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ABSTRACT

EFFECT OF MECHANICAL ABRASION ON OIL/WATER CONTACT ANGLE INMETALS

by
Simin Salam Tabrizi

The University of Wisconsin-Milwaukee
Under the Supervision of Professor Pradeep Rohatgi

In this study the oil/water angle for brass, aluminum, hastelloy and 316 statdebwas
experimentally studied as a function of surface roughness. Samgtesnvechanically
abraded by sandpaper in the way that all the scratchespaeakel. Surface roughness
was measured by profilometer, Nano-Indenterd Atomic Force Microscope (AFM).
The relationship between sandpaper particle size and surface raaidgbnesl four
metals was established. The highest surface roughness obtairsteleto816 ground by
180 grit sandpaper (1.g81) and the smoothest surfaces were achieved for brass and
aluminum after grinding with alumina (0.08n).Then oil/water contact angles were
measured by Rame Hart Goniometer. Results showed that cartglet on brass
increases with increasing the surface roughness from 88° on shrasthto 128° on 60
grit ground sample. Smooth hastelloy had a contact angle (97°) foare rough sample
(110°). Contact angle of oil in water on fine polished aluminiumedess from 122° to
108° on 1200 grit and then increases with increasing the surface resghr25° on 60
grit. Contact angle of oil on steel increases from 83° ongdished to 97° on 320 grit

and then decreases with increasing the surface roughness and reach 77°ton 60 gri



A model is presented for calculating &d £, when samples are ground parallel with
sandpaper of known particle size and surface roughness and theypdaveaised to

calculate contact angle for both Wenzel and Cassie-Baxter types afteonta

Predicted values were compared with experimentally measuhedsvdresults showed
that aluminum followed Wenzel model, brass and hastelloy followassi€-Baxter
model and stainless steel 316 exhibited a transition from WemgZassie-Baxter with a

change in R
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Chapter 1

Introduction



1. Introduction
In this section to ease the understanding the concepts of ssinedrms and definitions

are presented.

1.1 Surface Energy
Surface energyy, represents the disruption of intermolecular bonds that occurs when a
surface is created. Molecules on the surface have higher gharggnes in the bulk due

to their broken bonds [5].
Surface energy can be defined in term of Gibbs free energy:

0G =-T +VoP + y0A

Y= (Z—j)T,P

1.2 Surface Roughness
Variation in height of the surface from reference plane iled¢aurface roughness. It
could be measured by a single line or a several parallel (soeface maps). There are

different standards for surface roughness, which are: [6]

a)R,, CLA, or AA is known as average roughnesgidsRa linear measurement and

measures the average value of departure of profile from center line.
b) Ry is known as square roots,®r RMS is an average of root mean square value.

c) Rt, which is known as R or R, is the maximum peak-to-valley height.



d) Ry is maximum peak-to-mean height.

e) Ry is maximum valley depth (mean-to-lowest valley height).
f) R, is average peak-to-valley height.

g) Rpmis average peak-to-mean height.

h) Ry is surface roughness factor, rate of actual to projected area.

1.3 Contact angle
When a droplet is placed on the surface of a solid, three bounddtiésm; i.e. solid-
water, water- air, and solid-air. The ang@ldetween water droplet and solid is called

contact angle as shown in Fig.1.1 [7].

When a liquid droplet contacts with a smooth solid surface under ¢hedafrig. 1), the

net energy change for propagation of the liquid front for a sdisiéncedx is equal

to(¥sL — Vs¢ + Vic cost)dx .

Thus, for the liquid front being at equilibrium, the Young equation can be writt&j: as [

cosp = Yse¥st (1.1)
YLG

where ys;., vs¢ and y,; are solid-liquid, solid-gas and liquid-gas interfacial

energies, respectively.



Figure 1.1 Contact angle of water.

If

=1, it means6=0", so surface would beompletely wetted by liqui

If —— , then6=180"and solid woulrepealed the liquid.

Ponter at el. [9modified the Young Euation to:

co8=cos -— - (1.2)

cos =—— (1.3)

Whereo is the line tension, R is the radius of the t-phase contact circlé) is the
contact angle of a finite contact radius R, i is the contact angle of infinitely lar¢

drop, i.e. , corresponding to

Besides materials propertieoughness, surface preparation procedure, and tleas
could affect the contact ang[10]. Li et al [11] presented a model that indicates
increasing the contact angle with increasing trepldt size is not only due to negat

line tension, it could be the effect of corrugatiointhe thre-phase line caused by t



imperfection of the solid surface. Pierre at el [12] showed dnap volume has a
significant effect on contact angle. In this study a droplet sfzbetween 10-20 mL was
used since variation in this range did not show a change in contaet \aitgl 304

stainless steel.

