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Abstract:Over the last several decades, the contact anglsuraments have attained an
increased popularity in several industries suciasng, petroleum, painting, coating,
medicine, and recently in asphalt pavement mager@dntact angle measurement is a
fundamental approach to determine the interfanigkraction that exists between a solid
and a liquid, and between two different solidsotiher words, one can calculate the
surface free energy components of a solid mateyiaising contact angle measurements.

Surface energy interactions between the asphalebiand aggregate are known as the
fundamental approaches to predicting the mechanisth® moisture damage process in
asphalt mixes. The moisture damage is simply knasvthe loss of bonding strength
between asphalt binder and aggregate, and as swiklain the binder itself in the
presence of moisture. Therefore, it is importarkriow the surface energy parameters of
these materials for realistic characterizatiorhefiinoisture damage process in asphalt
mixtures. The field of surface energy measuremedtits application for moisture
damage evaluation is very recent and in the devaycgiages. Wilhelmy Plate (WP)
method and Universal Sorption Device (USD) arettvemost widely used techniques
for surface free energy measurements. The forntezigy used for asphalt binder and
the latter is equipped for aggregates.

This thesis introduces a Sessile Drop (SD) devicereew testing protocols for
measuring the contact angles directly on asphattdsiand aggregate surfaces. Seven
different aggregates and one asphalt binder fromat@kna have been tested using the
Sessile Drop method and the surface energy compoonérach material have been
calculated using the Good-van Oss-Chaudhury (GV&pjoach and the measured
contact angles. The calculated surface energy pesisnhave been compared with the
same surface energy components of similar matdaalsd in the literature. The
comparison has indicated that both SD and WP methade yielded similar results on
asphalt binder specimens. However, the results 8&nand USD methods on similar
aggregate specimens are not in agreement andateseme significant differences.
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CHAPTER |

INTRODUCTION

1.1. Problem Statement

According to the National Asphalt Pavement Assammtthe United States has more than 2.7
million miles of paved roads and 94% percent ofgeed roads are surfaced with asphalt (U.S.
Department of Transportation, 2008). The federakgoment invested $58 billion in
transportation improvements through the core fddexasportation improvement programs
during the fiscal year 2011 (American Road & Tramtgtion Builders Association, 2012). The
amount of money spent for these improvements camibienized by selecting higher performing
materials in terms of moisture damage prior tocimestruction stage.

The performance of asphalt pavement is closelye@leo adhesive bonding, which is the
interaction energy and strength between asphatebiand aggregate (Curtis et al., 1991). A good
adhesion bonding is essential to ensure good pesfoce of asphalt concrete, such as resistance
to moisture damage and fatigue (Kanitpong and B&i@5; Hefer et al., 2006; Masad et al.,
2006; Lu and Harvey, 2008; Wasiuddin et al., 20%8to et al., 2009).

The loss of strength and durability in asphalt mnigs due to the effects of moisture is referred as
moisture damage (Masad et al., 2006; Bhasin anie L#007; Lu and Harvey, 2008). Moisture
weakens the surface bonds between the asphaltrlzindeaggregate (Cheng et al., 2002). It is
therefore very crucial to identify those bindersl aggregates that can form a mix that is

susceptible to moisture damage. In order to defindoest binder-aggregate pair in terms of



moisture damage and adhesive/cohesive bondingcsufifee energy analysis can be used
(Bhasin and Little, 2007). The strength of therifstee bonding is predictable when the wet
adhesive bond strength (i.e., surface energy incavadition) is compared with the dry adhesive
bond strength (i.e., surface energy in dry condjtizetween the binder and aggregate (Lytton et
al., 2005).

In these recent studies, the Wilhelmy Plate (WR)adewas used to measure the surface energy
components of asphalt binders and the Universait®orDevice (USD) was employed to
measure the surface energy components of aggre@ae®VP method requires about three
testing days for an operator to prepare a samplewanthe test on one asphalt specimen, and it
requires about ten days for an operator to pregpasemple and run the test on one aggregate
specimen using the USD equipment. The preparafioniform and neat samples for the WP
method requires some skill and practice by the, @set for the USD test a skilled operator with
appropriate training is required to conduct thé fEse capital on these two devices is also high.
A WP device costs more than $30,000 and the USB ed®ut $100,000. On the other hand, the
Sessile Drop (SD) device is a simple equipmentclvis relatively accurate, reliable, and
economical for the measurement of surface energpoaents of asphalt binders and aggregates.
The SD type devices have widely been used in diffiefields like mining, chemical, petroleum,
geology, coating, painting, printing for direct ,maeement of contact angles (Fowkes, 1963; van
Oss, 1994). The device can easily be setup iratha@ratory with a relatively small capital (about

$20,000). The test procedure is very simple andires| minimal training.

1.2. Objective of the Research Study

This research study evaluates a sessile drop d@vide 1000B series from Firsttenangstroms)
on small core rock specimens and asphalt binden&asurement of contact angles and
calculation of surface free energy components. Msting protocols for sample preparation and
for using the sessile drop device are presentpar®f the research study.
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e Several aggregate specimens (Davis limestone, $gyaeite, Dolese Cooperton
limestone, Hanson Davis rhyolite, Martin MariettdlLreek granite, Dolese Hartshorn
limestone, and Pryor limestone) and one asphadtebispecimen (Muskogee, PG 64-22)
from Oklahoma are tested for contact angle measemeusing the sessile drop (SD)
device.

e The results of the surface energy components fren8D contact angle measurements
are compared to the results obtained on similareagde specimens and other geological
materials in the literature using the SD, USD antu@n Wicking methods.

e Similarly, the SD results on PG 64-22 asphalt birsde compared to the WP

measurements on similar grade asphalt binder ratgeri

1.3. Organization of the Thesis

Chapter Il presents a brief background on contagieaand surface energy measurement
techniques and compares their advantages/disadesntéhe following methods are discussed in
Chapter Il

e Sessile Drop (SD) Device,

Universal Sorption Device (USD),

Wilhelmy Plate (WP) Method,

Column Wicking and Thin Layer Wicking Methods,

Heat of Immersion Method.

Chapter Il outlines theoretical background forface free energy, Good - Van Oss — Chaudhury
(GVOC) approach, adhesion-cohesion, wettabilityl spreading pressure in calculation of

surface free energy components.



Chapter IV introduces the sample preparation astihtg protocols developed for the sessile drop
device for direct measurements of contact angléb@surfaces of aggregate and asphalt binder
specimens.

Chapter V presents the findings from the contagteameasurements with the sessile drop device
and calculations of surface energy components ukmgontact angle data

Chapter VI contains discussion of the test redudts the SD device and comparison of those
findings with the results obtained using differer@thods on similar materials in the literature.
The surface energy components of the materialsingbib study are compared to the surface
energy components of similar materials measurezlized by different methods in the
literature.

Chapter VII concludes this research study.

Chapter VIl includes the suggestions about fusittelies on this research subject.



CHAPTER Il

CONTACT ANGLE MEASUREMENTS

2.1. Sessile Drop Method

Contact angle measurement, first described by Thoreaing in 1805, remains at present the
most accurate method for determining the interaatioergy between a liquid and a solid (van
Oss, 2002). The Sessile Drop method is used toureaslvancing contact angles of probe
liquids with a solid surface and is suited for basiphalt binders and aggregates. Contact angles
are measured directly by dispensing a drop of tbbeliquid on the solid surface and capturing
an image of the drop (van Oss, 1994). The captunage can be analyzed using a computer with

image processing software to obtain the contadeasfghe liquid at the edge of the drop (Figure

2.1).
— Computer ||——] Syringe
L]
L| Camera Liquid Back
p Drop Light

AR

Figure 2-1 Schematic drawing of the Sessile Dropode

The sessile drop instrument (FTA 1000B Series frirsttenangstroms) captures video images of

liquid droplets and analyzes their shape and sizietermine various surface chemistry quantities
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such as contact angles, interfacial tension, pearatahsessile drop volumes, and spreading. The
instrument is fully automated and can be control&tl the provided software on a computer.
The device is fitted with a precise stepper motoredsyringe pump that can both push out and
pullin fluid. In this way, advancing and receditmntact angles can be measured over the
sample surface. The fully automated single syroligpenser can form drops of selected volume
and automatically touch them off on samples fotacinangle measurements. The advancing and
receding contact angles can also be measured thsnitting plate mounted on the instrument.
With the tilting plate frame, the instrument tiltp to a 98 angle. This device can be set up in the
laboratory with a relatively small capital (abo@0$000). Figure 2.2 shows the instrument during

testing a flat rock aggregate specimen.

Figure 2-2 The Sessile Drop device testing a figregate specimen



2.2. Universal Sorption Device

The Universal Sorption Device (USD) is usually eoyeld to measure the surface free energy
components of the aggregatedirectly. The gas adsorption characteristics of the priojogds,
whose surface energy components are known, aretasadculate the Surface Free Energy

(SFE) components of the aggregates in USD methbdr(@; 2002).

Both USD and SD methods can employ the same pigliel$ in the analysis. However, while
the SD uses the probe liquid in the form of liqgdidps, the USD uses them in the gas form. The
probe liquids in the USD method are used to meabarepreading pressure with the aggregate

while the probe liquids in the SD method are usehéasure the contact angles directly.

The USD consists of a magnetic suspension balaysters to measure the mass of the sample, a
computer (software), temperature control unit, weisystem and its regulator, pressure

transducer, solvent container, and a vacuum ddeic@heng, 2002).

