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Abgract—Stainless stedl plates (AIS| 304L) were treated by an atmospheric pressure plasma treatment a room tem-
perature in order to modify the surface properties. After plasma treatment, the surface wettability and the surface free
energy were both improved. The wettability and the surface free energy of stainless stedl plates before and after plasma
treatment were measured from the results of contact angle test. Through the results of contact angle and surface free
energy, optimum plasma treatment conditions were obtained, such as the treatment time of 60 sec and the treatment
power of 120 W. In addition to this, the optimum aging time was 3 to 5 min in air.
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INTRODUCTION

Sanless ged can be used in micro-channd chemical reectors
as cataytic supporter and main framework because of the specid
properties of corrogon resisance and thermd gability [Rouge et
d., 2001]. The surface properties are very important for sainless
ded asgpplied in thisfidd. It has been proved thet nearly dl good
adhesion behaviors are accompanied with surfece pretrestment first
[Kinlich, 1987; Petrie, 2000]. In the micro-channd reactor indus-
try, good adhesion between two platesis bascally needed [Benz et
a., 2001], s0 during the adhesion process of dainless sed plates
with other substrates, the surface pretrestment is usualy indispens-
able. In fact, the term “adhesion” can be loosdly defined as the a-
traction between two substances and the mechanica resistance to
the separation of a system of bonded materids [Kinlich, 1987, Wer-
thamer et ., 1999]. Since adheson largely depends on the surface
property of materids it is necessary to maodify this near-surface re-
gion without affecting the bulk properties of materid. Therefore, the
surface modification of gainless sed is a quite important process
in order to gpply the materia in the micro-channd industry.

Plasma trestment has been an efficient method for modifying
the surface properties of many materids and offers a possibility to
cregte a urface with new functions. Nowadays, a great ded of re-
search has been parformed to improve the surface properties of poly-
mers and metds by usng plasma trestment. Sohn et d. [2000] sud-
ied the permestion of Smple permanent gases and their mixtures.
He utilized the plasma polymerization of fluorocarbon compounds
to form membranes such as pentafluorotol uene and pentafluoropy-
ridine on Cdgrad, by which the permesbilities of gases were mea
aured. Kim et d. [1999] made a polymeric composite by low tem-
perature plaama, and dso modified the surface properties of the plas-
ma-polymerized membrane by plasma retreetment. He indicated
that the plasma re-treatment had dramatic effect on the physicd and
chemica properties of polymeric membrane surface. Wertheimer
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et d. [1999] reported the merits and drawbacks of indudtrid plasma
processes in comparison with other competing technologies espe-
cidly those based on ultraviolet radiation, and predicted that both
plasma and ultraviolet photochemica processes had a promising
future in the industrid processing of polymers. @iseth et d. [2002]
utilized Ar and O, plasmato modify polyethylene (PE) film, respec-
tively, and proved thet argon plasma wes quite useful to modify the
urface of PE film. When the Ar-plasma-treated PE was exposed
to ar, the surface incorporated more oxygen from air. This theory
had sgnificant meaning for the surface madification industry. Chung
et d. [2003] investigated the surface activation of polyvinylacohol
(PVA) film by using Ar and Ar+O, plasma, respectivdy, and proved
that Ar+O, plasma was more efficient for PVA surface modifica-
tion. Sprang et d. [1995] discussed the plasma and ion beam sur-
face trestment of PE, and mentioned theat the etch rate, surface sruc-
ture and roughness of the PE surface were influenced by different
plasmatreatment parameters Dilsz e d. [1995] showed the rough-
ness changes of carbon fiber after plasma trestment and proved thet
plasma coating had a degp influence on the surface energy of car-
bon fiber. Kim et d. [2003] discussed the polymer surface modifi-
cation and metd surface decontaminaion by usng amogpheric pres-
are gected plasma, and d<o dudied the plasma effect under vari-
ous plaamatreatment conditions. Kim et d. [2003] usad amaospheric
pressure plasma jet to modify the surface of sainless ged to make
the surface more hydrophilic, and proved that new functiond groups
were generated after plasma trestment according to XPS andlysis.