1.4 Hydrophobic- hydrophilic/ Oleophobic- Oleophilic Surfaes
When a surface repels liquid, it is called hydrophobic or oleopholbichwneans that
the contact angle of oil and solid is greater than 90°, when the tantle is below 90°

it is called hydrophilic or oleophilic [13].

1.5 Models for Wetting of Rough Surfaces

Two regimes for wetting of the rough surfaces have been developed.

1. Homogeneous regime with a two-phase solid—water interface (Wghel)

2. Non-homogeneous or composite regime with a three-phase solid—airateterface

(Cassie-Baxter) [15]

1.5.1 Wenzel Model

Wenzel [14] used energy balance to drive an equation for water tante on fabrics.
When a water droplet is placed on a surface, two new interfacksfonm,
water/substrate and water/air. Water/substrate area weljbal to disappeared substrate-
air area. The three interfaces (water/air, water/solid, alhd/ar) have different surface
energies. If the wetted area has lower surface enerdgr wwoplet will trend to spread
on its surface this is called “wetting” which involves energyeasé. In a constant
condition higher water/solid contact area results in more intéoespread the water

droplet than smooth surfaces. If solid/air has highest surfaceyenargng all three



surface interfaces, water droplet will be repelled andfatth a near spherical shape. In
this case also increasing the solid/water area increaseepbiing. Wenzel defines a

roughness factor,:Rby Eq.1.4.

_ actual surface area

f (1.4)

- Projected surface are
For smooth surfaces, surface roughness is equal to one. Wenzebresethdlance to

obtain Eq. 1.5. [14]

cosO,= Rr cosby (1.5)
wheref, is contact angle of smooth surface @gds predicted contact angle by

Wenzel.

Nosonovsky et al. [1] has made the point that according to Wenzel ,nib@ei90°

increasing the surface roughness decreases contact anglé G80°i increasing the
surface roughness increases contact angle. Fig. 1.2 depictiettteo roughness on
contact angle. In this research it would be shown that aluminumhenye Wenzel
behavior and its smooth surface contact angle is more than 90°rir&spe results

showed that contact angle drops with increasingrd then increases.

1Bﬂ"/aﬁ= 150
150 1 B, = |1|:|'
120:

Hu=w.

E‘O: By = &0"
R

_\\ﬁﬂfj-u'
0 T

—

1 15 )
Ry

Figure 1.2 Contact angle for rough surfa@eas a function of the roughness fact&) for various contact angles of
the smooth surfacé) [1].



1.5.2 Cassie-Baxter Model

Fig. 1.3 shows the schematic of placing a droplet on a substrate3Faghows a droplet
on a flat surface while Fig 1.3.b and ¢ show a droplet on rough ssirfiacthis figure

Wenzel and Cassie-Baxter regimes are demonstrated.

Bquid
A uid e
— — “ o - of
subistrate subistrak subratrale
(a) (b) (c)

Figure 1.3 Schematic of droplet on a) flat surfdeand c) rough surfaces. Depending on the roegghit could be b)
Wenzel or c) Cassie-Baxter reginfig]

Cassie and Baxter [15] developed a model for porous materials.abagned that there

is no hydrostatic pressure on the system. They found an equation for net energy, E,:

E=f1 (yus—vsa) + f271A (1.6)
where, f is the total area of solid-liquid interface,ig the total area of liquid-air,
vLs IS liquid-solid surface energyysa is solid-air surface energy, angds is liquid-air

surface energy. Also, according to the Young equation:

coDa=(ysa—YLs ) / YLA (1.7)
Here, 04 is advancing contact angle for solid-liquid interface. Theegf@g. 1.2 will

change to:

coYcp= y_—E = fl cod, - f2 (18)

LA



where,0cg is an apparent angle. Nosonovsky et al [1] have used modified Cassie-

Baxter equation for oil contact angle in water:

cosOcp = fs (cosfy+1)—1 (1.9)
cosOcg = fs (Rpcosfy + 1) —1 (2.10)
or,
cos Ocg = fso cosOBsp + fyyo €OS Oyp (1.11)

Here,fs; andf;; are solid-liquid and liquid-gas interface area, respectively.r&@grs to
oil, “W” refers to water and “S” refers tosolid. The effect of surface roughness on
contact angle is shown in Fig. 1.4. This model shows that for hydi®pduid
hydrophobic surfaces, the contact angle increases with an iedng@ag both for smooth

and rough surfaces. [2]

Hydrophilic surface Hydrophobic surface
—_ 0,= 30"
- = 0,=60"

180

150

120}

0120p—""

90 0

1 15 2
Rf

Figure 1.4 Effect of surface roughness of contagtef2].