Balance,

) reading, tare, —
Magnetic calibration, zero 'I'i
Pressure SLEIJSFI’E"S'D” point and
control and alance measuring point —\

measurement ”

1Y

< Electro-magnet =

Permanent magnet ] g

'

a

Vapor | E
R - Sample chamber E

A

Sample container
-« Chamber collar

" 'sl Water bat

Mechanical pump

Figure 2-3 Schemaitic illustration of the UniverSalption Device (Cheng 2002)
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In order to use the USD on aggregates, the saraptadd be clean and degassed under high
temperature. The samples are vacuumed in a soqelbwhich is air-tight. Then, the USD takes
the probe vapor into the sorption cell in smallmjitees. The increments of the probe vapor are
increased gradually to reach different relativespoge levels. Once the adsorption isotherm is
obtained, the equilibrium spreading pressagedf that particular probe vapor on the aggregate
sample can be calculated. This process is repeatiedifferent probe vapors until the
equilibrium spreading pressures on the aggregatelztained. Then, using the Good-van Oss-
Chaudhury (GVOC) approach for the work of adhesiba,surface energy components of the
aggregate are calculated (Bhasin, 2006; Cheng,; 2a@20ss et al., 1988; van Oss, 1994,

Howson et al., 2007).

The testing protocol for the USD is very complicaéand time consuming. According Cheng
(2002), preparation and testing of an aggregateirmga take about 64 hours after the sieve
analysis and washing the aggregates. On top obGdkshmore time is spent during the testing of
the aggregates with different probe vapors. Funtibee, each and every unit of the USD must be
calibrated before each test. The weight of the $ampd the temperature in chamber unit must be

precise. A high level of expertise is required $e the USD and conduct laboratory experiments.

2.3. Wilhelmy Plate Method

Wilhelmy plate is a thin plate that is used to nbeasquilibrium surface or interfacial tension at
an air-liquid or liquid—liquid interface. In thisathod, the plate is oriented perpendicular to the
interface, and the force exerted on it is measuBaded on the work of Ludwig Wilhelmy, this
method finds wide use in the preparation and madnigoof Langmuir—Blodgett films which
consist of the material deposited from the surfafce liquid onto a solid substrate by immersing

the solid into the liquid (Holmberg, 2002).



In addition to measuring the surface tensions, ®iity plate method is also an alternative
method for measuring the contact angles indird&hang et al., 2008). In this method, a
sensitive force meter is employed in order to memaaiuforce that can be translated into a value of
the contact angle. A small plate-shaped samplbeo§olid which is attached to the arm of a force
meter is vertically dipped into the probe liquiddahe force exerted on the sample by the liquid

is measured by the force meter.

In the Wilhelmy plate testing, a specimen of anrappate size must be produced with a uniform
cross section in the submersion direction, andvigited length must be measured with precision.
In addition, this method is only appropriate if lbgides of the specimen are identical, otherwise

the measured data will be a result of two compjedéferent interactions (Rulison, 1996).

2.4. Column Wicking and Thin Layer Wicking Methods

The column wicking method is used to measure tiacd angles on powdered or porous

materials (van Oss, 1994). The contact angle cuttked after the speed of the capillary rise into
the porous medium is measured. In order to obtitebresults, the pore structure of the material
must stay uniform during the capillary rise. On titleer hand, the pore structure of the specimen

changes for some colloids that are prone to sloirdwell (Shang et al., 2008).

This problem has been solved by the developmetiteothin-layer wicking method. In this
method, a rigid thin layer is created by depositimg colloidal particles on a flat surface (van Oss
et al., 1992). A large variety of minerals can éste¢d using these methods. According to
Costanzo et al. (1995), thin-layer wicking methedeaals almost identical contact angles

compared to the sessile drop method on cubic hepiticles.



2.5. Heat of Immersion Method

The contact angles of powdered samples can alswhsured by Heat of Immersion method
(also known as Microcalorimetric method). In tleshinique, first the powder is degassed to
remove the pre-adsorbed moisture. The sample isitlimersed in the probe liquid (Groszek,
1962) for heat of immersion measurements. As tliedphobicity of the sample increases, the
heat of immersion in water decreases. The calouaf contact angles rely on rigorous
thermodynamic relations (Yildirim, 2001). Once ttentact angle values are determined from the
heats of immersion of three different probe liquitite SFE components are calculated using the

GVOC theory.
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CHAPTER IlI

SURFACE FREE ENERGY AND ITS COMPONENTS

3.1. Surface Energy Concept

The molecules in the bulk of a solid material ale@unded by the same type of molecules and
thus have force balance. However, if the matesialit, the molecules on the surface become
unbalanced and therefore have a certain amoumtcete energy compared with the molecules in
the bulk of the material. The surface energy mayefore be defined as the excess energy at the

surface of a material compared to the energy irbthie of the material.

As first described by Thomas Young in 1805 in thdd®ophical Transactions of the Royal
Society of London, it is the interaction betweea thrces of cohesion and the forces of adhesion
which determines whether wetting (the spreading liduid over a solid surface) will occur. If
complete wetting does not occur, then a bead ofdigill form with a contact angle which is a

function of the surface energies of the system.

Surface energy is most commonly quantified usicgratact angle goniometer (Shang et al.,
2008; van Oss, 2002; Giese and van Oss, 200d)idmdsearch study, FTA 1000B contact angle
goniometer was used as a sessile drop device.l&etaformation about the FTA 1000B

goniometer and the testing protocol can be fourfdllowing chapters.

The theory of surface free energy has been dewvglopedustrial surface science and chemical

11



engineering, and is used reliably in many areangfneering disciplines, such as mining,
pharmaceutical, petroleum, coating, painting, amctipg industries(Good, 1992; Elphingstone,
1997). Recent studies show that surface free er{&fgl) characteristics of binders and
aggregates can be used in a mechanics-based appoagcantify moisture damage potential of

asphalt mixes (Lytton et al., 2005; Wasiuddin t2008).

For a liquid, the surface tension (force per usigth) and the surface energy density are
identical. Water has a surface energy density@®J/m and a surface tension of 0.072 N/m.
As for solids, surface tension is typically measuredynes/cm (i.e., the force in dynes required
to break a film of length 1 cm). It can also bdexieas surface energy in ergs per square

centimeter.

3.1.1. Interfacial Lifshitz-van der Waals interacts
The Gibbs free energy of cohesiaxX) of a liquid is the formation of a cohesive aré¢éhe

union of two bodies of the same material undenti@ium condition (Good, 1966).
AGE = —2yTotal (3.1)

Equation 3.1 is also valid for solids whe¥€° is the free energy of the solid to interact with
liquids andy™? is the total surface energy of the solid matdf@ese, 1996). Fowkes (1964)
stated that the surface free energy of materialkidme considered to be a sum of components

resulting from each class of intermolecular int&oac

Using the Lifshitz approach for van der Waals iat¢ions in condensed media, Chaudhury
(1984) showed that the dispersion, induction apadldicontributions to the Lifshitz-van der

Waals (or apolar) component of the surface tenstdh,are additive.

In colloid and surface science, the interfaciakten ;) between two different materials i and |

is one of the most important concepts since itrisctly related to a quantitative expression for

12



the free energy of interparticle or intermolecutderactions in condensed phase systems
(Girifalco and Good, 1957). The interfacial tensbmiween a solid and a liquid material and
between two solid materials is not feasible to wheitee directly (Girifalco and Good, 1957).
Hence, the interfacial tensiop;] between these materials must be determined tistngurface

tensions of each material individually &ndy;).

According to the experimental works of Good andf@izo (1957) and Fowkes (1964), if only
dispersion interaction forces are available betwaencondensed phase materials, i.e. a solid and

a liquid, the interfacial tension between them"() is given by the following equation:

vV = <\/)/LL_W+ W)Z (3.2)

Recalling Equation 3.1, the apolar component oftbe energy of cohesion of material i, is:
AGEW = =2y Y (3.3)

The free energy of interaction between materialsd j in vacuum is related to the surface

tensions of these materials by the Dupré equa@iese and van Oss, 2002):
AGHY =yl =y =y (3.4)

Substituting Equation 3.2 into Equation 3.4 théofwing equation is obtained,

AGiLjW -2 ,yiLwijW (3.5)

This equation states that the atoms at an intedee@ulled by those in the neighboring phase.
Since the Lifshitz-van der Waals forces are alwaeslable at the surface, Equation 3.5 also
suggests that the energy of interaction is negate the interaction energy between two purely

polar condensed phases is always attractive (LoBatt).

13



3.1.2. Polar or Lewis acid-base Interactions

Up to the middle 1980s, only van der Waals attoastiand electrostatic repulsion forces were
considered as acting forces between particle sesfé@haudhury, 1984). Van Oss et al. (1987)
first applied Lifshitz theory to macroscopic scaiteractions between material surfaces. The van
Oss et al. (1987) study established for the finséta clear distinction between apolar, or Lifshitz
—van der Waals (LW) and polar, or Lewis acid-b@s®) interactions. According to the van Oss
et al. (1987) theory (or sometimes called the Gea-Oss-Chaudhury or acid-base theory), the
total surface free energy of any material is dididfgo two components (assuming that the
electrostatic component is negligible as compawdate LW and AB interactions) based on the
type of the surface forces. These components areah-polar component, also referred to as the
LW or the dispersive component, and the Lewis dage component (AB) (van Oss et al.,
1987):

y =y 4 4B (3.6)
Wherey is the surface free energy of the solid material,(aggregate or binder}}" is the

Lifshitz — van der Waals component; afil is the Lewis acid-base component. The acid-base
component can further be divided into two subconemis as the Lewis acid componeri) @nd

the Lewis base component)((van Oss et al., 1987).

