Chapter 2

Theory and Literature Review

Composites make up a very broad and important class of engineering
materials [6, p. 1]. The increasing usage of these materials is spreading worldwide as a result
of a large investment in the technology over the last two or more decade. Composites are
used in a variety of applications. Furthermore, there is considerable scope for tailoring their
structure to suit the service condition\XY y ept is well illustrated by biological materials
such as wood, bone, teeth and&f es @are natural composites with complex

internal structures designedmnec@nicaﬁpﬁos well suited to the performance
osites nstwds is accelerating rapidly, with
e ae é\ Mere the use of composites has
ol-efficient aircraft [7,.p.

. Adaptation of manufactured

requirement. Today, the

composite structures for differgit ghgineering: es requires input from several branches of

2.1 What are Composites?
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There is.no exact definition o% con

2003 defines a composilé as something m paiis. The difficulty in defining a

-

composite is the size Iim}alion on the con S which makﬂ up the material. At the atomic

level metal alloys and polymeric materials could.be called composites since they consist of

different and dlﬂcuo&l:’gom&l m @ Wr&}u&ﬁle | (about 104 to 104m)

polymer blends c%l;ld be called compgsites since their blended companents are distinctly
vistle s g% Fen ) € b o e firdsiriee o ebout 10410
10Zm or Greater) a glass-fiber-reinforced plastic, in which the glass fibers can be distinctly

recognized by the naked eye, could be considered a composite.

In engineering design, however, a composite usually refers to a material
consisting of constituents in the micro-macrosize range, and even favors the macrosize range.

For the entire of this thesis book, the following is a definition for a composite:



“‘Composite is a materials system composed of a mixture or combination of
two or more micro- or macroconstituents that differ in form and chemical composition and

which are essentially insoluble in each other” [8, p. 590].
2.2 Types of Composite Material

According to the above definition, many materials can be classified as
composites. This is particularly true for natural biological materials, which are often made up of
trong and stiff component presented often in an

at least two constituents. In many cases j
elongated form is embedded in a sgffe; orming the matrix. For example, wood is

made up of fibrous chains of ceﬂu\lg?ie:molecu atrix of lignin, while bone and teeth are

both essentially composew ani crysmapatite or osteones) in a matrix of
a tough organic constituent deoliagen.| N\ \
N

Since they have found wide

shapes. In addition, PMCs have been.-a a variety of aerospace and commercial
-4 ..-'J : :-".:In1|
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applications.

2.3 Polymer Matrix W

Polymer composites are consisted of components such as particles or fibers

(reinforcement) ﬂnr%%}w%% EJ;% Bﬁyw &Jatﬂ)ﬂe% reinforced plastics are a

synergistic combifiation of reinforcemenJ. and matrices Fibrous compo&}e materials typically
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the encapsulating ma al. Fibers can be either discontinuous (chopped) or continuous.

Polymer matrices typically fall into two categories: thermoplastic and
thermosetting polymers. Thermoplastic polymers are distinguished by their ability to be
reshaped upon appropriated heating (above the glass transition temperature of the amorphous
phase or the melting temperature of the crystalline phase). This cycle can be carried out
repeatedly. Thermosetting polymers, on the other hand, undergo chemical reactions during

curing which crosslink the polymer molecules. Once crosslinked, thermosets become



permanently hard and simply undergo chemical decomposition under the application of
excessive heat. Thermosetting polymers typically have greater abrasion resistance and
dimensional stability over those of thermoplastic polymers, which typically have better flexural
and impact properties.

The development of PMCs for structural applications started in the 1950s; and
they are by far the most common fiber reinforced composite materials in use today. One
reason for their growing use is that their processing is relatively simple and does not require

JW ent required for processing PMCs is also
tha &gr other types of composites. There
-deg PMCs parts. Depending on

the type of PMCs used, som chniques can be-highly automated.

very high temperatures and press

relatively simple and less expensi
are also a variety of proces

The m s from the fact that they are
lightweight materials with a s Ehe light weight of PMCs is due
to the low specific graviti Polymers used in PMCs have specific
gravities between 0.9 and 1 ave specific gravities between1.4 and
2.6. Depending on the types nd their relative volume fraction, the
specific gravity of a PMC is betwee' J ' ot red to 7.87 for steel and 2.7 for aluminum
aIons Because of thiJSl low spedﬁc‘ gravities, the strength-to weight and modulus-to-weight

(Table 2.1). Although tlﬂ

when carbon or boron fi bersu,are used as remfor%Jments their cost on a unit volume basis can

be competitive vﬁ tWe@%Wéﬂiﬂq ﬂﬁ aerospace industry.
AR a\ﬂﬂﬁm AN

arﬂ‘;at of many metals, especially



Table 2.1 Comparative properties of metal and polymer matrix compositea [9, p. 13]

Material Tensile
Modulus  Strength
Tensile Yield  Toweight to weight

Density Modulus Strength  strength ratio ratio Elongation
(glem®)  (GPa) (MPa)  (MPa)  (108m) (108 m) (%)
SAE 1010 steel 7.87 207 368 302 2.68 4.72 20
(cold drawn)
AISI 4340 steel 7.87 207 1722 1515 2.68 22.3
(quenched and tempered) i
6061-T6 aluminum alloy 2.70 68.9 310 275 2.60 1.7 18
7075-T6 aluminum alloy 2.70 68.9 571 503 2.60 21.6 1

AZB0A-T5 magnesium alloy ~ 1.74 44.8 379 276 2.02 222

Ti-6A-4V fitanium alloy 443 140 ' 1068 253 26.9 8
(aged) “ &

High-strength 1.55 \Eé'& ‘ p- 9.07 101.9 11
carbon fiber/epoxy —:: 3 é

(unidirectional) - . -

High-modulus B 1344 775 06
carbon fiber/epoxy LN

(unidirectional)

E-glass fiber/epoxy - 2.16 53.2 25
(unidirectional) ; \

Kevlar 49/epoxy : - 5.60 101.8 1.8
(unidirectional) )

Carbon fiber/epoxy - 2.99 38.14 -
(quasi-isotropic) )

E-glass fiber/epoxy 0.86 8.9 1.73
(random fiber SMC) "

rength values are in fiber direction.
o’ _'Ff L

A second advanta‘@_efﬂ?iﬁM@éfm‘e'n flexibility and the variety of design
= .
options that can be Gita! ed_with them Fibers in 2 DA 28 €an be selectively placed or

oriented to resist load | jy direction, thus pra tiohal strength or moduli instead of
l — 5
equal strength or modutus in all directions as in isotropic“materials such as metals and

unreinforced polyme i fll'l > ‘ Qmaﬁ' ientationsi C can be controlled to
produce a vaﬂe@fuil ﬁpﬂeﬂu h'a tmrﬂ zrmal expansion. PMCs
can be combined with aluminum hon b, structur i or ood to produce
sandwic trﬁ;r;] @ﬁﬁﬁﬁi&ﬁﬁlﬁﬁﬁ% E[:z different types
of fibers cgn be used to produce a hybrid construction with high flexural stiffness and impact
resistance.

There are several other advantages of PMCs that make them desirable in
many applications. They have damping factors that are higher than those of metals, which
means that noise and vibrations are damped in PMC structures more effectively than in metal

structure. They also do not corrode. However, depending on the nature of the matrices and



fibers, their properties may be affected by environmental factors such as elevated temperatures,

moisture, chemical, and ultraviolet light.

An important point to note is that, unlike ductile metals such as low-carbon
steel and wrought aluminum alloys, PMCs do not exhibit gross yielding. For many PMCs, the
stress-strain diagram can be nonlinear; however, the nonlinearity is not due to plastic
deformation as is observed in ductile metals. The nonlinear behavior of PMCs is due to a

number of types of microscopic damage such as fiber breakage, matrix cracking, fiber/matrix

interfacial debonding, and delaminatioq\‘vfzai ;an occur at relatively low stress. These

damages grow in size as well as i numbe! cations in the PMC as the stresses are

increased. There may notmmedlap fauﬁ/er the stiffness of the material is

progressively decreased. «ir s, high st \Jﬂn{es of cutouts are reduced by the
| ofeh Qém material.

initiation of these damag

(<]
Many co perties @
distribution of fibers so call Tarch

features of the fibers, such as eir g?aqafstgr:, ngth,'as well as the volume fraction of the

fibers and their alignment and packmﬁang
possible composite remfg.rcement forms a

In the mear form the fibe ef continuous or discontinuous.

Continuous fibers are useé m filament wound, puItruded or laminated structures in which the
fiber orientation ﬁ ither directly mixed with
the matrix, for eﬂnﬁﬁm ma?fﬁ)wa “tﬁ?e ith a binder to form a
planar mat In these cas% ﬁﬂ;ﬁ rﬁlﬂ\lcﬂgﬁ ﬁ % ﬁgjer&(cgl

Two- and three-dimensional architectures are produced by means of textile
processes such as interlacing, intertwining and interloping continuous fiber in textile machines.
These processes provide good control over the fiber orientation as well as fiber placement and
can be used to produce a variety of complex shapes or preforms, in a relatively short time.
Two-dimensional architecture is used in laminated structures. Three-dimensional arrangement
of continuous fibers is used when interlaminar failure or delamination becomes a problem. The
use of continuous fibers in the thickness direction improves the interlaminar fracture toughness.

Three-dimensional architecture can also be used to build composites with nearly isotropic.
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Chopped fibers (random) Oriented short fibers Fiber/particulate hybrids

Unidirectional continuous fibers Filament wound cylindrical

Long/interpenetrating Continuous hybrids

An mptja 1 pertles of a fiber reinforced
composite material is th ﬁber volume fraction. Although most calculations on composite
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MY KT UUAIINYTA

Wi Ipy
2.1
W Ipi+W, /p, =l
and
_ Vip; 2.2)

LV Ve,

where Vi, Vi are volume fractions, Wi, W are weight fractions and pr, pm are

densities of the fiber and matrix, respectively. For ideal regular hexagonal close packing of



fibers of circular cross-section, i.e. when the fibers just touch, the volume fraction of fibers
would reach the value of 0.91 and for ideal regular square close packing the value of volume
fraction would be 0.76. In practice, very large bundles or tows of fibers are aligned
mechanically and the ideal distribution is only realized in small localized regions. Fiber
bunching and matrix-rich areas occur. Values of Vygreater than 0.65 are difficult to achieve.

