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Abstract
One of the main differences between a low-pressure plasma treatment and an atmospheric pressure plasma treatment is that in atmosphere, the

substrate material may absorb significant amount of water which may potentially influence the plasma treatment effects. This paper investigates

how the moisture absorbed by aramid fibers during the atmospheric pressure plasma treatment influences the aging behavior of the modified

surfaces. Kevlar 49 fibers with different moisture regains (MR) (0.5, 3.5 and 5.5%, respectively) are treated with atmospheric pressure plasma jet

(APPJ) with helium as the carrier gas and oxygen as the treatment gas. Surface wettability and chemical compositions, and interfacial shear

strengths (IFSS) to epoxy for the aramid fibers in all groups are determined using water contact angle measurements, X-ray photoelectron

spectroscopy (XPS), and micro-bond pull out tests, respectively. Immediately after the plasma treatment, the treated fibers have substantially lower

water contact angles, higher surface oxygen and nitrogen contents, and larger IFSS to epoxy than those of the control group. At the end of 30 day

aging period, the fibers treated with 5.5% moisture regain had a lower water contact angle and more polar groups on the fiber surface, leading to

75% improvement of IFSS over the control fibers, while those for the 0.5 and 3.5% moisture regain groups were only 30%.
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1. Introduction

Plasma treatment is one of the most versatile techniques in

polymer surface modification. It has been widely used in many

applications such as improving the printability or dyeability of

polymeric materials [1,2], enhancing adhesion between fibers

and matrices [3,4], and promoting biocompatibility of

implanting parts [5]. Recently more attention has been paid

to atmospheric plasma treatment due to advantages such as no
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need for a vacuum system, online process capabilities, high

efficiency, and scalability to larger area [6–8].

However, it is also well known that treated surfaces undergo

aging, leading to hydrophobic recovery and degradation of

hydrophilicity dependent properties over time [9–11]. The

mobility of polymer chains minimizes the surface free energy

by rotational and translational motions of chains and chain

segments [12,13]. To retard aging, many methods have been

tried. First of all, one may optimize plasma treatment

parameters, such as treatment time, treatment gas, and output

power [14–16]. Secondly, proper storage environment could

slow down the aging process such as decreasing the storage

temperature to reduce the molecular mobility and applying an

aqueous environment favoring polar segments of the chains

staying on surfaces [11,17]. Thirdly, cross-linking may be
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Fig. 1. Schematic of the atmospheric pressure plasma jet equipment.
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introduced on surface to restrict the mobility of polymer chains

[14,18].

As the relative humidity (RH) of the air increases, the

amount of moisture absorbed by the polymer materials

increases [19]. The ratio between the mass of the moisture

absorbed into the material and the dry mass of the material is

called its moisture regain (MR). In a low-pressure plasma

treatment system, the sample has to be almost completely dried

before the degree of vacuum can be reached. However, in

atmospheric pressure plasma treatments, the substrate could

have rather high moisture regain such as hygroscopic materials

in textile processes, which may affect the effects of atmospheric

pressure plasma treatments. According to our previous research

[20], moisture regain promoted the plasma treatment effect on

improving the adhesion property of aramid fibers to epoxy. It is

obvious that the substrate MR during plasma treatment is a

unique parameter in atmospheric pressure plasma treatment

parallel to other plasma treatment parameters such as treatment

power, gas, and duration. However, up to now, little has been

published about the relationship between the substrate MR

during the atmospheric plasma treatment and the aging effect.

This paper is intended to investigate how the MRs of aramid

fibers during the atmospheric pressure plasma jet (APPJ)

treatment influenced the aging behavior of the modified fiber

surfaces in terms of surface wettability and fiber/epoxy

interfacial shear strength (IFSS). These surface properties of

plasma treated aramid fibers were studied as a function of

storage time. Wettability and surface chemical composition

change of the fiber surface were characterized using water

contact angle measurement and X-ray photoelectron spectro-

scopy (XPS) analysis, respectively, and fiber/epoxy IFSS was

measured using the micro-bond test.

