CHAPTER 1V

THEORY

Surface tension is t etative - of the i \= lar force between
their molecules. The shape of li atn | phere, but when the liquid

A\
contact with solid or other liqui will'be developed. This angle
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will be verified in the next section. Th re—arc ma orces that can be classified
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according to the initiation ofthe pe fforce that initiated
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from the circulation of the V S ecular forces are

the characteristic of every sumxance Dispersion forces or @ndon forces are the

weakest intermoleculaﬂfﬁﬁbl W%} ww ﬂ j‘er molecular

forces that stronger than jLondon forc t1s happen by the orientation of permanent
electron dlpolw qﬂ;ﬁﬂﬁam 31 Wﬂqﬂeﬂ Gitﬁl%jilpole
molecules. Hydrgen forces are the strongest force between molecules. These forces
happen because the oxygen atom attract the electron from hydrogen atom that
attach with oxygen. These neglected hydrogen atoms will react strongly with other
molecules which have free electron atoms. The conclusion of some of the attraction

between molecule are in table 4.1.



Table 4.1 Types of physical attractive forces and typical bond energies

Type Bond energy(kJ/mol)

Permanent dipole-dipole interaction:

Hydrogen bonds involving fluorine Up to 40

Hydrogen bonds excluding |

Other dipole-dipole (exélud
Dipole-induced dip

Dispersion (Londo
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4.1.2 Wetting Equilibria

When three phases contact together, air, liquid, and solid, the angle between
liquid and gas will form. the situation will be varied depend on the type of the

phases. The composition, the roughness, the type of the phases effect the angle. If

yhe solid. If the angle equal
' &grea. The diagram of the
—

the angle equal 0, all liquid will be

The energy that related 4 . erweer phases is called the
surface free energy. Actuall il be r : cn three phases but
solid hardly changes the inte a é ljbe between liquid-vapor . The
surface free energies wiil have inds . f ind is the solid-liquid surface
free energy with the 0 angle (cos (0) " cond kind is the liquid- gas

. A i .
surface free energy with the'0 b€, written as Y cos
et =L -

(6). The last surface free eny ee Beroy which have 0

angle. The balance of the three fgltlom can be r tten as follows,
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Some author relates the surface free energy between solid and vapor with
the surface free energy of the solid in vacuo , Ys which is the function of the
equilibrium spreading pressure or the equivalent vapor that absorbed when the solid
is initially vacuum. However the interpretation of the equation will be the same.
The wetting surface of the solid depend on the equilibrium of this equation. If the

surface free energy is negative, the wetting can be occurred. If we call the different
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Figure 4.1 A liquid ¢ rop resting at equilibrium on asolid surface
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free energy of surface free energy as S, the negativity of S will cause the solid to

be wetted.

The equilibrium spreadi : ﬁ spontaneous spreading

of liquid onto the solid sul( \

‘tell the last situation from th \ e11 the kinetics of the
na \ ~but it will not happen

ore realistic.

oG namics value. It will

spreading. Some situation can
in the real situations. If we add ~\
The contact angle between id can be measured by
using a tangent line from the three PO rg}f C g , he two points of contacts.
These may be through th ; - th :-:-::-":—-w:-”.'; 3 oraphy Sessile-
drop liquid drop is the specia ::_w. and captive-bubble
drop is the special name for thf vapor-liquid. How ever many variables effect the

el o s e i Y 4 %ﬂ@%ﬂﬂ ﬂ@ sngle. e

of these methods are shown in the figure 4 2.

Surface roughness has the profound effects on the angle. However the
effects are not be in the same way when the surface roughness increased. The most
simple equation that can explain the effects of surface roughness in smooth surface

range are as below.

COS(Qf) =rf cod6;)
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Figure 42 Drop and bubble configurations for measurement of

equilibrium, advancing and receding contact angles. (a) Equilibrium sessile
drop, (b) equilibrium pendant bubble, (¢) advancing and receding drop, (d)
advancing and receding bubble, (e) drop on the titled plate. L = liquid,

V = vapor



The subscript f is standed for surface roughness. This cosine can be replace
the calculation from the wetting of the surface. In the table 4.2, the roughness of
the different treatment of aluminum will be shown to emphasize the effects of the
roughness. In the next chapter some surface and interfacial free energies will be

briefly explained.

.
The surface can be di/ 5 \ \

_ N
surface energy. Usually the ¢ energy-allo \u\~ id to spread through

= 3N\

ave to spread thoroughly.