By summarizing previous investigations, it isnot hard to see thet
the surface pretrestment is normally necessary before gpplication.
Plasmatreatment is quite an efficient method to modify the surface
properties just like wettability, permeshility, conductivity, adheson
and biocompatibility. However, there are few reports related with
the surface modification of stainless sed before binding with poly-
mers[Kim et d., 2003)]. In this paper, we studied the surface mod-
ification of stainless sted by using an atmospheric pressure plasma
trestment and discussed the effect of plaama trestment time, plasma
trestment power and aging timein air on the wettability and surface
free energy in detail.
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Fig. 1. The atmospheric pressure plasma sysem used in our re-
search.

EXPERIMENTAL

The dainless ged plates (AlS 304L) (Duwon Company in Dae-
jeon) were washed with 1% HCl/didtilled water solution, ditilled
water and ethanal, followed by drying with a sream of nitrogen
ges

The expariments of surface modification of ainlesssed were car-
ried out by the amospheric pressure argon plaama (Modd ATMOS,
Plasmart Inc. Korea) (See Fig. 1). The ultra high purity argon pur-
chased from Praxair Korea Co. Ltd. was used asinitiating gas. The
previoudy prepared sainless sted plates were trested by one amo-
gpheric pressure argon plasma followed by exposureto air for afew
minutes. The digance between plasma discharge source and the
dainless sed subgtrate wasfixed a 7 mm.

The contact angle test was performed on the FACE contact-angle
meter made by Kyowa Interface Science Co. Ltd. The deionized
water and diiodomethane were used as polar and digoerson com-
ponents, respectively. After plasma trestment the deionized water
and diiodomethane were dropped onto the surface of gainless sted
plate; then the angles were read through the lens. In this experiment,
eight point messurements on each sample were randomly performed,
and the average vaue of the eght point measurements was regard-
ed asthe average contact angle of the sample.

The surface free energy of dainless sed &fter plasma trestment
was caculated from the results of contact angletest by using Owen's
method [Zenkiewicz, 2001]. The surface free energy ()) of asolid
is equd to the sum of both digperson ()¢) and polar () compo-
nents:

i @
and the fallowing relation has been used:
=Yy 2 (vey D)o +(vey)™ @

Table 1. The dispersion (y), polar (yf) components and ., coef-
fidentsfor the probeliquids (Digtilled water and diiodo-
methane are used as polar and disperson components,

respectively)
Liquid v vP o o o
Water 21.8 51.0
Diiodomethane 485 23

Water and diiodomethane 153 7.80 0.22 3.65

Here, y; is the free energy rdated with the interface between solid
and probe liquid, and y is the surface free energy of liguid, and y?
and P are the disperson and the polar component of the surface
free energy of liquid, respectively. When Egs. (1) and (2) are com-
bined with the Young equation [Stokes and Evans, 1996],

Y=Yty cosd ©)

where s the contact angle between the probe liquid and the sur-
face of examined materid, the following expression could be ob-
taned:

W(A+cosf)=2(yy) *+2(yEyP) @

So, according to Eq. (4), two unknowns (y2and y?) can be deduced
by the results of contact angle for the given subgtrate using two dif-
ferent liguids with known values of y?and yP. Thus, the following
equations are findly obtained:

(V9 >+ (YD) *=ay(1+cosh) ©®

(V9> +wy(yD) *=c(1+cosb) ©

Here, w, with n=1-4 are the coefficients dependent on the nature
of probe liquids used, and 6, and 8, are the contact angles relding
to the used liquids. And this Owen's method was usualy widdy
usad in the researches of surface free energy. In this experiment,
we used water and diiodomethane as two known liquids and the
vaues of v, y? and ., are shown in Table 1. After caculation,
both y¢ and y? were olatained and then the surface free energy was
easily obtained too.

