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Multifunctional surface modification of an aramid fabric via direct fluorination
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A B S T R A C T

This study investigated the potential of direct fluorination as a multifunctional surface modification

method for an aramid fabric. The aramid fabric was fluorinated at temperatures of 30, 90, and 150 8C. As

the fluorination temperature increased, the fluorinated aramid fabric became more hydrophobic and

oleophobic, with a water contact angle of 129.38 and a diiodomethane contact angle of 108.68 when the

fluorination temperature was 150 8C. Thus, the fluorinated fabric could be defined as an omniphobic

surface. Both the phenol resin wettability and the impregnation of the fluorinated aramid fabric

improved as the fluorination temperature increased, suggesting better interfacial adhesion between the

fabric and the polymer matrix. Direct fluorination of an aramid fabric can be an efficient multifunctional

surface modification method to achieve omniphobicity in the aramid fabric for the protection, self-

cleaning, and improved interfacial adhesion between the fabric and resin for fiber-reinforced polymer

composites.

� 2012 Elsevier B.V. All rights reserved.
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1. Introduction

Aramid fibers have attracted the attention of many researchers
because of their stiffness, high strength, high fracture strain,
excellent thermal stability, chemical inertness, and low density
[1,2]. Therefore, aramid fabrics are promising candidates for
applications as protective wear (such as bulletproof vests) and as a
reinforcement fiber for advanced composites [3–5].

When an aramid fabric is used for protective wear, its wetting
behavior is one of the most important factors, because the water in the
protective fabric impairs its protective performance because of the
reduction in the friction between the yarns [6,7]. In addition, highly
hydrophobic and/or oleophobic surfaces (also denoted as omniphobic
surfaces when the surface is both hydrophobic and oleophobic) are
desirable formanyapplications, includingself-cleaningsurfaces[8–10].

When an aramid fabric is used as reinforcement for advanced
composites, the aramid fiber has poor interfacial adhesion with
almost all of the commercially available resins because it has a
smooth surface and is chemically inert [11]. Because the mechanical
properties of fiber-reinforced polymer composites depend on both
the mechanical properties of the reinforcement and matrix and the
interfacial adhesion between them, it is necessary to improve the
interfacial adhesion of the aramid fabric [12].
* Corresponding author. Tel.: +82 42 821 7007; fax: +82 42 822 6637.
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Several methods can be used to improve the hydrophilicity,
oleophobicity, and interfacial adhesion of the aramid fabric.
Chemical treatment [13–15], plasma treatment [16–18], and even
ultrasonic treatment [19] can be used. Direct fluorination can be an
effective method to simultaneously improve the omniphobicity
and interfacial adhesion with little damage to the polymer [20,21].
Moreover, fluorination is dry and uses no water or organic solvents,
which are cost-, energy-, and time-consuming and may lead to
water pollution [22].

This study investigated the potential of direct fluorination as a
multifunctional surface modification method for improved hydro-
phobicity and oleophobicity, resulting in improved omniphobicity
and improved interfacial adhesion between the fiber and the
matrix polymer. The effect of fluorination on the omniphobicity of
the aramid fabric was assessed, and the phenol resin wettability
and impregnation of the fluorinated aramid fabric were also
investigated to evaluate the potential interfacial adhesion between
the fabric and the polymer matrix.

2. Results and discussion

2.1. The surface chemical composition of the untreated and

fluorinated aramid fabrics

The surface chemical composition of the untreated and
fluorinated aramid fabrics was characterized using XPS analysis.
The resulting elemental analysis results are shown in Table 1. The
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Table 1
The XPS surface elemental analysis parameters of the aramid fabrics.