Chaudhury (1984) showed that the three, apolattreldynamic forces are simply additive, and
should be treated as a single entity as the Lifskah der Waals (LW) interactions. After this
development, it became possible to examine the glotavis Acid-Base) properties of surfaces
separate from the electrodynamic (Lifshitz van\dkxals) apolar properties. Moreover, the polar
concept has been extended to include all electboatthg and electron accepting phenomena, as
encompassed in the more general acid-base framexfibewis (van Oss et al., 1988). To
emphasize the (Lewis) acid-base character of th@rparactions, the designation AB has been

used.
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Fowkes (1987) demonstrated the presence and inmperte# acid-base interactions between two
interacting surfaces. Fowkes (1987) determined/éthées of acid-base (WB) and Lifshitz-van

der Waals (VMW) components of work of adhesion for various acadid basic liquids on

polymer surfaces as a function of acidity or bagiof the polymer. He showed that the
contribution of acid-base (or polar) component® work of adhesion (\f) is strictly dependent

on the acidity or basicity of the solid (polymef)imterest.

Based on Fowkes'’s acid-base interaction approachQss et al. (1987) suggested that electron-
acceptor (Lewis acid) and electron-donor (Lewishasteractions are essentially asymmetrical
meaning that of a given polar substance i, therele@acceptor and the electron-donor parameters
are usually quite different hence they must be ritesd by two distinct parameters. Therefore, for

the AB interactions, the free energy of interactitween two materials, i and j is defined as:

acge = =2( rivy + i) (3.7)

Where the electron donor parameter is designatedlaasic component) and the electron
acceptor parameter is designateg'a@cidic component).

The polar (AB) free energy of cohesion of mateisahen defined as:

AGHE = —4\[yFy7 (3.8)
From Equation 3.1, the polar component of the serfansion of material i is then defined as:
v =2yyi (3.9)
From Dupré Equation 3.4, which is applicable foy &pe of interaction, the following equation
can be defined (Lobato, 2004):

AGHE = v —v{*® —vf'® (3.10)

This equation, expresses the interfacial tensﬁiﬁ, between substances i and j, is given as
follows:
vii® = AGHP +v{P + P (3.11)
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Substituting the value faxG;*® from Equation 3.8 and the values f¢f andy"® from Equation

3.10 gives (van Oss, 1994):

vii® = 2( Vivi +\/V,-‘V,-+ —\/V{V,-* —\/V?V,-‘) (3.12)
This can also be written as:

v =2(WF - i) (W = 7) 3.13)

Equation 3.13 shows that*® is not restricted to positive values or zero saheé case for;"".

Rather,yUAB will be negative when either one of the followicgnditions is satisfied (van Oss

1994):
+ + - -
yi >v; andy; <vy; (3.14)
or
+ + - -
Yii <y; andy; >y; (3.15)

The surface tension components approach by Fovlle&3) can be applied to interfacial tensions

as follows:

v = v +vi® (3.16)

Finally, the total expression for the interfaciehsion between two condensed phases can be

rewritten as:

vij = vyt =2 \/V%WV,-LW ~2 \/V;r Vi =2 \/Vi_]/;' (3.17)

3.1.3. Young’s Equation

Thomas Young, in 1805, described the equilibriuntlfe interaction energy) between a liquid

drop and a solid material in terms of their induadi surface forces (or energy) and the interaction
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force between them as shown in Figure 3.1 and giv&guation 3.18 (van Oss 1994). Contact
angle @) measurement as described by Young remains agriréiee most accurate method for
determining the interaction energy (or the worladhesion) between a liquid (L) and a solid (S)
(van Oss 2002):

YLc0s6 = ys — Vsy (3.18)
Where,ys is the surface energy of the solyd;is the surface energy (or surface tension) of the
liquid; andys, is the interfacial tension (or energy) betweenlidngid and the solid.

The derivation of the Young's equation assumesttiesolid surface is smooth, rigid and
homogeneous. Also, it should not react both chdiyiaad physically with the liquid that will be

used for contact angle measurements (Lam et &2)20

Yo Liquid
VsL

0 .. Drop

Figure 3-1 Schematic drawing of the contact angtevben a liquid and a solid

In Equation 3.18y, and co8 are known angs andys, are the unknown parameters. Using two
different liquids gives rise to two equations withee unknowns. Thus, Equation 3.18, in the
form given above is not practically usable. Howe@aipre equation (Equation 3.19) along with
Equation 3.18 can be used to determine contacearfgan Oss, 2002). Dupre equation
represents the free energy of interaction betwesniid and a liquid (Fowkes, 1963):

AGsy =VsL — Vs — V1L (3.19)
Where,AGg, represents the free energy of interaction betvileeisolid and the liquid.
Combining Equation 3.18 and Equation 3.19 resolthé Young-Dupre equation (Chaudhury
1984):
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(1 4 cosB)y, = —AGg, 40)
The total interaction energy consists of Lifshitmwer Waals and Lewis acid-base interaction
components (van Oss et al. 1987):

AGg, = AGEY + AGEP (3.21)

In terms of individual surface energy componentgjdfion 3.21 takes the form (van Oss 2002):

AGg, = =2 < VEVYEY + vd v +vs n*) (3.22)

Where,y " is the Lifshitz-van der Waals component of liquig® is the Lifshitz-van der Waals
component of solidy * is the Lewis acid component of liquigk’ is the Lewis acid component of
solid;y_" is the Lewis base component of liquid; agds the Lewis base component of solid.
The combination of Equation 3.20 and Equation §i28s the complete Young-Dupre equation
that is widely used in determining the surface gneomponents of solid materials using contact

angle measurements (van Oss 2002):

(1+ cos®)y, =2 [ /VsLWnLW Vv s (3.23)

Equation 3.23 contains three unknowns (i€, vs', andys). To obtain the unknown surface
energy values for the solid (i.e., aggregate odduiit is necessary to measure contact angles
with three different liquid probes. Surface enecgynponents of five most used probe liquids are
given in Table 3.1. When selecting the appropratabination of the three probe liquids, van
Oss (2002) strongly recommend that two polar aredapolar probe liquids are selected. It is
stated that two polar liquids must be significamlifferent with regard to their polarities. The
calculated surface energy components will varyiigantly with minor changes in contact angle
measurements if the appropriate combination ofitjugd probes is not selected (van Oss, 2002;
Lytton et al., 2005; Bhasin, 2006). Based on thielglines provided in van Oss (2002),
diiodomethane (DIM) was used as the apolar liqwitile water and ethylene glycol were

selected as polar liquids in this study.
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Every material has a surface free energy fromakbkethat the molecules at the surface are
subjected to unequal forces compared to their otiseeforces in the bulk material. It is not easy
or rather not feasible to measure the surface casams of the solid materials directly (van Oss,
2002). Therefore, the surface energy componergslaf materials are usually determined
indirectly using contact angle, vapor adsorptiathsrm, or heat of immersion measurements.
For the LW and AB interactions together, the metbbdhoice is the determination of contact
angles with drops of a small number of appropligieds deposited on a solid surface (Giese
and van Oss, 2002). This method still remains tieéepred approach, as it is the only method that
allows the analysis of the surface properties bl snaterials at their exact surfaces (not a few
nanometers below the surface) (van Oss, 2002).i§Iparticularly important because solid and

liquid materials interact with one another throtigéir exact surfaces (van Oss, 2002).

Table 3-1 Surface energy components of three liguithes used in this study (ergsfam
mJ/nf) (van Oss, 2002).

Total LW AB - +

Y Y Y Y
Liquid Probe
(ergs/cm or mJ/m)

Water 72.80 21.80 51.00 25.50 25.50
Diiodomethane 50.80 50.80 0.00 0.00 0.00
Ethylene Glycol 48.00 29.00 19.00 1.92 47.00
Glycerol 64.00 34.00 30.00 57.40 3.92
Formamide 56.00 39.00 19.00 39.60 2.28

The universal sorption device (USD), Wilhelmy pl@féP) and the sessile drop (SD) methods
make use of GVOC theory (Equation 3.23). The SChowimeasures the contact anglesctly
and adopts Equation 3.23 in its present form. THhei¥\based on kinetic force equilibrium and

uses Equation 3.23 as well, but the contact aragkesgleterminethdirectly.
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3.2. Equilibrium Spreading Pressure
While WP and SD methods make use of GVOC approwgchilizing Equation 3.23, the USD
method introduces a spreading pressure to theitkftof Equation 3.23 and drops the contact

angle from the equation (Yildirim, 2001):

ﬂa+NL=2“ﬁwﬁW+JﬁW[+Jﬁnf (3.24)

Where ther, is the spreading pressure determined from adsorpgotherms. However, the use

of spreading pressure in the GVOC approach ishégilily debated in the literature (van Oss
2002).

First introduced by Bangham and Razouk in 1937 esmaearchers in the field of colloid and
surface science assumed that condensation of dbe fiquid causes the complete wetting on the
solid surface. The termsy andysy representing the liquid-vapor and solid-vaporrifaiees,
respectively have been used in Young's force bal@uuation as:

¥s = Y cost + vy, + 1, (3.25)
The equilibrium spreading pressure is represerdagd avherens= ys-ysv.

This assumption might work with high energy surkadéowever, for low energy, homogeneous
and smooth surfaces it cannot be applied. For coatales larger than 3,6 is negligible (Wu
1982). Also, in the case of hon-spreading liquids>(ys and co8 < 1), neither spreading nor pre-
wetting occurs on low energy surfaces (van Oss 192#h Oss (2002) states that the acid-base
theory is applicable with the current form of Eqoat3.23 and may not be applicable to its
derivative forms (Equation 3.24).

