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ABSTRACT

phies of heat-cleaned continuous-strand E-glass fibre mat were compressed in a mold 4
mm thick and flooded with a liguid mixture of g-caprolactam, sodium hydride (NaH), and
phenyl isocyanate (monomer, initiator, and activator, respectively) at 90-100°C. Raising
about 22 ¢m in diameter. Fibre/matrix surface bonding was varied, by applying to the glass
fibres one of four different kinds of silane: 1,1,1,3,3,3,-hexamethyldisilazane, tert-
butyldimethylsilyl  chloride, chlorotrimethylsilane, and 3-aminopropyltriethoxysilane,
designated as Silane 1, Silane 11, Silane 111, and Silane 1V, respectively. Composites with

(breaking stress oy, and strain €,, modulus E, toughness), impact strength (Eg), and
structural properties (density; volume fractions of fibre V¢ and voids V).

Density and Vg were in the range from 1510 to 1600 kg/m3, and 31.1 t0 34.4%
(except Silane 1V, Vp = 25.4%), respectively. Voidage was reduced by silane treatment
(0.7-4.9%, versus 3.6-8.9% for untreated glass). The tensile performance ranked as
follows: Silane 1 gave properties even worse than Untreated; Silane II and III had almost
the same performance--c.g., Gy about 16% higher than Untreated; and Silane 1V was te
best. Silanc 1V improved Gy, by 136%, €, by 86%, E by 22%, and toughncss by 271%
over the Untreated.

Tensile propertics varied inversely to impact properties--composites with high oy,
nylon 6 e.g., E(U)VEL(N6) = 8, Vy = 32%). Direct treatment of fibre surface with silane
was found more effective in tensile properties (but of course, less in impact) than by
adding silane directy into mohen monomer solution. The harmful effect of n
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property sensitivity to relative humidity (RH). Composites tested at high RH had inferior
Op to these at lower RH. and in the wet composites (3% water gained) o, dropped

enormously (84%).
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CHAPTER |

INTRODUCTION

In modem technology, especially, in aerospace technology, the need for high
performance materials (high strength, high stiffness and light weight) is increasing. One of
these materials is known as "polymer compositc” which has been designed to replace
metal parts, not only in acrospace technology but also in many other industries, such as
car, boat, sports, etc.

Many researchers and engineers who work in the polymer industry believe that the
future belongs to composites, and that by the end of this century, composites will replace
half of the unfilled (non-composite) polymer finished products (1, p. 10).

Composite materials are materials composed of two or more components that have
different physical and chemical properties. Those components are combined to give
specific characteristics for particular uses (2, p. 1, 3, p. 3).

Not only arc there manmade composikes, but also composites which occur
naturally. For example, wood which comprises lignin as a matrix and cellulose fibre, bone
which comprises mineral matrix called apatite and short and soft collagen fibres, etc. are
all composites (4, p. 3).

Examples of manmade composites are carbon black filled rubber, Portland cement
or asphalt mixed with sand, and fibreglass reinforced plastic.

Compered with aluminum and steel, composites have less weight and thermal
expansion but higher specific stiffness, specific strength and fatigue resistance as shown in
Figure 1.1.

It is generally believed that most materials are stronger and stiffer in fibrous form
than in other forms. If strength and stiffness alone are considered, fibre reinforced



composite materials do not have many advantages compared 10 nxtals. But when we
consider the modulus per unit weight (specific madulus) and strength per unit weight
(specific strength), composite materials have higher specific modulus and specific strength
than metals. These properties make possible encrgy savings and higher efficiency for

transpon industries (3, p. 4).

Compo- Compar- Compo-
Stecl sites sites sites

Weight Thesmal Stiffness Strength Fatigue
expansion resistance

Figure 1.1. Comparison between conveational monolithic materials and composite materials (4, p. 4). The
"stifiness” and “strength” parameters are on a unit weight basis ¢.g., stiffnesvdensity.

Although thermoggt composites have been successfully used to replace metals,
they have some limitations compared to thermoplastic composites. Thermoplastic
composites have some characteristics such as good thermal stability, high toughness and
damage tolerance, short and simple processing cycles, and potential for significant
reductions in manufacturing costs. In addition, thermoplastics can be remelted and
reprocessed which is very useful for recycling and repairing considerations (§, p. 96). The
voids or defects present in thermoplastic laminates, for example, can be reconsolidated and
eliminated while the thermoset has to be rejected. Finally, there is no need for adhesive

bonds and mechanical fasteners since composite parts can be thermally joined to form a
2



composite assembly.

The earliest thermoplastics were aliphatic based polymers (e.g.. polyethylene)
which have low elastic modulus and low glass wansition temperature. The new
thermoplastic compasites developed for high-temperature structural applications are based
on aromatic polymers which can surmount the major limitations of the carlier aliphatics.
This has led to the increased replacement of metallic and fibre reinforced thermoset
components with thermoplastic based composites. The materials which are considered as
new thermoplastic polymers are polyketones, polyarylene sulfides, polyamides, polyimides,
polysulfones, polybenzimidazoles, and polyphenylquinoxalines (5, p. 2-3).

One common polyamide (nylon 6) and onc familiar reinforcing agent (fibreglass
type E) arc sclected as matrix and fibre, respectively, to be studied here, because of their
low cost and high performance as separate materials.

Fibreglass-reinforced plastic composites have been developed since 1940 (6, p. 1).
These high performance composite materials consist of three regions: fibre, matrix, and
cial layers in polymer matrix
composites play an extremely important role on the rheological and mechanical properties
of composites since the stresses acting on the matrix are transmitied to the fibre across the
interface (1, p. 3, 2, p. 1, 3, p. 37). As the adhesion between the fibre and the matrix is

techniques of surface science. It has been found that the interface between fibre and matrix
has some kind of discontinuity, such as crystal structure, atomic registry, elastic modulus,
density, and coefficient of thermal expansion (4, p. 79).

In producing filled polymers, there is little interfacial interac
polymer aad the filler pacticle surface since the surface of the filler is hydrophilic and the
polymer generally hydrophobic. Therefore, the surface of the filler can adsorb water which




decreases the impact resistance tremendously (7). Even without such water adsorption
however, it is clear that the hydrophobic/hydrophilic pair of materials woukl not be
attracted to each other. In this case one possibility to improve the interfacial interaction
between the polymer and the filler particle surface is to treat the latter with a coupling
agent or surfactant (7).

It has also been found that the bonding between the matrix ard the fibre depends
on the degree of atomic and molecular surface ordering (c.g.. crystal vs. glass) and
chemical properties of the fibre, and the molecular conformation and chemical constitution
of the polymer matrix (4, p. 37).

Hull (3, p. 39-40) explained why a strong physical bond is usually not achieved: (a)
the fibre surface is contaminated so that the effective surface energy is much smaller than
that of the base solid, (b) air and other gases are entrapped at the solid surface, and (c)
large shrinkage stresses occur during the curing process (of thermosets, e.g., epoxy) which
leads to displacements at the surface which cannot be healed.

If we can improve the bonding between the fibre and the matrix, we will be able to
develop even better properties in a high performance composite material. There are many
ways to improve the interfacial adhesion between the fibre surface axl the matrix; e.g.,
exching, plasma treatment, coupling agent, copolymer, etc. One efficient method for glass
fibres is treating the fibre surface with silane coupling agents.

Plueddemann has suggested several ways in which the silanc agents may be
effective: improvement of the filler-matrix adhesion, protection of the filler surfaces from
microflaws which initiate failure, reinforcement of the interface layer, and improvement of
filler wetting by the plastic (perhaps by increasing the hydrophobicity of the surface) (1. p.
94).

Even though the interfacial zone in a composite material is very complicased,



control of the nature of this region promises that the properties of the composite can be
improved by ensuring cfficient stress transfer between the matrix and the fibre (8).

Because experience in processing high performance thermoplastic composites is
lacking, the utilization of these new materials is not progressing rapidly. The techniques to
process thermoplastic composites are not as well-known as those developed for thermoset
composite materials (8, p. 96).

The objectives of this study are to improve the interfacial adhesion of glass fibre
and nylon 6 and examine whether material properties are thereby improved. Sample

-



CHAPTER 2
MATERIALS USED IN COMPOSITES

2.1. Glass fibres

glass fibres for different purposes, for example, type C (C for corrosion), E (E for
clectrical), and S (S for higher silica content). C-glass can resist chemical corrosion better

Young's modulus and is more temperature resistant but is more expensive than E-glass,
Because of the price advantage of E-glass, most continuous glass fibre (about 90%)
produced is of the E-glass type; it also draws well and has good strength, stiffness,
clectrical and weathering properiies,

Typical compositions of glasses of different types used for glass fibre in composite
materials are shown in Table 2.1. Common glass fibres are based on silica (about 50-60%
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The surfacp of glass consists of randomly distributed groups of oxides and is, like
the bulk, amorphous. Some of the oxides, suwh as SiO,, Fe,0,, and Al,O,, are non-
hygroscopic. These non-hygroscopic oxides interact with water by forming hydroxyl
groups such as —Si-OH, —Fe-OH and ~Al-OH which then hold watcr molecules nearby
through relatively weak hydrogen bonding; water never touchs or penetrates these
surfaces. The hygroscopic oxides absorb water directly onto the surface which then
becomes hydrated (3, p. 42) and can dissolve portions of the surface over long periods of
time. Looking at the interior, we find that the two-dimensional view of the network of
silica glass is shown in Figure 2.1(a). Oxygen atoms are bonded covalently to silicon. If
Na,O is added to this glass as represented in Figure 2.1(b), sodium ions will be linked
ionically with oxygen but will not join the network directly. The addition of other metal
oxides will change the network structure and the bonding, and as a result, the properties
of this glass will be changed.

Figure 2.1. Amorphous structure of glass: (a) a two-dimensional representation of silica glass network and
() a modificd network that results when NayO is added 10 (a). Note that Na* is ionically linked with O*
but does not join the network directly (4. p. 11)

The properties of glasses are quite isotropic. Young's modulus and thermal
expansion coefficients are the same along the fibre axis and perpendicular to it because
their three-dimensional network structure is isotropic (4, p. 11). The properties of E-gilass



are shown in Table 2.2.

Furthermore, the strength of glass is sensitive to process conditions and the testing
environment. For example. tensile strength decreases when the fibres are tested in humid
air, due to absorption of water on the glass surface, and when the surfaces of the fibres are
in contact with mineral acids (aqueous). 1t is significant that the presence of water also
decreases the surface energy of glass fibre. As reported, glass fibre in the presence of
water has a surface energy in the range of 10-20 mJm*? while the dry virgin glass has the
value of over 500 mJm-2(3, p. 43).

Table 2.2. Properties of E-glass at 20°C; measurcd in fibre form with diameiers in the range 8- 14 pm (3,
p. 14)

Propertics Units E-glass

___Density S I S N X

GNm? 6
_GNm? | 76

Teune m;m |~ GNm? 1.4-2.5 (typical)
- 7 , 1.5 (freshly drawn)

athon e % 1832(_@)_
dﬂianﬂﬂmmmlm 105K _

aalicl o fibeoaxi) | Wkl | 73

2.2, Nylon 6 (10, p. 536-541, 11, p. 429-430, 12, p. 23-24)

Nyion 6, a polyamide, is a melt-processable thermoplastic whose chain structure is
composed of repeating amide groups separated by five -CH,- groups. In this study nylon 6
is made by polymerization of e-caprolactam. Caprolactam is widely used because nylon 6
has excellent fibre properties and this monomer is cheaply made from phenol.

QaOeOmOCE o

e-caprolactam 8



The polymerization of lactams is a ring-opening process, using cationic or anionic
initiators . In this experiment the reaction is anionic.

(8]
The structure of e-caprolactam monomer is ():" . which can also be

CH3 CHZCHj CHy CHy ' 53
written in the form N|H do This monomer contains both acid ( é ) and

amine (NH) groups which are divided during the ring-opening initiation but are found

o
together in the amide bond (— n—&—) when polymerized. The polymer is therefore a
]
H

polycaproamide or polycaprolactamn (nylon 6) which can be written as

2.2)

Details of this anionic polymetization are as follows.

Sodium hydride (NaH) was selected as a strong base to initiate the polymerization
of a lactam by forming the lactam anion. Besides sodium hydride (onc of the metal
hydrides), one can use any other strong base such as alkali metals, metal amides, and
organometallic compounds.

For e-caprolactam with a metal derivative,

)
C
(CH/:)s-a\HH oBM == fm/)f_\"'“’* BH »

' | 2.3)

BM = metal derivative, for example, sodium hydride (NaH, B = H, M = Na, BH = H,T)
Weaker bases such as hydroxides and alkoxides cannot be used satisfactorily,
because a high
H, is removed to push the equilibrium to the right.
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The lactam anion I then reacts with monomer in the second step of the initiation

process by a ring-opening transamidation.

O 4]
i -~ I
/c\/;:-’.;’;\ /C\ n 4
(CH )y —NM'y HN —(CH ), _Lz (CH—N - COLCHNM 2.4)
"

The primary amine anion II is not stabilized by conjugation with a carbonyl group.
It is highly reactive and rapidly abstracts a proton from monomer
0 0
i g
C. C.
/7 \ H., 7 N\ fam_
(CHys—N —CO(CH; 5N M + (CHil—NH ==

4]

i 2.3)

7\ ‘ /N,
(CHy) —N —CO(CH ) NH, +(CH;»  NM
m |

to form the imide dimer I, N-(g-aminocaproyl)caprolactam, and regenerate the lactam
The imide dimer Il is the actual initiating species necessary for the onset of
polymerization. The initial induction period of lactam polymerization is slow because the
imide dimer builds up slowly. Propagation is the reaction between a propagating N-
i
c o
Z \ , ]
@)y —N —COCHYNp~~- 4 ,©
v CHYs—NM —=
cI:'o

C
7 N\ ) M
(CHMy)s —N —COCH ;) N - COCH DsNH~ -~

(2.6)



followed by fast proton-exchange with monomer.

