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ABSTRACT: This study deals with the radio-frequency
plasma treatment of polycarbonate surfaces with argon.
The wettability of polycarbonate was examined by static
contact angle measurements with polar solvents (deion-
ized water and formamide) and a nonpolar solvent (diio-
domethane). The surface free energy of the polycarbonate
obtained from the measured contact angle demonstrated
that exposure to argon plasma resulted in an increased
surface energy and polarity compared to the untreated
polycarbonate. Attenuated total reflection/Fourier trans-
form infrared spectroscopy indicated that argon plasma
treatment resulted in surface chemistry changes by hydro-
gen abstraction from the phenyl ring and methyl group
and chain scission at the ether and carbonyl sites. These
led to the formation of hydroxyl groups and double
bonds. With scanning electron microscopy and atomic

force microscopy analysis, changes in the surface morphol-
ogy and roughness before and after plasma treatment
were observed. We followed an experimental matrix with
the identified process variables affecting the wettability of
the polymer, and optimized the experiments with the
response surface methodology of a central composite
design. A quadratic model was developed to represent the
surface energy in terms of process variables. Optimized
process conditions were derived from the predicted model
and were confirmed by the experimental data at the pre-
dicted optimum conditions. The prediction accuracy of the
model was found to be very high. VVC 2009 Wiley Periodicals,
Inc. J Appl Polym Sci 114: 1557–1566, 2009
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INTRODUCTION

Polycarbonates, which are long-chain linear polyest-
ers of carbonic acid and dihydric phenols, have a
broad range of applications for automobile head-
lamps, corrective lenses, compact discs, syringes,
and medical devices. Despite the advantages of pol-
ycarbonate, such as its transparency and toughness,
it has a low surface energy, which leads to poor
adhesion.1 The increasing demand for desirable
surface functional properties, such as wettability,
friction factor, adhesivity, printability, and biocom-
patibilty, has led to the development of various
surface modification methods designed to preserve
the bulk properties. Among the various methods,
plasma surface modification, which is limited to a
depth of 50 Å to 10 lm, is important in improving
the hydrophilicity of polymeric substrates by induc-
ing physical and chemical changes on the surface

without influencing the bulk properties. It is even pos-
sible to treat an inert surface of any geometry by this
method. It is a clean technique because it does not
require any chemicals or solvents. The main benefits of
plasma surface modification that have been reported
are surface cleaning, ablation, crosslinking, and modi-
fication of the surface chemical structure.2 Depending
on the gas used, plasma causes the chain scission of
existing groups and creates new functional groups,
such as AOH, AOOH, and ANH2. The surface of the
polymers can be tuned to tailor-make the polymers for
specific end use by proper selection of the plasma
gases. For example, the hydrophilicity of a polymer
surface can be improved by its treatment with oxygen-
containing plasmas (oxygen plasma, H2O plasma, or
CO2 plasma), whereas it can be made hydrophobic by
the use of fluorine-containing plasma.3–6

Plasma surface cleaning, especially that with
argon plasma, can improve the surface adhesion by
the removal of surface contaminants and weakly
bonded molecular layers by sputtering.7 It has been
reported that, during plasma treatment with noble
gases, the crosslinking of the polymer surface is
dominant, and this improves the adhesion properties
of polymers.8,9 Among the various active species,
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such as free radicals, electrons, ions, metastable spe-
cies, and photons, free radicals and electrons collide
with the material surface, rupture the covalent bonds,
and leave the free radicals on the surface. These free
radicals then combine with oxygen or moisture in air
when they are exposed to the atmosphere.10

Radio-frequency (RF) plasma (13.56 MHz) treat-
ment was used in this study to modify the surface of
polycarbonate to improve its wettability. The objec-
tive was to develop an empirical model of the process
and to make a more precise assessment of the opti-
mum operating conditions for the governing factors.
Conventional methods of optimizing the process con-
ditions involve the optimization of one variable at a
time with the other variables kept constant. This may
lead to misinterpretation of results because the inter-
actions among the factors are not taken into
account.11 With the design of experiments, the rela-
tionship between the process variables and the
response is established.12,13 Response surface meth-
odology (RSM), which is applicable for a maximum
of five variables, was used in this study to optimize
the process conditions to maximize the wettability
of the polycarbonate. The effects of plasma treatment
on the surface chemistry and surface morphology of
the polycarbonate were studied in detail.