In this study, Young's equation is used without $pecading pressure term and the results of
surface free energy (SFE) calculations are compardite surface energies of similar materials

found in the literature.
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3.3. Adhesion and Cohesion

Adhesion and cohesion are two main componentsffett surface tension. Molecules in liquid
state experience strong intermolecular attractiveds. When those forces are between the same
molecules, they are referred to as cohesive fdimsmolecules of a water droplet are held
together by cohesive forces). Cohesive forceseastinface constitute surface tension. When the
attractive forces are between different moleculesy are said to be adhesive forces (Adamson
and Gast, 1997). The adhesive forces between watiecules and the walls of a glass tube are
stronger than the cohesive forces leading to arawburning meniscus at the walls of the vessel
and contribute to capillary action (Hall and H&§02).

The cohesive forces between liquid molecules aparesible for the phenomenon known as
surface tension. The molecules at the liquid sertae in a different state of energy equilibrium
than the molecules below the surface (Figure 3 condition forms a surface "film" which
makes it more difficult to move an object througk surface than to move it when it is
completely submersed (Petrucci et al., 2007).

The cohesive forces between molecules down bellguia surface are shared by all
neighboring atoms. Those on the surface have mhbeiing atoms above and exhibit stronger
attractive forces upon their nearest neighborserstirface. This enhancement of the
intermolecular attractive forces at the surfaceaifed surface tension (Figure 3.2) (Petrucci et al

2007).
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Figure 3-2 An illustration of the surface tensioittg://www.phy-astr.gsu.edu)

Adhesion is the tendency of liquid molecules tatgean attraction to a different substance
(Figure 3.3). On the other hand, cohesion causekahid drop to create the minimum possible
surface area which is a sphere under the influehttee gravitational force (Gugliotti, 2004).
This is the lowest energy state for the liquid (Akdan and Gast, 1997; Gugliotti, 2004). On the

other hand, adhesion causes the liquid drop toradbenther substances.
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The meniscus

Figure 3-3 Adhesion between water and wood (hitpni. phy-astr.gsu.edu)

3.4. Wettability

Wetting is the ability of a liquid to maintain cawt with a solid surface, which is resulting from
intermolecular interactions when the two matergaks brought together in contact. The degree of
wetting (also known as wettability) is determingdabforce balance between adhesive and
cohesive forces (Wasiuddin et al., 2008).

As explained before, an interface interaction betwa liquid and a solid causes the liquid drop to
spread across the surface. However, cohesive faitigi® the liquid cause the drop to form a
spherical shape resisting against spreading. Thiacibanglef), as seen in Figure 3.1, is the
angle at which the liquid—vapor interface meetssibled—liquid interface. The contact angle is

determined by the resultant between adhesive amesoge forces at equilibrium. As the tendency
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of a drop to spread out over a flat, solid surfiaceeases, the contact angle decreases. Thus, the
contact angle provides an inverse measure of wigyal$harfrin and Zisman, 1960).

A contact angle less than 90° (low contact angselplly indicates that wetting of the surface is
very favorable, and the fluid will spread over eylaarea of the surface. Contact angles greater
than 90° (high contact angle) generally mean thedtimg of the surface is unfavorable so the
fluid will minimize the contact with the surfacedaform a compact liquid droplet (Sharfrin and
Zisman, 1960).

When water is involved as the liquid, a wettabldaste may also be termed hydrophilic and a
non-wettable surface hydrophobic. Table 3.2 dessnfarying contact angles and their
corresponding solid/liquid and liquid/liquid intetsons (Eustathopoulos et al., 1999). For non-
water liquids, the term lyophilic is used for lowntact angle conditions and lyophobic is used

when contact angles results are higher (Extrandi320

Table 3-2 Varying contact angles and their corradpty interactions (Eustathopoulos et al.,
1999).

Strength of:

Contact Angle ) Degree of wetting Solid/liquid Liquid/liquid
interactions interactions
6=0 Perfect wetting Strong Weak
0<6<90° High wettability Strong-weak Strong-weak
90°<6 < 180° Low wettability Weak Strong
Perfectly
0 = 180° _ Weak Strong
non-wetting
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CHAPTER IV

TESTING METHOD

In this chapter, the sample preparation for agdeegad asphalt binder specimens and contact
angle measurements with the Sessile Drop (SD) igeérare discussed in detail. The testing
protocol introduced below includes cutting, polighicleaning, and drying protocols for
aggregates. The sample preparation for asphalebiadery similar to the sample preparation

technique used for the Wilhelmy Plate (WP) method.

The proposed testing protocol for the SD methoddess developed stage by stage until the
desired level of standard deviation (less thgn@ecision, and repeatability in contact angle

measurements have been achieved.

4.1. Testing Protocol for Aggregates

As part of this thesis study, a testing protocd been developed for tirect measurements of
contact angles on aggregate specimens using tloe@be. A number of different aggregate
types (i.e., Davis Limestone, Snyder Granite, D®ml@soperton Limestone, Hanson Davis
Rhyolite, Martin Marietta Mill Creek Granite, andyBr Stone-Pryor Limestone) were tested in
this research study. All measurements on the agtgsgvere conducted with high purity probe
liquids, namely; water, diiodomethane and ethylgligeol. The surface energy components of the

probe liquids can be found in Table 3.1.
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4.1.1. Sample Preparation for Aggregates

Large aggregate specimens (rocks) ranging in sie bout 5 cm to about 20 cm in average
diameter were obtained from different rock quarie®klahoma. Contact angle measurements
can be conducted on small diameter (as small asih diameter) specimens; however, it is more
convenient to perform the tests on larger dianmggtecimens. The larger diameter specimens are
easier to cut using a heavy duty diamond saw.deraio measure contact angles on the aggregate
surfaces using the SD device, the aggregate ssrfaost be relatively flat, smooth, and clean. It

is therefore more practical to obtain flat surfaggregate specimens from relatively large size
rocks. The development of the testing protocobfggregate sample preparation of the SD

method is given in detail in this section.

e The rocks were cut with thicknesses varying frormwtld cm to about 2 cm using
mechanical diamond saws. The Covington Enginedtizyy Duty Slab Saw was
employed for cutting smaller size rocks and thégdist RF 20-24 Slab Saw (Figure 4.1)

was employed for obtaining larger size, flat roukiaces.
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Figure 4-1 Hillquist RF 20-24 slab saw

Although the diamond saws have done a very goodhjobeating nice flat surfaces, there were
still traces caused by the blades. To remove ttrases and to reduce the amount of the
roughness on the samples, a polishing test wagtakda using different grades of specific
silicon carbide grit powders. The polishing deviees a circular plate which basically spins with
the silicon carbide powder mixed with the watetlom plate (Figure 4.2).

e The flat surfaces of the rock specimens are hedéhagithe spinning plate for about 10

minutes.
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Figure 4-2 The polishing device

In order to achieve smoother surfaces, glass platespecific silicon carbide grades were also

used.

¢ In this stage of the polishing process, the silicarbide grits were saturated with water
on the glass plate surface until the mixture agdee form of a paste. Then the
aggregates were put onto the paste and moved atbersdirface of the glass with a
uniform pressure applied by hand.

¢ Davis limestone and Snyder granite samples weilshaal using number 220 (66 um),
400 (22.1 pm), 600 (14.5 pm), and 1000 (9.2 pumjesalicon carbide grits (Figures 4.3

and 4.4).

The roughness of the sample surface plays a witalim direct contact angle measurements.
Davis limestone and Snyder granite aggregates paighed using number 220 (66 pum), 400

(22.1 pm), 600 (14.5 pm), and 1000 (9.2 um) graa®s carbide grits. On the other hand,
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Dolese Cooperton limestone, Hanson Davis rhyditaxtin Marietta Mill Creek granite, Dolese
Hartshorn limestone, and Pryor limestone aggregeges polished also with 5 micron aluminum
oxide powder in addition to number 200, 400, 601} 4000 grade silicon carbide grits. The 5
micron aluminum oxide powder has finer particles&nd reduces the surface roughness further.
This change has made a considerable differenapatability, precision, and standard deviation

of contact angle measurements. All the test resalishe found in the next chapter.

SILICON CARBIDE
POWDER

Figure 4-3 Silicon carbide grits
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Figure 4-4 Application of silicon carbide grits arspecimen

During the cutting and polishing processes, theegates are usually contaminated with oil and
grit powder material. Since oil and soap can chahgeohesive and adhesive properties of solids
(i.e., aggregates), any change in the surface giep®f the materials will change the surface

tension and contact angles directly. For this reaaaleaning protocol was applied as follows.

¢ In order to remove the oil and grit powder matefiam the surface of the aggregates,
the samples were washed thoroughly with soap amehaestilled water (Wilber,
Personal Communication, 2011).

e The flat rock specimens then were cleaned usingriexPaper towels were put in a pan
and saturated with hexane (Figure 4.5). Both sadaf each flat rock specimens were
rubbed by wet paper towels to remove the residtifseail used in the diamond saw

cutting process (Wilber, Personal Communicatior,120
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il

Figure 4-5 Cleaning the sample with hexane

Contact angle measurements must be performed ativedy dry specimens for representative
measurements without the interferences of moisinrhe results.
e After the cleaning process, the rock specimens waténside an oven at 105%5for 12
hours for drying.
e The samples were then allowed to cool down to reemperature in a desiccator with

anhydrous calcium sulfate crystals (Figure 4.6).
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Figure 4-6 The desiccator with anhydrous calciuffaseicrystals

Figure 4.7 depicts two aggregates that are prepsied the sample preparation protocol

mentioned above and ready for testing for contagteameasurements using the SD device.