In the Cassie-Baxter regime, contact angle depends on the pwoparfi the interfacial
areas of the three materialgpfand fyo. Gao and McCarthy [16] have pointed out that
the contact angle behavior is determined by interactions ofgbiel land the solid at the
three-phase contact line rather than over the entire intrfaeca. Their experiments
show that for surfaces in which the structure under the drop éehtffrom the structure
at the interfacial line, the Cassie-Baxter equation is nlkd.vaHowever, McHale [17]
points out that Eg. 2.8 will be valid for a drop with a size considerdabfyer than the
features of a uniform surface, because in this case the strugtder the entire drop
contact area can be considered the same as that encounteremhtatfioge. In the case
of the uniform surface, the fraction of the length of the solid/oilerface,
Lso/(Lso + Lyo), can be determined from solid/oil contact ardg,, and the total

contact areads, + Ay, according to Equation (1.12).

L A
fso = —— = —=2 (1.12)

Lso+Lwo - AsotAwo
The fraction of oil/water can be determined in the same way, lbaubé;, + f,o = 1,

it can also be defined in terms f, according to Eq. (1.13).

l

L A
fwo = . el fso (1-13)

" Lsotlwo _ Asot+Awo
Because roughness along the solid/oil interface can influemcedhtact angle, it is
necessary to take it into consideration. However, it should be nwédhe roughness
factor in this caseRs_,, applies only to the solid/oil regions rather than to the entire
contact region as in the Wenzel model. Lastly, oil and waterinamiscible and the
contact angle between them can be considered to e T8fus Eq. 1.11 can be recast

taking all of the above into consideration, resulting in Equation (1.14).

cos Ocg = fsoRy,, 0SB, + (1 — fs0) cos 180° = fSO(RfCB cosf,+1)—1 (1.14)
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According to Young eq, a low surface tension fluid such as oil to Aas@ntact angle
higher than 90ysw must be lower than those of the other surfaces. Therefore, Wenzel

model will be preferred [18].

Later, Shafrin et al [19] claimed that only atoms on the sudaeaffecting the contact
angle and atoms more than a few atom diameters below theesheae no influence on

wetting behavior of the substrate.

1.5.3 Wenzel to Cassie-Baxter Transition

Wetting transitions have been intensively studied recently dueetoinportance for the
superhydrophobicity and oleophobicity [20, 21, 13]. Fig. 1.5 shows the prediction of
Wenzel and Cassie-Baxter [3]. Hepeis solid fraction area, artf is apparent contact
angle. Quere et al. [3] showed that if material is highlygrbghobic air pockets will form
between liquid and substrate. If the energy required to replagesadace by a wet one
is not too high air pockets cannot develop. Increasing the hydrophobichyg eblid is
indicated in Fig. 1.5 with full lines. Fig. 1.5 also implies that faderate roughness and
hydrophobicity, angles under Wenzel type of contact are expeztbd smaller than
under Cassie-Baxter type of contaéthen contact angle is higher than- @hd lower
than6;, Wenzel type of contact is expected. When air is trapped bekwdrtp Cassie-
Baxter model will be followed®(> 6c). The respective slopes of the lines are r @nd

This metastable situation is shown by the dotted line in this Figure.
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A cosO*
-1 cosB, 0 coso
' >
cos 6*
e —]+d)5
-1

cos 6

Figure 1.5 The different models of super-hydrophit{3].

Figure 1.6 shows that a metastable Cassie-Baxter droplgbdanstable Wenzel regime
by applying small pressure (Fig 1.6.c) or evaporation of liquigl {F6.d). The amount of

liquid in droplet is a main parameter to determine the regime (Fig 1.6.e) [4].

Wanzal regima Cassie regime

00000 |

Figure 1.6 (a) Shapes of water droplets spreadingjltar structures with varying roughness fact®y.((b) A diagram
depicting the transition between the Cassie and2élemetting regimes. (c) and (e) Water droplet d#pd on a
surface in Cassie (left drop) and Wenzel right jiregimes, (d) evaporating some liquid, and (e)istifig the volume

of the drop[4]
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There is a significant change in measured contact angle difamdaarge drop. Contact
angle may decreases with reducing the drop size [22, 23]. Sawely stiowed that
topology and droplet size have a significant effect on transitio@assie-Baxter to

Wenzel model [18].