Samples Elemental contents (atomic %) N/C O/C F/C

C1s N1s O1s F1s

Untreated 82.0 5.0 13.0 0.00 0.06 0.16 0.00

F30 61.5 6.8 12.0 19.7 0.11 0.20 0.32

F90 49.4 6.2 12.1 32.3 0.13 0.24 0.65

F150 45.3 5.4 10.1 39.2 0.12 0.22 0.87
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major surface constituents of the untreated aramid fabric were
carbon, oxygen, and nitrogen, as predicted by the chemical structure
of the aramid polymers. And the new major surface constituent,
fluorine, was observed in the fluorinated aramid fabrics. When
comparing the fluorine content and F/C ratio of each sample, the
surface fluorine concentration increased, as the fluorination
temperature increased. The chemical bonds of the untreated and
fluorinated aramid fabrics were investigated via C1s deconvolution.
The results are depicted in Fig. 1, and the concentrations of the
functional groups of the aramid fabrics are shown in Table 2.
The constituents that were observed in the untreated aramid fabric
were 1, 2, 3, and 4 at 285.0, 286.3, 287.8, and 289.1 eV, respectively,
as shown in Fig. 1(a). These corresponded to C–C, C–N/C–O, O55C–N–
H, and O55C–O, respectively, as previously reported [23,24]. After
fluorination, a new constituent, 5, was observed in F30, F90, and
F150 at 290.3 eV, as shown in Fig. 1(b)–(d). This constituent
corresponded to covalent C–F, which is from CF, CF2 or the least
Fig. 1. The C1s spectra of the untreated and fluorinated aram
possibly CF3, as previously reported [29–32]. As in the elemental
analysis of the survey spectra, the C–F bond concentration increased
as the fluorination temperature increased from 30 (F30) to 90 (F90)
to 150 8C (F150). F30 had an O55C–O concentration that was similar
to the concentration in the untreated fabric, whereas F90 and F150
had significantly increased O55C–O concentrations. When fluorina-
tion was performed at the relatively higher fluorination tempera-
tures of 90 or 150 8C, the amide bonds of the aramid polymer might
have been partially broken and formed carboxylic acid groups
(O55C–O). Fluorination at a higher fluorination temperature seems to
introduce more fluorine, but the fluorination reaction apparently
breaks some of the amide bonds.

The F1s deconvolution spectra of the fluorinated aramid fabrics
are shown in Fig. 2 and confirmed the nature of the C–F bonds. Only
covalent C–F bonds were observed in all of the spectra of the
fluorinated aramid fabrics. The fluorinated surfaces of the aramid
fabrics are expected to be hydrophobic and oleophobic.
id fabrics: (a) untreated, (b) F30, (c) F90, and (d) F150.



Table 2
The concentrations of the functional groups of the aramid fabrics.

Samples Concentration (%)

C–C C–N/C–O O55C–N–H O55C–O C–F

285.0 eV 286.3 eV 287.8 eV 289.1 eV 290.2 eV

Untreated 82.5 8.8 5.2 3.5 –

F30 63.3 10.5 5.2 6.1 14.9

F90 45.9 11.3 5.3 11.5 25.9

F150 41.0 11.7 5.2 11.7 30.4

Fig. 2. The F1s spectra of the fluorinated aramid fabrics: (a) F30, (b) F90, and (c) F150.
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2.2. The bulk chemical composition of the untreated and fluorinated

aramid fabrics

Because XPS only provides the surface chemical compositions
of the materials, FTIR analysis (4000–650 cm�1) was performed to
characterize the bulk chemical composition of the untreated and
fluorinated aramid fabrics. Fig. 3 depicts the FTIR spectra of the
aramid fabric samples. The characteristic bands of the aramid
polymer (N–H stretching, C55O stretching, C–N stretching, N–H
bending of the amide moiety, and C–H deformation and bending of
the aromatic ring) were observed in all of the samples [12]. After
the fluorination of the aramid fabrics, the C–F stretching bands of
the C–F bonds were observed in the range of 1000–1300 cm�1