DAVIS LIMESTONE SNYDER GRANITE

Figure 4-7 Davis limestone and Snyder granite specs for contact angle measurements
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4.1.2. Contact Angle Measurements on Aggregates

Once the sample preparation of aggregates is coedpdes given in the preceding section, the
contact angles of the samples with three diffepeabe liquids (water, diiodomethane, ethylene
glycol) are determined using the Sessile Drop devitie following process is followed in
multiple sets for each sample with each probe diguitil the desired repeatability and standard
deviation are achieved. To avoid the contaminadiotiihe syringe in the SD device (Figure 4.8)

with the different probe liquids, each probe ligisdledicated with one syringe.

e The syringe that contains the probe liquid is ledilbefore the test. If a different probe
liquid is going to be used, the syringe should alsweplaced.

e The SD device is calibrated before each testingseet Appendix A).

e Once the device is calibrated and the samplest éine sesting temperature (at room
temperature), the specimen is taken out of thecdatr and placed under the needle on
the sample stage as shown in Figure 4.8. The SRel@vequipped with an automated

pump system to dispense a small amount of liquitherspecimen using the syringe.
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Mobile platform for
the solid specim

Figure 4-8 The placement of the solid specimeinénRTA 1000B

e About 10-15uL of probe liquid is dispensed from the needle gshre FTA software in
the SD device computer system.

¢ While the liquid is still in the form of a pendaiviop and at its full volume, the platform
that holds the specimen is elevated slowly unélghecimen touches the drop.

¢ The drop detaches from the needle and forms tlsfleselsop on the flat surface of the
specimen.

¢ The high resolution camera constantly capturegniages of the liquid-solid interface
and sends it to the software for processing. Tmehau of the images per second and test
duration can be adjusted from the software. Inghisly, three images per second are

used. The time period for a single test was 45rs#s0
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The automated
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1 The backlight
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Figure 4-9 FTA 1000B capturing the images of adssfiecimen to determine the contact angles

o Finally, the software processes each image andndietes the average contact angles.

e The whole process is repeated for the second amdptobe liquids.

4.2. Testing Protocol for Asphalt Binder

In this study, PG 64-22 asphalt binder has beed. ddee sample preparation and testing
protocols for the neat asphalt binder specimenis and without Warm Mix Asphalt (WMA)

additives (Sasobit®, Permatac Plus®, and Evotherax®)iven below.

4.2.1. Sample Preparation for Neat Asphalt Binder

Sample preparation protocol for asphalt bindettierSessile Drop (SD) method is very similar
to the sample preparation protocol for the Wilhelgte (WP) method. However, SD method
has a clear advantage over WP. The SD device ne=ath& contact anglegectly while the WP

measurements are based on the force equilibriuthtrars the contact angles are inferred
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indirectly. A detailed testing protocol for asphalt bindesig the Wilhelmy plate can be found
in Lytton et al. (2005).
The sample preparation process of asphalt bindeh&SD device is as follows.

e For specimen preparation, the bulk asphalt bindewde is heated in the oven at

105+5C for one hour.

Figure 4-10 PG 64-22 Binder sample from Muskogdéal@ma

o After gaining some viscosity, the whole bulk maaéis divided into number of small
canisters (Figure 4.11). The sample is divided antmmber of canisters for maintaining
the same level of aging for each consequent coatagle measurements using the sessile

drop device.
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Figure 4-11 PG 64-22 Binder divided into a nhumibeirocanisters and kept in the oven

o Before each contact angle measurement, a canigteth& binder inside is put into the
oven at 105+%C for a period of one hour.

o After heating the binder, a plain microscopic glslgde with 76 mm x 25 mm x 1 mm
dimensions is dipped into the melted binder foe\a §econds and then held out of the
canister for another a few seconds to let the exeedinder drop off the glass (Figure
4.12). This process is repeated a few times, iéssary, to obtain a flat and smooth
surface area of the binder on the glass surface.

e The specimen is then allowed to cool down to roemgerature in a desiccator with
anhydrous calcium sulfate crystals overnight.

¢ Contact angle measurements can be conductedatepecimens have equilibrated to

the testing (room) temperature.
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Figure 4-12 PG 64-22 asphalt binder in small carésand glass slide specimen

4.2.2. Sample Preparation for Asphalt Binder with¥/Additives

Contact angle measurements can also be performtégkdoinder samples mixed with the warm
mix asphalt (WMA) additives using the SD devicerdehWMA additives (Sasobit®, Permatac
Plus®, and Evotherm®) with different percentageS¥& 1.0%, and 1.5%) were used in this
study. The sample preparation protocol for bindii WWMA additives is nearly the same as the

sample preparation for the neat binder.

e For specimen preparation, the bulk asphalt bindewde is heated in the oven at
105+5C for one hour.

o After gaining some viscosity, the whole bulk maaéis divided into number of small
canisters.

¢ The sample is divided into a number of canistersrfaintaining the same level of aging
process for each consequent contact angle measuiensng the sessile drop device.

¢ Using a balance, the weights of the neat bindettlam@dditive are measured for the

desired mixture percentages (by weight).
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Each sample is kept in a different canister.

Before each contact angle measurement, a canigteth& binder inside is put into the
oven at 105+%C for one hour, stirring occasionally for homogemdistribution of the
WMA additive in the mixture.

After heating the binder, a plain microscopic glglgge with 76 mm x 25 mm x 1 mm
dimensions is dipped into the melted binder foewa §econds and then held out of the
canister for a few more seconds to let the excedsinder drop off the glass slide. This
process is repeated a few times, if necessanpttoroa flat and smooth surface area of
the binder on the glass slide surface.

The specimen is then allowed to cool down to roemgerature in a desiccator with
anhydrous calcium sulfate crystals overnight.

Contact angle measurements can be conductedlatepecimens have equilibrated to

the testing (room) temperature.

4.2.3. Contact Angle Measurements on Asphalt Binder

In this research study, contact angle measuremearitse PG 64-22 binder from Ergon,

Muskogee, Oklahoma were conducted using the SDadefror each probe liquid

measurements, three glass slides were prepartmtalnsix measurements were conducted for

every probe liquid (two measurements on each slit® glass slides were disposed after two

measurements with the same probe liquid. This goe@s repeated for all three probe liquids.

The contact angle measurements of the binder sarapteconducted with three different probe

liquids (Water, Diiodomethane, Ethylene Glycol)ngsthe SD device. The following process is

followed in multiple sets for each sample with epobbe liquid.

The SD device is calibrated before each testingseet Appendix A).
The syringe that contains the probe liquid is ledilbefore the test. If a different probe

liquid is going to be used, the syringe should hdlsoeplaced or cleaned thoroughly.
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e Once the device is calibrated and the samplest éine sesting temperature (at room
temperature), the specimen is taken out of thecdatir and placed under the needle
attached to the syringe in the automated pump systehe SD device.

o About 10-15uL of probe liquid is dispensed from the needle gshe FTA software in
the SD device system.

¢ While the liquid is still in the form of a pendadiiop, the platform that holds the
specimen is elevated slowly until the specimenhesdhe drop.

¢ The drop detaches from the needle and forms tlsfleselsop on the flat surface of the
specimen.

e The high resolution camera constantly capturesniages of the liquid-solid interface
and sends it to the software for processing. Tmehlau of the images per second and test
duration, if needed, can be adjusted from the softwin this study, three images per

second were used. The time period for a singlentast45 seconds.

Finally, the software processes each image andndietes the average contact angles.
The protocols for contact angle measurements onamebmodified asphalt binder specimens are

the same.
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Figure 4-13 The FTAdftwareprocessing a snapshot of the sessign esolid specimen

41



CHAPTER V

TEST RESULTS

Contact angles of aggregates and asphalt bindessm&asured using the Sessile Drop (SD)
device with three different probe liquids (Wateriodomethane, and Ethylene Glycol). The
sample preparation and contact angle measuremieaggjieegates and asphalt binder were
conducted according to the testing protocols gimeBhapter IV. Contact angle measurements
were performed on seven different aggregates (Diavéstone, Snyder granite, Dolese
Cooperton limestone, Hanson Davis rhyolite, Makiarietta Mill Creek granite, Dolese
Hartshorn limestone, Pryor limestone) obtained fdbfferent rock quarries in Oklahoma and one
binder (PG 64-22) from Ergon, Muskogee, Oklahontee PG 64-22 binder with different
percentages of Warm Mix Asphalt (WMA) additives £8kit®, Permatac Plus®, and
Evotherm®) were also tested for contact angle nreasents using the SD device following the

testing protocol given in Chapter IV.

The average contact angle values of ten measursritgrgach aggregate specimen and the
average contact angle values of six measuremengséh asphalt binder specimen can be found
in this chapter. The average contact angles arégmonding standard deviations of each

aggregate and neat binder specimens are giverbie bal.

Table 5.2 presents the average contact angles 64F22 asphalt binder with different

percentages of WMA additives. All the raw datapr@vided in Appendix B.
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5.1. Contact Angle Data

The contact angle measurements on Davis Limestmh&ayder Granite were conducted in three

sets and each set involved ten measurements. Enagevwalues of all the measurements are

given in Table 5.1. The raw data is included in &pgix B. Direct contact angle measurements

on all samples using the Sessile Drop (SD) devieewerformed using the sample preparation

and testing protocols given in the previous chapter

Table 5-1 Average contact angles and standard titrvseof specimens using the Sessile Drop

device.

Ethylene Glycol Water Diiodomethane
Sample Average S.D. Average S.D. Average S.D.