2. Experimental

2.1. Materials

The aramid fibers used in this study were Kevlar 49 supplied

by DuPont Company. The average diameter of a single fiber

was about 12 mm, and the tensile modulus was 124 GPa [21].

The matrix was epoxy resin prepared with DER 311 (bisphenol-

A type epoxy) and DER 732 (polyglycol di-epoxide) at a ratio

of 70:30 and the curing agent was 12 phr (parts for 100 parts of

resin) of DEH 26, all supplied by Dow Chemical Company.

2.2. Sample preparation

The aramid fibers were soaked in acetone for 10 min and

then dried in a chemical hood for 24 h at room temperature to

remove finishes. In order to prepare samples with different

MRs, the fibers were separated into four groups. The control

group and the 3.5% MR group were balanced in standard textile

testing conditions (20 8C and 65% RH) for 24 h. The 0.5% MR

group was dried in an oven for 2 h at 100 8C and then stored in a

desiccator as soon as being taken out of the oven. The 5.5% MR

group was stored in a desiccator with a constant RH of 80% for

24 h.
2.3. Plasma treatment

After reaching different levels of MR, three groups of

samples (0.5, 3.5 and 5.5% MRs) were treated by an APPJ

(Atomflo-R, Surfx Company, USA) with mixed gas of 1%

oxygen gas in 99% helium gas. Fig. 1 shows the schematic of

the atmospheric pressure plasma jet treatment system. The

APPJ employs a capacitively coupled electrode design and

produces a stable discharge at atmospheric pressure with

13.56 MHz radio frequency power. More detailed information

about the plasma machine is given in Refs. [22,23]. The

plasma jet system with a nozzle mounted above a moving belt

and covered an active area of 2 mm � 10 mm. The distance

between the nozzle and the substrate was 3 mm. The fibers

moved underneath the plasma jet at a speed of 2 mm/s. Other

plasma treatment parameters were set as follows: helium gas

(99.99% purity) flow rate was 10 L/min; oxygen gas (99.99%)

flow rate 0.1 L/min; output power was 10 W; treatment nozzle

temperature was 100 8C; sample treatment or stationary time

was 1 s. In order to keep the MR of the samples relatively

constant, the sample with 0.5% MR was treated in a sealed

chamber with desiccants keeping the RH at 10%. The

standard conditioned sample with the MR of 3.5% was treated

at 65% RH and the sample with 5.5% MR was treated at 80%

RH.

After the treatment, the fibers were immediately placed into

clean plastic bags to minimize potential contamination. The

control and treated samples were stored at the standard

condition of 20 8C and 65% RH to perform the aging

experiments.

2.4. Contact angle measurements

The change of surface energy of the aramid fiber before and

after plasma treatment was determined by measuring the water

contact angle (sessile drop method) using Contact Angle



Fig. 2. Water contact angle vs. aging time for 0.5% MR group (&), 3.5% MR

group (*), and 5.5% MR group (~).
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System OCA40 from DataPhysics Instruments (Filderstadt,

Germany). The fiber was straightened with certain tension. A

small droplet of distilled water (50 nL) was placed on the fiber

with a syringe. A video camera recorded process of the

placement of the water droplet and the contact angle

immediately after the water droplet landed on the fiber was

calculated with SCA 20 software.

2.5. XPS analysis

The X-ray photoelectron spectroscopy (XPS or ESCA)

experiment was performed using ESCALAB 250 photoelectron

spectrometer (Thermo Electron VG Scientific, USA) equipped

with a Mg Ka (1253.6 eV) X-ray source. The base pressure in

the sample chamber was controlled in the range of 10�8–

10�9 Torr. Photo emitted electrons were collected at a take-off

angle of 908 and deconvolution curve fitting was performed for

the C1s peaks.

2.6. Micro-bond specimen preparation and test

The epoxy resin beads were first placed on the fibers and

then the specimens were cured for 2 h at 80 8C and post-cured

for 0.5 h at 100 8C. The diameters of the fibers, the embedded

lengths, and the radii of the epoxy beads were measured using

an Olympus CH-2 microscope equipped with a Panasonic WV-

GP410/A digital photomicrography system. The micro-bond

test was carried out at an upper clamp displacement rate of

1 mm/min on an XQ-1 fiber tensile testing machine (Shanghai

Lipu Research Institute, China).