[5,12]. When comparing the spectra of the fluorinated samples, the
C–F peak intensity increased as the fluorination temperature
increased. In addition, the C55O stretching bands of the carboxylic
acid groups appeared when the fluorination temperature was
higher (90 and 150 8C). Some amide bond cleavage might have
occurred and resulted in the increased formation of carboxylic acid
groups and C–F bonds during fluorination at higher temperatures.
The difference in the intensities of the C–F peaks was relatively
small when the untreated and fluorinated aramid fabrics were
compared and especially when the untreated aramid fabric and
F30 were compared. Due to the chemical stability and highly
crystalline nature of the aramid polymer, it is hard to be fluorinated
and the resulting fluorinated aramid is very thin. Because the
intensities of the FTIR spectra are proportional to the thickness
according to Beer’s law, the resulting C–F peak intensity of F30 is
very weak. However, when the fluorination temperature was
higher (at 90 8C or 150 8C), the thickness of the fluorinated layer
also increased. Therefore, the C–F peak intensities of F90 and F150
were much stronger than the peak intensity of F30. In other words,
F90 and F150 had thicker fluorinated layers, resulting in the
stronger C–F peaks. The carboxylic acid peak was much weaker
than the other characteristic peaks of the aramid, suggesting that
only a small number of the surface amide groups of the aramid
polymer were broken. The bulk properties of the aramid were
retained even with the higher surface fluorine level, as shown in
the results of the XPS analysis after fluorination at a higher
temperature.



Fig. 3. The FTIR spectra of the aramid fabrics and their expansions between 1000 and 1300 cm�1.
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2.3. The morphologies of the untreated and fluorinated fabrics

The morphologies of the aramid fabrics were investigated using
SEM analysis. Fig. 4 depicts SEM images of the samples. Fig. 4(a)
shows that the aramid fabric was a plain-woven fabric with a
Fig. 4. SEM images of the aramid fabrics: (a) the fabric structure and fibe
656–698 mm yarn diameter that consisted of fibers with a
12.3–13.5 mm diameter. Fig. 4(b)–(d) shows the surface morphol-
ogy of the untreated and fluorinated aramid fibers. F30 had a
surface morphology similar to that of the untreated aramid fabric,
which had a smooth and clean surface. F90 had a slightly irregular
r surfaces of the (b) untreated, (c) F30, (d) F90, and (e) F150 fabrics.



Table 3
The contact angles of the liquids on the aramid fabrics.

Water contact angle (8) Diiodomethane contact angle (8)

Untreated 0 0

F30 0 0

F90 116.8(�2.5) 99.3(�2.9)

F150 129.3(�2.1) 108.6(�1.0)

Table 4
The surface free energies of the liquids used.

gtotal (mN/m) g p
l

(mN/m) gd
l (mN/m)

Water 72.3 51.0 21.3

Diiodomethane 50.8 1.3 49.5

Table 5
The calculated surface free energies of the aramid fabrics.

gtotal (mN/m) gd
s (mN/m) g p

s (mN/m)

F90 8.3 7.5 0.8

F150 5.8 5.7 0.1
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surface, and F150 had a roughened fiber surface. Based on the XPS
and FTIR data, F150 had the highest surface fluorine content and
the thickest fluorinated layer of the fluorinated samples, yet the
fluorinated layer was thinner than the unfluorinated layer. The
roughness arising from high-temperature fluorination through
hyperfluorination of the aromatic groups or the breakage of the
amid groups was expected to improve the hydrophobicity,
oleophobicity (omniphobicity), and resin wettability of the aramid
fabric surface without losing its beneficial bulk physical properties.

2.4. The omniphobicity of the untreated and fluorinated fabrics

The surface wettability of the aramid fabrics was investigated
by contact angle measurements using water and diiodomethane.
Table 3 depicts the contact angles of the liquids on the aramid
fabric samples. The untreated aramid fabric absorbed both water
and diiodomethane immediately upon contact. F30 also absorbed
both water and diidomethane, but the absorption time of the
liquids was about 3–5 s. Even though the liquid absorption times
were different, both the untreated aramid fabric and F30 are
hydrophilic and oleophilic. F90 was hydrophobic and oleophobic,
with a water contact angle of 116.88 (�2.58) and a diiodomethane
Fig. 5. Phenol resin wettability of the aramid fabric
contact angle of 99.38 (�2.98). F150 was even more hydrophobic and
oleophobic, with a water contact angle of 129.38 (�2.18) and a
diiodomethane contact angle of 108.68 (�1.08). Both F90 and F150
could be considered omniphobic based on the results of the contact
angle measurements.