(in degrees)

Davis Limestone 61.7 2.2 79.4 4.7 46.4 15
Snyder Granite 58.6 3.9 74.6 4.0 49.8 3.8
Dolese Cooperton Limestone 43.8 26 657 1.9 41.7 1.0
Hanson Davis Rhyolite 33.2 1.0  60.9 1.2 45.0 0.8
Martin Marietta Mill Creek Granite 33.2 1.0 449 0.4 41.8 0.9
Dolese Hartshorn Limestone 31.3 2.5 64.2 2.0 428 3 2
Pryor Stone — Pryor Limestone 18.7 15 60.6 0.6 734. 2.6
PG 64-22 Neat Binder 70.5 2.5 93.0 11 48.0 14

As it can be seen in Table 5.1, the standard demmfor Davis limestone and Snyder granite are

comparably larger than the standard deviationglercaggregates (Dolese Cooperton limestone,

Hanson Davis rhyolite, Martin Marietta Mill Creekagpite, Dolese Hartshorn limestone, Pryor
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limestone). The reason for this difference canxpdained by the surface roughness levels of the
samples from different polishing stages. As ex@dim Chapter IV, Snyder granite and Davis
limestone specimens were polished using the 108egf9.2 um) silicon carbide grits while the
other aggregate samples were polished further tis@§ micron aluminum oxide powder. Since
these samples were polished using a finer gradel@owhey had smoother surfaces compared to
Snyder granite and Davis limestone. In the SD nekethe roughness of the solid surface plays a
vital role in obtaining uniform and representatbantact angle measurements. Hence it can be
stated that higher levels of surface roughnespfl& granite and Davis limestone samples

caused higher standard deviations.

Martin Marietta Mill Creek s thylene Glycol

iodomethane

stilled Water

0 10 20 30 40 50 60 70 80 90 100
Average Contact Angle)

Figure 5-1 Average contact angles of the specimatisthree different probe liquids

Contact angle measurements with distilled wateaggregate and binder specimens returned
largest contact angle values compared to the ptiodre liquids. The reason for this behavior
might be related to the interfacial tensions (IBT)he probe liquids. The IFT of Diiodomethane
and Ethylene Glycol (Table 3.1) are very close agnitude and lower than the IFT of Distilled
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Water. The exact relation was observed in the ntades of their contact angles (Table 5.1) on

different aggregate surface. As far as the cormlagle results on aggregates concerned, it was

also observed that as the IFT decreased, the sthdewdation of contact angles decreased as

well.

Table 5-1 Average contact angles measured on P22 édnder with different percentages of

WMA additives using the Sessile Drop device.

WMA Additive

Percentage

Water

Diiodomethane

Ethylene Glycol

(Average Contact Angle Values in Degrees)

Sasobit 0.5%

Sasobit 1.0%

Sasobit 1.5%

Evotherm 0.5%

Evotherm 1.0%

Evotherm 1.5%

Permatac Plus 0.5%

Permatac Plus 1.0%

Permatac Plus 1.5%

92.5

90.0

89.0

90.0

88.5

85.0

91.0

89.5

88.0

48.0

46.5

44.0

48.0

46.5

45.5

45.0

42.5

42.0

71.0

69.5

67.0

70.0

68.0

68.5

69.0

68.5

67.0
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Permatac Plus
1.5%

Permatac Plus
1.0%

Permatac Plus
0.5%

Ethylene

Evotherm 1.5%
Glycol

Evotherm 1.0% m Diiodomethane

Evotherm 0.5% Distilled Water
Sasobit 1.5%

Sasobit 1.0%

Sasobit 0.5%

T T T

0 10 20 30 40 50 60 70 80 90
Average Contact Angle’Y

Figure 5-2 Average contact angles of PG 64-22 bindgth different percentages of WMA

additives
5.2. Surface Energy Components

The surface energy components of aggregates ahdlabmder evaluated in this study have
been calculated using the Good - van Oss - Chayd@WOC) approach (as given in Equation
3.23 in Chapter Ill). Equation 3.23 consists ofrfknown surface energy components of the
probe liquid (i.e.y., vy, v.*, andy, " as listed in Table 3.1), and three unknown suréaegy
components of the solid (i.@s, ys', andys™"), and a contact anglé)(term. Equation 3.23

summarizing the GVOC approach is re-listed below:

(1+ cosB)y, =2 [ ’ySLWyLLW +vsvD Hvsvi (3.47)
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The unknown contact angl@)(term is measured by the Sessile Drop (SD) deVibe.surface
energy components of probe liquids can be fourtderiterature (Table 3.1). In order to solve
Equation 3.23 for three unknown surface energy aorapts of the solid (aggregate or binder in
this case), the SD tests are conducted with thifessesht probe liquids resulting in three
equations with three unknowns. The average valliggeccontact angle measurements are
implemented into Equation 3.23 with correspondimdase energy components of the probe
liquids. Combining these three sets of equatiogsiaion 3.23 becomes a simple three equation-
three unknown system which can be solved easilg.stinface energy components of solids in

this study have been calculated using a spreadsheet

Table 5.3 and Table 5.4 depict the surface enasgyonents of the aggregates and asphalt
binder, respectively, from Oklahoma in the reseataldy. The results of surface energy
calculations in this study were compared to théaserenergy components of various materials in

the literature in the next chapter.
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Table 5-2 Surface free energy components of agtgedeom contact angle measurements using

the Sessile Drop method.

Sample Y Y+ 'YAB YLW yTota\
(ergs/cm or mJ/m)
Davis Limestone 10.12 0.05 1.35 36.26 37.61
Snyder Granite 13.97 0.01 0.28 34.39 34.66
Dolese Cooperton Limestone 16.90 0.09 2.53 38.74 .2741
Hanson Davis Rhyolite 18.52 0.61 6.73 37.01 43.74
Martin Marietta Mill Creek Granite 39.45 0.08 3.45 38.69 42.14
Dolese Hartshorn Limestone 14.06 0.78 6.61 38.17 .7844
Pryor Stone — Pryor Limestone 14.37 0.90 7.20 42.149.37
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Table 5-3 Surface energy components of PG 64-22hieder and PG 64-22 binder with WMA

additives.

' Y_ Y+ YAB YLW yTota\
Asphalt Binder

(ergs/cm or mJ/m)

PG 64-22 Neat Binder 2.82 0.12 1.15 35.38 36.53
Sasobit 0.5% 3.22 0.16 1.42 35.38 36.80
Sasobit 1.0% 4.28 0.17 1.73 36.20 37.93
Sasobit 1.5% 4.12 0.13 1.44 37.54 38.98
Evotherm 0.5% 4.48 0.16 1.70 35.38 37.08
Evotherm 1.0% 4.83 0.13 1.57 36.20 37.78
Evotherm 1.5% 7.70 0.29 2.99 36.74 39.73
Permatac Plus 0.5% 3.47 0.16 1.49 37.01 38.50
Permatac Plus 1.0% 4.19 0.24 2.02 38.33 40.35
Permatac Plus 1.5% 4.72 0.20 1.95 38.59 40.54

Table 5.3 and 5.4 show that Lewis-Acjd)(components are almost negligible compared to the
Lewis-Base ) components as it was expected according to th@G¥pproach (van Oss,

2002). Using the SD method Bargir et al. (2009) massured the contact angles of various solid
materials (stainless steel, gold, aluminum, etud) @lculated their SFE components. The results
showed that the values pfcomponents of all materials were ranging from @&figs/crito 1.07
ergs/cm (Bargir et al., 2009). As shown in Tables 5.3 &t the Lewis-Acidy() components

of the aggregate and asphalt binder specimensinighis study are in the range of 0.01 ergé/cm

to 0.90 ergs/cha
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CHAPTER VI

DISCUSSIONS

Testing protocols of direct contact angle measurgsngsing the Sessile Drop (SD) device for
aggregate and binder specimens were developed/alines of average contact angles of three
different probe liquids on these specimens (Damgs$tone, Snyder granite, Dolese Cooperton
limestone, Hanson Davis rhyolite, Martin MariettdlLreek granite, Dolese Hartshorn
limestone, Pryor limestone, and PG 64-22 asphatids) were measured following the testing
protocols given in Chapter IV. The results of direantact angle measurements with SD device
were then used to calculate the surface free er{&fgh) components of aggregate and binder
specimens. The results of the SFE calculationggfegates and binders were given in Chapter V
and compared to the results of similar materiath@nliterature in this chapter (Table 6.1 and

Table 6.2).

Standard deviations of the contact angles as div@able 5.1 for Davis limestone and Snyder
granite are comparably higher than the standarthtiens of the other samples (Dolese
Cooperton limestone, Hanson Davis rhyolite, Makliarietta Mill Creek granite, Dolese
Hartshorn limestone, Pryor limestone). The standaxdations of the contact angles on Davis
limestone and Snyder granite with water weré drid 4.6, respectively. Also, the standard
deviations for Snyder granite specimen with ethglglycol and diiodomethane were 3a8d

3.8, respectively. On the other hand, the contacteategits on the other samples have revealed
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standard deviations ranging from 0t6 2.6 as it can be seen in Table 5.1. The reason feethe
differences can be explained by the surface rowsghievels of the aggregate specimens. As
explained in Chapter IV, Snyder granite and Dani®stone specimens were polished with 1000
grade silicon carbide grits while the other aggtegamples were polished further using the 5
micron aluminum oxide powder in addition to the Q@pade silicon carbide grit. The 5 micron
aluminum oxide powder has smaller particle siza tih@ 1000 grade silicon carbide grit. Since
these samples were polished using a finer gradshoed material, they had smoother surfaces
compared to Snyder granite and Davis limestonthdrSD method, the surface roughness of the
material plays a vital role in contact angle measwants. Hence it can be stated that the higher
levels of the surface roughness of Snyder graniteCavis limestone samples caused the higher

standard deviations in contact angle measuremsirtg the SD device as given in Table 5.1.

As shown in Table 5.3 in Chapter V, among all thgragates tested in this study, the lowest and
highest values of total SFE components are 34 g&@n2 and 49.37 ergs/cm2, respectively.
These values are within the ranges of total suaezgy components of typical geological
materials in the literature such as clay and tatenals as given in Table 6.1. On the other hand,
the surface energy components of typical aggregatise literature using the Universal Sorption
Device (USD) testing method, also listed in Tablk @re significantly different, in some cases,
than the same surface energy components of thegajgs tested using the SD device in this
study, and the more energetic geological minerals €lay) tested using the SD, Column
Wicking, Heat of Immersion methods in the literatufor instance, the base components from
the USD measurements range from 259.0 to 782.7cengs On the other hand, the ranges of
base components for all the other materials (inotthe results from the SD) is from 0.2 to 39.5

ergs/cm2.
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Table 6-1 Surface free energy components of diffegeological materials in literature.