0O o
i 0
C . C
A M 7N\
(CH;)s— N —CO(CH3) s-N~CO(CH ) sNH 7~ - + (CH)s—NH—=
9 )
[ ;
/N /5N
(CH)s—N +COCHDNHE™ 4 (CHIs—NM 27
v

The anionic polymerization of lactams is different from other polymerizations.
First, the propagating center is the cyclic amide linkage of the N-acyllactam instead of a
radical, carbanion, or carbenium ion. Second, it is the monomer anion called “activated
monomer” instead of monomer that adds to the propagating chain.

The concentrations of both the propagating species and the activated monomer are
determined by the concentration of base.

Since the induction of lactam polymerization by using a strong base alone is very
slow, we can increase the rate of polymerization by adding acylating agents in the
monomer. The acylation agents such as isocyanates (used in this experiment), acid
chlorides and hydrides, inorganic anhydrides, and others, will form an amide when reacting

with monomer.

0 7
é /N
/S
«:ua)s—\uu—L"'i’-o (M Is—N —CO—NR

vi (2.8)

By reaction in the presence of an isocyanate, e-caprolactam can be coaverted

rapidly 10 an N-acyicaprolactam (V1).
1l



Initiation period in this acceleration case refers to the reaction of the N-

0
mOonomer. il ;
¢ C
< N\ 7/ \.
(CH3)s —N —CO—NR _ (CHy)s—-NM —~ ~

acylcaprolactam with activated monomer followed by a fast proton-exchange with

o)
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c, »
7N M
(CH3)s —N ~—CO(CH )5~ N—CO—NR
' Vit
monomer 2.9)
o 0
[ M
c <
7 - 7N\,
(CH3)s—N —CO(CH;)s—NH-CO—NR + (CH))s—NM
The species VII and VIII comrespond to species Il and Il in polymcrization
without adding acylating agent. The use of acylating agents is advantageous because the
induction periods are absent, the polymerization rates increased, and the polymerization

can be conducted at lower temperature. Propagation follows in the same manner as for

propagation of species IV
o
I \
C ¢
7\ s / \.,
(CHj3)s—N —CO(CH)sNHCO—NR + (CHz)s—NM —=
1
fc \ M (2.10)
(CH3)s —N —COICH JsN —CO—(CHNH~CO~NR

1 ©
‘lf; 0
/C\ /é\
(CHy)s —N —HCOCH;)sNHE~CO-NR | (CHps—NM
The base is referred to as the initistor and the acylating agent as the activator. The
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that the rate initially increases with increasing base concentration but, after reaching the
maximum, it decreases at higher base concentrations.

One of the problems in anionic lactam polymerization is that proton transfer can
occur with the polymer chain, especially near completion of the reaction when monomer
concentration is very low and side reactions are more probable. This results in chain
beanching and a polydisperse polymer.

Nylon 6, a semi-crystalline polymer, has a melting point of 223°C (13, p. 68)
which is rather high compared to other thermoplastic polymers. But one of the
disadvantages of nylon 6 is, like all nylons, it absorbs moisture from its immediawe
environment. Eventually, equilibrium with the relative humidity of the atmosphere is
achieved, which generally has a plasticizing effect that increases flexibility and impact
resistance. The rate of moisture absorption depends on temperature (nylon 6 absorbs
moisture very quickly when immersed in warm water), crystallinity, humidity, and
thickness of samples.

Nylon 6 has a good chemical resistance to hydrocarbons, aromatic and aliphatic
solvents, such as automotive oils and fuels, and refrigerants, but it is attacked by strong
acids, bases and phenol or even hot water. The properties of nylon 6 and 30-35 wt% glass
fibre (chopped)-reinforced composite are shown in Table 2.3.
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Table 2.3. Properties of nylon 6 and 30-35 wi% glass-fibre/mylon 6 composite (12, p. 391, 13, p. 68)

Unis

Nylon 6 4

Nykm 6 b

3035 wik glass

fibre -reinforced b

Melting temperature, Ty (crystalline)

Glass iemperature, Ty (amorphous)

223

49

20-220

210-220

{12148

1.12-1.14

4883

_A41-168

_165-179¢, 110d

25400

30- 100, 3000

2.2-1.66.6-d

__Ric,sid |

2.6, 0.4

R6-10c, 5.5d

90-110

13168

1.7

108c. 40d_

234-248¢, 1454

27004

8.6-9.7¢,5.56.5d

32-117¢, 160d

112-181¢, 198-294d

3.5‘ IOL() .

6.5-1.0

103/°C

1.6-80

Note:  Units in both references were converted 10 S1 wnit as following:

I pei = 6894.7238 Pu;

I fi-1b/im. of motch = 53.3784 J/m of notch

data from reference 12, p. 91

Dry. as molded (approximasely 0.2% moisture coment)
As conditioned 10 equilibrium with 50% reiative humidity
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CHAPTER 3

INTERFACES

3.1. Weuability

The properties of composites depend on the types of matrix, fibre, and their
interface structure (2, p. 233). To choose polymer and fibre to make composite maserials
onc has to consider their properties separately and also their interfacial adhesions. With
glass fibres, the adhesion is usually the strongest in polar polymers and those with
carbonyl oxygens (epoxy resins, polyesters, nylon, etc.), which are able to form hydrogen
bonds with the hydroxyls on the glass fibre surface. By using coupling agents, it is possible
to increase the adhesion between fibres and hydrophobic polymers (1, p. 15). Zisman (6,
p. 20) concluded that good wetting of the solid surface by the liquid resin was of major
importance in preparation of composites. Physical adsorption of resin on high-energy fibre
surfaces could provide greater adhesive strength than the cohsive strength of organic
resins, if complete wetling were obtained-i.e., localized failure would not occur at
weskened interface lecations, but rather within the bulk material.

Wettability is defined as the extent to which a liquid would spread on a solid
surface (4, p. 80). If the net free energy of the system is reduced by liquid coverage of the
solid surface, the liquid drop will spread and wet the surface completely. Wenability is
most often characterized in terms of surface forces arising from surface tension. For
example, for a drop of liquid resting on a plane solid surface, wettability can be measured
by considering the equilibrium of forces in a system.

For complese weuability (4, p. 80),

N3+ Nve Vv
where 9 represents the specific surface energy (energy/interfacial area) or



specific surface tension (force/length of contact line) and LS, LV, SV designate the
various surfaces (or interfaces) between bulk phases of solid (8). liguid (L). and vapor

V.

Figure 3.1. A liquid drop on a solid surface making a contact angle (0) between the solid and the liguid.
The terms 3, 4 y and vy, denote the surface energies of solid-liquid. liquid-vapor, and solid-vapor
interfaces, respectively (4, p. 80).
From the equilibrium of forces (Young's equation) (3, p. 39, 4, p. 80-81), as
shown in Figure 3.1,
Ts + Weosd =Ygy 7 3.1

sy ~is)
T

where O represents contact angle.
The Dupre equation for the thermodynamic work of adhesion, W, of a liquid to a
solid states that (3, p. 39)

Wa=h+h-Tn 3.2)
where T and Y, are the surface free energies of the liquid and solid
and ™ is the free energy of the liquid-solid interface.
Byputting ¥, = v, Y2 = Ysv and Y2 = s,

Wamthvthv-Ns (3.3)

or 0=cos



Zisman introduced the idea of critical surface tension of wetting, ¥, such that only
liquids with v,y < ¥, will spontancously spread on the solid. This parameter is used to
cvaluate the wetting of fibres by resins (3, p. 39).

Theoretical calculations (14) indicate that a typical silicate glass fibre has a surface
energy 560 mim-2 and can be wetted by liquid polyester and epoxy resin with surface
energies of 35 mim-2 and 43 mJm-2, respectively. But these resins cannot wet solid
polyethylene with critical surface energy (Y.) of 31 mim-2 (3, p. 39).

In order to obtain complete wetting of a surface, the adhesive must initially be of
low viscosity and have a surface tension lower than the critical surface tension (Y. Jof the
mineral surface (6, p. 20).

Figure 3.1 shows a liquid drop on a solid surface making a contact angle between
the solid and the liquid. No wetting occurs at an angle of 180° while partial wetting occurs
at 0° < 6 < 180°, and perfect wetting occurs at 0°. The contact angle depends on the
nature of the surfaces; for exampie, the surface roughness would diminish the contact
angle if the smooth surface had 8 < 90° but increase it if the smooth surface had 6 > 90°,
while adsorbed gases would increase it. Any impurities in or deliberate additions to the
solid or liquid phase or a chemical reaction between the phases would affect the
wettability (4, p. 80).

Fortunately, the wettability of glass can be controlled and made more compatible
with liquid organic materials (polymers and monomers) by treating the glass surface with
the proper coupling agents, such as, hydrolyzable silanes (6, p. 21).

3.2. Coupling agents

In qeneral, inorganic materials (e.g., glass) bave high surface free energy which is
opposite to organic materials that have a low surface energy. Since the affinity is low, they
17



cannot adhere to cach other very well. It is possible to use coupling agents to reduce the
critical surface free energy of the inorganic materials to a low critical surface free energy
in a range near that of polymers (2, p. 4).

Coupling agents are materials that improve the practical adhesive bomd of polymer
to the material (6, p. 2). They contain chemical functional groups that can react with
silanol groups on glass, attached to the glass by covalent bonds. And the other different
functional groups could rcact with the matrix during polymerization (6, p. 17). The main
function of coupling agents is to provide strong chemical links between the hydroxyl
groups on the fibre surfaces and the polymer molecules of the resin (3, p. 43).

The coupling agents used for glass fibre are organofunctional silanes which are
hybrid organic-inorganic compounds that have been used as coupling agents across the
organic-inorganic interface. The general chemical formula for the silane coupling agents is
Ry.a-Si-X, where R is an organofunctional group which must be compatible with the
resin and X is capable of reaction with -OH groups on the glass (perhaps mediated with
water). When n = 1, each molecule bonds singly with the glass, and when n = 3 there can
exist Jateral silanc-silanc bonds (networks) as well (3, p. 43). For example, for aqueous-
media treatment X represents hydrolyzable groups (e.g., -OCoH¢) which first yield the
comresponding silanol groups (Figures 3.2 a, b). When water is removed, a reversible
condensation reaction occurs between the silanol and the surface, and (when n = 3)
between adjacent silanol molecules on the surface. The result is a polysiloxane layer
bonded to the glass surface (Figure 3.2 c). Therefore, the silane coated fibre presents a
surface of R groups to the surrounding monomer. During polymerization, specific groups
on the monomer (e.g., ":=o ) react with R groups, establishing covalent bonds to the
polymerized resin (Figure 3.2 d).

For treating glass from organic solvents, X-groups need not be hydrolysable. In
our work, the solvent was toluene and X was ususlly Q (with n = l:secFimSJ)b:



sometimes OCyHg (with n = 3).

In a case with no application of silane to the glass surface, water can diffuse
through the resin and attack the fibre by the hydration processes, which results in rapid
deterioration of the glass-resin interface. This will reduce the ability of the fibres to accept

displacement at the interface was able to relax the local stresses and maintain the chemical
bond if a reversible bond breakage mechanism possibly occurred (3, p. 43-45).
R—SiX, + H,0 ——= R—Si(OH) + 3HX w
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(c)
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Figuse 3.3. Punction of coupling agent (a) Reaction between silane and hydroxyl group at glass fibee
swrface ia toluene solution (non agueous) (b) Organo-functional R group reacied with polymer matrix.

He proposed a mechanism wherein water may diffuse through the resin to the
interface, after which the covalent M-O bond hydrolyses as shown in Figure 3.4. Because
away. If there is a simple shear stress parallel to the interface, the surfaces can slide past
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CHAPTER 4

MORPHOLOGY OF POLYMERS*

It is well recognized that the mechanical properties of semi-crystalline
thermoplastics depend on their morphology e.g., the degree of crystallinity (mass fraction),
the number/volume and size of spherulites, the crystalline structure and the crystalline
oricntation. In general, a lower crystallinity will produce higher elongation and better

these trends, for toughness and tensile strength, are given for poly(ctheretherketone)
(PEEK) in Figure 4.1 and 4.2.

The morphology of semi-crystalline thermoplastics is influenced by the processing
conditions and the presence of foreign surfaces. The processing conditions are the

ature to which the polymer is heated and the time it is held there, cool-down rate,
chlncerofsheﬁﬂow(lfmheka.etc For cxample, crystallinity is lower at higher
processing temperature, long anncaling times, and high cooling rate; and large spherulites
are formed at low cooling rae while smaller spherulites can be formed by fast cooling (see
Table 4.1). It has been reported that for composites with a PEEK matrix, at cooling rates
crystallinity (25-30%) was not obtained. And at cooling rates greater than 2000°C/min, a
PEEK matrix will be amorphous. Blundell et al. (17) found that the degree of crystallinit
of neat PEEK resin is a function of cooling ratc as shown in Figure 4.3. Figurc 4.4 shows
similar resuits obtained by Talbott et al. (18) and Velisaris and Seferis (19). Crystallinit
mﬂm“mm“mﬁmw mmn
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Figure 4.1. Tensilc strength and toughness of PEEK neat resin as a function of degree of crystallinity (18)
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Figure 4.2. Tensile properties of PEEK as a fumction of degree of crystallinity (18)
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Tabie 4.1. Effect of thermal processing cycle on spherulite size and properties of PEEK resin (20)

Process cooling rate Effect on PEEK morphology Effect on compositc mechanical
performance
Quench Low percent crystallinity Tough, but lower matrix modulus
strength
Slow cool 0 nonoptimum Large spherulites Decreased ioughness
crystallization iemperature
Fast cool 10 optimum Small spherulites Increased fracture toughness
crystallization temperature

Some systems may exhibit trends that differ from the generalities cited above. For

example, Beever et al. (21) have varied the total mold residence time of the carbon/PPS

(polyphenylene sulfide) composite from 7 to 20 minmes and varied the molding
temperature from 291°C to 360°C and found no effect on mechanical properties.

However, Ma et al. (22) have shown differeat results for PPS alone: long annealing times

lead to lower ultimate crystallinity and may change the molecular structure, mechani
propertics and thermal stability.




If higher melt temperature and long heating times lead to lower crystallinity, this
should be of great concern during a repair process using welding techniques, as heating is
localized at the damage area while the surrounding arcas have lower temperature. This
would result in undesired changes in degree of crystallinity and then mechanical properies
in those surrounding areas.