2.4.2 Fiber Orientation Angle
Another important para controlling the properties of a fiber reinforced

at // ich defined the orientation of fibers with
.2).' ientation angle is commonly defined

b4

composite material is the fiber ori
respect to the loading directi

loading, the fibers are most-effectiv :’.'.‘:!.Y:_:":,;_:._-:_:._.:.:..: ». +45° and -45° angles with
respect to loading axis. In"Figure 2.3, plot aand prediction from calculation

of the modulus against the ﬁger orientation angle é;e shown.

0
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o
Figure 2.3 The angular dependence of the modulus of a unidirectional CFRP (carbon fiber
reinforced plastic) lamina (Vs = 0.5). The continuous line is the prediction from calculation.
The points are experimental values. Redrawn from data given by Hull [11, p.223]
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2.5 The Concept of Load Transfer [6, p.6-7]

Central to an understanding of the mechanical behavior of a composite is the
concept of load sharing between the matrix and the reinforcing phase. The stress may vary
sharply from point to point (particularly with short fibers or particles as reinforcement), but the
proportion of the external load borne by each of the individual constituents can be gauged by
volume-averaging the load within them. At equilibrium, the external load must equal the sum of
the volume-averaged loads borne by the constituents (e.g. the matrix and the fiber). This gives

rise to the condition
(2.3)
governing t d fiber stresses (o, ,5,) in a
composite under an ex ing a volume fraction ¥ of
reinforcement. For a sim ( hente a given applied load, a certain
proportion of that load will be €arti ’  [el ainder by the matrix. Provided the

= .’.ﬂ'

26 Elastic Deformatigof Unidirectional c9_ :

Clearly tr]jpr perties of t : onmosute (Figure 2.4) will be highly
anisotropic since all fibers gare aligned in one d|rect|on For example, strength stiffness,

T B MR o

perpendicular to

aw’]a\aﬂm N‘W’]’W]El’ A%

Figure 2.4 Model of unidirectional continuous fiber composite.
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2.6.1 Axial Stiffness (Isostrain Condition)

A unidirectional continuous fiber composite can be treated as it was composed
of parallel slabs of the two constituents bonded together, with relative thickness in proportion to
the volume fractions of matrix and fiber. This is illustrated in Figure 2.5. The two slabs are
constrained to have the same lengths parallel to the bonded interface. Thus if a stress is
applied in direction of fiber alignment (the 1-direction), both constituents exhibit the same strain
in this direction, &[6, p.61]. This ‘equal strain’ condition is valid for loading along the fiber axis,
provided that there is no interfacial sh 3}" tailed nature of the interfacial region and the

consequences of the imperfect K next section.

1X0

Figure 2.5 Schematic |Inisb=at|on of a)ac site contalnmg a volume fraction Vr of
aligned, contin s‘tgl ﬁ%d slabs of matrix and
fiber material. o1 to t r axis, the two slabs

experience the same axial stram &1 [redl‘awn form refﬁ. B1].

ARIANN I ARINYIA Y

It is now a simple matter to derive Young’s modulus of the composite, E1. The
axial strain in the fiber and the matrix must correspond to the ratio between the stress and the
Young's modulus for each of the two components, so that

; o
=8y =g =gy =20 (24)
f
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The overall stress o4 can be expressed in terms of two contributions being

made
o =(1-V)o;, +Vioy (2.5)

The Young's modulus of the composite can now be written

_[o- v)%fvm,] [(1—Vf)<f'1m+vf}

Gy

e components given by Equation 2.4,
this simplified to

(2.6)

simply a weighted mea \ the uli\ofithe | ponents, depending only on the
volume fraction of the fibefs. e e a 'o of the rule of mixtures has been
demonstrated for a number ¢

represented by the ‘slab gn ,
24, both 2- and 3-directions are transverse to the fi bers For this analysis the isotropic

properties in 2- st:onable assumption is

that transverseﬂuaowlm Wnﬁ m the fiber and matrix,

U MR TRT R (R [R5 e
'iﬁ’l N

ber composite shown in Figure

The over: t'strain can be written as
€ = Vigy +(1-Vi)ey (2.7)
from which the composite modulus is given by

Oa

E =
[V82f e V)gzm]
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Substituting  expressions  for g, =0, /E, &, =0,,/E, and

Gaon =0y =0y JIVES

(28)

The isostress treatment is often described as a ‘Reuss model or ‘inverse rule
of mixture’.

1-Vi

i R

il

Figure 2.6 Schematic showing {a) ﬁwe, :

las-provided by the technique of

photoelasticity. The phot@astic image Iiistribution of stress and strain

during transverse loading. Thigsmeans the isostfess condition is inadequate. In 1967, Halpin

and Tai proposdf gl $ftele, b ot based 4 dgorus sty theor,

but broadly takes é’&'count of enhanced fiber load bearing, relative to the isostress assumption.
rere BRIV N N1INUINE
9

E “+§nW)
E,=—> 21 2.9
0““%) e

in which

n=(E /E.)-/(E /E.)+2)
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The value of & may taken as an adjustable parameter, but its magnitude is

generally of the order of unity. The expression gives good agreement with experiment over the
complete range of fiber content. A comparison is presented in Figure 2.7 between the
predictions of Equation (2.6), (2.8) and (2.9) and experimental data for a glass/polyester
system. It is clear that the isostrain treatment (Equation (2.6)) is in close agreement with data
for axial modulus. For the transverse modulus, both isostress and Halpin-Tsai treatments
(Equation (2.8) and (2.9)) is less clear. The experimental data show scatter and many of them

lie closer to the isostress curve than to the Halpin-Tsai prediction. This behavior is the result of

: Ipin-Tsai equation is generally more
f ularity with the factor &
4

inelastic deformation of the matri :

50

. &
a3 3
-

Young's modulus, E (GPa)
g
<=

.
o’
oo®
(10

Fibre volume fraction, ¥,

Figure 2.7 Co th Iﬁae E‘!\ ﬁdﬁﬂﬂﬁ d transverse Young's
moduli, E7 and rlgl g predictions from the
isostrain model (Equation (2.6)) for Exand the isostress (Equation (28)) and Halpin-Tsai

bEyq::‘%| (ﬂg I\JJ1 ﬁ ﬂmwu W% El\mrﬂ\ﬁ been affected
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2.7 Interfaces

The preceding section has dealt with the elastic behavior of composite among
the assumptions that the interfacial bond is ‘perfect’. This means that there is no debonding,
cracking or sliding — in fact, no elastic or inelastic processes of any description. In practice,
many important phenomena may take place at the interface, depending on its structure and the
stresses generated there. These processes tend to promote plastic deformation of the matrix

and can also influence the onset and nature of failure. To consider the strength and fracture
behavior of composites it is necessary Nr'vr he interface first.
An interface bekh;\ﬁ reinfo&gud a matrix can be defined as the
e

' ich mdity in some parameter occurs [12,
e arp or gradual. Mathematically,

ihe interfacial.region has a finite thickness. In

bounding surface between the FOSS
p.101]. The discontinuity

interface is a bidimensiona

of an element, crystal st
expansion and etc., chan

C EENUNINYINS

Tﬁne' reason the interface in a composite is of great importance is that the

internal ﬂa%fé} ﬁu@eﬂyﬁtweyq% Qlé%i\%q %}&?F@ ﬁjhe case of fiber

reinforced €omposite, the internal surface area can be as high as 3000 cm2/cm3 with a

reasonable fiber volume fraction.

The reinforcement is effective in strengthening the matrix only if a strong
interfacial bond exists between the reinforcement and matrix. The interfacial properties also
influence the resistance to crack propagation in a composite and therefore its fracture
toughness. The two most important energy-absorbing failure mechanisms in a fiber reinforced
composite are debonding at the fiber/matrix interface and fiber pull out (Figure 2.8). If the
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interface debonds relatively easily, the crack propagation is interrupted by the debonding
process and instead of moving thfough the fiber, the crack moves along the fiber surface,
allowing the fiber to carry higher loads. Fiber pull-out occurs because fibers do not all break at
the crack plane. Since they break at random locations away from the crack plane, one of the
broken fiber ends pulls out from the crack face open up with increasing load. If the pull-out
occurs against high frictional forces or shear stress at the interface there may be a significant

increase in fracture toughness of the composite.

' \ ' , fiber-matrix
) , / interfacial debonding

fiber
|_fracture

Figure 2.8 Debonding, fiber f cty(s;a’nd ﬁb i a unidirectional continuous fiber
composite [redrawn from ref. no. QW
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2.7.1 Wetting

If the surfages of two bodies sp&,taneously come into intimate (atomic scale)

contact when thﬁurﬁ};rﬂ} %tﬁ%dﬁ?wm ﬂnﬁ‘ue of the bodies in liquid

form) then wettinglis said to have taken 5Qlace The occurrence of wettlng can be treated usmg

TR TA TR T e e

time-de

At a free surface, atoms or molecules are not surrounded by other atoms or
molecules; they have bonds or neighbors on only one side. Thus there exists an imbalance of
forces at the surface that results in a rearrangement of atoms or molecules at the surface. The
surface has an extra energy called ‘surface energy’, i.e., surface energy is the excess energy
per unit area associated with the surface because of the unsatisfied bonds at the surface. The

unit of surface energy is J m2. Surface energy can also define as the energy needed to create
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a unit surface area. ‘Surface tension’ is the tendency to minimize the total surface energy by
minimizing the surface area. Surface energy and surface tension are numerically equal for
isotropic materials. Surface tension is generally given in units of N m-*, which is the same as J

m-2. However this is not true for anisotropic surfaces.