The design of surface topology and chemistry to promote desireitigvie&thavior is of
interest for applications such as microfluidic systems, anti-bimfgubiosensing, heat
exchange, and self-cleaning surfaces [24]. Water has a highestefesion and polarity
which make it easy to achieve superhydrophobic surfaces while obtamiolgophobic

surface is not that easy due to low surface tension of oil.



Chapter 2

13

Experimental methods and materials



2. Experiment

2.1 Materials:

14

In this study stainless steel 316 (SS 316), brass C84400, commepciad/yaluminium,

and hastelloy C22 were used to test accuracy of the modelgptesented in chapter 4.

The compositions of metals are given in Table 2.1, 2.2, and 2.3.

Table 2.1Chemical composition of stainless steél&id 304.

% wt
Metal
C Cr Ni Mo Mn | Si P S Fe
SS 316 <0.03| 16-18.5 10-14 2-3 <2 <1 <0.045 <0.0Zlamced
Table 2.2Chemical composition of brass C84400.
% wt

Metal Sb Cu Fe Pb Ni P Si s Al Sn Zn

Brass C8440(0 <0.25 | 78-82 <0.40 6-8 <1 <0.02 | <0.005 | <0.08 | <0.005]| 2.3-3.5 | 7-10

Table 2.3Chemical composition of hastelloy C22.

Element|Co |[Cr |[Mo |W | Fe | Si Mn C Ni V
%wt <2522 |13 | 3 3 | <0.08<0.5 | <0.01| Balance| <0.35
2.2 Methods

Selected approach to roughen the metal surface in the preseatch was mechanical

abrasion.

Mechanical

abrasion was performed using Buehler polishing machinehléBue

MetaServ®3000) 60,180, 240, 320,400, 600 ,800 and 1200 grit Buehler SiC sandpapers

with particle size of 269, 82 , 52.2, 35, 21.8, 15.3, 12.6, andnB.4espectively.
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Polishing and grinding has been done at 250 rpm in the way that dathesavere
aligned parallel to each other. The fine polishing was done usinly ated 0.0pm

alumina polishing compound. All the polishing steps were done manually.

Samples were initially polished to 0408, using ultrasonic cleaning in acetone and 90°
rotations between each step to achieve a smooth surface. Sftastimghe smooth
surface the sample was abraded with the sandpaper of interesbrégadt angle and

roughness were measured.

2.2 Characterization

2.2.1 Oil/Water Contact Angle Measurement

The contact angles for all samples were measured afileasimes by using Ramé-Hart
Goniometer model 250 (Fig 2.1). To keep the environment consistent during the

experiments all the samples were measured in cold tap water (10°C).

Figure 2.1Rame Hart Model 250Goniometer.

Oil/water contact angle was measured in a glass dish simokigure 2.2.The glass dish

was filled with fresh water and the sample was kept on a samopder. Vegetable oll
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was injected by syringe on the bottom surface of sample asxsdehematically irFigure
2.2. Before each contact angle measurement the sample, géassadd sample holder
were cleaned with acetone to remove any contamination. Each emastirused fresh

water to avoid error in the measurement.

[ Water
Glass Dish

Satrnle Sample
IR Holder

e c::lﬁ'aﬁﬁ?‘l_‘l—'—&zl +"’/ i

Figure 2.2. Schematic of oil/water contact anglasaeement.

2.2.2 Surface Roughness Measurement

Surface roughness was measured by surface profilometerdybt Surftest. 402) shown
in Figure 2.3.Contact angle and roughness were measured at least 5 timexlon e

samples and the average was calculated.

Figure 2.3.Surface profilometer (Mitutoyo Surfte®2).
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Agilent Technologies 5420 AFM, Atomic Force Microscope (AFMiggre 2.4)was
used to study the topography of smooth surfaces. Nano-Indenter G2Q@sed to obtain
the linear topography profile of rougher samplegure 2.5. Applied load was 3@N

and profile length was 2@én during the Nano-Indenter measurement.

Figure 2.4. Image of Agilent Technologies 5420 AFM

Nano Indenter® G200

1% Agilent Technologies

Figure 2.5. Image of Nano-Indenter G200.
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3. Modeling

In this model it was assumed that the abrasive particles oartdepsper are arranged in
a tightly packed simple cubic arrangement which produce scratcheare parallel to
each other. The measured surface roughnegsigRassumed to be half the depth of
scratches (i.e. actual depth of the scratches iy Zditionally Figure 3.1depicts the
schematic of mechanical abrasion of samples. “D” is the aerasirticle diameter. “a”
and ‘o’ are geometrical parameters that depend on the depth of peEmetotthe

abrasive particle into the substrate.