Z : W\

rfaces u{ problem of surface

ce energy and High

all the surface, so there are
Mostly the high energy surfade
energy of high surface energ high temperature. So, in this

manuscript, the high energy surface probiemis will be omitted. The low energy

surfaces usually are the polytye { conc ailS, in this chapter.

The most impossible dmcovery is by Zisman et.al.. The@diseovered that if

¢ a v ——
e G Y IN Y Iy e
v ‘
that it will be the criticgll surface energy befween polymemand the 1 ﬁ

this discovery aqlwsa\a iﬁﬂmfjuﬂnlzu m /-] ,J VI EI i uiéﬁirlne of

Many scientists try to relate this discovery to the old definition of the
surface free energy that have already be developed before. One method starts from
Good-Girifalco approach and the other come from additivity of components. the
Good-Girifago method start from the definition of the interaction between

molecules as below,

26
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Figure 4.3  Zisman plots for various low-energy polymeric surfaces.

(a) Polytetrafluoroethylene (PTFE) with n-alkanes as the liquid series, (b)

PTFE with a wide range of liquids, (c) polyethylene with the liquid series

commonly used by Zisman.
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b= Aab =1
(AaaAbb) 2

The A stands for the interaction between molecules as the subscript such as

A s the intermolecular forces between, specie owever the d) can not be more

interpreted in term of

From this equation , the afig ace free energy can be related.
If we set the angle to be zero and ghe /yacuo surf; e “énergy will become as

below, -’E’F o

p—

e s PULARRIYIRINS V8 ) Gescia

_ approach by adding me dispersion and¢" a polar component in the sarface free

energy. This cﬁqﬁﬁh@as\aﬂifu ll w f] ‘-J Vl EI r] a El

e A

The combination of the equation for the contact between different phases are

as ,
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Among these difficult theory some conclusions can be summarized. Firstly It

can be summarized that if the Y of the adhesi s much lower than the substrate.

C

Secondly the adhesive will spread out.if I surface free energy of
the three phases occurred. If the surfae e /- wall.be_negative, the adhesive
will flow cover all the surface 46 weve ' gntic re, “Huntsberger added the
‘ juilibrium spreading

coefficient(S) equation. This e v predi e More ate values.

Motion is the importan ord- for kil wetting . However

of. but kinetics will

gracﬂnt in kinetics of

wetting. The viscosity, the thermfalgsthe contaminatiof or the surface roughness are

the samples of the gra@]nuEiQiMCﬂomhj wtﬂ.l]‘ﬂ gnple is the
dynamic contact angles which inﬁagﬁgm?wo q,]wﬁ(glrate
together. Thisi iﬁe{iﬁre stances. ean alctlate this

angle by the equation follows,

thermodynamics will tell V e

tell that how fast is the changBo occur.

(mvs )"

tan(0,) = ]
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From this equation, m and n is the constant. The T is the viscosity. In the
next page the simulation of the dynamic contact angle will be plotted with viscosity

will be shown in figure 4.4.

The roughness of the surface have the jprofound effects on the kinetics of

wetting. In the case of the angle below 90 d 1L ghness will speed up the
kinetics up to 50%. However not.only.the « ugﬁspeed the kinetics, but

also can delay the kinetics suc( n’& c p hosphate. It is very hard to

study the effect of the roughn L ‘;\,w. \ inds of roughness.
Nevertheless de Bruyne havegma ~depth ¢ roughness that are the
cylindrical pores which the equ . \ 7

-«

ure, the@ is the diameter of

the cylindrical size. W'ﬁ ﬁ ﬁ%ﬂgwﬁ"w Ej/Tﬂrtjon Ip will be

greater. This shows the@preading of the adl}eswe will be faster. However if the

e or v 1, WA HF 0 A2 SUNYARLL.

shown in the ﬁgure 4.5. Packham further modified this equation to use with the

From this equation, P% the atmospheric'p

quick setting adhesive which can be seen as "

; (dlp) 5o

dt ]~ 8n
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The Pr is insteaded of Po as the equation above. It is because the pressure
of the applied adhesive might be higher than the normal pressure. But if the Pr is
substituted by the capillary pressure, this equation can be integrated to be the

equation below,

From this equation, it c cs, of wetting will be
increased by the square of ro ané d f the viscosity of the
adhesive is higher. The adhesiv nCe on “the kinetics. It will

speed up the kinetics when it is i

5 The bonding o; ;,‘_ ......

Not only the adhesive s entrapped between the two substrate, but also the

i o ] 3 5 31815 W o

penetration length whith is smaller thdn‘;eal length so 0, some air will trap in the
surface roughnq W’TM Jﬂ‘j ﬁu ada%’q)}wg ’q.\ax E} hot
joint operation tﬂls air trap will expand and agglomerate to deteriorate the strength
of the joint. The correction methods are to vacuum the Joints. There are reported

that vacuum joints have 30% more strength than the unvacuum joints.