Y_ Y+ YAB YLW YTota\
Material

(ergs/cm or mJ/m)
Davis Limestoné 10.12 0.05 1.35 36.26 37.61
Snyder Granite 13.97 0.01 0.28 34.39 34.66
Montana talé 27.4 0.2 4.7 42.9 47.6
Vermont talé 28.4 0.1 3.4 44.6 48.0
Montmorillonite? 33.4 2.3 17.3 42.4 59.8
Limestoné 259.0 2.4 49.5 44.1 93.6
Limestoné 540.7 13.0 168.0 51.9 219.9
Montana-ROM 14.5 0.2 3.3 53.4 56.7
Granité 782.7 43.6 368.9 56.3 425.2

'Results from this study (Sessile Drop Methdt)ldirim 2001 (Sessile Drop MethodjGiese and van Oss
2002 (Column Wicking MethodfBhasin 2006 (Universal Sorption Devic&)yasiuddin 2007 (Universal
Sorption Device)®Yildirim 2001 (Heat of Immersion)Lytton et al. 2005 (Universal Sorption Device).

There might be several possible causes for thege differences of the surface energy
components of similar aggregates using the USDSihtesting approaches. One of the major
differences between the USD and SD methods isdbptad equation for the calculation of the
surface energy parameters. The USD method usedi&n3s48 and the SD method employs
Equation 3.23 (given in Chapter Ill). The majorfeiience between these two equations is the
equilibrium spreading pressure)(term given in Equation 3.24. It is believed ttreg

justification of using ther, term should be investigated in detail.

Bhasin (2006) attempts to explain the reason fewse of the spreading pressure. The USD

approach, employed by Bhasin (2006), Lytton ef2§105), and others, assumes that aggregates,
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such as limestone and granite, have high surfaemgiers and thus the spreading pressure on the
surfaces of these materials are greater than Zhimapproach assumes that contact angles on
high surface energy aggregates are zero. In othetsycontact angles will not form on these

materials, and the liquid drop will completely spieout over the surface of the aggregate.

On the other hand, literature review (i.e., Giasé @an Oss, 2002; Yildirim, 2001) indicates that
contact angle measurements on highly energeticrais@.e., clay) are non-zero. It should be
realized that clay minerals are much more energediterials than commonly used aggregates in
pavement engineering. Therefore, Equation 3.23Ytheng-Dupre equation) should be used in
its present form without any modifications. Van @&802) clearly states thai, all cases where
finite contact angle occurs (whefe> 0°), there is no need to insert imaginary ‘equilibriu
spreading pressures’ into Young-Dupre equatiu (1982) claimed that if the contact angle is
larger than 19 the spreading pressure is negligible. As it oasden very clearly from Table 5.1

that all of the contact angles measured in thidystuas finite and larger 20

Table 6-2 Surface energy components of PG 64-2Phieder compared to results in the

literature.

. 'Y_ 'Y+ YAB YLW yTota\
Asphalt Binder

(ergs/cm or mJ/m)

PG 64-22 2.82 0.12 1.15 35.38 36.53
PG 64-22 1.02 0.01 0.05 29.95 30.07
AAF-1° 3.52 0.01 0.38 38.38 38.80

'Results from this study (Sessile Drop Methdd)ytton et al. 2005 (Wilhelmy Plate Method)Bhasin
2006 (Wilhelmy Plate Method), AAF-1 is equivaleatRG 64-22.

The laboratory tests on PG 64-22 asphalt binderisgass indicate that the surface energy

components obtained from the SD measurements atesa agreement with the results obtained
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from the Wilhelmy Plate (WP) equipment (Table 6Bf)asin (2006) calculated the total surface
energy of the PG 64-22 binder as 38.80 ergdidnile Lytton et al. (2005) came up with 30.07
ergs/cm using the WP method, the test results from ther®Ehod in this study on a similar
material has revealed 36.53 ergsiafitotal surface energy. The values of all otr@mponents

of the surface energy calculated using the SD ndetéere in agreement with the results obtained
by Lytton et al. (2005) and Bhasin (2006). Thesdlarities are resulted from the fact that, both
SD and WP methods make use of the Young-Dupre iequaithout any modification and using
the contact angle measurements. The only differbat@een the SD and the WP method is that
in the WP method the contact angles are measudg@atly while the contact angles in the SD

method are measured directly.
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CHAPTER VII

CONCLUSIONS

A new sessile drop device was employed for direzasnrements of contact angles on flat and
smooth aggregate surfaces and asphalt binderse k&g bulk rock samples (from about 10cm to
30 cm in average diameter) of limestone, granitd, rayolite from various rock quarries in
Oklahoma and one binder type (PG 64-22) from Ergtuskogee, Oklahoma were obtained and
subjected to newly developed sample preparatidmtgues for contact angle measurements. The
sample preparation and testing protocols for caratagle measurements on the surfaces of
aggregates, neat asphalt binder and asphalt himated with Warm Mix Asphalt (WMA)

additives were introduced. The sample preparatiohtasting processes are simple and require

minimal training.

Using the Good-van Oss-Chaudhury (GVOC) appro&ehstrface energy components of
aggregate and asphalt binder specimens were daldldig making use of the contact angles
obtained from the Sessile Drop (SD) device. Theamrangle results have shown small standard
deviations (less than 2)éand the calculated surface energy componentsiweagreement with

the results in the literature.

The aggregate specimens were subjected to vagwgakslof polishing using different particle
sizes of silicon and aluminum powder grits. Finexdg polishing materials resulted in smoother,

lower roughness levels and thus smaller standandtitens of contact angle measurements.
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The SFE components of the aggregate and asphdirsamples in dry condition were
calculated using the GVOC approach. As it was edgakc¢he acidic components of all the
materials were almost negligible (indicating a drgterial) as opposed to the basic components.
The surface energy components calculated usingdhiact angle measurements with the SD
device in this study are comparable with the redutim the studies conducted by Giese and van
Oss (2002), Yildirim (2001) and Bargir et al. (2008l these researchers used contact angles
with GVOC approach without any modifications to ¥eung-Dupre equation. However, the
comparison of the same results to the findingshiagth (2006), Wasiuddin (2007), and Lytton et
al. (2005) shows that the surface energy compomaessured on aggregates with the USD and
SD are significantly different from each othertie USD method, the GVOC approach has been
modified and the contact angle term was replacetthé®gpreading pressure term in spite of the
fact that van Oss (2002), one of the pioneers®falOC approach, clearly stated that if finite
contact angles occur, this approach should be ins&dcurrent form without any modifications.
On the other hand, the results of this thesis ssinyvs that all aggregates used in this study have
yielded finite contact angles, in agreement with riasults in the literature on some very surface

energetic minerals like clays.

The comparison of the test results on asphalt bisgecimens using the SD device and WP
methods revealed a very close agreement. Furthermolike the WP method, the contact angles
from the SD device are obtained directly, and witlch simpler sample preparation and testing

processes.

This research study showed that the SD devicdlisdapable of performing direct contact angle

measurements on flat surfaces such as aggregassphdlt binders.

The SD device costs much less than the USD and/theThe new equipment is accurate,

reliable, practical, and economical, and it canlgag adopted in a materials laboratory for
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contact angle measurements of aggregates and tlspitirs for determining the interfacial
bonding strength using the surface energy apprdasting protocols have been developed for

aggregate and binder specimen preparations andat@rigle measurements.
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CHAPTER VI

RECOMMENDATIONS

The differences in surface energy components Gtedilusing the Sessile Drop (SD) device and
Universal Sorption Device (USD) indicate that mogsearch is needed for understanding the
working principles between the two devices andttie®retical background leading to the
calculations of surface energy components. Thdfrelices may be attributed to the spreading
pressure term used in the universal sorption deesting approach and need to be investigated

in detail.

The results of direct contact angle measuremeing tise SD showed that, surface roughness of
the solid material plays a vital role in contactjl@measurements. The results showed that, as the
solid surface becomes smoother, more accuratesdinbile contact angle measurements can be
obtained. In other words, as the roughness levifle§olid surface decreases, the standard
deviation of contact angles becomes less. Accoridirige sample preparation protocol given in
this study, the polishing process leads to lowegleof roughness on aggregate surfaces. The
finest grade polishing material used for Davis ktome and Snyder granite is 1000 grade silicon
carbide grits. The more precise contact angledessistandard deviation were obtained on
smoother surfaces which were obtained by usingex firade polishing material such as 5u

aluminum oxide powder. These results can be imgtevith finer grade polishing materials.

As a suggestion for future studies, the testingquals for emulsions and powdered materials

(i.e., clay minerals) for measuring direct contaogles using the SD device can be developed.
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APPENDICES

APPENDIX A: CALIBRATION OF THE SESSILE DROP DEVICE
The FTA 1000B goiometer was employed to measureacbrangles on both aggregates and
asphalt binder. The device includes a high resmutamera which takes pictures of the samples
with the sessile drop dispensed from a needle amtlssthe pictures to the software for
processing. The magnification has to be adjustedbmin better snapshots of liquid-solid
interface. The quality of these pictures directlyeet the presicion of the contact angles
calculated by the FTA software. Focus, image ¢ladnd isolation from mechanical vibration
can cause inaccurate contact angle results. Teceaehnore precise results, the device was

calibrated on a frequent base by the procedurendieéow.

