxHPy-PPTA, where C is the individual crosslinking agent
(or the group in aggregate), x indicates the molar ratio of
HPAMAM to the crosslinking agent, and y indicates the
amount of HPAMAM loaded onto the fibers. The fibers
treated with the ECH-crosslinked HPAMAM was washed with
0.1% aqueous Na2CO3 after curing to remove the HCl
generated in the crosslinking reaction, then washed with
deionized water, and dried at 60 °C to constant weight.
The silver plating bath was prepared based on a published

procedure.36 To an aqueous solution of silver nitrate (25 g/L,
100 mL) was added dropwise ammonium hydroxide until the

Table 1. Formulation for Modifying PPTA with Crosslinked HPAMAM

HPAMAM dosage of crosslinking agent (mL)

product concentration (g/L) mass (g) molar ratio to crosslinking agenta ECH EGDE DGDE

C1HP10-PPTA 10 0.50 1:1 0.060 0.105 0.125
C1HP15-PPTA 15 0.75 0.090 0.158 0.188
C1HP20-PPTA 20 1.00 0.120 0.210 0.250
C1HP25-PPTA 25 1.25 0.150 0.263 0.313
C1HP30-PPTA 30 1.50 0.180 0.315 0.375
C2HP20-PPTA 20 1.00 1:2 0.240 0.420 0.500
C3HP20-PPTA 1:3 0.360 0.630 0.750
C4HP20-PPTA 1:4 0.480 0.840 1.000
C5HP20-PPTA 1:5 0.600 1.050 1.250

aCalculated by taking the average molecular weight of HPAMAM as 750.
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solution became clear and transparent. The solution pH was
then adjusted to 11.0 by slow dropwise addition of aqueous
KOH (6 g/L), and ammonium hydroxide was added dropwise
again until the solution clarified. Finally, PVP (0.5 wt %) was
added to this mixture to give the silver plating bath.
Meanwhile, a reduction solution consisting of glucose (of 30
g/L), PEG (stabilizer, 75 mg/L), and anhydrous ethanol
(dispersant, 40 mL/L) in water was prepared.
To carry out the electroless silver plating, CxHPy-PPTA (0.5

g) was immersed in the abovementioned plating bath for 30
min at room temperature with ultrasonication, and then the
reduction solution (100 mL) was added slowly (about 1 drop
per second) at 30 °C. After the addition was complete, the
mixture was maintained at 30 °C under ultrasonication for 60
min. The fibers were collected by filtration, washed with
deionized water for three times, and then dried in an oven at
60 °C to constant weight. The obtained silver-plated aramid
fibers are denoted as CxHPy-PPTA/Ag.
To test the firmness of binding for the CxHPy-PPTA/Ag

fibers,24 the fibers were washed ultrasonically (40 kHz) with
distilled water at 30 °C for 10 min and dried in a vacuum oven
at 60 °C to constant weight before characterization. The
washing/drying procedure was repeated for five cycles.
2.3. Characterizations. Infrared spectra of the modified

fibers and the crosslinked HPAMAM gels were measured on a
Nicolet iS50 Fourier transform infrared (FTIR) spectropho-
tometer (Nicolet, USA) over 500−4000 cm−1. The surface

morphologies of the PPTA fibers were investigated using a
SU8010 field emission scanning electron microscope (Hitachi,
Japan) at 25.0 kV accelerating voltage. X-ray photoelectron
spectroscopy (XPS) was carried out on an ESCALAB Xi+

instrument (Thermo Fisher Scientific, USA) in the CAE mode
at 30.0 eV pass energy. The crystalline structure of the samples
was analyzed on a D-MAX 2200VPCX X-ray diffractometer
(Rigaku, Japan) using Cu Kα radiation at a scan rate of 15°/
min, and the diffraction patterns were recorded in the
reflection mode over 2θ = 5° − 90°. The thermal
decomposition curves of the fibers were recorded on a TG/
DSC synchronous thermal analyzer (STA 409 PC/PG,
NETZSCH, Germany) over 30−800 °C under a nitrogen
atmosphere at a heating rate of 10 °C/min. The weight gain
rate was determined using an analytical balance to measure the
mass of the fibers before and after silver plating.
At least 20 specimens were prepared for each test of tensile

strength or electrical resistance. The tensile strength of the
fibers was tested on a single fiber electronic strength meter
(YG001B, Taicang Hongda, China) at 10 mm/min tensile
speed and 30 mm gauge length. The electrical resistance of the
silver-plated PPTA fibers (5 cm sample length) was measured
using a Fluke 8846A (USA) multimeter at room temperature.