Wettability is a key concept to assist or impede adhesion, which defined as the
ability of liquid to spread on a solid surface. Good wettability means that the liquid (matrix) will
flow over the reinforcement covering every ‘bump’ and ‘dip’ of the rough surface of the

reinforcement. For adhesion to occur d\«g& f anufacture of composite, the reinforcement
and the matrix must be brought NQIQ /&v ich can be established providing the
liquid is not too viscous anMdynamc e exists. The latter is commonly

express in terms of surf : mWesmn W, is a simple net sum,
often termed the Dupre

7/
*“fr

considering the equilibrium ces inva sysk isting of a drop of liquid resting on a

(2.10)

plane of solid surface in th appmgnate Figure 2.9 shows the situation
schematically. The liquid drop will Eyeau apdmisurface completely only if this results in
a net reduction of tr@(_iystem free energy. Notejmaﬁ
substituted by solid/li _;nterfaoe Contact a d on the solid interface is a

of solid/vapor interface is

convenient and mportand)arameter to characterize wettablhﬁi Commonly, the contact angle

is measured by %tm ﬁqﬁi Pﬁqﬁ'ﬁ ﬂ }J cf] of a solid substrate. The
contact angle is ﬂiﬁl Q |d/||qU|d liquid/vapor and
solid/vapor. The contact angle can befmeasured directly by a goniometer or calculated by

using s Agonp e delionbiphinialifccy dménians h ibofyone can use te

following é(pressmn, called Young's equation
Yy =Yg+ €086 (2.11)

where the subscripts SV, LS and LV represent solid/vapor, liquid/solid and
liquid/vapor interfaces, respectively. It follows that complete wetting (6 = 0°) occurs if the
surface energy of the solid is equal to or greater than the sum of the liquid surface energy and

the interface surface energy. Interface surface energies are difficult to obtain (and may
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influenced by chemical reaction), but they are frequently smaller than the values for the phases
being exposed to air. The surface energies of fibers and matrices (liquid) are generally known
and systems where the former greatly exceeds the latter are likely to wet very easily. For
example, glass (ysv = 560 mJ m2) and graphite (ysv= 70 mJ m2) are readily wetted by
polyester (yv = 35 mJ m2) and epoxy (v = 43 mJ m?) resins, but polyethylene fibers (ysv =

31 mJ m2) are not.

P

tzéaféd a%ﬂfthe quilibrium condition which can be
obtained only if the following COﬂdItIOHG:Qfe sa ":r

_.-.-___, _____.

. Theéww al component of the liquid

su tenS|on nvsing, is ba elastic stress induced in the

soI|d It has been shown that deformaﬂbﬁ of low-modulus materials can
ﬁ es negligible when the
ﬂﬂha ﬁﬁﬁ;\ ﬁ}j:tj ﬂ 5dynelcm2 104 Pa).

a The surf Smo eria for defining

q w’] ﬁ\ﬂ iﬁjiﬁﬁsﬂ ﬁiﬁsﬂ)ﬁﬁ gjually claimed to
be acceptable.

e The surface is compositionally homogeneous. Compositional
heterogeneity can be caused by surface contamination, migration of a low-
surface-energy additive to the surface, or migration of the low-surface-
energy componént(s) to the surface from a polymer blend or a block

copolymer.

e There are no interactions between the liquid and the solid surface.
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For systems satisfying all these conditions, there is one and only one
equilibrium contact angle; however, these conditions are seldom completely met for practical
system. Therefore, contact angle hysteresis is a common phenomenon. It is important to point
out that ysv is not the surface tension of the solid ys but represents the surface tension of the
solid resulting from adsorption of vapor from a liquid. The value of ysv can be considerably
lower than that of ys in vacuum. The amount of reduction in the surface tension of the solid is

referred to as the spreading pressure ns.

(2.12)

(2.13)

If the v

surface tension of liquid, -

Us liquid are plotted against the
line at cos 6= 1 is the critical surface

tension yc. The plot of cos sk I as Sman plot. When cosé= 1 and yc =

(2.14)

The criti' | r@ncally related to the surface
constitution. Table 2.2 surgmanzes the const|tut|on of atoms and organic radicals in solid

surfaces arrangeﬂn ﬁeg wgaﬁqaﬂ @wdes a summary of the
an a

critical surface tengions ce tenswns determmed by various methods for a number of

p°'yme“31 RIAINIUNRIINYIAY



Table 2.2 Surface constitution and critical surface tension at 20 °C [13, p.41]

Surface constitution Critical surface tension
(103 N m-1)

Hydrocarbon surfaces

~CH3 (crystal) 22

—CH3 (monolayer) 24

—CH—( 31
Fluorocarbon surfaces

—CF3 6

—CFoH 15

—CF; and —CFo— 17

—CF—CFo—

—CH,—CF3

—~CF—CFH-

—CF—CHo—

—CFH-CHy—
Chlorocarbon

—CHCI-CHy—

—CCl—CHy—

=CC|2
Table 2.3 Surface tension rs at 25 °C [13, p.41]
Polymer Critical surface tension

103 (N m-1)

Polyethylene 31
Polypropylene 32
Polyisobutylene 27
Polystyrene 33
Polychloroprene 38
Poly(vinyl chloride) 39
Poly(vinylidene chloride) - _ 40
Poly(vinyl fluoride) . 37 5 ' 28
Poly(vinylidene fluoride) : 25
Polytetrafluoroethy 19
Polyhexaﬂuoroprorme ll 8 ’1] 7] &J qn 'ﬁﬂ EJ r] ﬂ ‘j 16
Poly(chlorotrifluoroetiiylene) 321 31

Poly(vinyl acetate

ieate) 57 S0 31981 V10761 B

Poly( methyl etacrylate) 411

Poly(ethylene oxide)-diol 429 43
Poly(ethylene terephthalate) 421 43
Polycaproamide, nyloné n/a 42
Poly(hexamethylene adipamide) nylon66 447 46
Poly(dimethyl siloxane) 19.9 24

Poly(methyl phenyl siloxane) : 26.1 n/a
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It is important to realize that wettability and bonding are not synonymous terms.

Wettability described the extent of intimate contact between a liquid on a solid; it does not
necessariiy mean a strong bond at the interface. One can have excellent wettability and a
weak van der Waals-type low energy bond. A low contact angle, meaning good wettability, is a

necessary but not sufficient condition for strong bonding.

Wettability is very important in polymer matrix composites because in PMC

manufacturing the liquid matrix must be penetrated and wet fiber tows. Among polymeric

resins that commonly used as matrix t rmoset resins have a viscosity in the 1-10

ﬂo to three orders of magnitude higher

poorer fiber wetting characteristics

Pa s range. The melt V|scosme

than those of the thermosetammw,xo

and poorer composites. ure of wettability, its magnitude
will depend on the following i ia ime perature of contact; interfacial

reaction; stoichiometry, eat of formation and electronic

configuration. :
2.7.2 Types of Bonding at'the iitedfage. .

To control the g,;fyrbo j N the matrix and the reinforcement, it
is necessary to understand all the d@lt possible-bonding types, one or more of which may
acting atany given instant. The lmpoFtant t)fpes of_mm Jng are classified as follows:

o Physicg bonding

fUEEMINeINa

o Diss nding

AR1aN I INgIa Y

2.7.2.1 Mechanical Bonding

Simple mechanical keying or interlocking effects between two surfaces can
lead to considerable degree of bonding. Primary factors controlling this type of bonding are
fiber surface roughness, porosity, surface morphology, and matrix pore-filling capabilities. Any
contraction of the matrix onto a central fiber would result in gripping of the fiber by the matrix.
For example, a situation in which the matrix in a composite radially shrinks more than the fiber

on cooling from a high temperature. This would lead to a gripping of the fiber by the matrix
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even in the absence of any chemical bonding (Figure 2.10). The matrix penetrating the

crevices on the fiber surface, by liquid or viscous flow or high-temperature diffusion, can also
lead to some mechanical bonding. In Figure 2.10, the radial gripping stress, oy, related to the

interfacial shear stress, 7, as
T, = UO, (2.12)

where ,.is the coefficient of friction, generally between 0.1 and 0.6.

bond vis-a-vis a chemical
of a echanic: at of a chemical bond. Pure

ras not enough in most cases. Ho

bond, i.e., the strength

mechanical bonding alo ver, mechanical bonding could

add, in the pres e of r zflﬁ ﬁ ﬁ jtgr.;L , mechanical bonding is
efficient in Ioad %EL terface In the case of
mechanical bondlng, the matrix must fill the pores and .urface roughness.of the reinforcement.

Surfae wudifesd 2 Gbrrbide 0, baid nah iy § b il ik can e he

reinforcement surface. Otherwise the matrix is unable to penetrate the asperities on the fiber
surface, it will solidify and leave interfacial void, as shown in Figure 2.11.
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/i
Figure 2.11 a) Good mechanical bo \ﬁd\b\ ;y ttability can make a liquid polymer or
metal unable to penetrate th ifies on gurface leading to interfacial voids
[redrawn form ref. no. 12, p 0l @

unlikely to constitute the major dh&SiVé bond @posute and they can readily be reduced,
for example, by dlscharglng in the- preséice of % polar solvent such as water.

é.ﬁ‘emfcai Bonding ? ‘

Atomic or molecular transport by diffusion processes is involved in chemical

bonding. Solid ﬂngj cgw(ﬂ ﬁ ﬂﬁmteﬁace resulting in a
reinforcement/m ial “reaction zone with a certain thickness. Chemical bonding
involves %ﬁm gi ﬁ m ij Wﬁﬂ ﬂ B’Tnég 0 - 400 kJ/mol.
There are in mica

a.  Dissolution bonding: In this case, interaction between components occurs

at an electronic scale. Because these interactions are of rather short
range, it is important that the components come into intimate contact on
an atomic scale. This implies that surface should be removed any

impurities. Any contamination of fiber surfaces, or entrapped air or gas
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bubbles at the interface, will hinder the required intimate contact between

the components.

b. Reaction bonding: In this case, a transport of molecules, atoms, or ions
occurs from one or both of the components to reaction site, that is, the

interface. This atomic transport is controlled by diffusional process.