EXPERIMENTAL

RF plasma treatment

The polycarbonate sheets used in this study were
food grade and were procured from M/s Plastic
Abhiyanta (Kolkata, India). These were cut into
small pieces that were 200 � 100 and were cleaned in
an ultrasonic cleaner for 10 min with isopropyl
alcohol. The argon plasma treatment of the polycar-
bonate was carried out with a plasma reactor
M-PECVD-1A[S] (Milman Thin Film Systems, Pune,
India). A schematic diagram of the PECVD reactor
used in this study is shown in Figure 1. The main
components of the reactor were a pumping system,

a reactor chamber, a gas feed system, and an RF
power source. The pumping system was composed
of rotary and roots pumps, which helped to evacu-
ate the reactor chamber down to a pressure under
0.1 Pa before the plasma treatment. In the reactor
chamber, the top-powered electrode plate had perfo-
rations to provide a uniform distribution of gas,
through which argon gas was supplied. The down-
grounded electrode plate accommodated the inter-
changeable substrate holder, on which the polymer
samples were placed. Argon gas was introduced
through a mass flow controller at a specified flow
rate. The process pressure was maintained by a
closed-loop pressure control system. The plasma
excitation was obtained by a 13.56-MHz RF genera-
tor provided with a matching network. The match-
ing network helped to maintain zero reflected power
so that the incident power was same as the plasma
power. The experiments were run at various condi-
tions to study the effects of process variables such as
power, pressure, flow rate, and time on the wettabil-
ity, surface chemistry, and surface morphology. The
treated samples were stored separately in sealed
plastic bags. The samples were characterized after 2
months of aging by various techniques to study the
changes caused by plasma.

Contact-angle measurement

The energy of a surface is directly related to its wett-
ability, which is measured by the contact angle. In
contact angle measurement, a liquid drop is placed
onto a solid surface. Whether it sits on the surface in
the form of a droplet or spreads out over the surface
depends on the interfacial free energies of the two
substances. Static contact angle measurements were
carried out by the sessile drop method with a
Rame-Hart 500-F1 advanced goniometer (Rame-Hart
Instrument Co., Netcong, NJ) at ambient humidity
and temperature with two different polar liquids
(deionized water and formamide) and one nonpolar
liquid (diiodomethane). The static contact angles
were measured on at least five different locations of
the polycarbonate surface, as shown in Figure 2, and

Figure 1 Experimental setup. [Color figure can be viewed
in the online issue, which is available at
www.interscience.wiley.com.]

Figure 2 Drop positions in contact-angle measurements.
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the average values for the contact angles were calcu-
lated. The total surface energy (cs) was calculated as
the sum of the polar component (cps ) and dispersive
component (cds ) according to the Fowkes approxima-
tion, and the surface polarity was estimated as the
ratio of cps to cs.

15,16

Surface chemistry

Fourier transform infrared (FTIR) spectroscopy was
used for to investigate the changes in the chemical
structure of polycarbonate. Because the plasma sur-
face modification was confined to a few molecular
layers of the surface, the extent of the surface
reaction was monitored with infrared spectra in the
attenuated total reflection (ATR) mode. FTIR meas-
urements, including 32 scans, were performed on a
ThermoNicolet Nexus 870 FTIR (Thermo Nicolet
Corp., North America, Madison, WI) in the range
4000–600 cm�1 with a resolution of 4 cm�1.

Surface morphology

The morphology of the samples was observed by
scanning electron microscopy (SEM; JSM-5800, JEOL,
Tokyo, Japan). The samples were coated with a thin
conductive layer of gold under vacuum conditions
before analysis. The surface topography and rough-
ness of the polycarbonate before and after plasma
treatment were analyzed by atomic force microscopy
(AFM). Topographical and roughness characterizations
were performed by AFM with an SPM1000 scanning
probe microscope from Nanonics (Israel). Intermittent
mode was used for the scanning range of 10.0 � 10.0
lm2 at a scan rate of 8 ms/point. The samples were
scanned with a glass fiber tip with a tip diameter of
20 nm. All samples were scanned at room temperature
in the atmosphere. The root-mean-square roughness
was determined with WSxM 4 Develop 11.4 software
(Nanotec Electronica SL, Spain).