3. RESULTS AND DISCUSSION

Scheme 1 illustrates the processes of crosslinking, modification,
and silver plating. In crosslinking, the epoxy groups of the

Scheme 1. Fabrication of CxHPy-PPTA/Ag

Figure 1. IR spectra of crosslinked HPAMAM gels (A) and crosslinked HPAMAM-modified PPTA fibers (B).
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crosslinking agent open up and combine with the amino
groups of HPAMAM such that multiple HPAMAM molecules
become connected to form a network structure. As a coating
agent, the crosslinked HPAMAM is then cured on the surface
of PPTA fibers through hydrogen bonding during the
immersion and drying of the PPTA fibers. Finally, silver
particles are deposited on the surface of coated PPTA fibers to
form a silver layer through electroless silver plating.

3.1. Characterization of Fibers. The functional groups
on the surface of the crosslinked HPAMAM gels and the
modified PPTA fibers were analyzed by FTIR spectra with
C1HP20 and C1HP20-PPTA as the representative materials. The
absorption peaks around 3284 and 1640 cm−1 in the pristine
HPAMAM (Figure 1A) correspond to the N−H stretching
vibration of the amino group and the CO stretching
vibration of amide group, respectively.37 Several changes can
be noted after crosslinking HPAMAM. First, the absorption

Figure 2. Wide scan XPS spectra of C1HP20-PPTA samples and C1HP20-PPTA/Ag samples (A−C) and high-resolution XPS spectra of Ag3d (D)
and O1s (E−H).

Table 2. Element Content and Crystalline Parameters of Pristine and Modified PPTA

ratio of element
concentrations 2θ (°) FWHM (°) Lhkl (nm)

CI (%)samples N/C O/C (110) (200) (110) (200) (110) (200)

PPTA 0.058 0.215 20.56 22.90 1.32 1.75 4.32 3.88 75.52
ECH1HP20-PPTA 0.161 0.223 20.55 22.89 1.34 1.76 4.32 3.88 75.01
EGDE1HP20-PPTA 0.065 0.247 20.85 23.22 1.82 2.03 4.26 3.83 64.84
DGDE1HP20-PPTA 0.147 0.323 20.33 22.67 1.39 1.71 4.36 3.92 58.73

Figure 3. FE-SEM images of PPTA (A), ECH1HP10-PPTA (B), ECH1HP20-PPTA (C), ECH1HP30-PPTA (D), ECH1HP10-PPTA/Ag (E),
ECH1HP20-PPTA/Ag (F), and ECH1HP30-PPTA/Ag (G).
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peak around 3300 cm−1 widens because the stretching
vibration peaks of N−H and O−H now overlap. In addition,
a wide peak appears at 1080 cm−1 due to the overlap of the
stretching vibration peaks of C−O and C−O−C.38 Finally, a
new absorption peak appears at 940 cm−1 for EGDE1HP20 and
DGDE1HP20, which corresponds to the symmetric stretching
vibration of the epoxy group.39 These observations also apply
to the modified PPTA fibers (Figure 1B). That is, the
HPAMAM has been successfully crosslinked and the PPTA
fibers are effectively modified.
The elemental changes on the fiber surface were analyzed by

XPS using C1HP20-PPTA as the representative materials.
Compared with the original PPTA, the C1HP20-PPTA fibers
have slightly stronger N1s and O1s peaks (Figure 2). Table 2
shows that the N/C and O/C ratios are higher for the
modified fibers. In the high-resolution XPS spectrum of the
original PPTA, there is only one O1s peak at 531.6 eV which
can be unambiguously attributed to the amide group (OC−
N). In contrast, a new O1s peak at 532.1 eV can be noted in the
XPS spectrum of ECH1HP20-PPTA, which can be attributed to
the hydroxyl group that is generated after the ring opening of
the epoxy group, and EGDE1HP20-PPTA and DGDE1HP20-
PPTA both have three O1s peaks that correspond to OC−N
(531.3 eV), −OH (531.9 eV), and C−O−C (532.5 eV).40