Two polymer surfaces may form a bonding owing to the diffusion of matrix
molecules to the molecular network of q“lﬁr thus forming tangled molecular bond at the
sh

interface. For example, Figure 2.12(a) “ snon of free chain ends at the interface

between two polymers, which ieahcham jnta and a rise in the adhesive strength.
g adents usm in thermoplastic matrices. The

This effect is employed in
tu Q? the mgaffaraqnteratomlc bonds (and also on
see. elo ). <

adhesive strength is depeadén A
the stresses generated b ;
Various 1e

I o
deliberately promoted or inadvarte The's'é

‘I
| PX

rasult ofggte' _&che 'ca‘lreacﬂons These bonds may be
>

urmany cases.ﬁ ry'strong. There are many examples of
the interfacial bond strength belng jm;ed bﬁ?d chemical reactions, but it is often

A-B bonds being formed as

covalent, ionic, metallic, efc., a

observed that a progreshlve reaction is occurred vhi in the formation of a brittle

reaction product [6, p.1%5£1. 36]. 7_*. |
Y i

Figure 2.12 Interfacial bonds formed by (a) molecular entanglement following interdiffusion
and (b) chemical bonding.
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2.1.3 Optimum Interfacial Bond Strength

Two general ways of obtaining an optimum interfacial bond involve fiber or
reinforcement surface or matrices modification. It should be emphasized that maximizing the
bond strength is not always the goal. In brittle matrix composites, too strong a bond would
cause embrittiement. The situation can illustrate by examining the following three cases.

a. Very Weak Interface or Fiber Bundle (No Matrix)

hen the interface is as strong
component of the composite,
se, of the three components -
the interface will have the lowest
strain failure. 'ﬂWm osite will fail when any weak cracking occurs at a
weak spot along - Jypically, in such a case, a
catastrophic failure wil estited composite will have very

low tmghness

6 BRI £ 1) 3

9JAn interface with optlmum mterfacual bond strength will result in a

bt gl uh g
ngth 'para a composite will have multiple failure sites,

most likely spread over the interfacial area, which will result in a diffused
global spread of damage, rather than a vary local damage.
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2.8. Polymer Surface

2.8.1 Differences between Polymer Surface and Bulk

Even for a pure linear homopolymer thermoplastic there are potential
differences between the surface and the interior (bulk or average). Polymer chains have end-
groups which may be functionally quite different from the repeating unit (especially if they result
form the incorporation of initiating and termination species used during the polymerization
process). The chains are charactenzedi molecular weight distribution and for certain

polymers (e.g. polyamides) very low:r ligomers may be present preferentially
as cyclic, rather than Imear any p semicrytalline, possessing regions
which are mlcrocrystallmeafuﬁzamc are. s. End- groups tend to be excluded

from crystallites; they m e..a . In principle, therefore, the
d—grc\awncentration, molecular weight

homopolymer surface ma

distribution and amorphous:

chain arising from branching aking n di na'?complexny
: ,. pﬂe al for surface:bulk differentiation
particularly in the case of block and qpﬁm '-'-‘.- there is a tendency for like sections

of the polymer structure to assocnate'mztrp  ~ r'..'ig

surface region. Polymeﬂalends (or alrys) réf)resentm g‘extremls since few polymers

are actually compatnbl{ﬁf

For ther set polymers, with their extended three dimensional cross-linked
network structur ﬁ r? the cross-link density at
the surface mayE'T'j‘Y{fﬂI\J fﬂﬂﬂ ﬂ glwtn?lon of either prepolymer
AR T o

There are numerous possibilities for the unintended presence of additives or

that one component may dominate the

contaminants at the surface. Since surface behavior can be markedly affected by them, these
unintended molecules are generally regarded as ‘surface contamination’. Contamination by
direct contact is often unavoidable and even deliberate, e.g. in the application of sizes and

finishes in fiber production or in the spraying of molds with releasing agents.
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2.8.2 Depth Scales Associated with Surface Behavior

In the case of polymers, the transition from surface to bulk properties would
take place over length scale of the order of polymer chain sizes, i.e. up to several tens of
nanometers, leading to less stringent sampling depth requirements. For some properties this is
certainly true, but it does not necessarily follow that polymer surface phenomena are governed
by the structure and composition within these same dimensions. In general, surface is not a
well-defined term. A surface defined by one surface analysis technique may be the bulk as
defined by another technique. “\ ' , /

2.9 Polymer Surface Modific&h /

myes _.-’

usually have a low surface energy,
eeded to meet the demands of various

WS are required, especially in
A n made in developing surface

polymer surfaces without affecting

Improvg-cgmlcal inertness ,, ,

ﬂ%ﬂ%%%@gwmﬂi

U Remove weak bounsiary layers or contammants

AREY U YR8 M 0 | g st

crystallinity or roughness

¢ Increase surface electrical conductivity

e Increase surface lubricity

The general requirement to ‘surface engineer' polymeric materials has led to the

development of many surface modification techniques, as listed in Table 2.4.
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Table 2.4 Treatments used to modify plastic surfaces. [14, p.5]

Surface treatment Effect

Mechanical process

Sand blasting cleaning, roughening

Grinding, brushing roughening

Chemical process

Solvent wipe cleaning, roughening

Acid etching oxidation, roughening

Ozone treatment oxidation

Coating/grafting attachment of different polymer chains

Gas-phase fluorination uorination
Sodium naphthalenide/THF (for PTFE &\ , rination/oxidation
Physico-chemical Process

Corona discharge
—_' "‘!

Flame om
Thermal \ v Img, oxidation
Inert gas plasma Cross-i i
Active gas plasma !
Plasma deposition ‘polymer coating
lon etching 1, roughening
Laser dation, roughening
UV light i
Details of somefwell-kaowi and‘important methods are briefly discussed as
follows.

2.9.1 Corona Dischar:

Corona gcﬁa '

inexpensive setup, is a poqular industrial tech e for the surface treatment of continuous

polyolefin films. ﬂ dlodréha 63 Wiﬂ@%ﬁ'wﬁ E}cﬂeﬁjwhen air is ionized by a

high electric field. 9fhe atmospheric pressure plasma, Wthh is called corona discharge, causes

vanous V'J ﬁﬁoﬂ m Hﬂ ;ﬂlﬁ]bondabmty and
pnntablhtyq E tinuous ftreat films, a corona discharge system is installed

downstream of an extruder. A corona treatment system consists of a high-voltage and high-

ame@with a relatively simple and

frequency generator, and electrode and a grounded metal roll as shown in Figure 2.13 (a)
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2.9.2 Flame Treatment

Flame has been used to treat polyolefin and other polymeric products. The
setup-a burner ans a fuel tank- is very simple and portable. However, craftsmanship is needed
to produce consistent. Typically, flame treatment produces an oxidized polymer surface for
improving bondability with an adhesive or for improving printability and mark permanence. A
schematic diagram of the flame treater is shown in Figure 2.13 (b).

Ribbon burner

Dielectric
covering Dry, filtered air
Natural gas
Figure 2.13 Schematic diagra arge and [redrawn from ref 13, p.266]

(b) flame setup [redrawn from ref no-‘t‘ﬁip 237]

et et .-P'.-" 1( e L

Y

.
2.9.3 Plasma Treatmeit ;

Plasma aatmen_t- is probably the most verszﬁ*e surface treatment technique.
Water and differ Ej n, fl and carbon dioxide can
produce unique s rfﬁ ﬁiﬂﬁj mﬁ(ﬁﬁ f]:ﬁ)% For example, oxygen-
plasma treatment can increase the surface energy of=polymer, whereasfluorine-plasma can
decreasﬂuﬁef;r@ﬁnﬁ}nﬁomac%angswr&-ﬂﬁ aH polymer surface
can be intﬁ)duced by inert gas plasma. Modification by plasma treatment is usually confined to
the top several hundred angstroms and does not affect the bulk properties. Surface modified
by using plasma can be fairly uniform over the whole surface area. The main disadvantage of
this technique is that it requires a vacuum system, which increases the cost of operation. The
plasma process is extremely cohplex and the process parameters are highly system

dependent; the optimal parameters developed for one system usually can not be adopted for

another system. Moreover, the scale-up to a large production is not simple and it is very
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difficult to control precisely the amount of a particular function group formed on surface. A

schematic diagram of plasma system is shown in Figure 2.14.
In general, reactions of gas plasma with polymers can be classified as follows:

e Surface Reactions: Reaction between gas-phase species and surface
species and reactions between surface species produce functional groups
and cross-linking, respectively.

 Plasma Polymerizationy The formation of thin film on the surface of a

Etching: “Malerials a polymer surface by physical
— "! -
etchin ' ace to form volatile products.

Vacuum
to pump

-_,,( J‘i‘ Polymer film
‘o o/ = ‘\‘l’a;::::
AU IRENSRDING

e ReaerTTar T g

Chemical treatment has been used in industry to treat large objects that would
be difficult to treat by other commonly techniques such as flame and corona-discharge
treatments. Chemical etchants are used to convert smooth hydrophobic polymer surfaces to
rough hydrophilic surfaces by dissolution of amorphous regions and surface oxidation. Etching

of a polymer surface is an important step for preparing the polymer surface for electroless
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plating and adhesive bonding. The choice of etchants is polymer dependent. Chromic acid is

the mostly widely used etchant for polyolefins and other polymers.

In the foregoing examples, the solution interacts strongly with the polymer
surface, producing a very diffuse interface. The modification can change only the chemical
structure of polymer surfaces, very specific functional groups are introduced on the surface.

2.9.5 lon-Beam Modification

lon beams have bee : texturize polymer surfaces, especially
sior s of chemical reaction—reduction,
n, loss of Mms and loss of aromaticity via ring

' e of polymers. The frequency of

oxidation, cross-linking, ion.implan
opening—have been sho :
these chemical reactions"depefds f fon used, the nature of the polymer, ion
energy, and beam dose: : as perhaps been most useful in

preparing polymer surfacg

| > fechnique by which surface properties of a
polymer can be tailored through the@ f

.-ll"..—',.t'

sources are hlghly-enem electrons, gamma aviolet and visible light. Grafting

L monomers. The most common radiation

monomer. Alternatively, Jaftlng can t ermally @contactlng the polymer, which

has been pre-radiated in air 4o produce reactiye groups on the surface, with a monomer.

s e 4 ) VR WS PREL FR o e

photografting can be performed in a vapor or liquid phag as shown in Fj igure 2.18.

ARIANN I N‘Vﬂ’]“ﬂiﬂﬂﬂ



Monomer
solution

Reflector

Motor : - - i VLamp

— -
AUEINENINYINT
T B e A

16, p. 305, 312]
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2.10 Photo-Oxidation Process as a Polymer Surface Modification Technique

The energies associated with near-ultraviolet radiation quanta are about 3.0-
4.3 eV which correspond to 72-97 kcal/mol. Common covalent bonds encountered in polymers
have bond dissociation energies which for the most part are either lower or within this energy
range [17, p.547]. A photochemical reaction requires that a photon is absorbed to commence
the reaction. The excited state thereby populated can then undergo a variety of transitions,
which can be classified as photophysical and photochemical processes [18, p.3].