Humidity have more profound effects than the air trap especially when the

surface has high surface free energy such as metal or metal oxide. The humidity or
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in other word liquid water can be spread cover the substance surface before
applying the adhesive. More over the humidity will effect the dipole and polar
surface free energy. This effects call the wettability envelopes which can be shown
in the figure 4.6. The storage of the treated substrates before applying the adhesive

: many method included increasing

are important. The humidity can be controll

the temperature.

4.2 MECHANISM OF ADW ‘

Adhesives bind two su ces. In this section ,

some of the forces will be e Lt = main four forces are,
1. Mechanical Interlocki
2 Diffusion theory
3. Electronic theory
4. Adsorption theo — -

— 4

[1» esive to adhesive

Thls chams of forces link two substrate together.

These sum of forcesb
and adhesive with substrate ;

ﬂ‘IJEJ’J‘VIEJVlﬁWEJ’]ﬂ‘i

4.2.1 Mechanical Interlocking
ARIAINIUNAIINENA L
The prinCiple of the mechanical interlocking is very simple. The adhesive
failed to interlock key holes that distributed all around the surface. However . these
situation can happened harder than adhesive that fall down to capillary hole. This
situation can be represented by the figure 4.7. There have been the measurements
that can conclude the important of the mechanical interlocking by writing the

equation,
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Figure 4.6 Wettability envelopes for abraded mild steel surfaces at various

humidities
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Figure 4.7 (a) Scanning electron micrograph of an abraded mild steel
surface. (b) Optical micrograph of a section cut normal to an epoxy/abraded

steel interface. (c) Talysurf profilometer trace for an abraded steel surface.
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Optimum joint strength = Constant *
Mechanical interlocking *
Interfacial chemical component
and one numerical experiment result

Interfacial chemical ¢ 0

Constant

Mechanical interloc

From these experiment alf of the interfacial

chemical component bond. The i I"Co \nx ent bond can be get rid

but it is hardly to get rid of the g.

There are two types efthe mechanical Jntettockmeswbstrates, mechanical
Vi i)

and chemical interlocking suBtra - erl%(mg substrate come

from rubbing or scratch the i intgrface to get rid ofunwanted material such as oil and

et e, APRLL1D K LIV RIS 0 e o

increase 5 to 30 % . ?t]can distribute the force that come to the joint byscreate the

defo@maaﬁmm WAIngae

The rest of the treated surface of the mechanical interlocking called
chemical interlocking substrates. There are many ways to treat the surface such as
flame, electroform, chemical etching. There are some important papers about
treating the surface of electroformed copper. The form of the surface will effect the

strength of the joint. The strength of the joint increase when the rugosity are
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increase. The rugosity will distribute the force and introduce the plastic deformation

at the joint. That is why the strength of the joint is better remarkably.

4.2.2 Diffusion Theory

This force is the force that

Mﬁl elf together. This force

ve --"f"’l t because of the high

molecular weight, the total force lg u‘i -\\ to hold the polymers.

This force come from the w vg il \ olecules which are the
same will dissolve the sam .! ‘Howe 'a s e depend on the

possit bility to dissolve is
vo substances are equal,

X f er - thermodynamically. If the

J—JJ

it mean that these two substanc g ?ﬂr
solubility factor of the two substance ffjr"“' A apa e two substances can not be
mix together thermodyna nically, For exa nolvethylene edrunot blend with the

i

polypylene which have the s gen. This is because

the solubility of polypropylenf is slightly dlfferent than the polyethylene. These

i s S RUITHEART
e AR ATAAAT I S

and further mterpreted every terms before integrate numerically or analytically. The

diffusion equation of motion can be explained as follows,

dc
dw = ——Df dt ZI’E



Vasenin first assumed that as the diffusing species interdiffused into the

surface regions during the time of contact tc, the reduction in the value of the

diffusion constant with time would be of the form

Dd is a constant whi e macromolecules and

B is a constant which oe of the coefficient of
diffusion, Df with time and <t he deduced that the