In this process, distilled water was used as thbeliquid. About 12.L of distilled water was
dispensed as pendant drop. The snapshots of thende taken and sent to the software. Certain
physical parameters of the drop such as volumeyatier, radius of curvature, and interfacial
tension were measured by the software. The actliaé\of interfacial tension (IFT) of the water

is 72.00 mN/m at the room temperature (Table Byvever as it can be seen in Figure A.1, the

device measured 70.89 mN/m before the calibration.

The calibration can be conducted in three diffevesags (see Figure A.2). In this study, the
calibration of the device was performed by matchiregactual and measured IFT values. Once
these values are entered, the calibration is cdetplay clicking the apply button. The difference

in the results is shown in Figure A.3. The physjmaiameters of the pendant drop are now closer
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to the theoretical values. To illusturate it quiatively, the pendant volume has increased from

12.41uL to 12.70uL after the magnification of the FTA device wasiloalted.

These differences in the readings of physical patara of the pendant drop has a direct impact

on contact angle values.

Interfacial Tension T Calibration T Tools ]

Contact Angle T

CTE—
Interfacial Tengion [mk./m] 7083} =
Fendant Wolume [ul] 1241 |1
FPendant Surface Area [mmz) 20026
Tip "wfidth [mm] 0.9054
wietted Tip ‘width [mm) 0.9268
Diameter [mm) 27320
Fadiuz of Curvature [mm) 1.3077
Laplacey'oung Beta -0.2361
Laplacey'oung RS Ermor [mm] 4 BOBE-3
Apey # [mm) 4 2256
Apex 't [mm) 4 006G
Contrast [ctg) 209
Shapnessz [cts) 161
Black Peak [ctz) 46 =
I Thiz Image j
Foom
Focus
Cineloop
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1

Deletelmage
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Figure A-4 IFT results before the calibration

68



[l E IR RN

—Magnification Calibration

— Calibration by Knowen Linear Distance

Actual Distance (mm) | 0.9140
Measured Distance (mm): | 09180 Apply
— Calibration by Knowwn IFT
Actual IFT (miMinY: | 7200
Measured IFT (miiny | 7089 A pply I
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Figure A-5 The calibration window
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Figure A-6 IFT results after the calibration
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APPENDIX B: CONTACT ANGLE TEST RESULTS USING THE BHING PROTOCOL

DEVELOPED IN THIS STUDY

Tables in this appendix include the contact angd@surement test results using the testing
protocol developed in this research study. Resfilssirface energy calculations using the

measured contact angles are also given. The saogseésin this study are namely:

Davis Limestone

Snyder Granite

Dolese Copperton Limestone

Hanson Davis Rhyolite

Martin Marietta Mill Creek Granite

Dolese Hartshorn Limestone

Pryor Stone (Pryor Limestone)

PG 64-22 neat binder from Ergon, Muskogee, Oklalif&é4-22 neat binder from Ergon,

Muskogee, Oklahoma

All contact angle results presented in this studyiathe units of degreey @nd surface energy

components are in the units of ergs/¢mJ/nf).
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Table B.1 Final contact angle results with PG 6422t binder.

Trial Number Ethylene Glycol DIM Water
1 68.5 48.0 93.0
2 70.5 47.5 92.0
3 69.0 46.0 94.0
4 73.5 49.0 94.5
5 73.5 50.0 91.5
6 68.0 47.5 93.0
Std. Dev. 2.5 1.4 11
Average 70.5 48.0 93.0
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Table B.2 Final contact angle results on aggregmteples with Distilled Water.

Sample 1 Set 2% Set % Set Average
Dolese Copperton | 57.0 54.9 52.8 54.9
Dolese Copperton Il 51.1 52.0 52.9 52.0
Dolese Copperton Il 67.1 63.5 66.4 65.7
Hanson Davis | 51.7 53.5 54.5 53.2
Hanson Davis Il 61.7 61.5 59.5 60.9
Martin Marietta Mill Creek | 48.0 46.2 42.0 45.4
Martin Marietta Mill Creek Il 55.6 59.2 58.1 57.6
Martin Marietta Mill Creek III 45.3 45.0 44.5 44.9
Dolese Hartshorn 62.0 65.1 65.6 64.2
Pryor Stone Pryor | 58.2 55.3 58.3 57.2
Pryor Stone Pryor I 61.3 60.0 60.6 60.6
Davis Limestone 79.6 78.1 80.4 79.4
74.5 73.5 75.8 74.6

Snyder Granite
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Table B.3 Final contact angle results on aggreggmteples with Diiodomethane.

Sample 1 Set 2% Set % Set Average
Dolese Copperton | 29.2 29.7 30.3 29.8
Dolese Copperton Il 43.5 44.0 44.3 43.9
Dolese Copperton i 40.8 41.7 42.7 41.7
Hanson Davis | 38.9 37.4 39.5 394
Hanson Davis |l 45.9 44.4 44.6 45.0
Martin Marietta Mill Creek | 45.7 47.4 48.4 47.2
Martin Marietta Mill Creek Il 48.1 49.7 49.7 49.2
Martin Marietta Mill Creek 11| 42.0 42.6 40.8 41.8
Dolese Hartshorn 40.2 43.9 44.4 42.8
Pryor Stone Pryor | 43.2 43.6 45.6 44.1
Pryor Stone Pryor Il 31.9 35.3 37.0 34.7
Davis Limestone 47.1 47.7 44.5 46.4
50.4 49.5 49.5 49.8

Snyder Granite
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Table B.4 Final contact angle results on aggreggmteples with Ethylene Glycol.

Sample 1 Set 2% Set % Set Average
Dolese Copperton | 284 28.2 26.7 27.7
Dolese Copperton Il 34.9 37.9 37.2 36.7
Dolese Copperton i 41.3 46.4 43.8 43.8
Hanson Davis | 30.4 30.5 27.9 29.4
Hanson Davis |l 32.3 34.3 33.1 33.2
Martin Marietta Mill Creek | 30.3 28.3 26.5 28.4
Martin Marietta Mill Creek Il 39.2 40.6 38.5 39.4
Martin Marietta Mill Creek 11| 32.3 34.3 33.1 33.2
Dolese Hartshorn 35.3 29.3 29.2 31.3
Pryor Stone Pryor | 28.9 27.8 27.3 28.0
Pryor Stone Pryor |l 18.2 17.6 20.4 18.7
Davis Limestone 60.5 63.4 61.3 61.7
56.8 59.6 59.5 58.6

Snyder Granite
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Table B.5 The Surface Free Energy components shatiples.

,}/AB 'YLW yTotaI
Sample
(ergs/cm or mJ/nd)

Dolese Copperton | 22.97 0.16 3.86 44.30 48.17
Dolese Copperton Il 31.51 0.13 4.03 37.58 41.61
Dolese Copperton Il 16.95 0.09 2.52 38.73 41.24
Hanson Davis | 26.26 0.31 5.66 39.91 45.57
Hanson Davis Il 18.53 0.61 6.71 37.03 43.74
Martin Marietta Mill Creek | 36.98 0.42 7.89 35.84 43.73
Martin Marietta Mill Creek Il 25.62 0.31 5.60 34.74  40.33
Martin Marietta Mill Creek IlI 39.42 0.07 3.44 386 42.13
Dolese Hartshorn 14.02 0.78 6.62 38.16 44.78
Pryor Stone Pryor | 21.05 0.73 7.85 37.48 45.33
Pryor Stone Pryor Il 14.34 0.90 7.20 42.16 49.36
Davis Limestone 10.12 0.05 1.35 36.26 37.61
Snyder Granite 13.97 0.00 0.28 34.39 34.66

PG 64-22 Neat Binder 2.82 0.12 1.15 35.38 36.53
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Table B.6 Contact angle results on PG 64-22 nealebiwith Distilled Water.

Trial Number Set | Set I Set Il
1 93.0 94.5 95.0
2 88.0 92.0 94.5
3 92.0 95.0 93.0
4 91.5 93.0 94.0
5 89.5 91.5 91.5
6 92.5 93.0 93.5
7 88.0 92.5 90.0
8 85.0 89.0 89.5
9 87.5 92.5 90.5
10 81.0 94.0 91.0
11 86.5 95.5 91.5
12 82.0 94.0 88.0
13 87.5 92.5 92.5
14 90.0 93.0 93.0
Std. Dev. 3.7 1.6 2.0
Average 88.1 93.0 92.0
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Table B.7 Contact angle results on PG 64-22 nealebiwith Diiodomethane.

Trial Number Set | Set I Set Il
1 46.0 48.0 47.0
2 46.0 47.5 495
3 44.5 46.0 50.0
4 47.0 49.0 51.0
5 48.0 50.0 47.5
6 45.0 47.5 45.5
7 47.0 48.0 48.0
8 44.0 47.0 50.5
9 435 47.5 51.0
10 43.0 46.5 51.0
11 46.0 47.0 49.0
12 44.0 49.5 48.5
13 42.0 50.5 50.0
14 41.0 51.0 52.0
Std. Dev. 2.0 1.5 1.8
Average 44.8 48.2 49.3
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Table B.8 Contact angle results on PG 64-22 nealebiwith Ethylene Glycol.

Trial Number Set | Set I Set Il
1 78.5 68.5 76.5
2 83.5 70.5 76.5
3 79.5 69.0 74.0
4 85.0 73.5 72.5
5 84.0 73.5 75.5
6 80.0 68.0 77.0
7 75.5 70.0 78.0
8 75.0 72.5 79.5
9 76.0 70.5 76.0
10 74.5 73.0 75.0
11 75.5 71.0 73.5
12 73.5 68.0 72.0
13 71.0 68.5 71.0
14 66.0 70.0 69.0
Std. Dev. 5.2 2.0 2.9
Average 77.0 70.5 74.7
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