Abrasive particle

" 4 X SIS /

Figure 3.1.Schematic of mechanical abrasion.

The relationship between these geometrical parameters is describedaipii(211).

D _(D-2a)®> = 2R; _ (D-2a)?

2 8(2Ry) 2 16 Rg tRq (3.1)

Since D is a known property of the sandpaper an$ Rieasured, the flat portion of the

substrate, a, can be determined by rearranging Equation (3.1) as shown in Equation (3.2),
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a=-- 3.2
The anglex in Fig. 4.1 can be calculated by Equat3.3.

a=2sin*(1-—) B.3)

Theoretically, in a water environment there are twaditions for an oil droplet on tt
surface. In the first, which is known as the Wenzeldel, the entire oil droplet is
contact with substrate as showi Figure 3.2a. In the secondhere can be water prese
in gaps between droplet and the substrate as shoFigure 3.b. This is known as th

Cassie-Baxter model.

200
Water —_—

(@) (b

Figure 3.2Schematic of the two idealiz system behaviors: a) Wenzel, entire surface inamnwith oil, and b
CassieBaxter, surface in contact with both oil and w:
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The roughness factor,;,Rs the ratio of the true area over projected area and can be

calculated by Eq.3.4 for parallel scratches of length, L.

a
True Area  _ (2a+nD%)L _2a , ma

+ 2 (3.4)

= Projected Area - DL D 360

The fraction of solid/oil interfacesf, can be calculated from equation 3.5.

fso= = (3.5)
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Results & Discussion
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4. Results

4.1 Validation of Assumptions in Mechanical Abrasion Model
. The surface topography of stainless steel ground with 180, 320, and 800 were studied by
nano indenter. It could be seen that some scratches are overlapped which is duelto manua

grinding. Surface topography of 180 grit abraded sample is shoriguire 4.1

80 um

JR

Figure 4.1 Nano-indention result for stainlessisibeaded by 180grit sandpaper (D=380)

Figure 4.2depicts the nano-indenter results for stainless steel grindd 320 grit

sandpaper.
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Figure 4.2. Nandndention result for stainless steel abrade320 grit sandpapgéb=35um).

Figure 4.3shows that topography scratche$or sample abraded by 800 g

o

1

o

VN

Profile Topography (nm)

Profile Distance (um)

13 um

um

Figure 4.3. Nandndention result for stainless steel abraded by@@Gandpap: (D=12.6um)
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AFM analysis used fosample abraded by 800 sandpap€igire 4.) showed that
scratches are reasonalpigrallel which was the main assumptiorthe model presented

in chapter 3.

Figure4.4. AFM image of stainless steel abraded by sandpgite800.

AFM image of polished stainless steel with alumig shown inFigure 4.5 Later it will
be mentioned that to calculate the CeBaxter predicted contact angle it wbe
assumedhat polished sample han R equal to one and here inighFigure 4.6 it is
shown that sample has a very smooth surface. a rough area in the right side of 1

image which could be due damageduring handling and it could be neglec
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Figure 4.5. AFM image of stainless steel polishg@lomina.

4.2Validation of Mechanical Abrasion Model

4.2.1 Brass

Brass samples were abraded mechanically to obtain parallel scratchesorficbe.

In reality it is difficult to obtain a completely smooth surfatéere is always some up
and down on every surface. Figure 4.6 shows that the flat distatwoeelpetwo scratches
on the sample is not actually flat. Since these small valegsvery shallow we can

neglect them and assume the surface is flat.
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Figure 4.6Schematic of surface after abrasion.

By the definition, Ris surface area over flat projected area. Here, both flat ame
projected area are same. As a result, roughness fa¢teg), Ror Cassie-Baxter model

would be equal to one. This is shown below:

Surface area=Aojig/oil L+ A oiywater L = 2aL + (D-2a) L=DL

Flat projected area = DL

Surface area

Rf(ce)=

Flat projected area -

Tablel indicates the oil contact angk) (n the water and surface roughnesg @R brass
samples after grinding and polishing with different sand papersording to the
investigated model, there is a connection between sand papertepside (D), surface

roughness and contact angle. In this table the theoretical measuréor roughness
factor (R), fractional solid-oil contact aref4;), Cos6,, according to Wenzel model, and

Cos O¢cg according to Cassie-Baxter model are presented. All thmilaéibn is done

according to the model in chapter 3.