depth of penetration, Ip, cot

The constant k3 is a copstant which charaﬁprizes the stiffness bond length

i vatency angiedB8 3] BEIIAEE VBTN BLATH S e e nw

variable that stillgiveqflhe rest of the equafion to be a ganstant. These mew variable
s Ne which 4o} QurNNble| bbbt i |rab b Cihe I hndary
9

between the adhesive and substrate.
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Finally he introduced this equation into the previous equation and created

the new constant k4. The new equation for the peal tests can be shown as below,

The P is the peel en : Vasenin has done the

experiments and conclude figure 4.8. These

equation can explain the re e contact time and
also the peel energy and th predicted the diffusion
coefficient of polymer (po “to be 10 . em2/sec. The experimental
measurements show the diffusi oi% polyn “molecules are about the

same or 1000 times more that this va (i ' 'y
£ .l“‘ / j

L
™

ist criticized this theory. One

of the weak point of this theor: e 'd that come from

the twist bond of polymer 1 'he next page. The

others thing about the weekmint of this equation is the vmoelastic of polymer

which is not include ﬁ developed to
explain the movement”f polymer at?hlegheqwe -ﬁs rate mﬁface
q RIAINTNUURINYIAY

4.2.3 The electronic theory

The electronic force happened between surfaces that have the different in

electronic charge. The magnitude depended significantly on the gap between the
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surface. There are some theory and experiment in this field but unclear conclusion

is revealed. However when it is no cracking, it is no force in this forms.

4.2.4 Adsorption theory

Adsorption theory is the i

%plained the significant of

the secondary bond. Primary b one tha@ bind with adhesive.

This bond is already explainﬁ ‘ \

that the adhesive is bond wit

o dary bond is the bond
ry important and if this

0",:
rac \\ ased. The bond and

the strength of the bond will b i e4. \

The strength of the joint s-on both pary and secondary forces and
if the joint is free from air trap and__othe P, conta ion, the strength of the joint

thess rength of the joint
X

t
1

tunneling (IET) spectrosco;y study the hyd&cyen bond between silane/oxide

interface that mduﬂ %%} ‘}% E} ﬁ ﬁ.wgaﬁ} ﬂd‘ﬁxrface hydroxyl

groups on the ox1de

amaﬂnim URNINYA Y

In the case of binding polyethylene, the formation of hydrogen bonds has

will be incredibly highseFhere —are Some SH
Vi

mainly come from secondarmo e inelastic electron

been suggested to be the result of tautomerization according to a series of
transformations shown in figure 4.9. This hydrogen bond can be inserted the bond
by the water to make the link between the oxygen bond on modified polyethylene
and the hydrogen from one molecule water. These work has done by using X-ray

photoelectron spectroscopy (XPS) . XPS or electron spectroscopy for chemical
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Table 4.3 Bond types and typical bond energies i

__ 1 Wrs
Type , - B&(k]/mol)

Primary bonds
lonic

Covalent

Metalic
Donor-acceptor bonds o H
Bronsted acid-base mterdcno _ ., 7
(i.e. up to a primankidnic bond :
Lewis acid-base ‘:F
Secondary bonds

Hydrogen bcﬁsu EI’&J Vl EJ ﬂ %Jw En ﬂ ﬁ

Hydrogen b8ids involving ﬂuor‘ne Up to 40

RARFRATRII YRRV E A
Van def waals bonds

Permanent dipole-dipole interactions 4-20

Dipole-induced dipole interactions Less than 2

Dispersion (London) forces 0.08-40
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Figure 4.9 Possible hydrogen-bonding mechanistns in the
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analysis (ESCA) can provide very good quantitative and qualitative elemental
analysis of a surface and reasonably good determination of the chemical bonding.
XPS involves the bombardment of the specimen surface with mono-energetic X-ray
in ultra high vacuum (<0.00000001 Torr). Eject electrons from the bombard

specimen will be recorded and analyzed. The pther technique which also useful for

studying surface is called AES ( Auger Electrol sftroscopy ). AES will give the

better resolution but the sample can be-erode¢ "an_analyze the surfaces of

d esive. This equation

is similar to the equation of : u' | - e other terms. This

i -l .-Jlf 2

.u*'