The IFSS, ti, was measured by micro-bond test and was

calculated using the following equation [24] derived from the

well-known shear-lag model:

ti ¼
nPmax cothðnL=rÞ

2A
; (1)

where Pmax is the peak load, A the cross-sectional area of the

fiber, L the embedded length, r the equivalent fiber radius

calculated from the fiber cross-sectional area and n is defined

as:

n ¼
�

Em

Efð1þ nmÞ lnðR=rÞ

�1=2

; (2)

where Em is the Young’s modulus of the matrix (1.4 GPa), Vm

the Poisson’s ratio of the matrix (0.4) [4], Ef the tensile modulus

of the fiber (124 GPa) [21], and R is the radius of the epoxy

beads.

2.7. Statistical analysis

One-way analysis of variance (ANOVA) and Tukey’s pair-

wise multiple comparisons were used to compare water contact

angles and interfacial shear strengths among different

treatment groups. A p-value less than 0.05 was considered

significant.
3. Result and discussion

3.1. Water contact angle

Water contact angles of the treated fibers versus the storage

time are plotted in Fig. 2. Plasma treated fibers showed a water

contact angle of 308 immediately after the plasma treatment

significantly smaller than that of the untreated fibers (around

568) although no difference was observed among the plasma

treated groups. As storage time increased, the 0.5% MR group

showed fastest hydrophobic recovery and the 5.5% MR group

showed the slowest hydrophobic recovery. After 30 days, the

contact angles of 0.5 and 3.5% MR groups increased to 52.68
and 50.58, respectively, while that of 5.5% MR group only

increased to 41.68. The change on contact angle after plasma

treatment was attributed to the reorientation and migration of

the highly mobile polar groups introduced by the treatments

[12].

3.2. XPS analysis

XPS analysis was performed to detect changes in chemical

composition of the fiber surfaces and the results are shown in

Table 1. After the plasma treatments, the concentrations of both

oxygen and nitrogen increased for all the plasma treated groups.

Incorporation of oxygen could take place when the substrate

was in the plasma zone through reaction between active species

in plasma and the fiber surface or shortly after the plasma

treatment through active surface sites reacting with the air [25].

Surface oxidation is possible due to the existence of reactive

species from the plasma. According to Jeong et al. [26], APPJ

generated six types of species: ground-state O2, ground-state

He, ground-state O atoms (3P), metastable molecular O2 (1Dg

and 1Sg
+), and ozone. The following four types of species are

reactive species: (0.2–1.0) � 1016 cm�3 of O(3P) and O2(1Dg),

(0.2–2.0) � 1015 cm�3 of O2(1Sg
+), and (0.1–4.0) � 1015 cm�3

of O3. After the power is turned off, O2 (1Sg
+) and O2 (1Dg)

states decay within 0.1 and 30.0 ms, respectively. The

concentration of oxygen atoms remained constant for about



Table 1

Relative chemical composition and atomic ratios determined by XPS for Kevlar

fibers untreated, immediately and 30 days after plasma treatment

Condition Chemical composition (%) Atomic ratio (%)

C1s O1s N1s O/C N/C

Untreated 85.08 11.14 3.78 13.09 4.44

0 day

0.5% MR 73.33 21.53 5.14 29.36 7.01

3.5% MR 71.38 21.38 7.24 29.95 10.14

5.5% MR 67.86 22.71 9.43 33.47 13.90

30 days

0.5% MR 78.80 17.76 3.44 22.54 4.37

3.5% MR 77.52 18.62 3.86 24.02 4.98

5.5% MR 71.96 20.93 7.11 29.09 9.88

Table 3
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0.5 ms, and then fell rapidly due to recombination with O2 to

form O3.