Table 4.1 Measured and calculated values of coatagle for mechanical abrasive brass
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Grit D (um) R, 0 qijwater STD Rf fso €05 O (measwreq) | €Os O, | CosBe

60 269 4.4 127.9 0.0295 1.007 0.644 -0.614 0.0277 -0.337

180 82 2 117.53 0.0692 1.014 0.569 -0.462 0.02788 -0.414

240 52.2 1.2 113.67 0.0916 1.013 0.581 -0.401 0.02785 -0.402

320 35 0.72 102.37 0.1319 1.011 0.603 -0.322 0.02779 -0.38

400 21.8 0.35 108.4 0.1195 1.007 0.647 -0.316 0.02769 -0.334

600 15.3 0.16 99.22 0.1971 1.004 0.714 -0.16 0.02759 -0.266

800 12.6 0.12 100.99 0.053 1.003 0.727 -0.191 0.02758 -0.253
1200 8.4 0.06 103.34 0.1327 1.002 0.763 -0.269 0.0275 -0.216
Alumina 0.05 0.05 0.03 88.42 0.091 1 1 0.028 0.028 0.028

According to the experiments, the sample which is polished by ®%lumina is

considered the smooth sample. The oil contact amglem{easured on smooth surface

was 88.42 Equation 4.1 and 4.2 are obtained by substituting this value in Wenzel and

Cassie-Baxter equations.

cos6,,= R co9g

cos6,,= Ry c0s88.42 =0.0275:R

c0S0Oce= fso (Rice) C0SBp+1) -1

cosOcg = 1.0275f0-1

4.1)

(4.2)

Figure 4.7plots contact angle versus of &d £, for Wenzel, Cassie-Baxter model and

measured ones by the present experiments. It predicts thatliagcto the Wenzel

model, oil contact angle should stay almost constant while CBasgier shows a

downward trend for co8. The experiment showed that experiment results of brass are

close to the Cassie-Baxter model prediction when it is mechanatathged.
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Figure 4.7 Comparison of Wenz and Cassie-Baxter and experimeméslults for bras

Figure 4.8andFigure 4.9show how sand paper grit size and particle are related to the
sample surface roughneThese two graphs indicate that rough sandpapengisantly
affect the sample surface roughness. For smoothedpspers there ionly a slight

changean samples surface roughne
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Surface Roughness, R,, (um)
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Figure 4.8 Effect of grit size on surface roughness

Relation between surface roughness and sandpap@ieaize isshown ir Figure 4.9

Slope of changes is higher at larger particle arm slope decreasessmaller particle:
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Figure4.9 Sandpaper particle size against surface rosghne

To find an equation for changes of surface roughr®s sandpaper particle sithe

logisticsequation can be used. Logistic function equatic

y:

By normalizing,Figure 4.9will change toFigure 4.10which follows the logistic functio
Here, A, B, and C are constant that are equal t83170.0725, and 1, respectively.
Logistic function for particle diameter versus sud roughness will follow thfollowing

equation:

Ra= +8.4D

where, D is sandpaper particle s
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Figure 4.10. Logistic function for surface roughsagainst particle size.

Surface roughening is obtained by removing material from surfgcesandpaper.
Sandpaper particles should defeat the friction force and @mlatemoval. Both of these
processes consume energy. Therefore, in a constant applied enangygdading, extra
energy after defeating friction will be used to remove theam&/hen particle size is
large, there is a higher surface in contact. As a result ih@nere friction which means
less energy will remain to remove the metals. At medium sirelpaper particle, the
friction energy is reduce due to less connection area which resudtstransition in
surface roughness between sandpaper grit 180 to 600. Again in smalepdriction

overcome the removing. This fact explains the changes in Figure 4.9.

Figure 4.11plots the surface area of particles in contact with subsigatmst depth (28R
over width of scratch (D). Here in a constant length (80 number of available
particles was calculated and the surface area on scrat@sesneasured. This graphs

shows a peak at 180 grit. This is an evidence explaining the transig@uia 4.9. There
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is a peak at 180 grit sandpaper.Figure 4.11plot drops dramatically after 180 g

sandpaper too.