RESULT AND DISCUSSIONS

During the contact angle test, we observed that after plaamatreat-
ment the contact angles of the probe liquids decreased and the sur-
face free energy of sainless sed increasad. These changes can be
atributed to the effect of plasma The plasma effect on different ma-
terids has been investigated by many researchers[Valon et d., 1996;
Choi et d., 1997; Duca et d., 1998, Mahigerg & d., 1998; Kacz-
marek et d., 2002; Kim and Leg, 2002; Kaminska et d., 2002, Kim
et d., 2003)]. It was conddered that plasma can improve the surface
wettability and surface free energy. When we modified the surface
of danless sed by plasma, we paid much attention to some crucid
plasma parameters which could have consderable influence on the
trestment effects plasma trestment time, trestment power, and aging
timein air after plasmatreatment.

1. Effect of Plasma Treatment Time

Fig. 2 shows the effect of different plasma trestment times on

the change of contact angle. When the plasmatrestment time is 60
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Fig. 2. Changes of contact angleswith respect to the plasma treat-
ment time (Plasma treatment power: 100 W, aging timein
air after plasmatreatment: 3-5 min).
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Fig. 3. The effect of plasma treatment time on surface free energy
of stainless sted plate (Plasma treatment power: 100 W,
aging timein air: 3-5min).

<, the contact angles of both polar and digoerson components
decrease to the minimum, and then, after 60 sec, they gradudly in-
crease with increesing plaamatreatment time. Fg. 3 showsthe effect
of plasma trestment time on the change of surface free energy. As
shown in Fig. 3, at the beginning stage, both y¢ and y? increase
with increasing plasma trestment time. At the time of 60 sec, they
reach maximums. Then, with further trestment, the y¢ and y? tend
to be gable, and even alittle decreasad. The changesin Fg. 2 and
Fig. 3 were thought to be caused by the new oxides, nitrides and
radicas on the surface of sainless sed which were generated by
plasmatreatment, and these new oxides, nitrides and radicaswould
result in the decrease of contact angles and the increase of surface
free energy.

In this experiment, at the beginning, the amount of oxides nitrides
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and radicas on the surface of stainless sed increasad with extend-
ing the plasma trestment time, o the contact angles kept on decress:
ing and the surface free energy kept on increasing. When the plas-
ma trestment time was extended above a cartain time, the oxides
and nitrides on the surface would not keep on increasing any more
because some of the oxides and nitrides may trandfer into non-active
partides due to long time exposure to plasma [Suzuki et d., 1986;
Ito e d., 1999]. These non-active partices were thought to have
adverse influences on the contact angle and the surface free energy.
o, dfter 60 sec, the contact angles of bath polar and digpersion com-
ponents increased insteed of kegping on decreasing, and the sur-
facefree energy did nat increase any more, ether. On the other hand,
it was also conddered that many oxides and nitrides could be gen-
erated during the process of exposure to air after plasma treatment
[Suzuki et d., 1986; Kihn et d., 1999]. This phenomenon could
be attributed to the radicas, which were aso generated by plasma
trestment. When these radicds were exposed to ar after plasma
trestment, they could react with N, and O, in ar and generate more
oxides and nitrides on the surface, which was beneficid for the sur-
face wettability and free energy. But, if the plasma trestment time
was too long, the amount of active radicas would aso decrease
because of the appearance of non-active particles, 30 the amount of
oXides and nitrides, which were generated by the radicds, aso de-
creased. This result dso led to the decrease of surface wettahility
and free energy.

Furthermore, as shown in Fig. 3, a the beginning of plasmatreat-
ment, the free energy of polar components-y? kept on incressing
until the trestment time reached 60 sec. After 60 sec, the yE nearly
showed no apparent changes. In the case of digoerson components:
y2, when the plasma trestment time was short, the changes were
not so digtinct, and only when plasma exposure time reached 60 sec,
was ardativey amdl increase observed. However, the increase of
polar components-y? was more than disperson components-y2.
This meant that changing plasma exposure time had more influ-
ence on polar components than dispersion components on gainless
ged. So, from this point, we can deduce that, inthe case of dainless
ged, the plasma trestment time mainly affected the polar compo-
nents rather than the digoersion components
2. Effect of Plasma Treatment Power

The plasma trestment power is dso an important parameter in
thefidd of plasmasurface modification. Anincresse of plasmartreat-
ment power means an increase of the cgpability of producing ox-
ides, nitrides and radicds on the surface. When the trestment power
islow, plasma cannot provide enough energy to produce oxides and
nitrides on the surface of substrates and cannot generate enough
radicals either. On the other hand, if the plasma treetment power is
too strong, the surface would be scathed and the surface uniformity
would decrease. In the meantime, more non-active particles would
a0 be generated. Yasuda [1985] once gave good explanations on
the effect of plasma trestment power. So, in this experiment, we
a0 discussed the effect of plasma trestment power on the surface
modification of sainlesssted.