Experimental design and optimization model

The process variables that influence the effect of
plasma include power, total pressure in the reactor
chamber, flow rates of various gases, treatment time,
materials of the electrodes and their distance, sub-
strate temperature, and reactor geometry.17 Zajick-
ova et al.7 studied the effect of the treatment time,
gas flow rate, and pressure on the surface free
energy. They studied the improved adhesion by
depositing organosilicon thin films on the untreated
and plasma-treated polycarbonate. Carrino and
coworkers18,19 selected voltage, air flow rate, and
treatment time as process variables and studied their
effects on the wettability and aging time of wettabil-
ity on the surface of polypropylene. The selection of

variables was done with the help of the previously
mentioned articles and preliminary experimental
studies. The variables and their range, presented in
Table I, were selected in such a way to cover all
possible experimental conditions.
RSM is an integration of mathematical and statisti-

cal technique and is used to design experiments,
develop models, evaluate the effects of factors, and
optimize factors for the desired response. It is used
to improve existing product designs apart from the
design, development, and formulation of new prod-
ucts. Central composite design, the most used
response surface method, was performed with four
variables at five levels to show the statistical signifi-
cance of the effect of the process variables on the
response. The RF power, pressure, flow rate of argon
gas, and plasma treatment time were considered
independent process variables. The surface energy of
the polymer was taken as the dependent response
variable.
Thirty experiments with 16 cube points and eight

star points with six replications at the center points
were performed (Table II). An axial distance of 2
was chosen to make this design rotated. The follow-
ing quadratic polynomial equation was used to pre-
dict the response as a function of the independent
process variables and their interaction.20

Y ¼ b0 þ
X4

i¼1

biXi þ
X4

i¼1

biiX
2
i þ

X4

i¼1

X4

j¼iþ1

bijXiXj þ e (1)

where Y is the response; b0 is the constant coeffi-
cient; Xi and Xj (i and j ¼ 1–4) are noncoded varia-
bles; bi, bii, and bij (i and j ¼ 1–4) are linear,
quadratic, and second-order interaction coefficients,
respectively; and e is the error function. The variance
of each experimental factor was divided into linear,
quadratic, and interaction variances to assess the ad-
equacy of the second-order polynomial function and
the significance of the terms. The coefficients of the
model were estimated with multiple-regression
analysis. The fit of the model was judged from the
coefficients of correlation and regression.
The fit adequacy of the second-order polynomial

equation was expressed by the coefficient of deter-
mination (R2). The R2 value indicates how much

TABLE I
Levels and Ranges of the Variables Used in the

Experimental Design

Variable

Range and level

�2 �1 0 1 2

Power (W) 20 65 110 155 200
Pressure (mTorr) 100 125 150 175 200
Flow rate (sccm) 5 10 15 20 25
Time (min) 2 4 6 8 10
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variability in the observed response values can be
explained by the experimental factors and their
interactions. When R2 approaches unity, the empiri-
cal model fits the actual data.20

Data were processed by eq. (1) with the Design-
Expert 7.1.4 (trial version, Stat-Ease, Inc., Minneapo-
lis, MN) program, including an analysis of variance
(ANOVA) to obtain the effect of the process variables
on the response. The quality of the fit of the polyno-
mial model was expressed by R2, and its statistical
significance was checked by the F test.11 The signifi-
cance of the regression coefficient was tested by a t
test. A probability (P) value of 0.05 was set before we
assessed the statistical significance of the estimates.

RESULTS AND DISCUSSION

Contact angle measurement

The results of the contact angle measurements of the
argon-plasma-treated polycarbonate under various
process conditions are presented in Table II. The
untreated polycarbonate exhibited contact angles of

89.48, 69.75, and 49.875� with deionized water, form-
amide, and diiodomethane, respectively, and were
reduced after plasma treatment. The plasma treat-
ment increased cs of polycarbonate (untreated poly-
carbonate: cs ¼ 33.112 mN/m, cps ¼ 1.28 mN/m, and
cds ¼ 31.83 mN/m) by increasing cps . In all of the
plasma-treated samples, the lower values of the con-
tact angles (not shown) explained their higher sur-
face energy, which provided a measure of their
hydrophilicity. The bombardment by plasma species
created free radicals on the polymer surface mainly
by chain scission/hydrogen abstraction, which sub-
sequently combined with oxygen from air to
increase the polarity.16,21,22 Despite the increased po-
lar components, longer exposure times did not cause
significant changes in the surface energy but
resulted in increased surface roughness. It was
reported that the surface chemistry and surface mor-
phology affect the contact angle of the polymer
surface.23–25 The significant increase in the polarity
of the plasma-treated polycarbonate, presented in
Table II, clearly indicated the incorporation of new
functional groups.