Photophysical processes do not produ hemical compounds, but interconvert excited

states with each other or excites with ¢ 1 _sPhotochemical processes, on the other
hand, produce new chemical h are @om the starting materials.
— —
Provided‘ iafl by the polymer and suitable
pathways are available for {h€"pi ' i . and. triplet (T) species to transfer the

fluorescence (from (S1-> 80) t@ngiti e chemical reaction. The photoreactions
of polymers tend to involve ivlef & molecules rather than the ground or
singlet stage species because _ '

triplet state, T+, is formed by non-radiaion

=
it et Sk :r = =
state, S1. Higher triplgfbtate can form only from a- et/absorption where a molecule in

the T state absorbs on (see Figure

AUEINENINYINT
AMIAN TN INYAE
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84
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Sz ' e N ; 2
s : T
S, . 2 [P i
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Figure 2.16 Unimolecula Processe: s: radiative transitions; broken
lines: non-radiative trafSitigns. fotted:lines ! dtion of lowest excited triplet
state, T by intersystem i ' ion to higher triplet state (solid

The absorpti p8ss - OF “electromagnetic radiation is a necessary
prerequisite for photoreaction. tis'eo t e ss the photoreaction process in terms of
three stages: initiation, propag : oxygen presents, photo-oxidation

occurs. The photo-oxit v"“?‘"’“""‘"""—‘é}f in the following schematic

[20, p.24]; @
ﬂumwamwmm
QW']Mﬂ‘iEL! UAIINYAY
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Initiation
PH,0, —H03,P* H,0,
H,0, —52°0H
*OH+PH——H,0+P°
Propagation

P*+0,—P0;
PO; +PH——POOH +P*
HO; +PH——>HOOH +P*

GO ‘\\% CH—P, +H,0
where (PQOH)s 2 o'. ) \u\

. hydroperoxides secondary and
tertiary, fespecti &', N \

VoL |
POOH +PCH Pt “‘ 4,0 + P -CH=CH-P,
ﬁr 1 2
- .uif
" _,.-' o

fy;a—'_"—""' 60 = CH-P,

Termination

AU E?’ﬂ"?‘lﬁ%’i*ﬂ%ﬂﬂ ?

PO; +HO;

RAND3 Vil e d

U

These steps can be discussed in details as follows.

1. Initiation step: This first step is formation of free radicals. Polymer (PH) containing
intra-molecular chromophoric groups and/or ~Iight absorbing impurities (RH) (inter-

molecular impurities) can produce radicals in the presence of oxygen under UV/VIS
(visible) irradiation:
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PH—% P+ + HO;

RH—2%) ,R* L HO;

PH+R"*——P" +RH

where P* = polymer alkyl radical and HO; = hydroperoxy radical.

Hydroperoxy HO; radicals can react with each other to produce hydrogen peroxide

f

(H202), which can be further ydroxyl radicals (HO® ), which in turn can

react with polymer lcaIS (P}

aug NS A *

The propagation step is very much dependent on the efficiency of the
¢

mﬂ"&ﬂﬁw wmlﬁwlmm"ﬂmdes (POOH)

duqng which new radicals such as polymer oxy radical (PO*) and hydroxyl radical

) are formed:

POOH—"*2_5PQ" +*OH (2.15)

Polymer oxy radicals (PO*) and very mobile hydroxyl radicals (HO*) abstract

hydrogen from the same or from a nearby polymer (PH) chain:
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PO" +PH —> POH +P* (2.16)
HO® +PH—P* +H,0 (2.17)

Polymer oxy radicals (PO*) undergo a number of other reactions (considered

as chain branching reaction), inéluding:

a. P-scission reactions which result in fragmentation of the polymer chain

together with formation of e 1 carbonyl (or end aldehyde) groups and end

| ‘
—CHz—g—CH — CHr—G- CHrCH—  (218a)

""‘*--.
\\\
+ *CHy—CH,—  (2.18b)

Huggmeninmins R
‘C”z‘h e r? SerirET T SI o

(2.20)



38

d. Reaction between two polymer alkoxy radicals producing simultaneously a
carbonyl and hydroxyl group by disproportionation:

rhn EGR  ORE B On
~LH=CH—CH—% ~CH—LCH—CH— —-{H—0—CH~*% =CH-C—=CH—
(2.21)
Formed ketonic (CO) groups plays a very important role in further mechanisms
of oxidation of polymers.

3. Termination step: ‘The {erminatior lymer radicals occurs by bimolecular
recombination:

(2.22a)
(2.22b)
(2.22c)
_ (2.22d)
\ OP+0; (2.22¢)
POO* POOP+0; (2.22f)
Termination act| -.of-f.' 'tween low molecular radicals such as
hydroxyl (HO" ) and hydroperoxy (HO; ) and othénavailable radicals (R°):
HIW C 5]] (2.233)
+HO; —— POOH

(2.23b)

AUgTmERenT o

PO*+HO; —& POH+0; 4, (2.23¢)
AR ﬂ’ﬂﬂg amwwm 41N el
o, 23g

PO;+HO; —— POO—OOH —» POOH+ O3 (2.23h)

PO;+R*(H*) — POR (or POH) (2.23i)

When the oxygen pressure is high (atmospheric pressure), the termination
reaction almost exclusively occurs by reaction in Equation 2.22d. At low oxygen pressure other

termination reaction take place to some extent. The termination reaction of two polymer alkyl

radical P* (Equation 2.22a) occurs mainly in vacuum.
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2.10.1 Photo-oxidation of Polymers by Oxygen Reactive Species [20, p.399-409]

2.10.1.1 Ozone

Being an endothermic allotrope of oxygen, ozone (O3) may serve as a
precursor for reactive oxygen species such as atomic oxygen (O) and singlet oxygen '02. The
absorption of light by ozone consists of three bands: 200-320 nm (Hartley band), 300-360 nm
(Huggins band) and 440-850 nm (Chappuis band). The primary photochemical processes

differ considerably in each of these band 4 T uantum yleld of ozone photolysis at 254 nm is

gen (O) and singlet oxygen 102(1Ag),

(2.24a)
(2.24b)
(2.24¢)

and light, four active species, i.e. ozone
ay simultaneously react with the
Jby complicated mechanisms and kinetics

- 0 cause severe oxidation and cracking of

light. In many cases
polybutadiene and etc. D

cﬂ? ?;?(JI w in reactions in which
hydrogen abstraction is followed by rehybridization of the carbon atom from sp3 to sp? state:
AN’ a\'iﬂim umqwma t)

RH+03— R+ *OH+0, — ROO"+°OH (2.25a)
ROO +RH —» ROOH + R® (2.25b)
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Reactive gas species
} (O, 102, 02 and O3)

Figure 2. 17 The schematlc represents reaction mechanism on polymer surface by reactive
f%n and molecular oxygen) under UV

7

Similar reaeti i ' olyolefins. Polymer alkyl radicals
formed during ozonation eact sdiately with molecular oxygen to form
polymer peroxy radicals concentrat|ons of intermediate
polymer peroxy radicals ar and to the square root of the
ozone concentration

il lm (2.263)
CHa—C

o7ty fj’“‘* INYINT
CH—C 4+ Ha (2.26b)

ama\mim umﬂ] et e

The double bonds react with ozone to form an unstable m-complex, which

rapidly decomposes to a switterion and an aldehyde or ketone group:
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' o—°
I

switterion
n-complex

In further reactions corssozonide, dimeric peroxide, carboxylic or ester groups
can be formed according to the following mechanisms:

(2.28a)
T g
™S - =
7+ 0=C + 0=C(_ (228b)
switterion
-,-.\!:P- :;
= (2.28¢)

S WA A

2.10.1.2 Atomic Oxygen

@ummfammm - M—
R AT “%

O(3P) + O(3P) ——» 102 (2.29)

O@P) + 03 ——» 102+ 0y (2.30)
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Atomic oxygen reacts rapidly with several polymers. Figure 2.18 shows the
effect of atomic oxygen on the weight loss of different polymers. Highly branched polymer such
as polypropylene and polymer with ether links, e.g. poly(oxymethylene), are most readily
attacked by atomic oxygen. Perfluorinated polymers, rubber vulcanized with sulphur and highly
aromatic polymer are the most resistant. Oxidation of polymers by atomic oxygen occurs only
at or near the surface of the polymers. For that reason, the elucidation of the reaction
mechanisms and reaction kinetics is very difficult.

Y

natural rubber. [20, p.

I
2.10.1.3 Singlet Oxygen J

’ﬂau ﬂeﬁeﬂfﬁm igﬂ &Jz(agﬂatiw pressure undergo a

spontaneous transii'on to the ground stafe (3Z¢), whichshas a half-life ofi45 min. The role of
singlet 0%%%@]@%%{“ ;Nr%ﬂ @irmnﬂeﬂoao%] photosensitized
oxidation pﬂocess in which singlet oxygen can be produced. Photosensitized oxidation involves
photochemical excitation of the sensitizer (S) to its singlet excited state (1S), intersystem
crossing to the triplet state (3S), energy transfer to the ground state oxygen (O2) and
subsequent reaction of the resulting 10, with a given polymer (acceptor) (PH) to yield the
products of oxidation (POOH): |
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S —»15—»3S (2.31a)
15+0; —» S+10; (2.31b)
10,4 PH — POOH (2.31¢)

Many organic compounds, especially dyes are efficient photosensitizers for
singlet oxygen ('O2) generation. However, the mechanism of dye photosensitized reaction of
polymers not only involves the singlet oxygen oxidative mechanism, but also various free

radical processes, the formation of oxyger

radical jons and other oxygen reactive species and

abnormal structures (int and poly(vmyl chloride). Many

polymers react with sing eaction conditions, 10, oxidation

of polymers may be acc

2.10.2 Photo-oxidation

320nm, but absorbs stiongly near 310° jue {o radiation of weave length < 302
nm (Figure 2.19). D "

ﬂumwamwmm
awnaﬂmmw ANYAY

Transmissior 1
" < »
5 & &

5

250 300 350
Wavelength (nm)

Figure 2.19 Transmission spectrum of poly(ethylene terephthalate) [20, p.289]
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The UV irradiation of poly(ethylene terephthalate) causes random chain
scission by:

1. the Norrish Type | mechanism:

—@-@-ﬁ—o’ + CH—CH,—0—

(2.32a)

—-&@j—o—cm_cﬂ oML s @—@ + *0—CH,—CH,—0—

(2.32b)

O+ @—O—CHz—CHz—O—

(2.32c)
2. and alternatively
""'H\(:;ﬁ i
—@@—@—O—CHz—CHz < /EHZ
0]
| 4 4
‘a o/ g
ﬂuﬂqwﬂﬂ —ﬁH +CH2 CH2(233)

arH m n@deﬂan ca;on |o§a! are produceyI %(la reaﬁns
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@—@—@ @@ + €O (2.34a)
—@‘@—@—o —»—@-@ + o, (2.34b)

—O—CHz—CHz—O—@' — —0—CH,—CH,—0 +CO (2.34)

_o—CHzgw —0—CH—CH; + CO;  (2.34d)

The rate of evo ‘ ' carbon dio S | s- ch higher in the presence of air.
The quantum yields of CQ.an@ v. atio i\t 6 1 d 2 x 104 respectively, and they

have the same values whea'a leis exposed to 253 13 nm irradiation.

oups, which are located mainly

@—OH (2.353)

Hydroxyl oups have also been found to arise as a consequence of
¥

- "’ﬂﬂ"ﬂ?ﬂﬂ%‘ﬁﬂﬂ"fﬂﬁa‘m o meno and ¢

hydroxyterephthalate units:

QW'W&Nﬂ‘iEIJ UAIINAY
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OH OH

—@@—@— B s —@@—ﬁ— L PH  (2369)

Mono-hydroxyterephthalate

‘@d{‘@‘ + HO® — _@dj_ (236b)

V /// -hydroxyterephthalate
@ - + H0 (2.36¢)

= (2.36d)

rmation of mono- and di-

ﬂu%@%mgq@ﬁﬁ-+ ‘o
q whaidseiumthehky ¢ e

Commercial polyesters containing both unsaturated and aromatic groups in

_@ e (2.37a)

the chemical chain are crosslinked by the addition of styrene, which reacts with some of the
chain double bonds. Chain scission reactions are always accompanied by crosslinking, which
causes polymer films to become brittle with crazed surfaces, whereas fibers lose their tenacity,
elongation and elasticity. The quantum yield of crosslinking is 5.5 x 104. The crosslinking
occurs by termination of all possible polymeric radicals formed during photo-oxidation of the

polymer.
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2.11 Pultrusion

Being the only common continuous composite manufacturing technique,
pultrusion is the most cost-effective of all methods for mass-producing composites. Despite
essentially being limited to components with constant cross-section, pultrusion is a fast-growing
manufacturing technique and pultruded composites are used in a wide variety of fields
spanning every conceivable applications from electrical and civil engineering to sports and
medicine [21, p. 250-251]

Pultrusion is distincwj

primary reinforcement in th erential

ing in that filament winding places the

ction whereas pultrusion has the
primary reinforcement in the longitudinal dire'gtion‘ WS similar to extrusion except that
the raw materials are pulle thaty pushe -N The process is ideal for high

22 :\

5

throughput of constant-cro

The pul _ -_ . , open-sided, and hollow shapes.
Almost any length of produ€t | ib Ma erial uf is reported to be nearly 95%
compared with 75% with ha 6. “hocurate nfent can be maintained because of
the fixed cross-section of the fiber volume passing through the die is

constant, excess resin is squeezed Md r“ R d to the resin bath. Inserts made of wire,
.# Lol

wood, or foam are readritxI encapsulated on { cont

q process is conti uring 1.5 -60 m/h depending on
the shape. The machine ay be utilized 24 h a day, 7 daysa week, with the only scheduled

stoppage requi m Itrusion machine places
severe constrawﬂjn;ﬂrl Aa mﬁﬁﬁ m tFrEItI)ﬂ that can be used. The
continu nts for the quality
control Z:jt;ﬁ‘ ’lalzi ﬁaﬁ ﬁlyrﬁ % pﬁﬁﬁ ﬂ ’ﬁ ﬁég

In essence, pultrusion is a technique by which continuous fibrous
reinforcement is impregnated with a resin and then is continuously consolidated into a solid
composite. While there are several different ways to achieve impregnation and consolidation,
Figure 2.20 illustrates the different steps in a basic pultrusion step, while Figure 2.21 shows a
production facility.
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Rovings

N

Figur, msmematice@n process [23]
Rl 2 -

[ " 9B
Figure 2.21 P iQn d;: .a kR . creels (reinforcement
supply), guidance d impre E} atio ,a xﬁaﬁar ullers [24].
U
AT R e e
in€) ari i asic functiona
areas of apﬁon with each area p:ggrrag;ﬂ:[::ataask. e wﬁa@ functional areas

are listed and described as follows.

Material Feed. The pultrusion yields high strength laminates, but the
maximum strength for the shape is attained only when all reinforcements are properly placed in
the composite. The process tooling must be engineered to guide the reinforcement into the
designed positions within the shape.
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The material feed system for wet resin impregnation consists of a bookshel-
style creel with a capacity for 100 or more packages of roving materials. Multiple thread guides
or drilled card plates of steel or plastic are used to maintain alignment and minimize fiber

breakage. Figure 2.22 shows reinforcement racks.

Reinf cement racks.and ereels [24].

—_—

Resin Imprggnatio; énciFo&nmg Saturation of the reinforcements with the
resin mixture is as important ag'cg e.ctﬂ‘b‘ér plzf‘gmpnt Failure to achieve full impregnation of
'a puuruded _siape wh{1 ?ower mechanical properties than
intended. Resin impregnation is aehieved by m@dry fibers through a resin bath equipped
with mechanical rollers and wet-out-bér.to ensammdt'ﬂ'le fi berslare wetted. It is also possible
to form dry fibers to shape '

the reinforcements can producg

(o Naps ::,-.,_:».o directly injecting resin into
the forming die. In the p T‘Jormmg area, preformers mgﬁ’w es that gently and gradually bend

the impregnated reinforce ents to form the shape bemg puItrJd'ed
¢ o

@cuhrjgi L Q tﬁ% nfobt]clbalgngfrﬁg Stépslm tﬁe pultru3|on process is the
continuous ponmeHzatlon process that gake place in the die. Dies may~bg electrically heated
or heatem\%nﬁg\ qo“{ an@mqa‘bw fhe rﬁcF widel ﬁhown IQe}ﬁbF feu cu Irm\bLFdeed component
is the tunn&l-oven process. The remforced resm is gelled in the die and fully cured in the free
state as it pass through a tunnel oven to produce the desired end product. The curing process
is always the rate-determining step in the pultrusion process. Curing time is controlled by the
curing technique, type of resin, and thickness of the part. For polyester resin parts that are 1-
76 thick, typical pultrusion rates are 0.6-1 m/min. Examples of pultrusion dies and preformer
were shown in Figure 2.23.
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— -
Figure 2.2‘3:_@@( of pukrusion () dies and (b) preformer [24].

Pullinghr?a/ ./ Thé die'is separated. from the pulling mechanism by a
long section to ensure that the'cons i_da'téd %mgosite can have enough time to be cooled off
and gripped by the time iifre the J;;ullirfg’{l:nechanism, see Figure 2.21. Caterpillar belt

b r 4l L
pullers are common. The rubbef'wheels or patf; that grip the composite are tailored to fit the
Y =,

/N
site, thus reducinguthe lateral pressure needed to grip the

composite, and hence decreasing the risk of cmﬁﬁi‘r{g a hollow component.

specific geometry of the co

—

Cutting-off-—Since-puttrusion-is-a-truty co tinuous manufacturing technique,
composites may be prod@ed in any length that can be hand[éd. Nevertheless, the composite

is normally cut. Cutting oﬁhe pultrusion product is usually do;{é with either a wet or a dry saw.

From-oniy.20 puliruders praducing 10Lmillionpourds of product in 1970 to
over 100-120 pultruders producing well over 200 milion pounds of product in 1995, it is
understandablel why e pultiusion matket and pultrusion applications have grown. Because of
their precise orientation and construction of the various forms of reinforcements, pultrusion has
penetrated a large number of application markets e.g. building construction, automotive, aircraft,
and etc. A small selection of pultruded profiles that show the range of size and complexity is
shown in Figure 2.24.
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Figure 2.24 Commercial proﬂLe desigﬁ‘ﬂ:ave unlimited versatility.

2.12 Epoxy Resin 07 5
The ep M ( Is}Q.V\_/idéiy‘J(nown as epoxide resin and, occasionally, as
racieri

ethoxyline resins) are cfi
o]
7 % »
(—=CH—CH—) per molecule.

_by‘the‘fos_session of ‘more than one 1,2-epoxy group

i

&l vJ“J

[ group may-liewithin: the body of the molecule but is usually
terminal. The three-membere epoxy= nng alsb;called oxirane or glycidyl group, is highly

strained and is reactive to many sdbstances pﬂsrﬂarly with proton donors, so that reactions
- "a -
of the following schemat:c form carroccur e

'H...a-

vJ_ OH

,f l_U-a..\

o
J
—oH‘»—\CH— + HX'—— —CH—CH=X (2.38)

Such reactions lallow ehain extension! and/or tross-linking to occur without the
elimination of smallimolecules such as water, i.e. they react by a rearrangement polymerization
reactiontype)cf reaction, dn-consequencethese/materials @xhibitjalowen ciring shrinkage (3%)
than many other types of thermosetting plastics. This means that minimum pressures are
required for the fabrication technique normally used on these materials. The shrinkage is much
less than that encountered in vinyl polymerizations (8%) used to cure unsaturated polyester
resin. This means reduced stress in the cured product. Furthermore, knowledge of the
chemistry involved permits the user to cure over a wide range of temperatures and to control
the degree of crosslinking. The latter plays an important role in the physical properties [25, p.1-
3].
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The non-epoxy part of the molecule may be aliphatic, cycloaliphatic or highly
aromatic hydrocarbon or it may be non-hydrocarbon and possibly polar. It may contain
unsaturation. Similar remarks also apply to the chain extension/cross-linking agents so that
cross-linked products of great diversity may be obtained. In practice, however, the commercial
scene is dominated by the reaction products of bis-phenol A and epichlorohydrin which have
some 80-90% of the market share [26, p.697-698].