Fig. 4 shows the effect of plasmatreatment power on the wetta:
bility of gainless ged. At the power of 120 W, the contact angles
of both polar and disperson components fal down to the mini-
mum. In Fg. 5, the surface free energy reaches the maximum veue
when plasma trestment power is 120 W. We can explain this result
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Fig. 4. Changes of contact angleswith respect to plasma treatment
power (Plasma treatment time: 60 sec, aging timein air
after plasmatreatment: 3-5min).

such that, when plasma power was lower than 120 W, the density
of nitrides and oxides was low and kept on increesing. Therefore,
the contact angles kept on decreasing and the surface free energy
kept on increesing. When the power was increased up to 120 W, it
was supposed that the oxidation and nitration of the treated surfece
atained to the saturated Sate. So the contact angles reeched the min-
imum and the surface free energy the maximum. Further incress-
ing the plasma trestment power after the saturated Sate, the dendty
of the oxides and nitrides on the surface of sainless sted would not
increase markedly any more. However, because of surface scathe
under too srong plasma discharge, more non-active particles were
generated. So, when the plasmatreatment power was stronger than
120 W, the contact angles increasad and the surface free energy de-
creasad. On the other hand, when the plasma trestment power was
too grong, the active radicas may aso have decreased because of
non-active particdes. Thiswould aso leed to the decrease of oxides
and nitrides on the surface of gainless sled when exposed to air,
which resulted in the decrease of wettability and surface free energy.
Therefore, in recent research, low power plasma discharge was usu-
dly utilized to reduce the scathe made by plasma bombardment
and rediation.

In Fig. 5, when the plasma trestment power wes below 60 W,
the palar components-y£ kept on incressing. This phenomenon meart
that the energy of polar components could be largely enhanced and
quickly reached the maximum even at low power of plasma tregt-
ment. After thet, even if the plasama trestment power increased con-
sderably, the y? kept stable. Compared with 2, the changes of the
disperson components-y¢ were not so apparent a low power of
plasma trestment. Only when the plasma power got to 90 W did
the y¢ gradudly increase. At the power of 120 W, it reached the max-
imum. From this phenomenon, we can condude thet, & low power
plasmatrestment, theimprovement of surface free energy was main-
ly attributed to the polar components, wheress, a rddivey high
power plasma tregtment, the increase of surface free energy was
mainly due to the disperson components
3. Effect of Aging Timein Air after Plasma Treatment
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Fig. 5. Thefect of plasmatreatment power on surfacefreeenergy
of dainless ged plate (Plasma treatment time: 60 sec, aging
timein air: 3-5min).

35

30 -

25 -

20

15

Contact Angle (degree)

10 -

5 T T T T T
0 20 40 60 80 100 120

Aging Time (min)

—e— Aging Time vs Water Contact angle
—=— Aging Time vs Diiodomethaen Contact Angle

Fig. 6. Changes of contact angles with respect to aging timein air
after plasma treatment (Plasma treatment time: 60 sec,
plasma treatment power: 100 W).

Adging property is an important factor for maintaining high sur-
face energy of materids It has a degp sgnificance with production
cogt and gorage. In this experiment, we discussed the aging prop-
erty of danless sted after plaamatreatment.

Fig. 6 showsthe influence of exposure time on the contact angles
after plasma trestment. It is easy to see that the contact angles of
both polar and disperson components decrease to the minimum
within a short exposure time in ar (3-5 min). With extending the
exposure time, the contact angle becomes larger and larger. Fig. 7
shows the effect of aging time on surface free energy. When the
aging time becomes 3 to 5 min, the surface free energy reachesthe
maximum.