These observations agree well with the FTIR findings and
verify the crosslinking of HPAMAM and the modification of
PPTA. The characteristic peaks of Ag3d3/2 and Ag3d5/2 appear at
373.8 and 367.8 eV after silver plating, which verify the
presence of metallic Ag0.41

Figure 3 shows the scanning electron microscopy (SEM)
images of the modified and the silver-plated fibers with
different formulations. Whereas the original PPTA has a
smooth surface, the modified PPTA fibers have a rough surface
and are covered with an irregular film. The roughness and the
size of the surface particle both increase when the
concentration of crosslinked HPAMAM is higher, and serious
agglomeration can be noted on the fibers when the HPAMAM
concentration is at 30 g/L. The deposition of a silver layer can
be clearly seen on the silver-plated fibers. The silver layer is
very sparse and discontinuous when the concentration of
HPAMAM is low, which implies poor coating, but becomes
dense and uniform when the concentration of HPAMAM is 20
g/L. However, when the HPAMAM concentration increases
further, part of the silver layer thickens excessively and peels off
due to the agglomeration of HPAMAM.
On the atomic force microscopy (AFM) images of the

PPTA fibers (Figure 4), the untreated PPTA fibers have a
relatively smooth surface and a Ra value of 3.61 nm, whereas
the modified PPTA fibers have some particles on the surface
and a Ra value that is positively related to the concentration of
crosslinked HPAMAM used for coating. The AFM results
agree well with the SEM findings.
Figure 5A shows that the original PPTA fibers are partially

crystalline with two sharp diffraction peaks in the 2θ range of
15−25°.1 The surface modification process does not damage
the crystal structure of the fibers, as the modified fibers have
essentially the same diffraction peaks of the original fibers,
although the intensity of the peaks is slightly lower (Table 2),

Figure 4. AFM images of PPTA (A, E), ECH1HP10-PPTA (B, F), ECH1HP20-PPTA (C, G), and ECH1HP30-PPTA (D, H).

Figure 5. XRD patterns (A) and thermogravimetric diagrams (B) of pristine PPTA fibers, modified fibers, and silver-plated fibers.
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likely because of the crosslinked HPAMAM layer covering the
fiber surface. Five new diffraction peaks in the silver-plated
fibers appear at 2θ values of 38.27, 44.47, 64.58, 77.58, and
81.63°, which correspond to the (111), (200), (220), (311),
and (222) planes of face-centered cubic silver,42 respectively
(JCPDS No.4-783). The characteristic peaks of PPTA are
significantly weaker in the X-ray diffraction (XRD) of the
silver-plated fibers. Therefore, the silver-plated fibers must be
covered with a dense silver layer.
The thermal stability of the fibers was studied by

thermogravimetric analysis using PPTA, ECH1HP20-PPTA,
and ECH1HP20-PPTA/Ag as representative materials (Figure
5B). The weight loss of the pure PPTA fibers is about 56.58%
in 500−600 °C, which is caused by the decomposition of the
aramid backbone.2 The modified fibers (ECH1HP20-PPTA)
show about 4.51% weight loss in 0−100 °C as ECH1HP20 can
decompose at relatively low temperature, and the main chain
of ECH1HP20-PPTA decomposes at >500 °C just like pristine
PPTA. The silver-plated fibers (ECH1HP20-PPTA/Ag) has
much less weight loss than both PPTA and ECH1HP20-PPTA,
likely because of the high melting point of silver (∼960 °C).

When the heating temperature reaches 800 °C (i.e., at the end
of the thermogravimetric experiment), the residual mass is
36.97, 47.90, and 71.46% for PPTA, ECH1HP20-PPTA, and
ECH1HP20-PPTA/Ag, respectively. The results verify the
existence of the silver layer and indicate that the synthetic
procedures do not damage the thermal stability of the fibers.
Table 3 shows the tensile strength and the elongation at

break of the fibers. The modification process hardly damages
the mechanical properties of PPTA, as the three modified
fibers have only about 2% less tensile strength compared with
the pristine PPTA fibers. The three silver-plated fibers retain
about 97% of tensile strength of PPTA, and the strength loss
comes from the silver layer on the fiber surface rather than
within the fibers. Interestingly, the tensile strength of the silver-
plated fibers follows the same order of the electrical
conductivity of the crosslinking agent used for HPAMAM
(i.e., DGDE > ECH > EGDE), probably because an uneven
silver layer tends to reduce strength more seriously. In sum, the
fibers still possess excellent mechanical properties after silver
plating.