The presence of foreign surfaces (e.g., fibres in a composite) affects morphology
of a polymer because the fibre surfaces act as nucleating sites. For carbon/PEEK
composites, PEEK was found to crystallize at higher temperatures with higher nucleation
densities (higher carbon fibre content of the composite) (23, 24). Blundell et al. (25) also
observed that nucleation from a PEEK matrix (without fibre) is relatively rare.

Lee et al. (26) have found that while the strength and stiffness in both sension and
shear increase with crystalline content (as also shown by others, Figure 4.2) compressive
strength remains relatively unaffected and fracture energies and toughness decrease
significantly with increasing crystlline content (see also Figure 4.1). They also observed
that tensile and compressive properties of the polymer were sensitive to processing
history, even while having the same degree of crystallinity. This observation was
supported by Cebe et al. (27) who studied mechanical propertics and morphology of
crysiallinity is not as important as processing history. Samples with the same degree of
crystallinity could have different tensile properties, Gpﬂm;mmeofmolmg This was
the result of the differences in crystal size and size distri




CHAPTER 5
VARIABLES AFFECTING THE PROPERTIES OF COMPOSITES

The propertics of semi-crystalline thermoplastic-based fibre composites are

influenced by different factors as follows.
5.1. Effects of pressure and thermal processing conditions

The processing conditions of pressure, molding temperature, and cooling rate can
affect the crystalline and fibre morphology of the polymer, resulting in different properties.
Adams et al. (28) made and tested single-fibre composites (a dumbbell shaped
specimen, containing a single carbon fibre embedded along its axis). They used high

polyester. From experiments, they found that the adhesion of matrix to fibres was
improved when specimen fabrication (molding) was changed by increasing the moild
ined that slow cooling rates allowed

pressure and decreasing the cooling rate. They expls
the material to relax, and resulted in lower residual tensile stresses in the center of the
sample. (The higher pressures may have been effective in maintaining good physical
contact between surfaces when cooling would normally cause volume shrinkage).

Verdeau and Bunsell (29) studied effects of processing conditions on the fibre-
matrix interfacial zone. Two polymers were employed with carbon fibre, PEEK
herketone) and PPS (Polyphenylene sulphide), and both are known to be




manufacturers. The volume fractions of the fibres in the PEER/Aarbon composite amd
PPS/carbon composite were 61% and 57%. respectively. Then, threc types of thermal
treatments were applied to alter the polymer matrix ceystallinity: acarly-amorphous, and
two semi-crystalline matrices of different crystal morphology were therefore available for
study.

103, PPS =51%

The nearly-amorphous matrices (crystallinity, W¢: PEEK
3%) were obtained by heating composite specimens to the PEEK or the PPS melting point
(350°C and 300°C., respectively) or above and then cooling rapidly in a4 metal press to
retard crystal development. Highly developed crystalline matrices (We: PEEK = 3 £ 3%,
PPS = 51 + 3%) were obtained by cooling the specimens at slow rates, about 5°C/min.
For the third heat treatment, the PEEK/carbon composite specimens ad the PPS/carbon
composite specimens were heated to Ty, + 20° or 30° (380°C and 320°C respectively),
held for periods of 120 minutes and then slowly cooled by letting the furnace cool by itself
PEEK, W¢ = 30 + 3% and PPS, Wc = 58 1 3%.

Static mechanical tests (including tensile, shear, and bending) were performed and
results explained or correlated in terms of the crystal phases and compatibility with the
fibre surface. We will highlight only a few of their findings, since most of them were
expected--¢.g., the low-crystal (LC)/nearly amorphous forms were generally weaker than
the two high-crystal (HC) forms, for both PEEK and PPS composites, and the special air-
cooled heat treatment (HC*) generally gave better propertics than the constant-rate
cooling (HC)). However, the two polymers produced different results in several ways.
The transverse tensile modulus increased monotonically with We for PEEK, but dropped
slightly at the highest W (HC*) for PPS. The tensile strength behaved similarly, although
for PPS strength of the highest-We sample simply did not increase, whereas for PEEK it
did. The shear strength for both of the two HC-forms were ranked according to
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PEEK).

The authors explained these different behaviors, amd particularly the inferior
performance of PPS, in terms of delamination during cooling. They propased that for PPS,
during crystallization, a shrinkage of the matrix occurred which led to "weakening” of the
interface. And from photomicrographs of fracture surfaces of the amorphous and high-
crystallinity composites, the PPS/carbon system showed clean fibres (delamination) while
the PEEK/carbon composite showed fibres well coated with a layer of PEEK. This
demonstrated that PPS/carbon had a very poor adhesion at the interface and PEEK/carbon
much better, but the authors did not explain why the shrinkage of PEEK matrix did not
cause loss of adhesion and corresponding decrease of the mechanical properties of the
PEEK/carbon compaosite. But, clearly, the ability to maintain interfacial contact and a tight
grip by the matrix on the fibre was important.

Two secondary results emerged. to help explain differences between the quality of

PEEK and PPS composite properties. The superior PEEK performance for HC* (with
only We = 030, vs. We = 0.34 for HC|) was attributed to the presence of
transcrystallinity (monodimensional crystal growth perpendicular to the fibre axis) in the
PEEK/carbon composite, which was absent in the PPS/carbon composite. This

And, the inferior PPS performance might have been induced by thermal degradation. The
increase of the treatment temperature, or of the treatment time, in PPS/carbon composite
weight might explain the increased crystallinity (to 58%), since the shorter chains would
have greater mobility in the melt and more capability to settle into a well-organized crystal
damage other aspects of the PPS mechanical properties, as thermal degradation is rarely



desirable, and this may have been more important than the W,. increase in determining the

composite performance.

5.2. Effects of fibre diameter and volume fraction

Nair er al. (30) studied the mechanical properties (plane-strain fracture toughness,
K. using a three point bend method on precracked 6.35 mm thick bend bars) of
composites composed of nylon 6,6 reinforced with short glass fibres at various fibre
concentrations. Composites were made by dry-blending fragments of nylon 6.6-based
fibre-reinforced composites (supplied by Monsanto Chemical Company) with pure nylon
6,6 followed by melt injection molding. E-glass fibre with nominal 13 pm diameter and G-
glass fibre with nominal 9.5 pum diameter were used. Eight concentrations of glass fibres
(0%, 1%, 5%, 10%, 20%, 25%, 30% and 40% by weight of the matrix) were made by a
dilution process; concentrations below 40% were made by diluting the 40 wi% glass
composite with additional nylon 6,6. It was found that, for identical volume fractions of
fibre, the composite with the smaller-diameter fibre had the higher tensile strength but the
lower ductility.

Fibre concentration effects show some complexity. The addition of small amounts
of glass fibres (up to 10 wt%) increased material stiffness and tensile strength, as
expected, but obviously reduced the fracture toughness of the composite. Morcover, at
these low concentrations (oaly), the reduction of fibre diameter further reduced the
fracture toughness. The authors suggested that the fracture behaviour of nylon 6,6
composites is controlled by the competition between two matrix phenomena at the fibre
ends: fibre-induced load embrittiement and matrix plasticity. The reduction of fracture
toughness at Jow fibre concentrations was found to result from an increased nylon
embrittiement at fibre ends for the smalier fibre diameter. For a composite with high glass
fibre content (beyond 10 wt%), a reversal of fibre diameter effects on fracture toughness

30



was found. For these cases, the reduction of fibre diameter increased the fracture
toughness of the composite, apparently due to local ductilization of the matrix at the fibre
ends and consequent increased plasticity in front of the crack tip. They also found, for
these higher fiber concentrations, that an increase of glass fibre content caused higher
values of the tensile strength and the fracture toughness (a reversal of the Vg < 10% case).

Ortaigbe and Harland (31) used mats of continuous-glass-fibre (diameter 15 um,
from Vetrotex (U.K.) Lid.) to make nylon 6 composites with glass volume fractions of
0.17, 0.22, 0.26, and ).33; this work is the closest to ours of any in the literature, and the
present project is an outgrowth of theirs (made possible by Dr. Otaigbe’s recent activity in
our research group as a Postdoctoral Fellow). They found that composite modulus and
strength increased with Vy steadily but nonlinearly and with different rates. For example,
they measured pure nylon 6 to have oy, = 43.6 MPa and E = 1.45 GPa, and a composite
with Vg =0.17 to have 6, = 52.3 MPa (20% increase) and E = 2.90 GPa (100% increase);
a doubling of Vi (to 0.33) produced o}, = 65.3 MPa (total of 50% increase, more than a
doubling) but only E = 3.74 GPa (total of 158% increase, Efm than a doubling). Moisture

constant weight, and stored in a desiccator until testing began .
5.3. Effects of moisture on propertics of thermoplastic composites

Onaigbe (32) studied the effect of moisture (equilibrium hygroscopic state at 20°C)
on the tensile stress-strain behavior of the same type of composite (no coupling ageat) at
33 vol% fibre. Specimens were cut from the molded composite sheet and dried as
described above (31) for "dry samples”. Wet samples were prepared ¢
dried samples in boiling water until constant weight and then immersed in cold water at
room temperature for at least 2 weeks. The wet samples contained 10.0 and 6.9 weight
percent water for the nylon 6 and composite, respectively. Results showed that the dry
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composites displayed failure in an unambiguous and obvious way, while the wet materials
underwent gross yielding. with stress passing through a maximum bhefore decreasing., amnd
with no precise fracture point. He observed from photomicrographs. using optical and
scanning clectron microscope. that in wet materials most of the failure occurred at the
fibre-matrix interface. He included in this study the effect of moisture on composites with
coupling agent, y-amino propyl triethoxy silane, which is described further in the following
section.

His data revealed that mwisture decreased tensile strength from 65.3 MPa (dry
uncoupled) to 23.9 MPa (wet uncoupled), and from 95.4 MPa (dry coupled) to 36.8 MPa
(wet coupled), decreased modulus from 3.74 GPa (dry uncoupled) to 1.41 GPa (wet
uncoupled), and from 4.68 GPa (dry coupled) to 3.54 (wet coupled), decreased tensile
breaking-strain from 3.38% (dry uncoupled) to 2.52% (wet uncoupled), and from 3.71%
(dry coupled) to 1.26% (wet coupled). He explained that the large moisturc-induced
reduction in tensile strength was due to moisture-induced dewetting or debonding of the
fibre surfaces from the adjacent nylon 6. Because the wet materials showed no precise
fracture point, but rather a maximum in o(e) followed by a gradual drop in G (as e
increased greatly) until near-zero values were reached, the breaking stress was taken as
the maximum point in the G(€) curves of the wet materials in his study and € from that
Omax(€) point too. This is the reason why his g, values were lower than those reported by
others; the true &y, values were higher than € = € (Opax)-

Moisture sensitivity with nylon 6 and its composites has been reported often. For
example, the mechanical properties of nylon 6 and 30-35 wt% glass fibre-reinforced
nylon 6, listed in "Modem Plastics Encyclopedia’ 92" (12), show for moist environments
(different from Otaigbe's) a decrease of tensile strength, and tensile modulus (as did
Otaigbe) but increase of elongation at break (opposite to Otaigbe's result, surely due to his
measuring &y, = & (Gpyy) Which is lower than € at true &)



S.4. Effects of fibre surface treatment

5.4.1. Coupling agent

As we know, adhesion between a silicate glass fibre surface and a
hydrocarbon polymer matrix is not very strong, so that coupling agents are widely used to
improve the interfacial adhesion.

Jenneskens et al. (33) studied the evidence for interfacial amide formation
between surface-bound poly(3-aminopropyltrisiloxane) and nylon 6 in composites
reinforced with glass beads at 30 wi%. The glass beads were pretreated by immersing 0.5
g glass beads in a mixture of toluene, water (molar concentration three times that of the
coupling agent), and 3-aminopropyltriethoxysilane (10 wt%) with the end carbon (bonded

to the amine nitrogen) being cither PC or natural-abundance 2C/*C. The mixture was

aminopropyltricthoxysilane were hydrolyzed in aqueous solution to yield silanol groups
which reacted with the hydroxyl groups on glass surface and between adjacent silanol
molecules on the surface, resulting in a poly(3-aminopropyltrisiloxane) network layer
bonded to the glass surface (see detail of reaction in p. 18 and Figure 3.2). These glass
beads were later isolated from the composites by dissolving the matrix in trifluoroethanol.
thermogravimetry, was far greater than a mere monolayer of the glass-bonded silane
ion of

surface-bound poly(3-amin isiloxane) and nylon 6 carboxylic endgroups in the
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Hamada ¢r o/, (38) studied the “crushing performance” (the specific enerpy
absorption value) of glass clothfepoxy composite tubes with ditferent plass surface
treatments. (In this work the author did not study the untreated- glass-surface composite to
compare those properties with the treated ones). The composite tubes were fabricated
from woven glass cloth/epoxy prepreg sheets. Two types of prepreg were used: prepreg
that contained glass surface-treated with acryl silane (which gives poor interface bonding)
and prepreg that contained glass surface-treated with amino silane (to give good imerface
bonding: the author did not give the name of amino silane used). Tubes used in the axial
crushing experiments were made by mandrel wrapping of prepreg sheets (43 vol‘4 of glass
cloth) with the warp and weft directions parallel to the hoop and axial directions of the
tubes.

From axial compression tests, the amino-silane-treated material was found
to have specific cnergy absorption approximately 25% higher than that of acryl-silane-
treated material. Tensile strength, bending modulus, interlaminar shear strength (ILSS),
and Mode [ fracture toughness were also tested. Those tests employed flat specimens,
made from 10 plies of prepreg sheet, fabricated by a hot pressing method. It was found
that the tensile modulus was almost the same for amino-silane-treated materials and acryl-
silanc-treated materials (as one might expect, since no debonding occurs in the low-strain
E measurement). But for other properties, the amino-silane-treated glass/epoxy
composites showed a 28% higher tensile strength, 23% higher bending modulus, 44%
higher bending strength, 29% higher ILSS, and 19% higher fracture toughness, than the
corresponding properties of the acryl-silanc-treated specimens. Fibre/matrix debonding
stress-whitened regions being wider in the acryl-treated material (hence, more
delamination) than in the amino-treated one.