TABLE II
Full Factorial Central Composite Design for the Surface Energy of Polycarbonate

Sample
Power
(W)

Pressure
(mTorr)

Flow rate
(sccm)

Time
(min)

cps
(mN/m)

cds
(mN/m)

Surface
polaritya

cs
(mN/m)

1 65 125 10 4 6.27 31.33 0.167 37.60
2 155 125 10 4 6.01 29.41 0.170 35.43
3 65 175 10 4 3.48 38.22 0.084 41.71
4 155 175 10 4 3.65 35.94 0.092 39.60
5 65 125 20 4 7.73 30.14 0.204 37.87
6 155 125 20 4 3.82 33.36 0.103 37.18
7 65 175 20 4 12.47 28.37 0.305 40.84
8 155 175 20 4 6.87 31.95 0.177 38.82
9 65 125 10 8 5.12 34.13 0.130 39.25

10 155 125 10 8 4.76 30.29 0.136 35.05
11 65 175 10 8 7.57 33.42 0.185 41.00
12 155 175 10 8 3.73 33.72 0.100 37.45
13 65 125 20 8 6.82 32.62 0.173 39.43
14 155 125 20 8 4.37 32.18 0.120 36.56
15 65 175 20 8 4.44 36.39 0.109 40.83
16 155 175 20 8 5.26 33.61 0.135 38.88
17 20 150 15 6 6.31 34.47 0.155 40.78
18 200 150 15 6 4.82 31.45 0.133 36.28
19 110 100 15 6 4.56 29.36 0.135 33.92
20 110 200 15 6 8.14 32.56 0.200 40.70
21 110 150 5 6 4.45 33.04 0.119 37.49
22 110 150 25 6 4.81 33.89 0.124 38.69
23 110 150 15 2 7.13 32.40 0.180 39.53
24 110 150 15 10 5.41 34.44 0.136 39.85
25 110 150 15 6 4.01 35.08 0.102 39.09
26 110 150 15 6 9.83 29.97 0.247 39.80
27 110 150 15 6 7.79 30.06 0.206 37.85
28 110 150 15 6 7.41 30.65 0.195 38.06
29 110 150 15 6 5.69 34.07 0.143 39.76
30 110 150 15 6 6.34 33.00 0.161 39.34

a cps/(c
p
s þ cds ).
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Surface chemistry of the polycarbonate

The analysis of polycarbonate with ATR–FTIR was
of interest in connection with the structural modifi-
cation of the polycarbonate that occurred due to
plasma treatment. A great many of the changes in
the molecular vibrations caused by the structural
changes could be effectively studied by FTIR techni-
ques. The FTIR spectra of the untreated and argon-
plasma-treated polycarbonate are presented in
Figure 3. The values of the relative absorbance [i.e.,
the ratio of the absorbance of the plasma-treated

polycarbonate (A) to the absorbance of the untreated

polycarbonate (A0)] of various bands of polycarbon-

ate are presented in Table III. The bands appearing

at 706 cm�1 (out-of-plane bending mode of hydro-

gen attached to a phenyl ring), 763 cm�1 (out-of-

plane skeletal vibration of CAH deformation), 1076

cm�1 and 1008 cm�1 (aromatic CAH deformation),

and 1363 and 1408 cm�1 (CAH bending vibration of

CH3) showed a reduction in the absorbance after

argon plasma treatment due to hydrogen abstrac-

tion. This led to the formation of free radicals, which

TABLE III
A/A0 Values of the Identified Absorption Bands

Group
Wave

number (cm�1) A/A0 Comment

Out-of-plane bending mode of hydrogen attached to
the phenyl ring

706 0.20 Hydrogen abstraction

Out-of-plane skeletal vibration of CAH deformation 763 0.21 Hydrogen abstraction
CAOAC vibrational mode in ether 1220 0.55 Breakage of the ether group