Epoxy resins are usually two-part systems, consisting of an epoxy and a
curing agent. The epoxy largely dictaQ properties of the resin and the curing agent

determines the curing temperatu ‘{‘@ %o temperature of resir. is controlled by
both components. Most formm& ations dﬂe type of epoxy and more than one

curing agent, and are f

kinetics, viscosity, and t

have two active hydrogeﬁ and tertiary ar ero a@e hydrogen. If both epoxy and

amine are difunctional, therhjinear chain results, @5 shown in Equation 2.40. If either the epoxy

or amine molecﬂ% Elhﬁg %%WW%Q@%MK% resin results. This

is shown in Equation 2.41 with a dlfunctlonal epoxy and a tetra functional amlne

q w’laﬁ m ;-ilm %%’n n&"?ﬂ@ﬁ it is desirable to

have an eaual number of epoxy groups and amine hydrogens.
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difference betwe; ﬁrﬁﬁ:ntl ﬂ%ﬂ wtms to a higher cross-link
density than the% Y, EJ ues “of Youngs modulus and
glass transition ﬁ ,_]perature but lower ﬁjﬁjﬁlﬁ ? % El ,_I a E]

TGMDA is the major component of the high performance resin formulations.

As can be seen in Figure 2.25(a) it is a tetrafunctional epoxy, which results in a high crosslink
density after cure. The high cross-link density gives the resin a high value of Young’s modulus
and a high service temperature. The most objectionable drawback of TGMDA is that the
resin’s failure strain is low, roughly 1.5%, which leads to large delaminations in composites
upon impact, and consequently, low compressive strength after impact. Another problem with

TGMDA-based epoxies is water absorption, which occurs because every epoxy amine reaction
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results in a hydroxyl group. The hydroxyl groups contribute to the large water absorption, up to
6% of the resin weight.

The bisphenol A-based epoxy (DGEBA), shown in Figure 2.25(b), is the most
widely used resin. Compared with TGMDA, bisphenol A epoxy cures to a lower cross-link
density. The resin modulus and glass transition temperature are therefore lower, and
consequently, the mechanical properties and high temperature performance are also reduced.
However, the cured bisphenol A epoxy has a higher failure strain and also lower water
absorption.

Numerous other epoxy resins afetised in the composites industry in addition
to the difunctional bisphenol A€po and the, of which are described below and

ANEINENTNEIND
Pagnaniiminms.

A X I
I CH, CH,
& p /

(e)

Figure 2.25 The structure of epoxies. (a) TGMDA, (b) DGEBA, (c) Aradite MY 0510, (d)
Bisphenol F DGE, (e) Novolac Epoxy, and (f) BDGE.
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Novolac epoxies have higher functionality, and consequently cure to a higher
cross-link density, than TGMDA. Addition of Novolac to a formulation increases the resin T,

but decreases the failure stain.

Trifuctional epoxy resins, such as Araditt MY 0510, have properties
intermediate between DGEBA and TGMDA. Trifuctional epoxies are used predominantly as a
modifier in Prepreg formulations, for example, to increase the failure strain of TGMDA resin or
increase the Tg of bisphenol A based epoxy resin.

Bisphenol F epoxy is similag to bisphenol A, differing only in that it has a

expense of resin Tq. own In Figure 2.25(f) is 1,4-butane diol glycidyl ether
(BDGE), which is commo

2.12.2 Curing Agents

room temperature cure “agents are of three basic types

e A Ef’ﬁ‘ﬂ By e
AN IUUNIINYAY
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2.13 Polyethylene Terephthalate (PET) Fiber

PET fiber is manufactured by the condensation polymerization of two plentiful
and inexpensive starting materials, ethylene glycol (an alcohol known to automobile owners as
a permanent antifreeze fir radiators, a by product of the petroleum industry) and terephthalic
acid (an acid with benzene ring components) [28, p.218]. The process is an ester interchange
copolymerization of the ethylene glycol with terephthalic acid itself (Equation 2.42) or with
dimethyl terephthalate (Equation 2.43), which results on straight-line molecular units of
polyethylene terephthalate as are shown «‘ lIowung chemical reaction:

a circular cross-section,
except for some@ﬂeﬁfr?aom'mjeﬂ ﬂTniroduced in a wide range
of den| nsile propenies
good rec jaf;rfﬁ a\a\ﬁwfﬁfmﬁ ﬁﬁlﬁtﬁﬁi istance [29, p.65].

has an eIongatlon of 20 to 48 percent. The specific gravity of PET fiber is about 1.38; it has
breaking tenacity of 2.8 to 5.2 grams per denier in regular fibers and 6.0 to 9.5 in high-tenacity
fibers. PET fiber has good light and weathering resistance. In all practical senses, PET fiber is
an inert fiber, highly resistant to most of the common organic solvents. PET fiber is
hydrophobic in character. It is more difficult to dye than many fibers, therefore dyed by

dyestuffs, such as disperse dyes, and so on, which are insoluble in water.
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2.14 Scanning Electron Microscopy/Energy Dispersive X-ray Analysis (SEM/EDX)

Electron microscopes are able to obtain much higher powers of magnification
than standard visible light microscopes because electrons have much shorter wavelengths
associated with them than light waves. The highest magnification achievable with light
microscopes is about 2,000X (times); modern electron microscopes can achieve magnifications
approaching 1,000,000X [30].

Scanning electron microscopes (SEMs) use a beam of electrons rather than
focused light to form images. The e@c\ég nned across the area to be analyzed in
nned | ﬁpn set. The resolution of the SEM is

much the same way that the
0scope, and-images with much greater depth of field

much higher than that of an 0 -
are formed. 7/l

SEMs h ,
owing mainly to the introducti y brigf \|e‘cit n'sources. As a result, image resolutions
on the order of a few nano be: ' a(my, with the ability to detect subtle

elements from boron thr

(jh uranium. The echni sifive for element to approximately
0.1 wt% and can probe pths from 0.2-8 um dependmg on the energy of the electron beam

used and the av e is workhorse of many
analyses becauﬁmﬂ mgﬂlrw:j ﬁzl}'rjﬂ ? pictorial representation
combined. wi Iﬁ ﬁw ﬁﬂgl y the technique

of chonccﬁ; ﬁtﬁaaﬁ ﬁEﬁ ﬂ]’ﬁﬂ ﬁ ﬂ’j ce down to the |

nanometer range particularly on field emission SEM. With the image, elemental maps of the

same area can be acquired to aid in the analysis.

The electron beam used to form the SEM image also generates X-rays, which
are characteristic of the elements near the beam. These emitted X-rays can be analyzed to
give a composition of the near-surface region. Moreover, X-ray signals may be correlated with
the scanning beam to give maps outlining the local elemental concentrations in the near-
surface region.
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In the SEM, x-rays are produced by accelerating the primary electron beam
with enough current to pass through the sample thereby interacting with the elements inner
core electrons. When enough high-velocity electron bombardment contacts the innermost
electron shell of an atom, it forces the orbiting electron to be kicked out. Subsequently, this
results in the neighboring outer electrons to move into the vacant inner electron shell. The
release of energy from the escaping electrons from the innermost orbiting shell or core
electrons are analyzed and measured based on their classiﬁéation type. The two types of

escaping electrons are classified as either being of low energy or high energy electrons.

The first type of N @A%/yto be discussed are the low energy

electrons known as the Auger obsgve my the French Physicist Pierre-Victor
an ‘Iecmd from one of the inner orbiting

A e%m and is repeated as the new
is type of. ar

is was developed in the late

Auger. This phenomenon

shells thereby creating
vacancies are filled or
1960's and called Auger

qualitative and quantitative

é“x,lechrgque is useful in studying the
pounds, elements, or subatomic

particles.

Characteristic ¥-ra ;.are escapl ng high energy electrons produced from the
rbiting innermost electron shell of an atom,
. An electron from the outer orbiting hell then jumps into the empty
electron vacant shell *<fhe emitting energy, ¢

bombardment of energetlc electronsm t!}e;
thereby leaving a vac

r minute energy packet of
electromagnetic radiatioJ spemf c for each element in the p&ﬁodlc table. The deceleration of
the beam eIeCﬁf when fitting a sample or passing through the field of atomic nuclei is

u %l’ Qt mrﬂ&] tgkw &L%ﬂh@nergy loss is continuous

and dependent orﬂhe incident electron voltage and angle of incidence.

Y WI azge is ,j@étgj W ’J Q.:ﬂnﬂ'l@ ﬂthe production of

bremsstrah|ung, characteristic X-rays, and Auger electrons. In Figure 2.26(a) electrons are

measured and i

scattered elastically and inelastically by the positively charged nucleus. The inelastically
scattered electron loses energy, which appears as bremsstrahlung. Elastically scattered
electrons are generally scattered through larger angles than are inelastically scattered
electrons. In Figure 2.26(b), an incident electron ionizes the sample atom by ejecting an

electron from an inner-shell (the K shell, in this case). De-excitation, in turn, produces
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characteristic X-radiation (above) or an Auger electron (below). Secondary electrons are

ejected with low energy from outer loosely bound electron shells, a process not shown [33].

characteristic x-ray

Incident Incident
electron electron
(8]
high-energy
econdary electron
Inelastically s 2 ay
scattered electry

Auger electron

(a)

Figure 2.26 An il
bremsstrahlung, characte

the detecting mediuny ZChe-such-device-consisis-ot-a-p-a-junetion across which a pulse of
ic s it. In a different device, the
absorption of ionizing rad|at|on generates palrs of charge arriers (electrons and electron-

deficient sites the migration of these
carriers under tﬁ Mﬁ ma Wﬂ H?ﬂmrftjposute faces of the block
constit ur 7 fﬁ i eﬁ rs.| y operating them
at Iowﬁi&tﬁlﬁﬁhlﬁ fﬂﬁfjg m}ﬁzﬁfgj to suppress the
random formation of charge carriers by thermal vibration. Such pulses are amplified, recorded,
and analyzed to determine the energy, number, or identity of the incident charged particles.
Schematic diagrams showing the components of the energy dispersive system is shown in

Figure 2.27. Table 2.5 compares of EDX with some of these practical surface analysis
techniques.