0.06
0.05

0.04

0.02

0.01

0 20

600 33 4.44 | 0.02092

800 40 3.49 | 0.01905

1200 60 2.01 | 0.01429

40 60 80 100

Contactsurface (um)

120

Figure4.11. Relation between friction and material renhova

Figure 4.12depicts thechanges of contact angle with surface roughness.sRbws tha

by increasing surface roughness increases cormnigle

140

120

100

Contact Angle (*)

80

60

Brass

2 3
Surface Roughness, R,, (um)

Figure4.12. Effect of surface roughness on contact aoigteass.
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4.2.2 Hastelloy C22
Hastelloy is the next metal that was chosen in the presseiarch. Contact angle
equations according to Wenzel and Cassie-Baxter will follow & and 4.4,

respectively.

cosO,= Rr co9y
cosO,= Rf cos 97.01 =-0.122:R (4.3)
c0sOce= fso (Rf cosfp+1) -1

cosOcg = 0.878 Eo- 1 (4.4)

Table 42 lists values of contact angle (measured, Wenzel, and Casse)Beoughness
factor, and §o at different grit sizes when all the scratches are phraéigure 4.13

compares the measured contact angles to Wenzel and Cassie-Baxter model.

Table 4.2 Predicted and measured data for hastelloy

Grit D(um) | Ry (um) 0 R¢ fso |coPB(measured) coP cg | CODBw

180 82 0.64 | 109.001.0026|0.752 -0.3256 -0.217| 0.04061
320 35 0.31 | 111.571.0032|0.736 -0.3677 -0.234| 0.04063
600 15.3 0.07 | 113.611.0012|0.810 -0.4005 -0.158| 0.040355
1200 8.4 0.035| 87.681.0000] 1 0.0405 0.041| 0.040%0

Figure 4.13 shows that experimental results follow the CassiiBanodel. All the

measured values for hastelloy are very close to the Cassie-Bagter
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Figure 4.13Comparison of measured contact angle with WenzlCGassi-Baxter modes for Hastelloy.

Sandpaper particles size plotted against the surfasghness Figure4.14.Plot has two

different slope at large and small partisizes.
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Figure4.14. Effect of sandpaper particle size on surfacghness.

After normalizing the plot i Figure 4.14 the new graph follows thfunction with

following equation:

R.= +0.0014 D

The normalized plot with the corresponding logisiguation is shown Figure 4.15

Preented data follow the logistic functicvery well.
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Figure 4.15Normalized graph of sandpaper particle size agaoughnes

Table 4.3lists the surface roughness andtact angle at various grit size and sandp:

particle sizeand they are plotted Figure 4.16

Table 4.3. Data for parallel scratched hastelloy.

Grit R, 0 STD

180 0.64 109.0 +0.04
320 0.31 111.6 +0.16
600 0.07 113.6 +0.09

1200 0.035 87.7 10.07
Alumina 0.07 97.0 10.06

Plotted results irFigure 4.16indicate that contact angle decreasethwiecreasing th

surface roughness.
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Figure 4.16Effect of surface roughness on contact angle foallgh scratche hastello.

4.2.3 Aluminium

38

As it was discussenh section 5.1.1 for brass, roughness factor fomaium sample it

CassieBaxter model is one. Therefore the contact angleons according to Wenz

and Cassid®axter will follow Eq.4.5 and 4.6.

cos6,,= Ry co9g

cosO,= Rfcos 121.98 -0.529 R .5

c0sOce= fso (Rf cosfp+1) -1

c0osOcg = 0.47 k-1

4.6)
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Table lists the values of contact angle (measured, Wenzel, and Cassie-Baxtginess

factor, and §o at different grit sizes.

Table 4.4 Measured and predicted data for Aluminium

Grit D (um) Ra 0 oil/water STD R fso Cos 0 (measured) Cod,, Cos0cp
60 269 4.4 125.37 3.2 1.00797 0.644 -0.579 -0.534 -0.697
180 82 3.13 112.08 4.9 1.02880 0.469 -0.376 -0.545 -0.779
320 35 143 122.15 3.9 1.03194 0.452 -0.532 -0.547 -0.787
600 15.3 0.29 115.85 6.6 1.00996 0.618 -0.436 -0.535 -0.709
1200 8.4 0.14 108.27 4.2 1.00820 0.641 -0.313 -0.534 -0.698
Alumina 0.05 0.03 121.98 3.6 1.00000 1.000 -0.530 -0.530 -0.530

Figure 4.17depicts the contact angles against fractional contact areagiph shows
Wenzel model and Cassie-Baxter predicted value too. It sdeah&xperiment results

follow Wenzel prediction.
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Figure 4.17 Comparison of Wenzel, Cas-Baxter ancexperiment results for aluminiu

Relation between surface roughness of aluminiunpsesrafter grinding with sandpar
different particle size is shown Figure 4.18. It shows a transition again. This transit
is happening between sandpaper grit and 600, same as brass. As it was exple
later, it could be due to the friction between smper particles and substrate,

material removal.
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Figure 4.18Changes of surface roughness by changing sandpapie size

After normalizing theplot in Figure 4.18 the new one follows the logistic function w

following equation:

R.=

+0.0067D

The normalized plot with the corresponding logisiguation is shown Figure 4.19

Presented data follow the logisequation very well.

