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Abstract: When an interface exists between a liquid andlid,sthe angle between
the surface of the liquid and the outline of thentest surface is described as the
contact angle. The size of the contact angle isrtégics of the hydrophobicity of the
surface. The prediction of the contact angle hgsifstant effect on the design of
hydrophobic surface and improvement of hydrophtpidn this paper, a prediction
model for contact angle has been proposed basedimmum Gibbs free energy. It
considers the effects of unilateral force and amestraints of the droplets. The effect
of micro-structural parameters on contact angle lkéso been investigated.
Micro-milling experiments have been conducted tarifaate the hydrophobic surface
in order to validate the predictive capability dfetcontact angle model. Results
revealed that the established prediction modelc@sgtimate the contact angle of
hydrophobic surface. The contact angle could beeased by increasing concave
width or reducing convex. The outcome of this redeawill lead to new
methodologies for preparing hydrophobic surfaceh wiicro-machining technology.

KEYWORDS : Hydrophobic surface, Contact angle, Ggenethod, Micro-milling

1. Introduction

Surface with directional wetting properties is mfnéficant practical importance in
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many fields [1,2], especially for self-cleaningduetion of condensate retention and
drag reduction, etc. The lotus leaves can keepraffdrops and dust due to the
micro/nano-morphology of their surfaces, and tiierpmenon is referred to as “lotus
effect’[3]. The contact angle, as shown in Fig. i4, the angle at which the
liquid-vapor interface meets the solid-liquid irigere [4]. A contact angle less than
90° (low contact angle) usually indicates that ingtof the surface is very favorable,
and the fluid will spread over a large area of shgace. Contact angles greater than
90° (high contact angle) generally means that mgttf the surface is unfavorable.
The fluid will minimize contact with the surfacedaform a compact liquid droplet.
Hydrophobic surfaces with contact angle greaten thd0° show almost no contact

between the liquid and the surface [5,6].

A B C

Qa

Fig. 1. Wetting of different fluids: A has a largentact angle, B has a common

contact angle and C has a small contact angle

The contact angle was described by Thomas Younghifrfirst time in 1805,
which is defined by the mechanical equilibrium bé tdroplet under the action of
three interfacial tensions (Fig. 1) under ideaidssurface [7].

cosg=Ysv Vs Q)
Vv

ysv, ysL andyy represent the solid-vapor, solid-liquid and liguapor interfacial
tensions respectively, ards the contact angle.

Depending on the way a droplet rests on a rougfaceyr two wetting states,
Wenzel and Cassie-Baxter, are generally defined.\Wanzel model assumes that the
liquid wets the whole rough substrate, while thesiaBaxter model assumes that the
droplet partially wets the rough substrate duénéottapped air in the micro-structured

surfaces as shown in Fig. 2 [8,9].
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Cassie-Baxter model \

Fig. 2. Wenzel and Cassie-Baxter model

The Wenzel model is defined by Eq.2 for the congangile on a rough surface:
cosf, =T x co¥d 2)

where 6y is the apparent contact angle which correspondsthéo stable
equilibrium stater is the roughness ratio which is defined as thie dttrue area of
the solid surface to the apparent area.

The Cassie-Baxter model is defined as shown ir8Eq.
COSl, = — I+ ( Hr, co@) x f (3)

wherer; is the roughness ratio of the wet surface arehf egpresents the fraction

of solid surface area wet by the liquid.

It can be seen that whénl andr; =r, the Cassie-Baxter equations becomes to be

the Wenzel equation [10,11]. It can also be seanh tinder the same Yong contact
angle, the contact angle calculated by Wenzel msdielss thar#), while the contact
angle calculated by Cassie-Baxter is greater thah should be realized that both
Wenzel and Cassie-Baxter models all consider thasa roughness can help to
increase the hydrophobicity of the surface. Howewbeere is still a lack of
investigation on the quantitative dependence uaiatiip of the macroscopically
effective contact angle on the micro-structuredfesie parameters of surface
roughness.