The oxygen concentration was the highest for the 5.5% MR

group among the three plasma treated groups similar to what

was observed in our previous studies [20]. After 30 days of

aging, substantial difference between the freshly treated

samples and the aged ones were detected. The concentrations

of both oxygen and nitrogen decreased compared to the

corresponding freshly treated samples for all the plasma treated

groups. However, the oxygen and nitrogen concentrations of

5.5% MR group were the highest among the three treated

groups and still significantly higher than that of the untreated

sample.

In order to examine the change of functional side groups,

deconvolution analysis of the C1s peaks was performed

(Table 2, Fig. 3). The aramid fiber surface after plasma

treatments has five potential carbon-containing components

with binding energies of 285.0 eV (C–C), 286.3 eV (–C–N/–C–

O–), 287.8 eV (–CONH–), and 289.1 eV (–COO–) as reported

in literature [27–29]. Table 2 presents the results of the C1s

peak deconvolution analysis, showing a distinctive change of

functional groups on the aramid fiber surface after the plasma

treatment. A decrease of C–C signal was observed which is

typical for plasma treated polymers due to the chain scission

mechanisms caused by the active species in plasma [30]. The
Table 2

Results of deconvolution analysis of C1s peaks for Kevlar fibers untreated,

immediately and 30 days after plasma treatment

Condition Relative area corresponding to different chemical bonds (%)

C–C –C–N/–C–O– –CONH– –COO–

Untreated 68.9 17.4 13.7 –

0 day

0.5% MR 50.9 21.6 13.7 13.8

3.5% MR 47.3 20.6 13.8 18.3

5.5% MR 43.7 21.6 14.6 20.1

30 days

0.5% MR 57.4 20.4 14.3 7.9

3.5% MR 54.4 21.5 14.7 9.4

5.5% MR 49.2 22.0 14.5 14.3
largest concentration of –COO– was observed for the 5.5% MR

group while the smallest concentration of –COO– was observed

for the 0.5% MR group, indicating that the moisture in the fiber

could facilitate the oxidation of the fiber surface since –COO–

is the most oxidized group among all groups. After 30 days, the

0.5 and 3.5% MR groups showed a drastic reduction of –COO–

concentration (from 13.8 to 7.9% and 18.3 to 9.4%,

respectively). However, the 5.5% MR group showed a

relatively small decrease of –COO– concentration (from

20.1 to 14.3%). The decrease of oxygen concentration was

mainly from the diffusion of polymer chains with –COO–

groups into bulk side. The results suggested that more

hydrophilic groups remained on 5.5% MR fiber surfaces than

those on 0.5 and 3.5% MR fiber surfaces after aging. The slower

drop rate of the hydrophilic groups (–COO–) could partially

explain a lower water contact angle of 5.5% MR group after 30

days’ aging.

3.3. Micro-bond test

Aramid fibers are widely used in composites because of their

high specific tensile strength, modulus, and thermal resistance.

However, aramid fibers do not have good adhesion with

matrices. Plasma treatment can significantly improve the fiber–

matrix adhesion by introducing polar functional groups that can

form strong primary and secondary bonds between the fiber and

the epoxy matrix [31].

Table 3 and Fig. 4 show the values of IFSS for all treatment

groups immediately and 30 days after the plasma treatments.

The IFSS of aramid fiber/epoxy composites was improved

significantly right after the plasma treatment. The IFSS of the

0.5% MR group increased 79.6%, whereas those of the other

two plasma treated groups were more than doubled similar to

what was found in our previous study [20]. After 30 days, the

IFSS of all plasma treated groups decreased compared with that

right after the plasma treatment although still larger than that of

the untreated fiber; for the 0.5 and 3.5% MR groups the IFSS

improvement was around 30% while for 5.5% MR group the

IFSS improvement was 75.5% over that of the control group.
IFSS for control and fibers freshly treated at three moisture regains and 30 days

later after the plasma treatment

Condition IFSS

(MPa)

Standard

deviation (MPa)

IFSS

improvement (%)

Untreated 26.9a* 5.4 –

0 day

0.5% MR 48.3b 6.4 79.6

3.5% MR 56.4c 7.6 109.7

5.5% MR 55.7c 6.4 107.0

Untreated 26.1a 4.8 –

30 days

0.5% MR 34.6b 6.2 32.6

3.5% MR 34.0b 5.8 30.3

5.5% MR 45.8c 8.7 75.5

* Means with different letters (a–c) are statistically significantly different at