41
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Figure 4.19Normalized plot of particle size and surface touggss for aluminiur

Average measured contact angle on samples thategtiwith different sandpaper gr
are plotted irFigure 4.20According to Wenzel model [Ht contact angle higher than’,
contact angle increases with increasing the sunfasghness. Here, experiment r¢s

show this increases.
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4.2.4 Stainless Steel 316

Figure 4.20. Contact angle at surface roughness.

Predicted contact angle for stainless steel acegrtti Wenzel and Cas-Baxter model

are calculated by Equation 4.7 and

cos6,,= Ry co9g

cosOy,= Rf c0s82.9¢ = 0.1222 R

c0sOce= fso (Rf cosbp+1) -1

cosOcg = 1.122 fc -1

4.7)

(4.8)

All the measured and predicted value for contagteaat different grit sizes are shown

Table 4.5.



Table 45 Measured and calculated data for stainless steel
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Grit D (um) [ R, (um) 0 STD R 50 | cOSO(measured)| €OSOBw | €OSO g
60 269 1.23 76.94 10.32 | 1.001169 | 0.8096 0.2260 -0.320 -0.449
180 82 0.66 89.26 3.22 1.002736 | 0.7483 0.0129 -0.320 -0.491
320 35 0.44 94.33 5 1.005356 | 0.6869 -0.0755 -0.321 -0.533
800 12.6 0.11 82.98 4.02 1 0.738 0.1222 -0.319 -0.498

Figure 4.21plots measured contact angle variation VR, as well as the prediction

both the Wenzel and Cas-Baxter models. Figure 4.21 shows teamplt which has a

low smooth surface contt angleseems to sometimes follow Wenzel and somet

Cassie Baxter, but there is no clear transitioraln.
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Figure 4.21Comparison of experimental results with Wenzel @adsi-Baxter predictions for stainless s

Relation between surfacroughness of stainless steel samples after gringvith
sandpaper different particle size is shown in F84.22 It shows a transition again. Tt

transition is happening between sandpaper grit &89 600, same as br¢ Surface

roughness has a following relation to particle :

R,=——+0.04 D
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Figure 4.22Surface roughness changes with changing sandpepfargtainless stee

Contact angle at different surface roughness apevishn Figure4.23 It was observe
that contact angle increases with increasing thtasel roughness and after reachin

maximum it drops again.
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The slope of § versus cdd, will be calculated by following equation:

Figure 4.24plots the variation o for the Cassi®axter model witF

as well as the experimentally determined slopecait be seen that are three region
this plot. Brass and Hastelloy fall in Ca-Baxter region, while aluminum falls in tl
Wenzel section. Stainless Steel seems to exhik&drbehavior betweene Wenzel and
CassieBaxter models and probably marks the boundary kemiwie two types c
behavior. From symmetry it is assumed that thentaty for highfy metals is slightly

more than 100
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Conclusions

1. Oil/water contact angle of oil on brass on fine polished (usinguéh0Al,O5)
surface increases from 88° with increasing the surfacehnmsg and reaches 128

° on 60 Grit polishing paper.

2. Contact angle of fine polished hastelloy (97°) is less tharoftthe rough sample

(- 113

3. Contact angle of oil on fine polished aluminium decrease from 122° t6 @08
1200 grit and then increases with further increasing the sudaginess to 125°

on 60 grit.

4. Contact angle of oil on steel increases from 83° on fine palishegface to 97° on
sample polished with 320 grit paper, and then decreases with Simgyethe

surface roughness and reaches 77° on sample polished with 60 grit paper.

5. Increases of surface roughness with increases sandpapelepsidéc has been

guantified for all four metals.

6. A model has been developed to calculatarRl £, and these have been used to

predict contact angle for Wenzel and Cassie-Baxter type of behavior.

7. Brass and hastelloy demonstrate Cassie-Baxter behavior.
8. Aluminum seems to follow the Wenzel model.
9. Stainless steel shows a transition from Wenzel at lgwoRCassie-Baxter at

higher R
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APPENDIX 1:

Hastelloy -Optical microscopic images (50 x)
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