In previous discussion, it has been gated that the reason for the
changes of contact angles and surface free energy was due to the
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Fig. 7. The effect of Aging timein air on surfacefreeenergy of da
inless sed plate (Plasmatreatment time: 60 sec, plasma
treatment power: 100 W).

oXidization and nitration of surface by plasma trestment. We also
mentioned that, after plasma trestment, the active radicds could
kesp on reacting with the O, and N, in dir, through which more oxy-
gen and nitrogen components could be incorporated onto the sur-
face. In this experiment, at the beginning of the aging process, the
urface after plasma trestment was S0 activated that surface redi-
cds could react rgpidly with stable componentsin air. This meant
that new oxides and nitrides could be promptly formed on the sur-
face. Therefore, the contact angles rapidly decreased while the sur-
face free energy rgpidly incressed in this period. With further ex-
tending the expasure time in air, the activated surface was more and
more gable due to the reaction with the stable components in ar.
At lag, the oxides and nitrides on the surface gpproached to the st-
uration date. At this saturated Sate, the contact angles fdl down to
the minimum and the surface free energy increases to the maxi-
mum. In this experiment, the aging time & the ssturated ate was
3to 5min (Shown in Fg. 6 and Fg. 7). After 3to 5min, if further
extending the exposure time, the contaminations and stable com-
ponentsin ar would form undesired impurities on the saturated sur-
face and these undesired compounds can make the surface more
passive, which is disadvantageous for surface wettability and free
energy. Therefore, when expoaure time was over 3 to 5 min, contact
anglesincreased and surface free energy gradually decreased.

InFig. 7, theincrease of surface free energy, when the aging time
was around 3 min, was mainly caused by the changes of digper-
sion components-y4, and the decresse of surface free energy as ex-
tending the aging time was mainly caused by polar components.
This result indicated thet, when the surface of dainless sted wes
expoxd to air after plasma treatment, the new functiona groups
generated by active radicas had more influence on the digoersion
components as enhancing the surface free energy. The surface pas
svation caused by long-term exposure to ar was mainly influenced
by polar componerts.

In this research, the aging time is the va ue representing a period
of time (3-5min), rather than a specific paint of time. When the
contact angle test was conducted, a short period of time was neces:
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sary to read the vaues of eght drops Therefore, the aging time ob-
tained for representing the contact angles was taken from the mean
vaue of eight messurements of drops As a consequence, the opti-
mum aging timein ar has been determined between 3 and 5 min.

CONCLUSION

The surface free energy of dainless sed plate was successfully
improved by usng amaospheric pressure plasmatrestment. The con-
tact angle test and the cdculaion of surface free energy have proved
that a more wettable surface was obtained after plasma treatment
and the optimum plasma tregtment conditions were atrestment time
of 60 sec, trestment power of 120 W, and aging time of 3to 5min
inar.

From this research, we dso draw the fallowing condudons Hrs-
ly, the effect of plaamatrestment time on the surface free energy of
danless sted ismainly dueto the contribution of polar components
but not digperson components. Secondly, the polar components
mainly contribute to the improvement of surface free energy under
low power plasma trestment, whereas the digperson components
can contribute to the smdl increase of surface free energy under
relaively high power plasma treetment. Thirdly, short time expo-
aure of plasma tregted surface in ar can improve the surface free
energy. And, in this period, the dispersion components mainly con-
tribute to the enhancement of surface free energy when the aging
time is short, whereas the polar components dominantly affect the
decrease of aurface free energy during long time exposurein air.
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NOMENCLATURE

Greek Letters

Y. . surfacefreeenergy

y¢  :freeenergy of dispersion components

y? . freeenergy of polar components

ys freeenergy rdaed with the interface between the solid and
the probe liquid

y, :surfacefree energy of theliquid

v :freeenergy of the dispersion component of theliquid

yP . freeenergy of the polar component of theliquid

6 : contact angle between the probe liquid and the surface of

the gtainless stedl

6, : contact angle between the water and the surface of the Sain-
less stedl

6, : contact angle between the diiodomethane and the surface
of the stainless sted!

w,.,  coefficients dependent on the nature of probe liquidsused
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