Johnson and Dettre [12] proposed that for a hydsbjhsurface with sinusoidal
structure, when the surface roughness has a loweval surface roughness, the
wetting state is Wenzel. When the surface roughiessjual to or higher than a
critical value, the wetting mode for a depositeylid droplet would be Cassie on a
surface. Song et al. [13] investigated the statit dynamic hydrophobicities of water

droplets on a patterned surface prepared usingrofliylsilane with different
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molecular chain lengthsTheir results imply that the sliding accelerationveater
droplets on hydrophobic surfaces is controllablebgnging the pattern structure and
its chemical composition. At present, most of tlesearch on super hydrophobic
properties focuses on the preparation technologyuperhydrophobic materials, but
there is still a need for further effect to studiiet wetting behavior of
superhydrophobic materials, and fundamental problsnch as which parameters are
more suitable for judging the superhydrophobicityaanaterial. The comprehensive
understanding of the dynamic contact angle andriatdlow pattern of water droplets
on micro-structured superhydrophobic surfaceslisrsgufficient. Therefore, it is still
an unresolved issue to determine which model shbalémployed to calculate the
contact angle of a specified micro-structured sigfa

Current microfabrication technology permits moretcolled experiments where
the roughness of the surface can be quantifiedrimg of the geometric parameters.
Established surface  micro-structure  methods includaicro-machining,
electro-chemical machining, electrical dischargecini@ing, embossing and laser
ablation. Micro-machining entails removal of maakfrom a substrate using a cutting
tool and chip removal to leave a desired geom@tmg. precision of micro-machining
can reach micrometer-scale, with nanometer-scatacgi finish. Song et al. [14]
fabricated partially grooved hydrophobic surfacewd aesults showed that the
apparent contact angle parallel to the grooveargel than that on smooth surface,
while the micro-structures have little effect omtaxt angle in vertical direction. It
can be seen that the anisotropic effect of the avstnuctures would be more
significant by increasing the fraction of the gredvarea. Wan et al. [15] fabricated
columnar micro-structure arrays on aluminum allapstrate by using a high speed
precise micro-milling machine. It is found that tbelumnar micro-structure arrays
can effectively improve the hydrophobic propertiefs aluminum alloy, and the
contact angle is improved from 51up to 115. However, how the micro-structures
affect the wetting models and what are the spregdahavior on different materials
surface are not discussed.

This paper aims to establish a contact angle predienodel based on minimum
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Gibbs free energy. Then the effects of micro-strred surface parameters on contact
angle are investigated. Finally, micro-milling expgents are conducted to fabricate
the hydrophobic surface and to validate the pragiatapability of the contact angle

model.

2. Establishment of contact angle prediction model

2.1 Determination of contact parameters

According to Gibbs free energy [16], a general aflthumb is that every system
seeks to achieve a minimum of free energy. In fhaper, by building up the
relationship between the Gibbs free energy of eétspbn the surface and the contact
angle, the contact angle corresponding to the mimmGibbs free energy is
considered to be the stable contact angle. Sutéarsgon is a contractive tendency of
the surface of a liquid that allows it to resisteaternal force. At constant temperature

and pressure, surface tension equals to Gibbsfremyy per surface area.

0G
o= — 4
aA T,P,n ( )

whereG is Gibbs free energy amdis the area of droplet.

Hence, according to the contact area and surfaosiote of solid-vapor,
solid-liquid and vapor-liquid, the Gibbs free eneffgr droplets can be obtained. In
this research, the droplet is supposed to be tweedsional pattern. The cross section
is dome, and the cross-sectional area keeps constance, the Gibbs free energy
reflected in two dimensional is contact force asvahin Eq. 5

F=VaXLstyoXLaty XL o (5)
whereF is contact forcels, Lsy andL,y represent the solid-liquid, solid-vapor
and liquid-vapor contact length respectively.

In this paper, the droplet partially wets the rougtbstrate which reflected the
hydrophobic phenomenon is investigated (CassiedBaxiodel). There are still two
situations for a droplet rest on substrate conwegr®wn in Fig. 3 either on inside or

outside, where Fig.3 (a) shows the droplet restuiside of the convex and Fig.3 (b)
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shows the droplet rest on inside of the convex.

L Ly Ly
(0, g ¢, N ¢ e,
KAWM L W X
5 | 5 o | %
Ry g Ry 0,
(),i\' ()_U

Fig. 3. Droplet rest on outside and inside of conve

In Fig. 3,c represents the width of convex amtepresents the concave widkths
the height of the convek.is length of solid-vapor for single micro-struadrsurface.
vy is tilt angle of micro-structured surface.

Table 1 shows the parameters of droplet rests oropstructured surface.

Table 1 Droplet parameters resting on micro-stmectisurface

Droplet rest on outside of conveXroplet rest on inside of convex

Number of oL 2L, +C
concaven —+£ c+e
cte
é.L é,L
Ly KK 4 ne MM 4 ne
sing, sing,,
LsL (n+1)c (n-1)c
Lsv n ZL +b n ZL +b
siny siny

2.2 Relationship between contact force and contact angle

Substituting the parameters in Table 1 into EcthB, contact force and the area

constraint of droplet can be obtained.