Otnigbe (32) studied the effect of y-amino propy! tricthoxy silane coupling
agent on the propertics of his glass/nylon composites (described in Sec. 5.2). He added to
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the pre-reaction mixture of €-caprolactam an amount of the coupling agent equal to 1.5
wi% of the glass mat used. The low-viscosity 100°C caprolactam solution then entered
the glass-filled moid, and the silane contacted the glass as the temperature was raised to
150°C and polymenization occurred. This use of silane, with a glass loading of V¢ = 33%,
increased the composite tensile strength from 65.3 MPa (uncoupled) to 95.4 MPa
(coupled), tensile modulus from 3.74 GPa (uncoupled) to 4.68 (coupled), and the ultimate
strain from 3.38% to 3.71%. This increment of mechanical properties of coupled
composites demonstrated that this coupling agent successfully improved the interfacial
adhesion between the fibres and the matrix. It also provided some protection from
moisture (see Figure 3.3); although the wet samples lost considerable strength (O
reduced from 95.4 to 36.8 MPa), the result was still better than when no coupling agent
was used (64, reduced from 65.3 to 23.9 MPa). Interestingly, the fractional reduction was
about the same in both the uncoupled (-63.3%) and coupled (-61.5%) cases.

Karian er al. (35) dry-blended polypropylene homopolymer with 30 wt% of
type E fibreglass (13 um fibre diameter, 4.76 mam fibre length and approximately 3450
MPa fibre wcnsile strength) and added an acrylic-acid-grafted polypropylene (AA-g-PP)
coupling agent at concentrations ranging from () to 15 wt%. Each dry blend was
compounded into pellets via a 63.5 mm single screw extruder, and the pellets were
converted by injection molding into ASTM tensile bars for testing. They found that the
inmerfacial shear strength increased by 90% as the level of AA-g-PP increased from 0% to
15% of AA-g-PP. The weasile strength increased by 17% as the AA-g-PP concentration
increased 10 10%, but it then reached a constant plateau for higher concentrations.

Borden er al. (36) used maleic anhydride modified polypropylene (thus
containing polar functionality) as a coupling agent, blending it in a mics-filled
polypropylene. They found improvement of the physical-mechanical properties with the
increase of polymeric coupling agent. With a 30% mica-filled system, addition of 10%



coupling agent resulted in an increase in tensile strength by 9%, in flex mudulus by 9%,

and in flex strength by 10%-.
5.4.2. Plasma treatment

"A plasma is a system of gaseous ions and radicals formed by radio-

frequency (megahertz) induction across a gas at low pressure” (37).
Chang and Jang (38) found that pretreatment of carbon fibres with oxygen
plasmas effectively improved the interfacial adhesion between the carbon fibre and bis
imide matrix. Increase of oxygen content and polarity induced in the maodified carbon

fibre surface were observed. The composite transverse tensile strength increased from
2.20 MPa (untreated) to 4.71 MPa (20-minute treatment). However, exposure of fibres to
the plasmas degraded the tensile strength of the fibre from 3.8 GPa (untreated) to 3.0 GPa
(20-minute treatment). Therefore, an optimal treatment time was needed. They found that
for short exposure time (less than half a minute) the fibre surface remained smooth (hence
no external physical damage) and acquired an increase of surface frce encrgy: this
promoted wettability of fibre by matrix and produced stronger van der Waals forces.
Longer exposure time caused the fibre surface to become rougher which woukd promote a
desirable physical interlocking mechanism between the fibre and the matrix.

Hinkley et al. (39) found improvements in adhesion of polycarbonate and
carbon fibre composites made from unsized fibre treated in a continuous plasma treatment,
(The authors did not give detail what kind of gases were used in their plasma treatment)

Gaur and Davidson (48) treated aramid fibre (Keviar) with different types
of plasmas: oxidizing plasma, reducing plasma, ncutral plasma, and hydrophilic plasma. A

cial adhesion for all the plasma-treated fibres, up 10 7.9 times




Gnterfacial shear strength of plasma-treated/untreated), irrespective of the chemical nature
of the ionized gas. The adhesive bond strength was believed to be improved due to
texturing of the fibre surface.

Yuan ¢t al. (41) etched carbon fibres by an oxygen or an argon plasma and
found large improvements of interfacial shear strength (IFSS) with etched carbon/PPS
composites, up to 2.5 times (IFSS of plasma-treated/untreated). They observed that higher

plasma powers resulted in higher IFSS values.

5.4.3. Other chemical treatment

Yip and Lin (42) treated surfaces of five different kinds of carbon fibres
with three different oxidizing chemical reagents (60% concentrated nitric acid, 15%
hydrogen peroxide, and concentrated phosphoric acid) to modify surface characteristics.
Scanning electron microscope (SEM), scanning Auger microprobe (SAM), and X-ray
photoclectron spectroscopy (XPS or ESCA) techniques were used to charactetize surface
morphology and chemistry of these treated fibres. The chemical treatments increased both
the oxygen surface concentration and surface roughness ("etching”). They found that the
extent of oxidation on the carbon fibre surface depended on the chemical reagents rather
than on the surface structures and the precursors of the fibres. The adhesion of carbon
fibre to the epoxy resin was not promoted by the amount of oxygen or carbon-oxygen
functional groups on the fibre surface but by the roughness at the surface which enhanced
the mechanical interlocking and physical mating of carbon fibre and epoxy resin. The
transverse tensile strength of fibre composites was improved up to 2.9 times (transverse
tensile strength of treated/untreated).



5.4.4. Influence of fibre/matrix interfacial adhesion on compusite fracture behavior

Lec (43) studied the effect of fibre/matrix interface strength on various
composite properties, employing explicitly carbon fibre/epoxy composites. Unidirectional
composites were made of toughened epoxy and carbon fibres, with and without surface
treatment. In this case carbon fibres were treated with a release agent to yickl a poor

ix interface. The specimens of good interface strength (using untreated carbon

fibre) and poor interface strength (using treated carbon fibre) were carefully made, with

of the laminates so that the effect of the fibre/matrix interface coukd be observed without
being affected by other processing parameters. These composites were then subjected to a
number of tests, divided into two modes. One mode consisted of tests involving
propagating pre-existing delamination cracks, such as double cantilever beam (DCB), end-
notched flexural (ENF) and crack lap shear (CLS) methods. The other mode was testing
that had to initiate cracks in specimens without pre-introduced cracks, such as impact and
edge delamination. He reported that the material properties of the first mode were not
appreciably affected by surface treatment, whereas the test of materials of the second
mode were highly sensitive to the fibre/matrix interface.

S.5. Effect of void content

It is found generally that composites tend to contain voids which reduce their

imum possible strength and diminish the advantages sought by the strategies of
composite manufacture.

Fan (44) studied the effect of void content on composite flexural streagth and




of mechanical propertics as functions of void content. The formula fitted the flexure data
of Ghirose (45), on carbon fibre/epoxy composites, within £ 5%, as long as the voidage
did not change appreciably during the test. In the one example displayed by Fan ('V,
unknown), a void fraction of 2.0% in the composite reduced the flexural strength by 10%,
anl increasing V,, to 5.0% led to a total drop in strength of 20%. The paper by Ghirose
(48), which can serve as a rare but excellent review of this topic, states that the highest
guality composites should have V,, £ 1% but that voidage up to 5% can be tolerated (or

cannaot be reduced any further) in some lower-quality products.



CHAPTER 6

FABRICATION OF GLASSFIBRE/NYLON 6 COMPOSITES

6.1. Equipment

The equipment consists of two parts: mold, where the polymerization takes place,
and chemical vessel (from which the nylon monomer and other ingredients flow into the

mold). The overall arangement is shown in Figure 6.1.

6.1.1. Mold

The mold consisted of a male and a female part. Major dimension are given
directly on Figure 6.2. The male part was fitted with a Viton o-ring to ensure vacuum tight
conditions in the mold. A tapered hole was drilled through the centerline of the male part
to allow the reaction mixture to fill the mokd from above. The female part was drilled from
the side with a hole of diameter 3.6 mm (9/64"), connecting to a valve leading to a
aluminum alloy, selected to ensure good thermal conductivity, and heated by 8 cartridge
heaters. Four of the heaters (400 W each) were in the mak part of the mold, placed
(250 W each) were in the female part of the mold, placed horizontally along radii at 90°
intervals that were spaced about 22.5° to the vertical heaters above. A thermocouple was
insersed into the female part, closely below the recess containing the polymerizing fluid
and glass fibres (shown in Figure 6.1) and connected to a digital temperature readout and




Figure 6.1, Diagram of experimental equipment (H; = 60 mm, Hj = 150 mm)
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compressed glass-fibre mats for encapsulation by polymer, was held tightly shut by 4 C-
clamps. Its outer surface was insulated by fibreglass cloth tape and Kaowool blanket to
minimize heat loss and temperature gradients within the polymerizing caprolactam. To
open the mold, after polymerization had occurred, the 4 screws in the top of the male part
were turned to exert force against the female part, breaking any polymer seal and lifting

the male part up for manual removal.

6.1.2. Temperature inside mold

The metal surface temperature inside the mold was measured (Appendix A)
along upper and the lower surfaces, at different radii and angular positions of the mold as
shown in Figure 6.3. Both radial and vertical temperature gradients were found. The
steady-state temperature of the upper part was always slightly higher than that of the
lower part, a AT(z) ranging from about 2° to 5° (ncar rim) when the target was around
130°C (Figures 6.4 and 6.5). The mold had higher temperature near the center and lower
temperature toward the edge of the mokl, the total radial gradient AT(r) being about 1°C
across the upper surface and 4°C across the bottom surface when the overall level was
150°C. The temperature along a path directly above a lower heater position was higher
than that along the path equidistant between two heaters by about 1°C, The only puzzling
feature of the data in Figure 6.4 and 6.5 is the apparent drop in temperature on the lower
surface at position Ly, which is seen in both Figures 6.4 and 6.5. This is probably due to
an inadequate thermal contact between the aluminum surface and the thermocouple.
Contact was secured in all cases by strips of fibreglass tape, but these could become loose;
it was noted that thermocouples were occasionally displaced and had to be repositioned.
Therefore, the reason for low temperature readings at L3g might be the loose contact of
the thermocoupie at this position. All these spatial temperature variations were regarded
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Locations of thermocouples on the upper and lower surfaces of the mold cavity.
Their proximity to the electric heating rods, embedded in the aluminum upper and lower
parts, is also given.

(a) Upper surface, seen from below. Positions are designated as "NUg" where n is
radial distance in millimeters, U refers to the upper surface, and N = | or 2 to indicate
alignment along a radial path that passes cither (1) under one of the upper vertical heaters
or over one of the lower horizontal heaters, or (2) halfway between two such positions, At
position IHU7g we use N = 1H to highlight its placement directly under une of the vertical
heaters, a location which has the greatest likelihood of being a "hot spat™ on the upper
surface.

(b) Lower surface, seen from above. Positions are designated as either "Lg" or
"HL,", where n is the same as in (a), L refers to the lower surface, and H indicates
alignment on a radial path that passes directly along and above one of the lower horizontal
unprefixed L,, locations lic on a radius halfway between two of the HL trajectories. The
dashed linc represents the position of the horizontal thermocouple well bencath the
surface, for insertion of the sensing control thermocouple which was always pushed to the
end of the well.



Figure 6.3. Locations of thermocouples on the upper and lower surfaces of the mold cavity.
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small enough to neglect, in the sense of being unable to cause major localized variation in
the polymerization process or in final product properties. Therefore, the mold was
assumed to have a uniform temperature at whatever steady-state level was set (e.g., 100°C

or 150°C) .
6.1.3. Chemical vessel

The chemical vessel (Figure 6.1) was a cylindrical-shaped glass flask with
round bottom to which was attached a long glass tube (inside diameter 5 mm., length 40
mm) used for delivering the flask contents to the mold below, through a short silicone
rubber tube. The temperature of the vessel liquid was maintained by a temperature
controller, which received a signal from a thermocouple inserted inside the vessel and
regulated power to an isomantle (heater) around the vessel to achieve the desired set
point. A small screw clamp on the silicone rubber tube was used to prevent molten
caprolactam from flowing down into the mold until some later desired time. Two nitrogen
lines entered the vessel, one through a long tube extending to the flask bottom and the
other entering the vapor space above the liquid: the N, exit for both was a vent to
atmosphere atop the flask, which could also be closed as desired. When degassing was
performed, the N, exit was connected to the vacuum pump instead and disconnected when
ic pressure was needed.

6.2. Polymerization technique

The formation of a reinforced thermoplastic sheet, followed by thermoformis
desired shape, is a frequent procedure in the pressing operations of the automobile
industry. Presently, the glass-fibre reinforced thermoplastic sheet (46, 47) is produced by




into rectangular slabs and then rolled to shect dimensions, or (b) as a pure but highly

viscous liquid onto a continuous glass (swirl) mat or chopped strand mat, then forced

.....

viscosity of the polymer). Problems of the former method arise from undesired and non
uniform orientation of the short fibres in shear flow and associated nonuniform distribution
of the glass fibres in the composite sheet (as well as high extrusion pressure), Because of
these problems, there is considerable incentive to design new methuds for prdducing long-
fibre (or continuous fibre) composites.

Ishida and Rotter (48) have developed a new processing methad, a combination of
RIM (Reaction Injection Moulding) and a pultrusion process, called RIM-Pultrusion
(Figure 6.6), to produce composites in a continuous manner. Polyurethune was used to

verify the viability of this modified process for thermosets, amd nylon 6 was used for

composite was successfully produced by RIM-Pultrusion. The prcducts represented good
surface quality and substantial mechanical integrity.