P < 0.05.
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The decrease of the IFSS between the plasma treated aramid

fibers and epoxy after the fiber was aged for 30 days was mainly

due to rotation of the plasma induced polar functional groups

from the surface to the bulk as reported in literature [32]. The

MR of the fibers during plasma treatment appeared to
Fig. 3. C1s spectra analysis of aramid fibers: (a) untreated fibers, (b) 0.5% MR group

treated, (e) 0.5% MR group 30 days after treatment, (f) 3.5% MR group 30 days
significantly affect the aging behavior of the fiber surfaces.

These results are in good agreement with the results of contact

angle measurement and XPS analysis.

The difference in the rate of hydrophobic recovery among

different groups was most probably due to the difference in the
freshly treated, (c) 3.5% MR group freshly treated, (d) 5.5% MR group freshly

after treatment, and (g) 5.5% MR group 30 days after treatment.



Fig. 3. (Continued ).
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surface morphology of aramid fibers upon absorption of

moisture. According to Nissan [33,34], when a hygroscopic

material absorbs moisture, it goes through three regimes. In

regime 1 or at a low MR, the hydrogen bonds (H bonds)

disassociate individually. In regime 2, a number of H bonds

break cooperatively or in a cluster. In other words, in that

regime one H-bond breakage can trigger a few neighboring

bonds to break simultaneously. In regime 3, the molecules

interact with one another leading to a much higher number of

broken H bonds. As a hygroscopic fiber, aramid fibers have a

maximum MR as high as 7.5% when the humidity is 100% at a

temperature of 30 8C and there is a large absorption/desorption

hysteresis [19]. Moisture absorbed into polymeric materials

could have a dramatic effect on their micro- or molecular

structures. It has been suggested that in an aramid fiber, the

absorbed water is mainly located in inter- or intra-fibrillar

microvoids and larger core defects [35]. The microvoids in

Kevlar 49 fibers appear to be located mainly around the

periphery of the fibers with an average length about 24 nm and
Fig. 4. Comparison of IFSS of aramid fiber/epoxy freshly treated and 30 days

after plasma treatment.
an average width about 6 nm, some of which are connected to

the surface while others are isolated [35]. When the fiber MR

increases, the width of the microvoids tends to increase and the

size of the crystallites tends to decrease [35–37]. During APPJ

treatment, for the high MR group which absorbed more water

and thus had larger microvoids, more polar side groups might

be introduced into the microvoids close to the fiber surface and

thus more surface area of the high MR aramid fibers was

oxidized during the treatment. In addition, the existence of

moisture facilitated the oxidation process itself and thus could

make the fiber surface more oxidized according to the XPS

deconvolution analysis results. Therefore, the degree of the

saturation of functional groups on the surface layer increased

significantly as revealed by the XPS analysis. Saturating a

sufficiently thick surface is one of the important ways to reduce

the aging effect of plasma treatment, as reported by Behnisch

et al. [18], who suggested that the repeated plasma treatment

could improve the saturation of functional groups in the surface

layer to restrict the aging effect. For the 5.5% MR group, both

the increased size of the microvoids and the deceased

crystallinity made the fiber surface more likely to be saturated

with functional groups, resulting in a much slower hydrophobic

recovery or aging although the mechanism of this phenomenon

needs to be investigated more systematically in future.

4. Conclusions

Atmospheric pressure plasma was used to modify the

surface of aramid fibers. The influence of the moisture regain of

the treated fibers during the plasma treatment on the aging

behavior of the treatment effects was studied. It was found that

hydrophobic recovery of the high substrate moisture regain

group was significantly slower than the medium and low

moisture regain groups in terms of water contact angle, surface

oxygen and nitrogen contents, and interfacial shear strength

with epoxy. The most probable explanation was that the

moisture in the fiber facilitated the oxidation of the fiber surface

and affected the saturation of functional groups on the surface

layer during APPJ treatment.
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