Eq. 6 and Eq. 7 show the contact force and the @yestraint for droplet rest on
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outside of convex.

h gL
F. =y, x(n+1)c+ xn 2—+b + x KK 4+ pe 6
« = Ve X (n+D)ctyg, sy Yo g (6)
L2 5
g —K—-L.cotd, =S 7
KsinZeK K K ()

Divided byy.y on both sides, Eq. 6 can be expressed as sho®q.i8, which

represents the relationship between contact erardycontact angle:

i=ﬁ><(n+1)c+&><n 2 N ip s Gbcype (8)

Yo VY Vv siny Sll'ﬂK
For the situation that droplet rests on outsidemifvex, the number of concave

covered by droplet n can be expressed as Eq. 9:
= 2L, -c
cte
Putting Eq. 9 into Eqg. 8, Eq. 8 can be expressdfigad0 or Eq. 11:

9)

F :ySLX 2LK_C+1 C+ySVx2LK_C > h +b + HKLK_l_ZLK—Ce

Yiv Vv ct+te Viv ct e siy sifl, e e
(10)
or:
2 2_L+b
L .HK + 2e + st 20+ysv siny L, + Ysv_€C __€C_Yys_ C , h_+b
Y SiNg, c+te y, cte y, e e Yy, ¢ e € ey, ¥ e gin
(11)

EqQ.7 can also be changed into Eq. 12:

, S
L.> =sin’g 12
« “ 8, - codb, sirb, (12)

And Lk can be expressed as:

Page 7 of 21



. s
L, =sing 13
« =Sl K\/HK—cosé?KsirﬂK (13)

Putting Eq.13 into Eq. 11, it can be changed irjo B

h
22 —+Db
Fe _ .HK N 2e A 2c sy siny 'nHK\/ S L Ysu_€C__€c_yg
Vv sing, cte y, c-e y, G e G~ cdk s Yo € € i &,

(14)
For co®=(ysvysl) fiLv | Eq. 14 can be simplified as shown in Eq. 15:

Fe _ .gK , 26— 2ccod I S . cos( ec-1) (15)
Viv sing, c+e 6 _ c+ e
\/ sin*g,

cotg,

For droplet resting inside of convex, the contacté and the area constraint can be

represented as Eq. 16 and Eq. 17 respectively:

h G, L
F =y. x(nh-1)c+ xn 2—+b + x MM 4 ne 16
v = Ve x(N=1)c+yqy Sy Yo g, (16)
L, > )
&) M__—L,%cotd, =S 17
M SanHM M M ( )

According to the same procedure, the relationskgpvéen contact energy and

contact angle for droplet resting inside of conear be expressed as Eq. 18:

Fy _ 6y ,2e—2ccod | S , cos(ect1)
Vi Sing, cte \/ % _ cotd o e
M

(18)
sin’g,

Comparing Eqg. 15 and Eq. 18, it can be found thateu the same structural
parameters, the contact energy for droplet regiirtgide of convex is always less. It
indicates that the status for droplet resting dlgtsif convex is more stable.

Stepping technique was adopted to derivate thehgveich demonstrates the
relationship between the contact energy and théacbmangle. At first, suppose the
droplet resting on an ideal substrate surfacedensif the convex and the initial

contact angle is 180° with the calculated contaet@yos;. Then, extend the droplet to
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the outside of the convex, by applying geometrialysis to get the contact angig
Repeat the process to extend the droplet on bd#s o calculate the corresponding
contact energys. Using this methods,, s, etc. can be gained successively. Finally,
the graph for the relationship between contactggnand contact angle can be drawn.
According to graph, the contact angle corresponttindpe minimum contact force is
the estimate contact angle.

Fig. 4 shows the relationship between the contaetgy and the contact angle
whenc=50um, e=10Qum andS=2x10°um?.

25800

2540, Re -

Fu v Ny =

2490 N

244

100 120 140 160 180
Contact angle (°)

Fig. 4. Fitting energy curve betweBg/yy and contact angle

From Fig. 4, it can be seen that the contact aogiteesponding to the minimum
contact energy is 150°. It indicates that undes thirface pattern, the stable contact
angle is estimated to be 150°.

According to Eqg. 15 and Eq.18, the impact fadte(2e-2cco®)/(c+e) affects
the shape and lowest point of Fig. 4, whiles)(cexl)/(c+e) can only affect the
vertical position of Fig. 4.