Table 3. Tensile Strength and Elongation at Break of Different Fibers

C1HP20-PPTA C1HP20-PPTA/Ag

PPTA ECH EGDE DGDE ECH EGDE DGDE

tensile strength (cN/dT) 19.54 18.86 18.85 19.13 18.41 18.02 18.89
elongation at break (%) 2.32 2.21 2.19 2.19 2.11 2.09 2.13

Figure 6. Effect of HPAMAM concentration (A−C), molar ratio of crosslinking agents to HPAMAM (D−F), and crosslinking time (G−I) on
resistance and weight gain rate of silver-coated fibers.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c00143
ACS Omega 2022, 7, 17014−17023

17019

https://pubs.acs.org/doi/10.1021/acsomega.2c00143?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00143?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00143?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00143?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c00143?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


3.2. Variables that Influence the Resistance of the
Silver-Plated Fibers. Figure 6 A−C shows the changes of the
resistance and weight gain rate of the three silver-plated
conductive fibers with the concentration of HPAMAM. When
the concentration of crosslinked HPAMAM is 20 g/L, the
resistance of fibers is the lowest, reaching 0.110, 0.140, and
0.096 Ω/cm for ECH1HP20-PPTA, EGDE1HP20-PPTA, and
DGDE1HP20-PPTA, respectively. When the crosslinked
HPAMAM is less than 20 g/L, there is not enough silver
adsorbed on the fibers, which reduces the conductivity of the
final fibers. On the other hand, when the crosslinked
HPAMAM is more than 20 g/L, the silver film on the fiber
surface is thicker and attached less firmly, which results in an
uneven silver layer and poor conductivity. The change of
weight gain rate of the fibers has the exact opposite trend of
resistance, which can be explained by the SEM findings. When
the concentration of HPAMAM is less than 20 g/L, the weight
gain rate increases as the silver layer on the fiber surface
becomes denser, which improves conductivity. However, when
the concentration of HPAMAM exceeds 20 g/L, the
agglomerated shedding of silver particles decreases the weight
gain rate and the electrical conductivity.
Figure 6D−F shows the changes of resistance and weight

gain rate with the amount of the crosslinking agent when the
concentration of HPAMAM is held constant at 20 g/L. In
general, a higher amount of the crosslinking agent increases
resistance and reduces conductivity. When only a small
amount of the crosslinking agent is applied, the crosslinked
HPAMAM forms a loose network structure that is beneficial to
the chelation of Ag(I). Accordingly, the fibers adsorb more
Ag(I), the deposition rate becomes higher, which increases the
stability of the plating solution, and in turn increases the
amount of Ag particles deposited. When there are excessive
crosslinking agents, most of the amino groups will be
crosslinked and the degree of crosslinking will be too high.
Consequently, the adsorption of Ag(I) will be poorer, and the
network structure will be tighter and too hydrophobic. To
attain the best conductivity, Ag(I) should ideally enter the
HPAMAM network and not be deposited on the PPTA fiber
surface. The optimal molar ratio of HPAMAM to crosslinking
agent is 1:2 for ECH and 1:1 for EGDE and DGDE. The
difference is likely because the number of epoxy groups in the
crosslinking reagent affects the degree of crosslinking, and
ECH has only one epoxy group, whereas both EGDE and
DGDE have two.
The influence of crosslinking time was evaluated by

crosslinking 20 g/L HPAMAM with 1:2 ECH, 1:1 EGDE,
and 1:1 DGDE, and the results are shown in Figure 6G−I. For
ECH2HP20-PPTA/Ag, resistance is higher when the cross-
linking time is less than 3 h, probably because a low degree of
crosslinking reduces the chelating ability of the HPAMAM gel
to adsorb Ag(I). Although the high weight gain rate suggests
significant deposition of silver on the fibers, the HPAMAM
film crosslinked by the small ECH molecule is uneven, thus
causing high resistance. Resistance is also higher when the
crosslinking time is longer than 3 h, it is also because a large
number of amino groups are crosslinked, resulting in poor
adsorption of Ag(I). At the same time, the network structure is
too tighter and the hydrophilicity is poor due to a large degree
of crosslinking. Low resistance and high silver content can be
obtained with a short crosslinking time of 1 h for EGDE1HP20-
PPTA/Ag, but 4 h is necessary for DGDE1HP20-PPTA/Ag,
probably because DGDE has a lower crosslinking reactivity