Onigbe and Harland (31) made nylon 6 and glass fibre composites by placing a
continuous strand (swirl) glass fibre mat in a mold similar to ours and then injecting under
vacuum the reactive liquid mixture containing caprolactam monomer, sodium hydride, and
phenyl isocyanste. The fibre volume fraction distribution across the diameter of the
composite scemed to be uniform; the crystallization of the matrix was over 50% . This
echnique (“in-situ polymerization”) produced a sheet of material that could be
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The process used by Otaigbe and Harland hidd & number of advantages. The low
viscosity injected caprolactam permeated the mat casily, without application of
pressure. and easily wet the glasstibre. The temperature for hiquid processing of the
caprolactam monomer was lower than that needed to process nylon 6, since Ty,

= 72°C for the monomer and 225°C for the polymer*. morcover, the  highest

the mold. Reduction in operating cost was also achieved, because of the accumulation
of all the advantages cited above. For these reasons, it was decided that the
composites in this study would be made by the same technigue (see Figure 6.7), with
some mold maodifications applied to overcome operational problems and some fibre

surface modifications to enhance compuosite properties. These will be detaiked below,
6.2.1. Mold preparation

First, silicone grease and silicone release spray (Dow Coring Cuorp.) were
applied inside the mold to ensure easy post-polymerization removal of specimen disks.
The grease was applied around the cylindrical surface inside the mold (female part) and
around the o-ring rubber (male part), while the release spray was applied at the flat surface
of both female and male parts and also in the tapered hole at the centre of the male pant.
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supplied by the manufacturer are: filament diameter = 20 pm, filaments/strand = 36-37,
textile (strand) weight = 25 g/km, mat rest thickness = 1.02 mm. mat arcal weight = 450
g/mZ, op, = 1.86-2.0 MPa, €, = 4.5-4.9%. E = 69.0-72.4 GPa. From these rolls, mat disks
were cut with a scissors to a diameter of 22 ¢m. In most commercial plass-fibre mats,
chemical agents called sizing are applied to the glass surface to prevent breakage of fibres
and promote fibre/matrix adhesion. The size is usually an aqucous emulsion containing
processing aids, such as an anti-static agent, a lubricant, a wetting agent, a binder, and
adhesion promotors. If these sizing agents are compatible with nylon 6 and it svould not be
necessary to clean the glass-fibre mat. In this work, an attempt was made to use directly
the glass-fibre mat with its as-received sizing to make a glass-fibre/nylon 6 composite. The
resulting compositc was brown due to the color of bumt sizing compound, and the
composite was so brittle that it could be broken by hand.

This showed that this sizing was not compatible with our nylon 6, and the
glass-fibre mat had to be cleaned before use. Glass-fibre mat (already cut) was heated in a
muffle furnace, in air, at S00°C about 1 hour to remove the sizing (coated onto fibres by
the manufacturer as a coupling agent for use with epoxy matrix). ‘The color of the
glassfibres turned from white to dark brown (due to color of the burnt sizing) and then
turned to white again when there was no more sizing.

Eight of the heat-cleaned glass fibre mats were placed inside the lubricated
mold. This 8-ply stack, rising above the desired sheet height of the mold, was then
compressed as the mold was closed fimly by 4 C-clamps (the K-ply specimeas thus all
have a fibre volume fraction V¢ of about 0.33). Next, the insulator (Kaowool), which was
cut in two circular-shaped pieces to cover the top and bottom part and a rectangular picce
to wrap around the edge of the mold, was installed with tape. The vacuum pump was
turned on, with the pinch-cock on the silicone tubing closed, to evacuate the fibre-filled
mold to a pressure of about P = S kPa, after which the vacuum was sealed by closing the
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valve at the side of the mokd. The temperature of the mold was raised and maintained at

100°C by appropriate setting of the controller.

6.2.2. Preparation of activated monomer in vessel

The polymerization of caprolactam in this experiment is anionic, using
sodium hydride (Aldrich 60% dispersion in mineral oil) and phenyl isocyanate (Aldrich
98% pure) as initiator and activator, respectively. The dry caprolactam (Aldrich 99+%
pure) was charged into the chemical vessel, then was heated to about 90-100°C by the
isomantle in order to liquefy (T = 72°C, T}, = 136-138°C) throughout the vessel. Dry
nitrogen gas was bubbled through the liquid in order to remove oxygen and moisture from
the vessel. Equimolar concentrations (1 mol% based on the weight of caprolactam used)
of sodium hydride and phenyl isocyanate were added to the molten caprolactam. For
example, 0.43 gram of sodium hydride (powder form) were first added into 200 gram of
e-caprolactam. Hydrogen bubbles occurring from the reaction of sodium hydride and
caprolactam were observed. After about 10 minutes (or until no hydrogen bubbles could
be seen), 1.92 cc. of phenyl isocyanate (liquid form, using a syringe to transfer into the
vessel) was added into the hydrogen-free monomer solution. Introducing the nitrogen gas
to the other inlet tube, which was above the monomer solution, provided an inert gas
blanket but maintained atmospheric pressure in the vessel during the remainder of the
discharge process. At this step the polymerization will not occur due to the low rate of
reaction at this temperature; the catalyst mixture is not sufficiently active.

6.2.3. Polymerization of caprolactam and removal of disk

Since nitrogen gas was bubbled through the monomer, it was certain that
some nitrogen gas dissolved in the solution (probably saturated, at 100°C, in melted
caprolactam). Therefore, N, flow was stopped and the chemical vessel was evacuased vis
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vacuum pump to degas the monomer solution. If there had been some pases dissolved in
the monomer feed, these gases would be released in the mold under vacuum and create
some voids in composite. Following degassing, a N, blanket at 1 atm was restored to the
vapor space above the liquid, but no more bubbling of N, through the liquid occurred.

Mold-filling was initiated by opening the valve at the connection between
the chemical vessel and the mold while closing the valve that connected the mold and
vacuum pump. The activated monomer then filled the evacuated mold, by a flow driven by
atmospheric pressure (1 atm, approximately 93 kPa in Edmonton, less the residual
pressure in the nearly-evacuated mold--here, 5 kPa--for AP = 88 kPa in this work) plus
gravitational pressure, pg(H, + Hy) = 2 kPa (see Figure 6.1)). As the mold filled, Hy was
reduced approximately from 6 cm to 1.5 cm, while AP0 as atmospheric pressure was
restored to the mold. In a typical case, a total time of only about 10-20 seconds was
needed to fill the mold, but usually an extra 10 minutes was provided to ensure that the
filling operation was complete (the difference of monomer level in the reaction vessel
could not be observed).

After the mold was filled, the pinch-valve on the silicone tube was closed
before beginning to heat the mold. If the pinch-valve had been left open, the monomer
inside mold would not have been affected by atmosphere (O, and H,0); ai only some
layer of the upper surface of monomer solution in the reaction vessel wouki have been
affected. In this work, the pinch-valve was usually closed before heating the monomer
inside the mold so that the reaction vessel could be removed and disassembled after filling
the monomer into mold. A small amount of water was also poured into the reaction vessel
afier completion of filling the monomer into mold and the pinch-valve was closed, for ease
of cleaning the reaction vessel. Afier the monomer solution in the silicone tube solidified
(freczing at about 75°C), scissors were uscd to cut the tube to disconnect the mold and
for space to open the mold later.



Polymerization was iniﬁatc_d by increasing the temperature of the mold to
150°C, which took about 8 minutes, and this temperature was maintained for 15 minutes
to ensure complete polymerization. Then the heater was turned off and the mold allowed
to air-cool. The composite disk was removed some time after the mold had cooled to
room temperature, commonly about 24 hours. Removal was easy as long as the mold had
been pre-treated with a release agent, and no damage ever occurred to any disk surface
during removal. However, it was always true that some bubbles or voids could be seen by
casual inspection. Most of these were on the top disk surface, and rarely on the bottom. In
retrospect, we can presume that these probably originated from the air remaining in the
mold, following incomplete evacuation (to — 5 kPa). As the mold was filled by a rising
pool of low viscosity caprolactam, the residual air would have been either entrapped in
fibre-fibre crevices or pushed to the top surface of the mold. Later measurements (Chap.
| that appreciable voidage (over 1%) existed in almost all samples.

7) confirm

6.3. Fibre surface treatment
Glass fibre surfaces were treated with four kinds of silane which were designated

as Silane 1, Silanc I, Silane II1, and Silane IV as following:
Silane I 1,1,1,3,3,3,-Hexamethyldisilazane (98%, from Aldrich)

_1_0?

Silanc [I:  tent-Butyldimethylsilyl chloride (1.0 M solution in tetrahydrofuran
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Silane III: Chlorotrimethylsilane (98%., from Aldrich)

Silane IV: 3-Aminopropyliriethoxysilane (Y8%, reacts with porous plass w

form the aminopropyl derivative of glass, and adsorbent for affinity
chromatography. from Aldrich)

?C‘zﬂs
HZN*CHE—CH;-CH:—ii—QCZ Hs

0C, H,

These four silanes were chosen for the following reasons: Silane |, because it had
-5i-0- bonds which might have some affinity for the Si-O bonds in glass and thus have
some tendency toward physical adsorption on the glass surface, even though it had no
groups which should react with hydroxyls on the glass surface; Silane I11, because it had a

(Chap. 3), while being the smallest silane molecule that could reasonably be used in this
way and have the least steric hindrance effect; Silane 11, because it had the same bonding
potential as Silane 11l but additional length which might help it to be more capable of
physical intermingling with the chains of the nylon matrix, or (using its length in a different
way) the additional length might interfere with neighbor molecules in gaining access to the
desirable structural features--three reactive sites (ethoxy) for bonding to cither glass or to
a local cross-linked network of neighbors on the glass, a backbone length of three carbons




NH bonds that resembled those in the amide group of nylon 6. Additional motivating
factors for using Silane 1V were that recent literature (33) indicates it actually reacts with
nylon 6, thereby anchoring the coupling agent chemically to the matrix. and also that the
use of this agent (32,33) and possibly other amino silanes (34) have produced good results

with nylon as well as epoxy matrices.
Fibre surfaces were treated with these silanes in four steps:

1. Heat cleanced fibreglass mats (circular disk, 22 cm dia) was dried at 150°C for 4
hours in order to eliminate water at the fibre surface.

2. Fibreglass mat was immersed in a room-temperature solution of toluene and
silane agent (concentration by vol% e.g., 5% = silanc 100 ml in 2000 ml of toluene),
contained overnight in a good sealed container (silane is very sensitive to water), to allow
compicte interaction of silane and glass fibre surface.

3. These fibreglass mats were washed in dichloromethane and then in methanol to

get rid of all excess silane.

It is very important to do the silane-surface treatment under well ventilawed
conditions since silane is very toxic.

4. Fibreglass mats were dried in an oven at 60°C overnight and used the next

morning.
6.4. Treating by adding silanc dircctly into monomer

This compositc was made with clean (untreated) glass mats loaded into the moid,
as whea beginning to make the regular "untreated” composites. However, before
introduction of monomer into the mold, Silane Ill was poured into the hot monomer
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fibre inside the mold, after the mold was filled with liquid caprolactam but before
polymerization had occurred at still higher tcmpera-tunc. No extra time was allowed during
the procedures for such an interaction to take place: after monomer loaxding at 100°C, the
mokl temperature was increased toward 150°C at the usual pace.

The amount of Silane LIl added (about 2.2 g) to the caprolactam liquid (itself
weighing about 200 g) was based on the weight of tibre in the mold (about 148 p).
Following one earlier report of a similar coating (32), the amount selected was 1.5% of
the fibre weight. This corresponded to a concentration of about 1.1 wi% in the

caprolactam solution.



CHAPTER 7
STRUCTURE AND COMPOSITION OF COMPOSITE DISKS

A specialized notation will hereafter be used to identify the disks and disk types.
for which results will be reported in Chapter 8 and in the Appendices. Each disk will be
uniquely coded to indicate the chemical agent used to treat the glass fibre mat (c.g., Silane
1D, the concentration of that agent in the treating solution [e.g., Silane Il (3%)] and, for
nominally replicated disks molded at different times, also the sequence of those two [e.g..
2Silane 111 (5%)]. The one exception to these rules comes with the concentration of Silane
11 (1.5%): the concentration 1.5% was wt of silane/wt of fibreglass (i.e., 1.5 g of Silanc
111 used per 100 g of fibreglass mat).

7.1. Density (p)

The densities of specimens of composites (p.) and nylon 6 (p,) were mes
following ASTM standard: D792 (described in Appendix C). Five samples at different
positions (random positions) of a nylon 6 disk produced here and six samples at different
fixed positions of each composite disk (shown in Figure 7.1) were measured and averaged
).

The average density of all composites made (all contained 8 plies of glass fibre
mat) was 1.56 g/cm, in the range from 1.51 to 1.60 g/cms. From Table B-1 (Appendix B)
we see for each composite disk that p> p, ( = 1.125 ghem?) because the density of glass
fibre (pg = 2.54 g/cmy) is higher than that of p,. The measured p, was found to be in the
range of typical nylon 6 (1.12-1.15 g/ony’ ) (13) shown in Table 2.3. This p, was used as
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the standard for this study. Values of p. for all specimens taken from all composite disks
and values of p,, from the nylon 6 disk are shown in Table B-1 (Appendix B).

7.2. Volume fraction of fibre (V)

7.2.1. Reproducibility and homogeneity of disks

Although the number of plies of glass fibre mat was fixed to 8 plies for
cach composite preparation, we were not sure how much the fibre contents in each
composite varied. The method of measuring Vy is described in Appendix C. Figure 7.2
shows V; of all composite disks. Values of V; for all composites, excluding the Silanc IV
(10%) composite, were in the range of 31.1-34.4% (average value = 32.9%). There is a
trend ( Figure 7.2) for the "Day 1" results to be higher than the nominalty replicase "Day
2" results by about AVy . 2-3%, possibly because the roll of glass-fibre mat (from which
plies were cut) was not of uniform fibre arrangement. The composite with Silane IV
treated glass had quite a low average value (V; = 25.4%) compared to other composites.

The composite disks seemed to be fairly homogeneous with respect to V¢
measured at different positions. This can be assessed from the data in Table B-2 and the
comresponding "standard errors” in Figure 7.2, Differences in measured V¢ values at
different positions are at least partially due to ordinary random data scatter, not signaling
real inhomogeneity. But such variations must also be examined for consistent trends within
the entire set of disk specimen data. Such trends, if present, would represent real
nonuniformity and could be regarded as indicators of deficiencies in the disk-preparation
procedures or the mold design. Such deficiencies would thus build into the disks an
incvitable degree of patterned inhomogeneity.