The fitting curve for the contact energy and thetaot angle under different

values forK is illustrated in Fig. 5.
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Fig. 5. Fitting energy curve betweEg/y.y and contact angle under differéatalue

From Fig. 5, it can be seen that with decreask,dhe contact energy becomes
lower and so does of the stable contact angle. ik the estimate contact angle is
150°; whenK=0.5, the estimate contact angle is 120°, and wheh1, the estimate
contact angle is 90°. It is clear that it needargdrK to increase the actual contact
angle. According to the expressionkgfincreasing concave width or reducing convex
width can help to increase the valuekoiwvhich in turn increases the contact angle.
According to the expression &, it also can be seen that the materials with targe
Yong contact angle, have a relative lardgervalue. That means under the same
micro-structure, the materials with hydrophobic studite can have higher growth and
upside potential of contact angle compared to tifamaterials with hydrophilic
substrate.

3. Experimental verification

3.1 Preparation of experiments

Experimental work has been carried out to veriftcathe estimated contact angle
during micro-milling process. Workpiece materialsaselected to be PMMA for its
characteristics of good transparency, chemicalilgtabnd easy to process. In order
to investigate the effect of material on the perfance of hydrophobic, further
experiments have been conducted and with the weckpinaterial of Ti6Al4\for its
characteristics of excellent mechanical propesdisd wide application in the fields of

Biomedicine. The workpieces were machined on KEBRZ2Z2micro-milling center as
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shown in Fig. 6 with solid cemented carbide micrding cutter. The experiments
were carried out under a constant feed per to@2uth/Z, a radial depth of cut @,

an axial depth of cut 1@@n and spindle rotation speed 10000r/min.

Fig. 6. Micro-milling experiments setup

During the cutting process, both the concave wed#nd the height of the convex

h were fixed to be 1Q0On. The width of convex varies between experiments t

investigate the effect of micro-structured surfacesurface hydrophobic properties
which means the tilt angle for micro-structuredfsce y is 90°. The convex width

were selected to be p, 75um, 10Qum, 125im, 15Qum, 200um respectively.

3.2 Test of hydrophaobic performance

The images of the obtained micro-structured surfawder optical microscope in

Fig. 7 show that the machined surfaces have regudding patterns.

5000 ur
Lens:X 150

(a) PMMA workpiece (b) Ti6AI4V workpiece

Fig. 7. Obtained micro-structured surface undeicapmicroscope
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Fig. 7 (a) shows the obtained micro-structuredasrffor PMMA, and Fig. 7 (b)
shows the obtained micro-structured surface foATAS.

Fig. 8 shows the optical contact angle measurirgiriment. The static and
dynamic contact angle can be obtained through riegument. The drop shape can

also be analyzed according to Pendant Drop method.

Fig. 8. Optical contact angle measuring instrument

The test liquid used is deionized water with dgnsit996kg/nt, surface tension
0=0.07275N/m, viscosityy=0.001kg/ms, and the droplet volume id.Before the
cutting experiments, un-machined sample PMMA an@AWV was test, and the

average contact angle was test to be 80° andagshown in Fig. 9.

(a) Contact angle for PMMA (b) Contacgkmnfor Ti6AI4V

Fig. 9. Contact angle for un-machined sample

The micro-grating pattern can make the droplet airopy, which means the
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droplet resting on micro-structured surface witipsstate instead of sphere. Hence, it
is necessary to measure the contact angle in teotatins [17]. Fig. 10 (a) shows the
observation direction vertical to the grating patfeand Fig. 10 (b) shows the

observation direction parallel to the grating paitte

|
D

(a@) In vertical direction (b) In parallel dirgmt

Fig. 10. Measuring of contact angles from differdméction

4. Results and discussion

Fig. 11 shows the obtained contact angles for gferdnt PMMA samples with

convex width 5am, 75um, 10Qum, 125um, 15Qim, 200um respectively from parallel

direction.

a) Contact angle with Convex i b) Contact angle with Convex @

c) Contact angle with Convex 0@ d) Contact angle with Convex 148
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e) Contact angle with Convex 158 f) Contact angle with Convex 200

Fig. 11. Contact angles with different convex frparallel direction

The contact angle for un-machined PMMA workpieces wasted to be 80°.

According to Eq. 2 and Eq. 3, the theoretical contangles for Wenzel and

Cassie-Baxter model can be calculated as showmlfeT2. Table 2 also shows the

obtained contact angles for six different PMMA sdaspwith different convex widths

using different methods.

Table 2 Contact angle obtained through differenthogs for PMMA

Width of Wenzel  Cassie-Baxter Prediction Vertical direction Parallel direction
convexfum model6y/°  modelfcg/°  modeld/° 0l° (xSE) 0/° (xSE)

50 63 128 150 10942 138+4

75 68 120 138 105#3 1373

100 70 115 134 102#4 13648

125 71 111 130 10043 13146

150 72 107 126 98#4 128+4

200 73 103 122 814#3 119+6

SE represent standard error from the mean valué ddplicates, different letters

represent significant differences<(n05).