due to its long chain structure. The optimal resistance is 0.068,
0.140, and 0.067 Ω/cm for ECH2HP20-PPTA/Ag, EG-
DE1HP20-PPTA/Ag, and DGDE1HP20-PPTA/Ag adopting a
crosslinking time of 3, 1, and 4 h, respectively.
The overall conductivity of the silver-coated fibers falls in

the order of DGDExHPy-PPTA/Ag > ECHxHPy-PPTA/Ag >
EGDExHPy-PPTA/Ag, likely because the crosslinked HPA-
MAM network structure formed by the long-chain DGDE is
relatively loose, which helps the chelation of Ag(I) and creates
a more uniform HPAMAM (and thus silver) layer. The
conductive fibers prepared in the current work outperform
many other reported conductive fibers prepared by electroless
plating (Table 4). Therefore, modification with crosslinked
HPAMAM is an effective pretreatment method for the
electroless plating of aramid fibers.

3.3. Firmness of Silver-Plated Fibers. The binding
firmness of the silver-plated fibers was assessed by measuring
the electrical resistance of the fibers after ultrasonic washing
(Figure 7A). Ultrasonic treatment increases the resistance of
EGDE1HP20-PPTA/Ag more rapidly than ECH2HP20-PPTA/
Ag and DGDE1HP20-PPTA/Ag (Figure 7B), likely because the
silver layer of EGDE1HP20-PPTA/Ag fibers does not have a
uniform thickness and the silver particles fall off easily. Three
ultrasonic washing cycles (10 min each) do not have a major
impact on resistance, and the resistance of DGDE1HP20-
PPTA/Ag increases from 0.067 to only 0.21 Ω/cm after 30
min. In addition, the resistance of DGDE1HP20-PPTA/Ag only
increases to 0.45 Ω/cm when ultrasonic washing is increased
to five 10 min cycles.
Conductive fibers also need to be flexible enough to

maintain their properties upon deformation such as bending.
The twisted DGDE1HP20-PPTA/Ag fibers close the circuit in
Figure 7C without any problem and can light up the bulb
successfully.

4. CONCLUSIONS
This paper provides a facile and efficient method to prepare
silver-plated conductive PPTA fibers with excellent electrical
conductivity and mechanical properties. Crude PPTA is first
modified by crosslinked HPAMAM, and the final conductive
fibers are prepared from the electroless silver plating of the
modified PPTA. The crosslinked HPAMAM is essential to

Table 4. Comparison of Electrical Resistance of Different
Conductive Fibers

conductive fibers
resistance
(Ω/cm) reference

silvered PPTA fibers prepared by the wet chemical
method

1.000 43

silver-plated nylon fibers prepared by heat scanning 2.800 12
nickel-modified copper-plated PPTA fibers 0.351 44
NaH/DMSO-treated silver-plated PPTA fibers 0.210 45
silvered PPTA fibers modified by crosslinked
chitosan

0.380 21

silver-plated PPTA fibers by employing low-
temperature oxygen plasma treatment and
dopamine functionalization

0.890 20

ECH2HP20-PPTA/Ag 0.068 this
work

EGDE1HP20-PPTA/Ag 0.140 this
work

DGDE1HP20-PPTA/Ag 0.067 this
work
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creating the silver coating on the PPTA matrix. Three
crosslinking agents were tested. The dosages of the cross-
linking agent, the dosage of HPAMAM, and the time of
crosslinking were all optimized to improve the performance of
the conductive fibers. The DGDE1HP20-PPTA/Ag fibers attain
the lowest resistance of 0.067 Ω/cm when the crosslinking
time is 4 h, the HPAMAM concentration is 20 g/L, and the
ratio of the crosslinking agent DGDE to HPAMAM is 1:1. The
silver-plated fibers retain 97% of the tensile strength of the
original PPTA fibers. The silver layer is more firmly attached to
the PPTA matrix in DGDE1HP20-PPTA/Ag than in other
fibers, and the resistance of DGDE1HP20-PPTA/Ag increases
to only 0.45 Ω/cm after 5 ultrasonic cycles. The silver-plated
PPTA fibers with high electrical conductivity and excellent
mechanical properties are expected to see promising
applications in various flexible conductive devices.
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photographs of the bulb powered through the conductive fibers subjected to bending (C).
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