One such case seems 10 be evident at position "1" (near one edge), where
the data show a tendeacy to have lower V¢ than other pasts. Among the 12 disks, position



I had the lowest Vg 11 times. The largest deviation was in 1Silane HI (10%), at S 78%
lower than the average for that disk, and among all disks this discrepancy averaged
2.37% (including the one positive deviation in 2Silane 111 (10%)). A rather consistent
exception to disk uniformity in the positive direction was noted at position "3 (close 10
the disk center). where Vg exceeded the disk average in 9 of the 12 disks. The Largest of
these was + 3.01%, in 2Silane I (5%) and the average among all disks was + 0.80%
(including the 3 negative-deviation cases in this average).

Since the fibre content affects the properties (i.c., tensile strength, impicct
strength) of the composite, it is necessary to look at the average Vyof each compuosite disk
before comparing the average mechanical properties of them (the comparison of
mechanical properties is shown in Chapter 8). It woukl be even better to evaluate the

average fibre fraction of each mechanical-property specimen prior to its testing.
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7.2.2. Masking fibre pretreatment effects with variations in V¢

Table B-2 and Figure 7.2 present the average volume fraction of fibre V;
for six specimens representing each disk prepared from untreated and silane-treated fibres.
Because there is some variation, the question could arise whether subsequent mechanical
property variations might be due to Vpeffects or to the effects of surface chemistry and
coupling agent. Inspection of the whole set of V values shows, fortunately, that there are
several cases where disks have virtually the same V; but differing chemicals used in fibre
pretreatments, or the same V; but different concentrations of the same coupling agent
during pretreatment. In these cases, then, it is possible in principle to separate the various
cffects.

As one example, we take those cases where it happens that V; = 32.4%.
From Table B-2, we sce these include®: 1Silane 1 (10%), V; = 32.5 £ 0.5%, Silanc II
(5%), V; =32.210.7%, and for 1Untreated, V; = 32.4 £ 0.6%. Another V~cluster is the
31-32% range: 1Silane I1 (10%) with 32.0 £.1.1%, !Silanc I1I (5%) with 31.7 £ 0.4%, and
ISilane 11l (10%) with 31.1 £ 1.2%. Finally, we have onec more grouping ncar V; =
34.1 £ 0.5%, ISilanc III (15%) at 34.4 & 1.1%, and 1Silane I (1.5%) at 33.9 £ 0.4%.
Given these three close groupings, it should not be difficult to isolate and evaluate the

in Vg. Also, because the groupings are actually quite close to each other (V; = 34.0%,
32.4%, 31-32%), minor cormections for the Vpfactor variation should be possible to
facilitste intergroup comparisons as well. The V; = 25.4% for Silane IV must be
addressed separately. These matters will be explored further in Chapeer 8, using
mechanical property data tabulated in Appendix C.

* Each value of Vi is accompaniod by + (sandard error of mean): sce samplc calculation in Appendix A.




7.3. Void volume fraction (Vy)

7.3.1. Correlation with glass fibre treatment

The measurement of V. followed ASTM: D2734-70 (described in
Appendix C). Table B-3 shows that each compasite disk had a slightly different V., in the
range of (.7-4.9% for silane-treated composites (ignoring for now the anomalous values
for Silane IV) and 3.6-8.9% for untreated composites. A graphical display of all the V,
results, analogous to that given in Figure 7.2 for Vi, is presented in Figure 7.3 (though

1Silane IV (10%) is omitwed). It is clear that V, correlates with the fibre surface treatment,

associated with Silane Il are comparable or somewhat higher (V,"= 1.51, 3.41%). The
value with Silane I is the highest (VV' = 4.94%) of the silane group, comparable to the

untreated cases which were both high (V,” = 3.61 and 8.89%), thus demonstrating that
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Silanc 1 is incffective but that any use of Silane 111 or Silane 1] represented a major change
(hopefully an improvement) from the baseline case. Indeed, the ultimate goal of zero voids

was almost achieved with V, = 0.65% for 2Silane 111 (10% ).

7.3.2. Anomalous voidage and py, uncertainty

The case of ISilane IV (10%) is perplexing because of the physical
impossibility of negative voidage. Computationally, such a result could emerge if the p,
value being used here were too low--i.e., if the true p, in this composite was actually
higher than 1.125 g/em3. If so, the measured mass of these composite samples could be
accommaodated in the calculations only if the too-low p, (giving a too-low nylon mass)
could be compensated by allowing additional nylon mass to be present in the only way
computationally possible--i.e., "giving" more volume to the nylon by creation of negative
voidage. More specifically, the variables can be related by

v, =loo—p,;(‘;vn+%t)x1m .1
o ] f

where Wpand W, are the weight fraction of fibre and matrix respectively. This shows that
V, can be driven negative if (p/p,) is too large--i.e., if p, = P is erroneously too small.
The possibility that p, = 1.125 g/om3 coyld be too small is supported by the fact that the
published range of nylon 6 densities (13) goes as high as 1.15 g/cm3, and the value used
here is barely on the lower fringe of the published range.

Further contemplation of the possible variation of p, leads to a wide range
of speculations.

(a) Why might p, > 1.125 g/cm3, which was measured for pure nylon 6
prepared as disks in the same apparatus ? The twofold answer begins with nylon
crystallinity, since crystals are denser than amorphous nylon. One must also contend that
the presence of glass fibres in the nylon could promote higher fractional crystallization in



the composites (more surface area for nucleation and growth) than in the pure aylon disks
prepared in fibre-free molds with less solid surface area for contacting the caprolactam,

(b) Could the silane fibre treatment play a role in altering p,”? It now seems
plausible. By making the glass more compatible with crystallizing hydrocarbon chains, the
silanes are encouraging nylon adsorption and subsequent turther crystallization on the fibre
surfaces. Thus, p, = 1.125 g/cm? might be too low for use with any of the composites
here that incorporated surface-bonded-silane glass fibres.

(c) Could the apparent variations of V, with the use of different silanes be

begin with the proposal that Silane 1V was the p tive in promoting nylon
crystallization, since only here was the computed V, driven to negative values (i.c., the
true p, was much higher than 1.125 g/cm3). Additional evidence is provided by the fact
that the Silane IV-produced composite specimens had p. values comparable to those of
the other composites (see Table B-1, with p_1V = 1.54 g/cm?) despitc the fact that far less
glass fibre had been used (Table B-2 and Figur: 7.2 with V1Y = 25.4%, compared to the
others with V, 2 31%).

The next step in this argument would be to identify Silane 1] as the next
most effective in promoting nylon 6 crystallization on fibre surfaces, with p, 1! > 1.125
giem3 but , < p,IV. This would give low values of V1! by computation, as was
indeed seen in Table B-3 and Figure 7.3. And Silane 11 would be viewed as fairly effective
but less so than Silane 11 (as also found here). Silane 1, with no chemical capacity for
bonding to glass at all should be totally ineffective at altering p, and should have high
values of calculated V,, comparable to the untreated cases (as was indeed found).

All these arguments would point to the expectation that . shoukl be
measured as higher for composites involving Silane 1V, 111, and I (which involve more
highly crystalline nylon 6 and thus higher §,) than for composites involving Silane 1 or no



treatment. This prediction is consistent with Table B-1, since the latter group had P, <
1.54 g/cm? and former group (Silanes 11, 111, IV) had {, 2 1.54 g/cm3.

One consequence of this line of reasoning is that the V,, results presented
here (all obuined by calculation) could be entirely spurious. For example, one could argue
that V,, = 0 and this would be found if the "proper” value of p, were used in each type of
composite. However, we find this not to be so (see following section, on SEM
observations); substantial voidage did exist in these composite samples, though we cannot
discern in this section precisely what it was if we cannot trust the value of p, = 1.125

g/cm? used in analyzing the data of all disks and all specimens.

7.3.3. Distribution of local voidage within disks

Finally, the position-dependence of V, in the various composite disks can
be examined, analogous to what was done for Vg in Section 7.3, above. The discussion
will refer in detail to Table B-3. We first note that V-variations differ fractionally from
Vy-variations, both within a single disk (the non-homogeneity problem) and from disk-to-
disk (discussed above, in terms of fibre surface treatment). For example, within single
disks we find such extreme V-variations as 2.6-13.7% [!Silane I (10%)], 2.3-6.2%
[!Silane 1T (5%)), 0.2-4.9% [!Silane 1T (10%)}, 0.8-3.4% (2Silane IIT (5%)]. 0.009-2.5%
[2Silane 111 (10%)], 0.005-3.6% [!Silane Il (1.5%)], and a AV, of 13.2% for !Silane IV
(10%). These are enormous factors of variation and often large absolute-value variations.
Part of this is caused by the fact that V, is being found indirectly, by the differences
between larger numbers and normal random experimental errors are magnified by this
procedure. Also, the reference base is V, = 0 (since voids are not being built in, unlike the
fibre reference base V¢ = 32%), so that all deviations from this and variations between
them acem sbnonmally large. However, the absolute variations—-except in the more

extreme cases--are not any worse than with V.




The distribution of voidage can also be examined. As stated carlier, for Vg
position 1 represented a generally minimum value for all disks, very likely because it is at
the disk edge where the packing of solids (i.e., fibre mats) is sterically hindered by the
mold wall and we could expect a lower V. However, positions 2, S, and 6 were also quite
close to the disk edge (mold wall) as displayed in Figure 7.1, and they were not notably
fibre-deficient. Now, for V., we note again a tendency for position | to have low values
within its our disk, but not dramatically so (only in 4 of the 12 disks does position 1 have
the absolute minimum value). Position 2 is also the lowest-V,, region on its own disk, in
several cases (4 of the 12, again), and the other two outer sampling spots (5 and 6) are
often low-valued for voids too. The overall picture is condensed in Figure 7.4a, where
absolute values of V, are given for 11 disks (the nepative values of the Silane IV case
being omitted).

Table B-3 and Figure 7.4a also reveal a tendency for high V values to be
registered near the disk centers (position 3) and midrange distances from the center
(position 4). In particular, position 3 has the highest V,, valuc in 8 of the 12 disks. This is
reminiscent of the high-fibre spot at position 3, as discussed above. Thus, for V, and Vg,
the distributions across the disks have some degree of similarity and could be correlated in
terms of physical principles. For example, a locally higher fibre concentration would be
more effective in trapping free bubbles in the caprolactam, thus capturing extra voidage
(so, higher Jocal V¢ and V, would go together). An cffort was made to establish such a
relationship more quantitatively, by plots of local V, vs. local V; (Figure 7.5a) and
corresponding averages V, vs. V; (Figure 7.5b). No corrclations are apparent among the
aversges, but for each disk there appears to be a monotonic correlation band within the
data scater (as seen in Figure 7.5 ¢, d, e).

Because Figure 7.4a tends to mask the V, distributions with the wide
discrepancies between V, values on different disks, another graphical technigue will also
be used to highlight the distributions themselves. We assign numerical values (points) to
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the relative fanks of V at the six sampling positions: 6 for highest V. value, 5 for next-
highest, etc., with 1 for the position of lowest value. In these tenms, the rank distributions

arc displayed in Figure 7.4b, and now the 12th disk (with ncpative V, values) is

it does a better job than Figure 7.4a in highlighting the relative distributions. Positions |
and 2 are clearly the low-void leaders, with many entries in the 1, 2, 3 range. Positions 5
and 6 have fewer low-rankers and more in the midrange, while positions 3 and 4 dominate
the highest ranks (5, 6).

It is evident that, whether V, is high or low, position 3 (disk center) is likely to be
the location of highest voidage for any given disk. Position 4 (about 30% inward from the
disk rim toward the center) will generally have high voidage too, suggesting that the large
central region of the disk (radial positions r = 0 to r = (0.7R) usually contains most of the
voids (with 50% of disk volume and considerably higher void concentration than the
outlying regions between r = (1.7 and r = R). These tentative conclusions, of course, are
based on analysis of the numbers emerging in Table B-3, which may be unreliable if p,, is
not the constant value it was originally believed to be.

Other data, such as direct microstructure observation (by optical microscope and
SEM) and mechanical property measurement on specimens taken from different regions of
the disk. can provide additional evidence on the microstructure question. These
possibilities are discussed in Section 7.4, below, and in Chapter K, respectively.

7.4. Scanning Electron Microscope . SEM) micrographs of compaosites

The SEM micrographs, taken from composites with untreated fibre and
composites with fibre treated with 1Silane 1 (10%), ISilane I1 (5% ), and 1Silane HI (10%),
are shown in Figure 7.6. The pictures were taken at the top faces of original untested
composite disks and at fracture surfaces of tensile specimens after breaking. The faces of
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all unbroken composite samples appear to be similar, with identical plass tibre surfaces,
fibre morphology, ind void size and distribution. The pictares of fracture surfaces also
look similar for all samples. No fracturc-surface pictures show visual evidence of
improvement of adhesion between glass fibre and matrix as might be duc to use of the
silane coupling agents (no torn-out matrix material adhered at the surface of broken plass
fibre). There is no differentiation between specimens that had different surtace treatment
and for which calculations had indicated void differences. However, this does not justify o
conclusion that the voids calculations (or density measurements) were in error, as void
differences of this magnitude (only a few percent) woukd be difficult to sce in the SEM.
Until a more precise image analyzer than the human eye is used to evaluate the SEM
micrographs, or some independent technique is used for direct void measurements
(acoustics?), the values of V, inferred here from density data will be accepted (except for
the ncgative ones with Silane 1V). It remains to be seen whether the mechanical property
data (Chap. 8) reveal a sensitivity to V,, that can be differentiated from other distinctions

between specimens.