Table 3 shows the contact angle obtained throufjereint methods for Ti6AI4V

workpiece.

Table 3 Contact angle obtained through differenthogs for Ti6AI4V

Width of Wenzel Cassie-Baxter Prediction Vertical direction Parallel direction

convexfun model6y/°  modelfcg/°  modeld/° 0/° (xSE) 0/° (xSE)
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50

75

100

125

150

200

50

58

61

63

64

66

126

118

113

108

104

100

142

131

127

123

120

116

10445
10046
9744
95£3
90£7

7786

13548
130+4
12643
119+4
11544

113+2

SE represent standard error from the mean valué ddplicates, different letters

represent significant differences<(p05).

From Table 2 and Table 3, it can be seen that timact angle for Ti6AI4V is
always smaller than that of PMMA workpiece. Thatli® to the surface free energy
of the workpiece Ti6Al4V used in experiments isger than workpiece of PMMA
[18]. The surface free energy can affect the vafuéong contact angle, which in turn
affect the value of impact factét. The larger the surface free energy, the smafler o
Yong contact angle. According to the expressioK,ahe smaller Yong contact angle,
corresponds to smallé value and results in smaller predicted contacteanthe

experimental results and calculated results arng mee illustrations of this point.

The contrast curves for obtained contact anglestaoen in Fig. 12.

Contact angl

o

50 75 100 125 150 200

Width of convex (um)

e W enzel model

Cassie-Baxter model

e Prediction model

s ertical direction value

Parallel direction value

(a) Contrast curve for obtained contact anglePidMA.
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(b) Contrast curve for obtained contact angleslT6Al4V.
Fig. 12 Contrast curves for obtained contact anfgledifferent materials with

different methods. Error bars indicate SE

From Fig. 12, it can be seen that for both PMMA diieAl4V materials, when
the observation direction is parallel to the conviime established prediction model
can forecast the contact angle very well; whendigervation direction is vertical to
the convex, the Cassie-Baxter is better for préadijcthe contact angle. For both
models, the value of contact angle decreases wittease of the convex width. The
difference is mainly coming from two aspects: oe tine hand, the chatter of the
machine tool makes their exit difference betweaendhsign sizes and dimensioning
size which can change the contact angle; on theradtland, for the material's
plasticity, the machined surface roughness is largieh can increase the chance of
forming composite contact, and consequently theuadigt contact angle can be
different.

The trend of Fig. 12 agrees with the results foyrLh Fang and Rahman, who
also used free energy analytical methods [19-2lhg @ifference is that the energy
model established in this paper calculates thelatesealue of energy, while the other
three models can only calculate relative valueg dhsolute value of energy can not
only be used to calculate the change of energy rusal®e micro-structured surface,
but also can calculate the change of energy uniffereht micro-structured surface

which is not provided by other models.
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According to the above analysis, the establishedainoan predict the contact
angle accurately. When a solvent other than waterewused as tested liquid,
according to the expression of impact fadtgrthe bigger the surface tension is, the
greater of the Yong contact angle, the bigger efdbntact angle will be predicted and

measured which agrees with the results form by IGE&].

5. Conclusions

A contact angle prediction model based on Gibbs &eergy was established in
this paper. It considers the effects of unilatdi@ice and area constraints. The
solid-liquid, solid-vapor and liquid-vapor contaltngth were calculated through
geometric analysis respectively. The flowing cosmus can be obtained:

1. The effects of micro-structured surface parametin contact angle were
investigated. Results indicated that the contagteacould be increased by increasing
concave depth or reducing convex height.

2. Micro-machining experimental results revealedt tiine established prediction
model could estimate the contact angle very welemithe observed direction is
parallel to the convex of the machined micro-suted surface.

3. The workpiece surface free energy can affectvéiee of Yong contact angle,
which in turn affect the value of impact factor.eTtarger the surface free energy, the
smaller Yong contact angle, corresponding to smalledicted and measured contact

angle.
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Highlights

1. The research built prediction model of contact angle based on minimum
Gibbs free energy, the effects of unilateral force, area constraints of the droplets and
micro-structural parameters of the interfaces are introduced.

2. Micro-milling experiments have been conducted to fabricate the hydrophobic
surface to validate the predictive capability of the contact angle model.

3. Our findings may have general implications in the optimization of
hydrophobic structure parameters and will lead to methodologies for cost-effective

monitoring and control of surface hydrophobic properties.
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Theoretical basis

Experimentaproces
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