Wa=7Yas — Ya el

Y )

sac

The reversible worﬂ)f_ adhesibn shows that the subgﬂate and the adhesive

o s g (B LG0T 099 S 2] Y A 0

thermodynamics defirlifion of Wa, leman discover the 'Yc the relatlon between Yc
and the Jomta WW%@W N%g}w E‘I qLﬁAE’) There
are two energy that relate with the breakage of the adhesive joints. The first energy,
called Go, relate the energy that use to tear the joint plastically. The others energy,
called [/, relate the energy that use to dissipate viscoelasticity. These two energy

help to strengthen the joint.
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Figure 4.10 Relation between meagured joint stiength and critieak surface
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substrates . (a) Polytetrafluoroethylene, (b) poly ( vinyl fluoride ), (c)

50

polystylene, (d) poly(vinyl alcohol), (e) polyvinylidene chloride), () poly
( vinyl chloride ), (g) poly ( ethylene terephthalate ) and (h) po'ly(l,4-

cyclohexylene dimethylene terephthalate).



47

The substrate such as PMMA can be changed the properties with the
different silica solvent to become proton donor or receiver such as in figure 4.11.
The Donor-acceptor interactions come from the combination of the constant of acid-
base and base-acid. This interaction will strongly strengthen the interface and the

joint. There are many equation that try to p

1 t the strength of this interaction but
all equation still have the weak poi

There are some chem1 , odified fl ates to be suitable with

the adhesive. One chemical 1s polVaci ' ci Q\\h\\ odified the oxide of the

metal. The other is the couplidg ff' \\w ch 1ca with the oxidizing

bond. Kinlock et.al. study this ' gt atic secondary ion mass
4 ﬁ_. 2 ‘ \ \ Ty

(SIMS). Some pictures will be ghogm, asiin. . The results from SIMS

Jﬂ
show the polysiloxane attraction afd suspfisingly®the Fe attraction. In figure 4.13,

there will be the sample of the coup i.z"‘,__".'.r:'ﬁ t dramatically increase the joint
strength. In conclusion, | the jary force, Q ation will increase
B -
¥ . L'-v,f |:." .
the joint strength beside tie’e y-mention.

] )
ﬂ'lJEl’J‘l’lWlﬁWEl'm‘i
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Figure 4.11 AdSérption of poly(met.byl methacryll&te), a basic po]ﬂxer, onto
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//
~~~ Zinc oxide

Figure 4.12 Possibl

zinc oxide surface.

(1 d 6L

Figure 4.13 The structure and interfacial bonding of Y-aminopropyltriethoxysilane

on a silica surface.
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4.3 EXPERIMENTAL DESIGN

4.3.1 Purpose of EXPERIMENTAL DESIGN

build empirical models relating#€ te€honse of interest o the, input factors. Find

factor setting that optimize theffespbnge/and minimize the and validate the

Experimental design is { c :'._ e the input (factors) in order to

Inputs — = ..‘; ' puts

J

: YL ARENTNLINT. .
 RARAANNIMARINTEAR Y

If a.b,c.d are inputs of the process and X,y are outputs.We can set experimental

table as following.
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Run a bie |d Bl F e Y |Sy
1
2
3
NE
aln'd
: # 5 -
- Z
4.1.2 How to set up the dgSign—
’ .::.5;9
Factors Factors Factors
 a (Y
Numberrof U | %. o e | 3u
R IANNIUNRINNE 1A Y
q
Number of 2 3

Number of factor and level are used to specify number of experiment as

show in the table above. Factors are the types of raw materials we choose to vary
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to identify the results. The levels are quantity of that factor. The more numbers of

factors and levels are required the more experiments for testing.

If the experiment is specified to have four factor and two level, then there

are 16 batch to be test as in table 4.4.

AULINENINeINg
ARIAATAUNNINGIAY



formula | factor A factor B factor C factor D response Y 53
] 2 - . -
2 - - - +
g : - % :
4 B - - +
5 - + - -
' 2
7 2
8 .
9 +
10 +
L +
12 +
13 +
14 -
15 %
16 +
AVG -
AVG + ¢a "y
o | B A VIETT WET
Y v ¢ o v
ARAINTUININGIAY

AVG = average of response Y . AVG + = average of response Y of higher level
Delta/\ = (AVG+)-(AVG-) . AVG- = average of response Y of lower level

Y  =(AVG) + An)A) + AR)B) + (AR)C) + (AR)D)

100

TABLE 4.4 How to set up the design
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