CHAPTER 8
MECHANICAL PROPERTIES OF COMPOSITE SPECIMENS

The mechanical testing in this work included both tenstle and impact tests, From a
single tensile test four properties were received: tensile strength (6y,), tensile modulus (E),
strain at break (gp), and toughness (1) (breaking energy/volume at low tensile strain rates),
the impact test gave only a breaking energy (E,) (under standardized but complex strain
condition, and cxtremely high strain rates). The procedures for both tensile and impact
tests and samplcs of calculation of these propenics are shown in Appendix (

The propertics of nylon 6 (N6) and therefore also its glass fibre compaosites are
sensitive to cnvironmental conditions (c.g.. atmospheric humidity). The tensile tests were
made on threc diffcrent days, whercas for impact testing all samples were tested on a
single day. For the tensile tests, Day 1, Day 11, and Day 11l were defined for cach day of
testing. Five types of composites were madc: those with untreated (U) (i.c. clean glass)
fibre surfaces, and thosc trcated with Silanc 1 (S1), or Silanc 11 (8!, or Silanc 11 (SM), or
Silane 1V (S1V). The aim of testing thesc materials was to sce whether there was an
improvement of mechanical propertics when the glass fibres were treated with silanes and
which silanes gave the best improvement of propertics.

8.1. Impact propertics

All composite disks and onc nylon disk were cvaluated for their impact properties
on the same day, at NAIT, where the laboratory temperaturc was 24-24.5°C and the
relative humidity (RH) dropped gradually from 46% to 42.5% during the 3 hours of
testing. From each disk, impact specimens were cut from the same positions (Figure 7.1).




Over a pertod of several weeks. all disks were processed in this way and the specimens
preserved in a desiceator at about 50%« RH until tested together with g Tinius Olsen [zod
Festing Machine (25-1b pendulum; The average I value of all 6 specimens represented
the impact strength of @ composite disk. These values, for 14 disk preparations, are shown

in Fable B-4, and results for all the 78 individual test specimens are contained in Tables B-

5.0-5.12, Appendix B,

K. 1.1 improvement of E, by glass-fibre reinforcement

Table B-4 shows that E; was cnormously cnhanced by the presence of
untrcated  glass-fibre. Comparison of pure nylon 6-E¢ valuc with thosc of the two
untreated dry-composites, gives impravement factors EQU/EN = & for the first untreated
composite (Vp = 32,4, Vy, = 3.6) and 11.4 for the sccond (Vi = 34.4, Vy = 8.9). The
greater improvement in the latter casc could be duc to its greater glass content (by Avf =
2.0%), or the higher void content, or 1o both factors. It is likely the later, as the Vf
advantage is only a factor of 6.2% and EVVEN exceeds EVI/EN by 42.5%. It should
also be understood that these improvement factors arc vastly greater than is usually
associated with glass reinforcement of the short fibre commercial type. For cxample,
Modem Plastics Encyclopedia (12) reports an improvement ratio of only about 2 in Eq

when chopped glass fibres arc present in nylon 6 at the 30-35% level. Use of the long

ical properties. In fact, the
ly associated with poor tensile

reverse is often true (3): good impact strength is common
performance, and good impact behavior is often a sign of easy fibre/matrix delamination
that is the objective of so much research to rectify. Such delamination in an impact test



allows the fibre to “pull out” of its matrix sheath without breaking and disstpate m shiding
friction the cnergy that would otherwise be used to form matrin cracks. In a tensile

cxperiment, casy delamination leads to casy (low ) taluee at low st yy)

R.1.2. Effect of silanes on |

In focusing on chemical nflucnces, we should examme Fg values ton
composites containing fibres treated in identical fashion except for the coupling agemt
chemical identity. Using Tablc B-4. we isolate the cases of pretreating fibres from 107,
solution and with Vp = 32%, and display thesc results in Figure 8.1, 0t is clear that all
silanes used in this study yiclded composites with impact propertics superior 1o those No
without rcinforccment. However, Silane | was markedly infenior to the other addives

because it led to an impact performance poorer than that of U (itself poorer than “U)

250 1 7
217.6
— 2029

; [ d
3 8

1339

4.1

100 4 91.8

Impact strength, J/m

&

0 : ' . - —h —— -
1Untreated 1Silane | 1Silanc 11 1Silanc TH 1Sianc IV
(10%) (10%) (10%) (10 %)

Figure 8.1. Impact strength (E,) of composites using fibres treated with different silancs, and untreated
fibres.



Also appearing in Fizure X.1 are the data for Silane 1V, used at the level of
10% solution hke the others. However., here ’\-"r was much lower than in the other casces.
only 254", compared 1o about 327, so a fiue comparison s not possible. However, its
impact performance s already seen 1o be quite good, almost up to the U case despite the
had 32% fibre, would use a multiplying factor bascd on the ratio 32/25.4. When this is

done, then Silane 1V emerges as better than U although not as good as S or SH. The
Vp-correction gives EJV = 1141 x (32.4%/25.4%) = 146 J/m, compared to 134 J/m for

1U and. for the two other successtul silancs, EJM = 203 (average) and El! = 218 J/m.

Thus, the order of silanc effectiveness for E; cnhancement is
Silane 11 > Silanc 1) > Silane IV > Silanc |

when performances arc compaicd at V= 32%, and Silanc | actually causcs a deterioration
in property quality when compared to the untreated glass case. This is more scvere than
Just being incffective or ncutral. and will be scen again for Silane | in connection with
other compositc propertics. To rationalize such behavior, we speculate that Silane I, being

unablc to react with hydroxy! or other groups on the glass surfacc, is simply trapped therc

weakness which fails casily under stress. This serves to highlight the significance of
achieving true covalent bonding between the fibre and the proposed coupling agent.
Simply having silicon atoms in that molecular structure is not sufficient.



R.L.3. Dependence of g oon the concenttation o’ stlane solutions used i

treatment of fibres in composites.,

Coating fibres from solutions with 8% 10, and 15% of Sike 1 n
varnious times led to fabncation of composite dishs on Dav 1, Day Hoand Dy HE W
comparc kg for Silanc HE 0%, 5% 10% and 153%0 A plot of the ' data, usmy values
nommalized to V¢ = 34.4% and averaged when tests on replicated disks wete made (8%,
10%) arc shown n kFigure 8.2, The curve seems to suggest that () B omcrcases
monotonically with concentration, and (b) Further improvements beyond concentrations

above 15% arc unlikcly. because a platcau value seems to be approached.

@ 15iane 1)
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Figure 8.2. Impact strength (E,) of compositc treated with Silanc 11 and Suanc I at different
concentrations.



Lse of data tor Silane TH gir ey a similar result, as far as only two data
points (875 and 10%6) can be used for this judgement. The absolute values of B are about
the same as wath Silanc 1L although the lower-¢ performance of Silane 11 seemns the better
of the two. Again it appears that the increase of . with concentration occurs primanly for

[ l"'%n

K.1) - role of moisture

Moisture car cnter the picture in at least two ways: through direct
imbibition of water when the composite makes physical contact with the liquid phase, and
environment. The ¢ffects of both are reflected in the data here.

The most obvious cffect comes from contact with liquid water and this was

deliberately investigated. A disk containing untreated fibres was cut into the usual varicty

11, 13, 15;

of specimens. With the six impact specimens divided into two groups ("wet”
"dry" = 12, 14, 16). The “dry” group was handled normally, equilibrating with atmosphcric
water vapor at 24.5°C and RH = 42-46%. The "wet" samples were immersed in cold
liquid watcr for 48 hours, removed, resoaked. removed, etc. achieving a weight gain of
about 3%. Tablc B-4 shows that liquid-soaked spccimens averaged E, = 235 J/m, while
thc normal "dry” ones gave 191 ¥m. The higher value for the wet specimens reflects
accurately their performance in an impact test, but this is not to be taken as an indicator of
structural integrity (since fibre pull-out from the polymer matrix can dissipate energy and
thus resist the energy build-up that leads to fracture). In these tests, we must interpret the
high E, value for the "wet" group as an indication that liquid water had reached the glass
fibre surface, loosening whatever adhesive or compressive physical adsorption bonding



't might have prevailed until then. The gh water concentiation wounld also have
nlasticized (softened) the nylon throughout the specimen.

The other way that test specimens are sensitive to moisture s through then
responsc to humidity in the air around them. Absorption here, too, Teads o a ditfusion
process as H»>O migrates slowly toward the glass nylon intertace. A reduction of exteral
humidity can reverse the driving force and the monsture can be expellad. Thus, a steady
statc condition is difficult to achicve and is casily misinterpreted. 1t is difficult 1o wlentify
these effects. but onc seems to stand out in Table B-5.0 for pure nylon 6. Sample 10 there
has an anomalously low value of E; (= 12.7 J/m) while the other five samples averape 17,8

J/m. Testing proceeded in the order 11 16, and during the first § 1ests the RH was

led to loss of moisture from all specimens--but only 16 had yet to be tested. Its lower level
of moisture content then lod to the lower impact performance, Eg = 12.7 J/m, which
brought down the final reported average disk value 1o 16.5 J/m (Table B-5.0),

A survey of the data in Tables B-5.0-5.12 reveals no other situations as
dramatic as that onc: nowhere clse was any RH change recorded during the 11 16 testing

sequence.

8.1.5. Reproducibility of composite disks

In Chapter 7, the study of microstructures of specimens taken from

different disks prepared in nominally the same way permitted scrutiny of factors related to

of our control of variables in the molding process can be madc by determining whether the
mechanical properties in nominally identical disks can be reproduced.

Composites containing fibres treated with Silanc 1l 5% and 10% were
prepared twice. Reproducibility could not be cvaluated from tensilc data becausc they



were tested on different days. in diftesent environments. and different testing machincs.
However, for impact tests all samples were tested on the same day. in the same location,
and with the same picee of equipment. Therefore, the results of impact testing can show
whether there was reproducibility of these composites. From Table B-4 we sce that
IStlanc 111 5% and 2Sianc [ (5%4) had average impact encrgics of 142.7 /m and 161.3
Jm, while 1Silanc 111 (10%) and 2Silanc 111 (10%) had T, = 202.9 /m and 203.8 J/m,
respectively. These results seem 10 confirm that these composites are reproducible in a
mechanical property sensc. giving (¥, )yy = 152.0 + 9.3 and 203.4 £ 0.5 J/m for Silancs 111
(5%) and (10%), respectively. This is well within the typical range of experimental
unccrtainty for failure tests such as these.

The 'Untrcated and 2Untrcated should not be compared for
reproducibility, because the 2Untreated disk was made without degassing the monomer
solution before the mold filling step, which is belicved responsible for the 2Untreated
compositc disk showing a highcr void content (8.89%) than that of 1Untreated (3.61%).
The impact strength of these two arc much different (190.6 vs. 133.9 J/m, respectively),
which may occur from the anomalously high void contents of the 2Untreated disk. The
high voidage could be responsible for casicr slippage of fibre through the matrix and
corrcsponding cnergy dissipation as heat. thus increasing thc apparent impact strength of
thc 2Untreated.

8.1.6. Comparison of two diffcrent methods of fibre treatment
There are two methods of glass fibre treatment in this work. In the first

method, silanc in toluenc solution was used to react with the surface of immerse
fibregiass; cxcess solution then was washed off, to assure that no other chemicals would

polymerization of caprolactam. In the second method, silane was added directly into the



monomer solution. which then was supposed 10 deliver the silane to the eliass tibres as the
mold was beiny. Hled at 100-C. The latter technique Ted to a disk which had highet impact
strength than any of the other siline-treated composites (see Table B, This nught be
explained by the exeess silane itselt, or by the presence of bypraducts of teaction ot the
silanc with glass (HCT byproduct) or caprolactam (byproduct uncertim), or possibhy
rcaction between HCL and caprolactam, plasticizing the polvmer--perhaps preterentiabiy
failurcs, resulting in high Ey test readings.

Altematively, the glass/nylon bonding might really have been impros ad
because of (a) kinctic cffects that favored morc complete surface coverape, (b)
thermodynamic cffects that did the same, or (¢) other chemical reactions that served 1o
bond the adsorbed silanc molccule more effectively to the nylon matrix. For cxample,
among the (a)-type factors is the elevated temperature (100°C vs. 22°C), enhancing
diffusional mass transfcr ratcs from liquid to glass and then surface difTfusion on the glass
itsclf. The (b)-typc factors would include the solvent being different, since deposition
involve the chloride (on Silancs HI and H) in a two-step rcaction, first with hot
caprolactam (and the catalyst there) to initiate a ring-opening to produce a lincar reactive
chain with a silane (chloride) on onc cnd. Such a chain would bond to glass through the
silanc end and become part of the nylon matrix by polymerization on the other end.

Further research along these lines is reccommended.

8.2. Tensilc propertics

For cach disk, five tensile specimens (cut from the disk positions indicated
in Figure 7.1) were subjected to tensile stress-strain tests at an clongational ratc of §
mm/min. Since the gauge length of the specimen was initially 60.0 mm, the strain rate was

X7



dt dt

;- o d [Ll l‘"J Zlfl = (5 mm’‘miny60 mm = 0.083 min"!, Forty of the o(c)
{ t Lo

Ly
curves from among the 65 runs are contained in Appendix D. Valucs of oy, &,. toughness,
and E werc taken from cach curve” and are displayed for cach specimen (T15T5) of cach
given disk in Appendix B, in Table B-7 (1ested on Day I, with RH = 53%), Tablc B-8
(tested on Day 11, with RH = 75%,), and Table B-9 (Day 111, RH = 40%). Also displayced
there are the average &y, . T, and E for cach disk, which will be taken as representative
for that disk.

Tabic B-6 in Appendix B summarizes the average property values in a
sequence that segregates cach data set according to the coupling agent used and, within
that scheme, arranges results in the order of silanc concentration in the trcatment solution.
The layout paralicls Tablc B4 for impact test results.

However, for convenience of reference and to facilitate discussion, we shall
cmploy herc a data display (Table 8.1) that is organized chronologically—Day I, Day II,
Day 111--and thus groups the tests also according to the relative humidity on those days.
This factor proves to be surprisingly important for data interpretation.