The surface free energies of the aramid samples can be
calculated from the contact angles measured with water and
diiodomethane. The following Eqs. (1) and (2) from the Owens–
Wendt geometric mean method were used [34]:

g lð1 þ cosuÞ ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffi
g p

s g p
l

q
þ 2

ffiffiffiffiffiffiffiffiffiffiffi
gd

s g
d
l

q
(1)

gsl ¼ gs þ g l � 2
ffiffiffiffiffiffiffiffiffiffiffiffi
g p

s g p
l

q
� 2

ffiffiffiffiffiffiffiffiffiffiffi
gd

s g
d
l

q
(2)

where u is the contact angle between the aramid fabric and the
testing liquid on which the measurement was performed, gl is the
surface tension of the testing liquid, g p

s and g p
l are the polar
s: (a) untreated, (b) F30, (c) F90, and (d) F150.
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components of the total surface free energy of the fabric and liquid,
respectively, gd

s and gd
l are the dispersive components of the total

surface free energy of the fabric and liquid, respectively.
The surface free energies of water and diiodomethane are

shown in Table 4, and the calculated surface free energies of the
aramid fabrics are shown in Table 5. Because the untreated sample
and F30 absorbed both water and diidomethane, the surface free
energies could not be calculated. The untreated sample and F30
have distinctly high surface free energies. F90 had a significantly
decreased total surface free energy of 9.1 mN/m. F150 had an even
more significantly decreased total surface free energy of 5.9 mN/m.
Based on the XPS and FTIR results, F90 had twice the fluorine
content of F30. This difference in the surface fluorine content
seems to be responsible for the significantly improved omnipho-
bicity of F90. In addition, F150 had three times the fluorine content
of F30 and a roughened fiber surface that was induced by the
higher-temperature fluorination. Due to the synergistic effect of
the elevated fluorine content and the roughened fiber surface, F150
had an even more significantly decreased surface free energy,
which resulted in the most omniphobic sample surface.

2.5. The phenol resin wettability and impregnation of the untreated

and fluorinated aramid fabrics

The phenol resin wettability of the untreated and fluorinated
aramid fabrics was evaluated using the SEM images that were
obtained from the fabrics that had been dipped into the mixture of
phenol resin and methanol (50/50, w/w). The SEM images of the
samples are shown in Fig. 5. As shown in Fig. 5, the surface of the
phenol resin-dipped fabric became smoother because the grooves
formed by the fibers were filled with the phenol resin. When the
aramid fabric was fluorinated at higher temperatures, the surface
Fig. 6. Phenol resin impregnation of the aramid fabr
of the dipped fabric became smoother with more filled grooves.
More phenol resin was apparently attached to the surface of the
aramid fabric when the fabric was fluorinated at a higher
temperature. This was attributed to the fluorine-related functional
groups that were reported to form electrophilic bonds with
oxygen- and nitrogen-related functional groups such as –OH and –
NH2 [25–27]. These bonds improved the interfacial affinity of the
fluorinated aramid fabrics to the –OH-rich phenol resin, resulting
in a wetter resin and smoother surface for the dipped fabrics. The
improved roughness of the F150 surface induced by fluorination
also contributed to the wetting of the resin, resulting in the
smoothest surface out of all of the evaluated samples.

The phenol resin impregnation of the untreated and fluorinated
aramid fabrics was also evaluated using SEM images obtained from a
cross-section of the phenol resin-impregnated fabrics, which were
cut by focused ion beam (FIB). The SEM images of the resin-
impregnated fabrics are shown in Fig. 6. The voids between the
aramid fibers were filled with the phenol resin after impregnation.
The number of these voids decreased as the fluorination tempera-
ture of the fabric increased. The surface chemical composition of the
fluorinated fabric showed that more fluorine-related surface groups
were introduced onto the surface of the fabric as the fluorination
temperature increased. With more fluorine-related functional
groups present, the resin impregnation into the aramid fabric
improved because of the reduced abrasion of the interface between
the aramid fiber and the phenol resin. The presence of surface
fluorine-related functional groups usually reduces abrasion [25].