1154 0.34
1186 0.33

Aromatic in-plane CAC stretching vibration 1598 0.37 Bond breaking at the benzene ring
1502 0.31

Characteristic bond of the polycarbonate corresponding
to C¼¼O stretching of the carbonyl

1769 0.33 Chain scission breaking C¼¼O bonds

Aromatic CH deformation 1076 0.33 Hydrogen abstraction
1008 0.28

Asymmetrical CH stretching vibration of CH3 2969 0.74 Cleavage of the methyl group
CAH bending vibration of CH3 1363 0.32 Hydrogen abstraction

1408 0.24
Stretching vibration of C¼¼C 1659 – Double-bond formation
AOH 3419 – Hydroxyl formation

Figure 3 FTIR spectra of untreated and argon-plasma-treated polycarbonate. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

SURFACE MODIFICATION OF POLYCARBONATE 1561

Journal of Applied Polymer Science DOI 10.1002/app



then interacted to form crosslinked and unsaturated
groups.26 Double-bond formation by argon plasma
etching and hydrogen abstraction were explained by
the new peaks formed at 3047 cm�1 (¼¼CH stretch-
ing vibration of alkenes) and 1659 cm�1 (C¼¼C
stretching vibration). Bond breaking at the benzene
ring causing dearomatization was observed from the
A/A0 values of the peaks at 1598 and 1502 cm�1,
which corresponded to aromatic in-plane CAC
stretching vibration. The breakage of the ether
group, a skeleton of the macromolecule in the poly-
carbonate film, was indicated by the reduced absorb-
ance value of the peaks corresponding to the ether
groups at 1220, 1154, and 1186 cm�1. Wang et al.27

reported a decreased molecular weight due to the
breakage of ether by argon ions. The chain scission
that took place at the carbonate site broke C¼¼O
bonds and caused the reduction in their absorbance
value. The breakage of C¼¼O bonds and their re-
moval in the form of CO or CO2 have been reported
for the irradiation of polycarbonate by various spe-
cies. The new peak formed at 3419 cm�1, attributed
to the AOH group, indicated AOH group formation
after hydrogen abstraction and the cleavage of car-
bonate linkages.7 The importance of bond dissocia-
tion by argon plasma can be summarized on the

basis of the relative intensities in the following
order: (1) hydrogen abstraction, (2) carbonate cleav-
age, (3) dearomatization, and (4) breakage of the
ether group.

SEM

An SEM picture of the untreated polycarbonate
given in Figure 4 clearly indicates the surface nature
of the polymer. The argon-plasma-treated polycar-
bonate showed increased roughness, as shown in
Figures 5–8. Plasma etching caused by the impact of
the active species on the polymer surface increased
its roughness. The etching of polycarbonate by argon
plasma depended on the ion density and ion energy,
which were influenced by RF power. The energy
distribution of ions bombarding the substrate was
governed by RF power.28–30 The substrate was found
to be more etched at 200 W than at 20 W, as shown
in Figure 5. Similarly, at a pressure of 200 mTorr,
the samples exhibited a more enhanced roughness,
as shown in Figure 6, than at the lower pressure of
100 mTorr. This was probably because of the intense
etching by more active species in plasma with a
high density on the polymer surface.31 The surface
roughness was more pronounced at a lower flow
rate of argon gas (Fig. 7). This may have been due to
the property of a large number of charged species as
a result of the better ionization of argon gas at a
lower flow rate. A similar type of behavior was
studied by Carrino et al.19 as an interaction effect of

Figure 4 SEM picture of untreated polycarbonate.

Figure 5 SEM pictures of polycarbonate treated at
150 mTorr and 15 sccm for 6 min at powers of (a) 200 and
(b) 20 W.

Figure 6 SEM pictures of polycarbonate treated at 110 W
and 15 sccm for 6 min at pressures of (a) 200 and (b)
100 mTorr.

Figure 7 SEM pictures of polycarbonate treated at 110 W
and 150 mTorr for 6 min at flow rates of (a) 20 and (b)
10 sccm.
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the flow rate and voltage. The effect of time was
easily understood by the fact that more etching of
the polymers by the active species took place with
longer exposure to the plasma (Fig. 8).