Pile-up
Rejector
Electron beam
Cryostat
MCA Computer
|
Amplifier
o FET
SI(LI) Preampliﬁer -
Detector Display

Sample

Figure 2.27 Schematic rej _:‘: tatio@y—dispersive spectrometer.

!
Table 2.5 Compares of / \?\\"r ques [34].
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I/f EASNNERS  sis i

Vacuum Required es LIRS, NN Yes Yes
Incident Particle/Radiation ! ‘ ion electron
Emitted Particle/Radiatior ion photon
Analysis of Emission mass energy'
Surface Information Yes No
Elemental Information Yes Yes
Molecular Information Yes No
Spatial Informatiod = {Ye Yes Yes
Depth Informatior™* Yes No
Quantitative lnformatiom (Yes)s Yes

‘or wavelength for WDX

i&%ﬁﬁ:.;"::;mfsz?@ §m il El NINYINT

“requires auxiliary iombeam etchin
Swith the use of matched standards

ammnim UANINYAY
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2.15 Literature Review

Combinations of ultraviolet light and ozone gas (UVO) have been used for
many years to clean organic contaminants from various surfaces. The individual and combined
effects of ultraviolet light and ozone on various polymer surfaces, e.g. polyphynylene oxide,
polysulphone, polyethylene and polystyrene, were first studied by Peeling and Clark during
1980-1982 [35-37]. Treatment times were of the order of hours in an oxygen atmosphere,
resulting in fully oxidized surfaces within the depth sample by X-ray photoelectron spectroscopy
(XPS). Peeling and Clark stated that ime scale for ozonation and photo-oxidation to
produce fully oxidized surfaces i |SQ\ &W,Ql | hours.” In addition in 1984, Peeling et
al. also studied the photo-oxuduhpoly(ghylemﬁthalate) in an oxygen atmosphere at
treatment times of up to 30.mi

In 1988,
polypropylene in the prese

d the effects 9f ozone and atomic oxygen on
.. Samples were irradiated for 1-8 h in
order to characterize iﬁ‘~-gyé‘§thering situations.  Extensive
oxidation in these experi polymer, indicating some effect on
the bulk polymer. In 19 \ > oxidation of polypropylene and
ofy020ne was passed ifto [40]. While this method has been

proved to be an effective techqggg@p moﬁw_of polymer for inclusion in wood-pulp
blends, the technique.{_)% limited applicability. e, fj

polyethylene in water through

EC. O@n’uka investigated : ic stﬂ"ﬂy of high-energy irradiation, e.g.

gamma and ultraviolet, in ]’992 [41]. The surfa%Jchemlstry of polystyrene was characterized

using angle-dﬁnﬂ ET ('3 ﬂﬂ'ﬂﬁ Wﬂsq}ﬂ(ﬁms gel permeation

chromatograph infrared spectroscopy, and statlc secondary i |on mass spectroscopy

(SIMS). ﬁt{n m ;;Ivi ghlefg ﬂwq Eejs led to surface
oxidation jelth; eater 0 nm as opposed nm depth offered by

either plasma and corona-discharge treatment. ADXPS, GPC, and static SIMS data suggested
that photodegradation of polystyrene by UV producing carboxyl functionalities as the major

products and chain scission was a primary degradation mechanism.

In 1994, T. Yoshikawa et al. improved adhesion strength between
polyethylene fiber and epoxy resin by exposed the fibers to ultraviolet light in a flow of an

oxygen gas containing ozone prior to fabrication of the composite [42]. In the same year, UVO
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treatment of poly(ethylene terephthalate) and polypropylene surfaces has been greatly
developed by the group of M. Strobel, M. J. Walzak and J. M. Hill [43-45]. A comparative study
of gas-phase method, e.g. corona discharge, flame, remote air plasma, ozone and combined
UVO treatments was characterized by using X-ray photoelectron spectroscopy (XPS), fourier-
transform infrared spectroscopy (FTIR) and contact-angle measurement [43].  The
experimental data are in good agreement to those previously reported by Onyiriuka that oxygen
incorporated by UVO treatments reach deeper into bulk polymér than the flame, plasma, and
corona treatments. In contrast to other techniques, various UVO treatments require orders of

magnitude greater exposure time to. req&;u\ll{ yzlevels of surface oxidation. However, the

ozone and UVO treatments we@ by u -continuous batch reactor which was
T —

differed from other three mw, refflote a@nd corona treatments).
-“"’ i
M. J. Wa/ | emphasi \aady of surface treatments using

three different regimes
and UV light in air supp!
ozone, UV light and atomi
was found to be between 3 _
of ultraviolet light. The reaction eg@%‘;ﬁ;l
were very different. In the case of*ﬁ%’l@pyl ene, ifthe cbncentration of reactive species in the
gas phase was low, afomic oxy”geﬁfyove(nm:m
generated at the su ‘_.,,;_______,A________,..:,T ---------- &richains to form crosslinked.
Poly(ethylene terephthalf ) was directly affe

scission and modification atd;he surface regardless of the concentration of the reactive oxygen
iy

== AUNINNINYINT

J. M. Hill et al [48] investigated=the stability of.spolypropylene and

polctrend ey o el Vs el s e brbhations a5 . .

Walzak eflal. The results showed that treated poly(ethylene terephthalate) films using these

nodification, then the radicals

tra?f et light itself, causing chain

conditions were changed significantly within the first week of aging and washing with water.
Conversely, polypropylene changed very little on aging or washing. Low-molecular-weight
oxidized material (LMWOM) produced on the polymer surfaces treated with UV/air and UV/air +
ozone, was easily removed with water washing. Oxidized groups (carbonyl, carboxyl and
hydroperoxide) at the surface of poly(ethylene terephthalate) seemed to migrate in to the bulk.

In contrast, the oxidized groups remained at the surface of polypropylene.
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In 1995, surface modification of different kind of samples (film, sheet and fiber)
of polypropylene and polyethylene by UVO treatment was studied by Hu Xingzhou et al. [46].
XPS spectra shown oxygen-containing functional group such as carbonyl, carboxyl and ether
were produced after treated with UVO method. Contact-angle measurements, adhesive
strength and dyeability of treated sample were also studied. Hu Xingzhou et al. concluded that

... UVO treatment was a promising technique to modify polyoleﬂns surface properties’.
Similarly, in 1995, |. Mathieson and R.H. Bradley [47] improved adhesion of
polyethylene and polyetheretherketon W ) fo epoxy adhesive by UV/ozone surface
oxidation. Bond strengths of these.pole\ swe were significantly increased after
the treatment of one mmute_,_M at l@ger@tumes the adhesion level began to

deteriorate. 7 : ——

During 19 M-t W lzak an‘d*-qNﬂ.gS. Mcintyre et al. investigated
chemical reactions of the
combinations of UVO methods" i (’ j j v‘e{erﬁth (184.9 nm) and pulsed UVO
.""They proposed two alternative

“(1) insertion of an O ('D) atom to
form ether linkages, or (2) hyd gefjﬁéétract@:*P‘ followed either by crosslinking or by
reaction with oxygen species to fg_rm,c?gboryl ana/or ca

that reaction (1) doan‘_a§d intially, but that ts rate was redcdd.
—

from reaction (2). Etherfunctional groupé produc

y the formation of products

1), was primarily responsible
for increased surface ené:é;y CarbbﬁyT carboxyl, and hydro“-}l groups formed in reaction (2)
appeared to have littl ?:I intramolecular hydrogen
bonding of thes ﬁﬁﬂmﬁ(ﬁﬂﬁﬂ ce energy. High-energy
UV radiation (184.9 nm) was found to $lay only a minor role in the sarface modification of
polypropy W The plesdnta ot vador duilg UV lnéeime¥at ound to led to

greater ox?gen uptake after short-term treatments but did not result in increased surface
energy.

This research group also first brought an advanced surface characterization
technique, atomic force microscopy: (AFM), to examine the changes in morphology and the
increase in the adhesion force at the surface of polypropylene after treatment with UVO method
[49-50]. It was clearly shown by AFM that UVO treatment resulted in the formation of mounds

which arise from the formation of LMWOM. The size of the mounds increased with increasing
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treatment time. The adhesion force was estimated from measurement made on the amount of
force required to retract the tip from the surface after the two had made contact. A clear
increase in adhesion force was observed on the modified polypropylene film surface, which

indicated an increase in surface energy of a polymer on a micrometer scale.

In 2000, R. H. Bradley et al. [51] investigated the correlation between surface
oxygen chemistry and topographical changes of poly(ethylene terephthalate) and polystyrene

surfaces by contact-angle measurement, XPS and AFM. Different oxidation mechanisms were

proposed for the two polymers. Poly M

type chain depolymerization reacb{m\m
AFM analysis showed an |nc

rephthalate) appeared to undergo a Norrish-

‘ rene was random chain scission attack.
e s_tyfac s with increasing exposure to UVO
M forming . This material can be removed
' dg hon was not observed. The XPS
or Z:Nmantly the ester section of

\ hb\LMV!aOM consisted predominantly of

surface showed that for oxidized

for both polymers, with grai

by washing, however, ¢

results indicated that
poly(ethylene terephthalatg:
carboxylic acid and ester f
poly(ethylene terephthalate) Koccurred, lowering the level of

surface oxygen. This caus ___ OM into the bulk, due to its

FF T - =
thermodynamically polar nature. === yﬂ
..--l_-_,.-'" ‘:r:f' ¥ i{"‘.g’m—

Since II.VO treatment is a promlsmgh@é to modify polymer surface
properties, developmenif application and
For example, in the yd;l 2000, UVO tre
properties of jute-fiber/ epoXy.com S|tes in comparison with corona discharge treatment, by J.

Gassan and V.| uoﬂgz CSVJ n‘ﬁ W&]@I iﬂe?ctlve treatment of three-

dimension objects with corona discharge, the increase.of polarity of treated yams is relatively

ona SR ERRFU NRTINETR Y

Another example was done by R.H. Bradley et al. in 2003 [53]. A fluidized-bed
apparatus equipped with UV and oxygen sources had been developed and used for controiled

ied by many research groups.

atment was aprﬂd to improve the mechanical

surface oxidative modification of polystyrene microspheres. AFM results showed an increase
of the microspheres adhesion which confirmed that UVO method is a suitable method for three

dimensional object.
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