3. Conclusions

An aramid fabric was fluorinated at temperatures of 30 8C,
90 8C, and 150 8C to investigate the effectiveness of the direct
ics: (a) untreated, (b) F30, (c) F90, and (d) F150.
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fluorination as a multifunctional surface modification method. As
the fluorination temperature increased, the fluorinated aramid
layers became thicker, and more surface fluorine-related func-
tional groups were observed. The surface morphology of the
aramid fiber became rougher when the fluorination temperature
was 150 8C. The fluorinated aramid fabric became more hydro-
phobic and oleophobic, with a water contact angle of 129.38 and a
diiodomethane contact angle of 108.68 when the fluorination
temperature was 150 8C. The surface of the fluorinated aramid
fabric could be defined as an omniphobic surface. Both the phenol
resin wettability and the impregnation of the fluorinated aramid
fabric improved as the fluorination temperature increased,
suggesting better interfacial adhesion between the fabric and
the polymer matrix. Therefore, direct fluorination of the aramid
fabric can be an efficient multifunctional surface modification
method to achieve omniphobicity in the aramid fabric for
protection, self-cleaning, and improved interfacial adhesion
between the fabric and the resin for fiber-reinforced polymer
composites.

4. Experimental

4.1. Materials

The aramid fibers used in this study were Kevlar1 K1200, which
are manufactured by DuPont. The phenolic resin (KRD-HM2) was
supplied by Kolon Chemicals, Korea. Fluorine (Messer Griesheim
GmbH, 99.8%) and nitrogen (99.999%) gases were used for the
direct fluorination of the aramid fabric.

4.2. Fluorination of the aramid fabric

Fluorination was performed using a fluorination apparatus that
consisted of a reactor, a vacuum pump, and gas cylinders
connected to a buffer tank. A detailed description of the
fluorination apparatus has been provided previously [28–
29,33,34]. The aramid fabric was loaded into a nickel boat inside
the reactor and degassed to remove any impurities. The fluorina-
tion of the aramid fabric was then performed at 30, 90, and 150 8C
for 30 min at a fluorine pressure of 0.1 bar and a nitrogen pressure
of 0.9 bar. The aramid fabric was degassed to remove any
unreacted gas after the fluorination. The samples were designated
F30, F90, and F150, depending on the fluorination temperature.

4.3. Characterization of the fluorinated aramid fabric

X-ray photoelectron spectroscopy (XPS) spectra of the aramid
fabrics were obtained with a MutiLab 2000 spectrophotometer
(Thermo Electron Co., England) to investigate the changes in the
chemical composition of the surfaces before and after fluorination
using Al Ka (1485.6 eV) X-rays with a 14.9-keV anode voltage, a
4.6-A filament current, and a 220-mA emission current. All of the
samples were pretreated at 10�9 mbar to remove any impurities.
The XPS survey spectra were obtained with a 50-eV pass energy
and a 0.5-eV step size. The core level spectra were obtained at a 20-
eV pass energy with a step size of 0.05 eV. FWHM of each
component was 1.8 eV. Fourier transform infrared spectroscopy
(FTIR; Bruker Optics IFS 66/S; reflectance ATR mode; 64 scans) was
used to characterize the bulk chemical composition of the aramid
fabrics before and after fluorination.

Scanning electron microscopy (SEM; JEOL, JSM-7000F, Japan)
was used to investigate the changes in the morphologies of the
aramid fabrics. The phenolic resin wettability and the impregnation
of the aramid fabric were also evaluated using SEM images. Next, the
untreated and fluorinated aramid fabrics were dipped into the
mixture of phenol resin and methanol (50/50, w/w), dried and
completely cured at 80 8C for 4 h to evaluate the phenol resin
wettability. Next, the untreated and fluorinated aramid fabrics were
impregnated with phenol resin for 10 s, dried, and completely cured
at 80 8C for 4 h to evaluate the phenol resin impregnation.

The contact angles of the aramid fabrics were measured using
drop-shape analysis (DSA; DSA 100, Krűss), and the surface
energies were calculated from the measured contact angles using
the Owens–Wendt geometric mean method [35].
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