AFM

The surface morphology of a material treated by
plasma is greatly influenced by the plasma treatment
conditions along with the type and characteristics of
the initiating gases.32 The surface morphology of the
polycarbonate at two levels of power was surveyed.
An increase in the surface roughness was evident
from the AFM images of the untreated and treated
polycarbonates, as presented in Figure 9. The
pristine polycarbonate surface was relatively smooth,
which was indicated by both the AFM image
[Fig. 9(a)] and the root-mean-square surface rough-
ness of 37.31 nm. After plasma treatment, the rough-
ness was enhanced significantly, which is more

pronounced at high power (210.04 nm) than at low
power (72.76 nm). The effect of plasma bombard-
ment at various RF power levels with increasing
root-mean-square roughness of the polycarbonate
substrates explained the results of the contact angle
measurements. This result was in agreement with
the findings reported by Kang et al.33 at various RF
power levels in the plasma treatment of polycarbon-
ate and poly(ether sulfone). The appearance of small
grains on the surface of the polycarbonate after
plasma treatment was reported and found to
increase with the intensity of the plasma.34 A greater
number of grains were formed when the polycar-
bonate was treated at higher power, as shown in
Figure 9(a,b). The peak-to-peak distances of the
treated polycarbonate at 200 W (1215 nm/lm) and
20 W (525.6 nm/lm) were also observed to be
greater than that of the untreated polycarbonate
(354.9 nm/lm), and also, the treated surface was
more uniform.

Effect of the treatment conditions

Table II presents the experimental conditions and
data resulting from the investigation of the effects of

Figure 8 SEM pictures of polycarbonate treated at 110 W,
150 mTorr, and 15 sccm for treatment time (a) 10 and (b) 2
min.

Figure 9 AFM images of (a) untreated polycarbonate and
(b,c) polycarbonate treated at 150 mTorr and 15 sccm for 6
min at powers of 20 and 200 W, respectively.

TABLE V
ANOVA Results for the Quadratic Equation for the

Surface Angle of the Polycarbonate

Source
Sum of
squares

Degrees
of freedom

Mean
square F P

Model 97.64 14 6.97 16.63 <0.0001
Residual 6.29 15 0.42
Lack of fit 2.74 10 0.27 0.39 0.9061
Pure error 3.55 5 0.71

Standard deviation ¼ 2.24; R2 ¼ 0.9395; adjusted R2 ¼
0.8830; predicted R2 ¼ 0.7989; CV ¼ 1.68%.

TABLE IV
Estimated Regression Coefficients and Corresponding P

Values for the Surface Energy of the Polycarbonate

Model term Coefficient estimate Standard error P value

Intercept 38.98 0.26 –
X1 �1.19 0.13 <0.0001
X2 1.43 0.13 <0.0001
X3 0.24 0.13 0.0907
X4 2.232 � 10�3 0.13 0.9867
X1X2 0.02 0.16 0.9057
X1X3 0.28 0.16 0.1027
X1X4 �0.35 0.16 0.0476
X2X3 �0.26 0.16 0.1348
X2X4 �0.31 0.16 0.0713
X3X4 0.16 0.16 0.3338
X2

1 �0.083 0.12 0.5134
X2

2 �0.39 0.12 0.0069
X2

3 �0.19 0.12 0.1415
X2

4 0.21 0.12 0.1132
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four variables (the RF power, pressure, flow rate of
argon gas, and plasma treatment time) on the sur-
face energy.

The data in Table II were run through RSM to
construct an empirical model for the representation
of the surface energy in terms of four independent

Figure 10 Contour plots of the surface energy plotted for (a) the power and pressure, (b) the power and flow rate, (c)
the power and treatment time, (d) the pressure and flow rate, (e) the pressure and treatment time, and (f) the flow rate
and time. The other variables were held at the following values: power ¼ 110 W, pressure ¼ 150 mTorr, flow rate ¼
15 sccm, and time ¼ 6.00 min.
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variables. On the basis of a regression analysis at
a 95% confidence interval, the P values of the pa-
rameter estimations were found to be significant.
The quadratic model was used to fit the observed
data by least-square analysis. The coefficients of
regression were computed with Design Expert,
and the following regression equation was
obtained:

Y ¼ 9:29149� 0:015543� X1 þ 0:30947� X2

þ 0:35056� X3 þ 0:50419� X4 þ 1:73355� 10�5

� X1 � X2 þ 1:25049� 10�3 � X1 � X3 � 3:88117

� 10�3 � X1 � X4 � 2:04712� 10�3 � X2 � X3

� 6:28511� 10�3 � X2 � X4 þ 0:016169� X3 � X4

� 4:08737� 10�5 � X2
1 � 6:19261� 10�4 � X2

2

� 7:67503� 10�3 � X2
3 þ 0:052008� X2

4 ð2Þ

where X1 is the RF power, X2 is the pressure, X3 is
the flow rate of argon gas, and X4 is the plasma
treatment time. The significance of each coefficient
was inferred from the P values, which are presented
in Table IV. The power had a significant negative
linear effect on the surface energy (P < 0.0001),
whereas the pressure displayed a positive effect
(P < 0.0001). Significant interactions were observed
between power and time. Quadratic effects of pres-
sure also showed significant effects on the surface
energy.

The ANOVA results of the quadratic regression
model presented in Table V indicates that the
model equation adequately described the response
surface of the surface energy in the interval
of investigation, as was evident from the F test
(F ¼ 16.63) with a low P value [(model Pl > F)
< 0.0001]. The goodness of fit of this model was
explained by the R2 value of 0.9395, with only
6.05% of the total variations in the data being not
explained. This model was also robust because the
predicted R2 (0.7989) was in reasonable agreement
with the adjusted R2 (0.8830). A lower value of the
coefficient of variation (CV; 1.68%) showed that the
experiments conducted were precise and reliable.35

The larger Fisher’s t values with lower P values
indicated statistical significance of the estimated
regression coefficients.14

Process optimization

Figures 10(a–f) represent the contour plots for the
optimization of the process conditions of the surface
energy. Each figure presents the effect of two varia-
bles on the surface energy of the polycarbonate,
whereas the other two variables were held at zero
level. An elliptical contour plot indicated a signifi-
cant interaction between the respective variables,
whereas the circular contour plot is an indication of
insignificant interaction of the related variables.
From the contour plots, the surface energy, approxi-
mately in the range of 40 mN/m was observed to lie
in the following range of process variables: power
¼ 65–135 W, pressure ¼ 150–175 mTorr, flow rate
¼ 10–20 sccm, and treatment time ¼ 4–8 min. Solv-
ing the quadratic model on the basis of the data
obtained from Table II revealed that an optimum
response (surface energy ¼ 41.5491 mN/m) was
achieved with a desirability of 0.98 under process
conditions of 65 W, 175 mTorr, 10.21 sccm, and
4 min.

Model adequacy and validation of the model

To ensure the adequate approximation of a model to
the real system, the model adequacy should be
checked. By constructing a normal probability plot
of the residuals, we made a check for the normality
assumption (Fig. 11). The plot indicated that the nor-
mality assumption was satisfied, as the residuals
plotted were approximated along a straight line.20

A comparison of the predicted optimized surface
energy with the experiment conducted under the
predicted optimal conditions of the process factors
(power ¼ 65 W, pressure ¼ 175 mTorr, flow rate ¼
10 sccm, and treatment time ¼ 4 min) confirmed the
optimization results. This optimized process
conditions yielded a polymer surface energy of

Figure 11 Normal plot of residuals. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]
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41.71 mN/m, which was closer to the predicted sur-
face energy (41.55 mN/m) under the same optimal
conditions. The error between the predicted and
actual surface energy was found to be 0.38%, which
was quite low. In addition, a high level of similarity
between the predicted and observed results, shown
in the plot of predicted versus actual surface
energy, indicated the accuracy of the statistical
model (Fig. 12).

CONCLUSIONS

The wettability studies showed that the surface
energy increased in all conditions after plasma sur-
face treatment, which meant that the hydrophilicity
was improved. The SEM and AFM results sup-
ported the increased surface energy results by
exhibiting increased roughness. A quadratic model
was developed with terms of power, pressure, flow
rate, and time to represent the surface energy with
RSM of a central composite design. The response
evaluated from the quadratic model showed good
agreement with the observed ones. We optimized
the process conditions from the predicted model
and confirmed them by running the experiment
under the predicted optimum conditions. The pre-
diction accuracy of the model was found to be very
high.

The authors gratefully acknowledge Prof. S. Dasgupta
(Department of Chemical Engineering, Indian Institute of
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