Before beginning with assessment of these results, it is worthwhile to recall
that the writer personally performed all the Day 1 and Day 11 measurements on an Instron
machinc at U of A, without computerized data analysis but with desirable internal
consistency, The tensile specimens, cut from disks in the Department of Chemical
Engincering machinc shop, were pre-conditioned for moisture equilibration by storage in a
closed desiccator with open dishes containing a water/glycerol solution whose
composition (water : glycerol = | : 7 by volume) was selected o provide an stmosphere of

50.0% relative humidity at 22°C (laboratory temperature). Thus, the only uncontroiled

* Data cbtaimed at U of A were extracted from cach curve by the writr, using judgement, Valucs of ©
werc obtained by weighing the paper cut-out of cach tracing. yielding the desired intogral :-ja(l:-)



vanablc was the RH in the open laboratory (704 CME) where tensile tests were made. As

it happened. major RH differences prevarled on those two davs, and 1t s therelore
nccessary to cvaluate those data in terms of the hnown abibity of nylon 0 1o absorb
moisture.

When acccss to the Instron was lost, the measurements were continued and
concluded at NAIT. Access to a laboratory of controlled temperature (22.5°C) and
humidity (RH = 40%. diffcrent from the other two test days) was granted by Mr. Jack
Fostcr, Hecad, Plastics Engincenng. Specimens were preconditioned at NATT so that no
changes could occur between the storage and testing phases. A new (ensile testing
machine (Lloyds L6000OR Universal Testing Machine) was employed, with on-line data
analysis which provided thc four numcrical paramcters characterizing cacha(i) curve;
hard copy of the curve was also produced. All tests at NAIT were completed in one
afternoon (Day 111). However, another unlikcly complication arose, not apparent at that
time: the € scales on the Lloyds machinc and the Instron machinc did not agree. (‘The
reasons for this presumption arc discusscd below.) Thercfore, parameters involving ¢
cannot be compared confidently between the U of A and NAIT mcasurcments.
Nonctheless, a wealth of uscful data were obtained.

Because of the different circumstances surrounding the threc test days, the
following discussion is organized to address the three data scts scparaicly to a first
approximation. As discussion continucs, intcrconncctions between the data scts will be
made, and references to the impact testing results will be supplicd.



fable X1 Avcerape mechanical properties from tensile tests

Fable %10 Day I RH = 53°, T = 25°C

Properties® Nylon 6 Untreatedd Treated glassfibre”
elassfibre (average)
(average) ISilanc | ISilanc I ISilanc il
10% 5% 10%
| ___©oh(MPa) 5690+ 108 ] 3931 +1.55} 31.2540.75 45.35 1 0.45 4571+ 1.09
£h (%) 708+045 ] 06141£0.04 ] 081310.08 0.88410.11 0,900+ 0.12
Toughness (MPa) | 29940.17 | 0.1510.03 0.17 £ 0.02 0.24 + 0.04 0.24 £ 0.05
E (GPa) 281 +0.09 8.76 1+ 0.50 7.7110.26 8.3610.39 7.71 £ 0.42

* Using Instron machinc
¥ Notation: iSilanc J (1 = 1,2; J = 1, I, HI, IV) = composite disk with silane type J made at ith time

Table 8.1.11. Day Il. RH = 75%. T = 25°C -

Treated glassfibre”
_(avery
Propertics® ISilane I1 1Silane 111
10% 5%

o (MPa) 41.77 £ 0.44 4246+ 0.69

(%) 0.78 £ 0.0 0.73 £ 0.0

T MPa 0.19 £ 0.02 0.17 £ 0.02

E (GPs 7.80 1 0.62 7.72 £ 0.57

® Using Instron machine

"Nowstion: iSilane J (i = 1.2: J = 1, I1, 111, IV) = composite disk with silanc type J made

at ith time




Table 8. LUL Dav 1L RH = v Y

AR

Propertics*

Untreated

glassfibre

(average)
(wet,

Untreited
glassfibre

{aveoge)

Teeaed phisstibae®

[FAXS AN

249

Silanc 111

T

Lysy

Silane 11
Tae

whissodved)

Noblwe 1V

RT3

op (MPa)

6.3010.19

6t

152

4230 ¢

093

4554

1.20

Blive

1.7]

Us e

i ;!!

_ep (%)

31112043

1.88 £ 0.07

26712011

207+0.13

2B 100

204016

VS04 019

Toughness

(MPa)

059 0.9

0451 0.04

0.82 1 0.4

0.49 £ 0.4

.6l t 0.0%

041 1 044

1678011

2701 0.11

2.38 + N.48

1934 0.76

249+ 0.1

241 +0.43

2958 £ 052

2901 0.10

__E(GPy)

* Using Lloyds L6000R Universal Testing Machinc (at NAIT) )
"Nmaﬁm IX% (i = 1.2: X=8§, 10, 15, 1.5) = composite disk at silane concentration of X% mide i ith

Day L (Table 8.1

8.2.1. Nylon, and the role of glass fibre reinforcement

glass fibres, as described in section 8.1.1 for the impact strength studies, has no parallel in
the tensile propertics studied here. If we take o, as the mechanical property of major
interest (e.g., to use for comparison with E, in impact test), we note that the composite
made from untreated glass fibres is weaker than the pure nylon (6, = 56.9 and 39.3 MPa
for nylon and composite, respectively). This is clear evidence that there is an almost total
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lack of adhesion hetween the fibre and matnx. For example. a simple parallcl-clement
madel for additive load shaning between the two phases would interpret this result as
being cquivalent to no fibre contribution: using Vy = 32.4%, (Table B-6). and requiring that
unbonded compaosite tensile strength would be a,!" = 0,676 x 56.9 MPa = 38.4 MPa,
almost exactly what is measured (39.3 MPa).

Thus, when the tensile load becomes large cnough to fracture the nylon
phasc. there is no load transfer from the nylon matrix to the glass fibre to help. Because
there is no mechanical or chemical link between matrix and fibre, the failure is
charactenized by separation of fracturced nvlon fragments with glass fibres cleanly pulled
out of their “sockets” from onc side or the other. This is illustrated by an SEM micrograph
in Figurc 7.6, where the fracture surface reveals the intact nature of the fibres and the total
absence of “contaminating” matrix material on the fibre surfaces.

Such behavior is not always scen in composites that lack special coupling
agents between fibre and matrix, but the case of nylon and glass fibre causes special
problems. The nylon absorbs moisture from the air and transmits it to the hydrophillic
glass intcrface, where it serves to disrupt whatever weak adhesive forces would have
cxisted between nylon and glass in a dry cnvironment. It also serves as a lubricant to
reduce interphase load transfer and assist the separation of the two solid phases upon
matrix rupturc and fibre pull-out. Thus, the nylon/glass fibre combination can be used in a
practical compositc matcrial only with the usc of coupling agents.

The nylon 6 itself, as produced by the in-situ process employed here, seems
to be of good quality and comparable or superior to established commercial products. For
cxample, 6 parameters cited in Table 2.3 for commercial nylon compare with ours as
shown in Table 8.2,

Our value of o, (57 MPa) is higher than the commercial values arc
cxpected to be. at the same density (crystallinity) and humidity. This is consistent with
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having an E  (16.7 J'm) that is somewhat lower than the publishad one (2 32 1) These
diffcrences could anse from a unique crystal morphology or onientation produced by our
particular in-site mold polymenzation. To see if this might be reflected m a shitt of the
melting point (T,). we employed a differential scanning calorimeter (FA Instruments DNC

2910) to examine the thermal behavior of our nvlon 6 and the compuosites.

Results of DSC testing, shown for the pure nylon 6 in Figure 8.3, are n
good agrecement with reports in the literaturc. The overall performance of the material on
a full hcating/cooling cycle (tcmperature scan rates at 10°C/min). displayed m Fagure
8.3(a). indicates a strong cndothcrmic peak in the range 220-225°C which we assign to
crystalline melting, identifying the pcak position as T,. There is also a small inflection

visible in the 40-50°C range. which we interpret as the glass transition and label the

Table 8.2. Comparison of commercial nylon 6 and our nylon 6

This study Table 2.3 (column b)
p. g/cm3 112-1.13 * 1.12-1.14
(p = LI12S)
op. MPa 56.9%* 41-165

(GRH = $3%)

h% 7.1%* 30-300
E.GPa 2.81 ¢ 0.7
(@RH = 53%) (@RH = 50'%)
lzod, Eg, J/m 16.7%** 32-160
(RH = 46%)
* Table B-1...............** Table 8.1........ cerees***Table B-4
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midpoint as T,,. Magnifications of these two regions, with software analysis superimposed,
arc given in Figures 8.3b (Ty,) and R.3¢ (T,). From the former, we find that Ty, = 223°C,
in perfect agreement with the commercial product reports in Table 2.3 (see reference 13
column). From Figure 8.3¢c we sce that Tg = 42°C. somewhat below the 49°C trom Table
2.3 (13), but with an cffective range that reaches to 49°C. The cooling peak in Figure 8.3a
is displaced to a temperature (=175°C) well below the heating peak, but this is normal
with polymer crystallizations.

Two examples are also presented of DSC analysis of the nylon composites.
First, with no silanc involved, we sce results for a specimen from the 'Untreated disk in
Figure 8.4. The overall thermal cycle, in Figure 8.4.(a), shows scveral differences from
that for pure nylon 6 (Figurc 8.3.(a)): the heating peak is shified downward about 5°C, the
glass transition is more visible and broader, and the cooling pcak much smaller (but pot
shifted). The detailed analyses, in Figurc 8.4.(b) and 8.4.(c), give Ty, = 218°C and T, =40
°C. Thus, .the presence of the glass fibres did alter the crystallization process in the mold
cnough to drop the average Ty, by 5°C. perhaps "transcrystalline” crystallites were formed
on the glass fibres as reported by Verdcau and Bunscll (29) in connection with PEEK
crystallization on carbon fibrcs. However, the non-shified cooling peak (relative to pure
nylon) differs from the observations made in PEEK/carbon fibrc systems by Lec and
Porter (24), who reported higher crystallization tempcraturc when fibres arc present,
possibly their experience cannot be gencralized to apply to markedly different systems,
such as nylon/glass. Conceming Figure 8.4.(c). thc apparcnt drop in T, of 2°C is
consistent with the Ty, drop. But morc importantly, the greatcr prominence of the glass
transition itself indicates that the nylon matrix in the compositc was formed with a higher
fraction of amorphous material than existed in the pure-nylon disk (as is also consistent
with the small cooling peak in Figure 8.4.(a)). Nylon melt appears 10 be rejected by the
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incompatiblc glass surface, 1o the point where the total volume traction of crystalline nylon
is diminished in untreated fibre-mat composites.

The final thermal analysis deseribed here involves a silanc-containing
compoasite, Silanc 11 (10%). Its averall thermal cycle. in Figure 8.5 (a), is tar more like that
of the untrcated composite (Figure R4.(a)) than the pure nylon (Figure R.3.(a)),
suggesting that the silanc had little improvement to offer in tenins of enhancing the
reduced still further (by 1°, to 217°C), which is not favorable cither. However, the glass
transition (Figurc 8.5.(c))--which resembles the one in Figure 8.4.(c)--has a T, which
manages to jump up by 4° (to 44°C), abovg that of purc nylon 6. The consequences of
these scemingly small shifts of Ty and Ty, can be cvaluated only by mechanical-property
testing, which follows,

Onc featurc of the pure-nylon data in Tablc 8.1.1 is a source of concern,
however--gy, = 7.1% is smallcr than published valucs for nylon 6 of comparable
crystallinity (€, = 25-30%) by a factor of 1/3-1/4. Whereas this could be a manifcstation of
8 unique and strong crystal structurc, the measured g, scems too small to interpret in this
way. Thus, the reported small value for g, suggests that the U of A Instron (or the
extensometer that was used) was providing € measures in crror by a factor of 3 or so (too

e g_*omd T = fode to

be in error by being reported, respectively, too large by 3 and too small by 1/3, and
comparison of our E = 2.81 GPa with the published (Table 2.3) valuc E = 0.7 GPa scems
to support this suspicion.

8.2.2. Silanes as coupling agents

spection of oy, values in Table 8.1.1 for composites prepared from silancs
demonstrates that (a) Silanc | was not oaly incffective but actually harmful, dropping oy(l)
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cven below that of the untreated-glass composite by about 20°6; and (b) Silances 1 and 1
were successful, to an cqual cxtent, in securing cnough coupling to increase oy, about 15%,
abovc the untrcated-fibre casc. Furthcrmore, Silances 11 and 11 had an incrcase n 1 of
60%. Thus, all three "failure propertics™ responded favorably to Silanes H and 111,

Silancs 1 was not expected 1o do well since its molecular structure (Chapter
6) did not give it the capability to bond with a glass surface. However, its net effect could
not be predicted, and there scemed to be some opportunity for a physical adsorption of
Silane | becausc of possible affinitics between the silicon atoms in silane and glass.
However, its deleterious performance with oy, suggests that it not only offered no coupling
by physica! adsorption, but functioncd as a better lubricant than water and probably as a
nylon 6 plasticizer (diluent/solvent) as well. In the latter capacity, it could have dissolved
and/or disrupted crystal structures as wcll as softened the amorphous regions of the nylon
matrix too. Such behavior would, indeed, tend to produce the observed cffects of reduced
oy, but mild increase of €y, and t.

The low-strain (non-failurc) paramcter E is presumably mcasured with sut
disruption of microstructurc; hence, slippage between fibre and matnix is cxcluded as an
cxplanation for poor performance. Thus, the drop in E secn for the usc of all silancs,
relative to the untreated-fibre case, must be explained in some other way. We speculate
that an excess of non-bonded silanc—perhaps physically adsorbed on the glass fibres—was
carried into the mold despitc the effort made to wash it off. Thus, thc samc
dilution/plasticization of the nylon might have occurred, making it casicr to deform (lower
E, but also larger ¢, as is also scen here). Rather unexpectedly, the effect is identical in
magnitude for the non-bonding Silane | and the good-bonding Silane 111, but this could
simply mean that their solubilities in the nylon matrix were comparable. Possibly because
of baving both been deposited from 10% toluenc solutions, they carried equal (non-
bonded) excess into the mold. Since Silane 11 caused far less of a drop in E than the other
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two, we must again speculate that cither its solubility in nylon is less (unlikely) or that
thosc fibres had less adsorbed cxcess--coming from a 5% treating solution--than did the

others.

8.2.3. Concentration cffccts with silanes

For complcte silanc coverage of au glass surfaces in onc mold-filling fibre
mat, very little silane is nceded. A rough calculation in Appendix E shows that about 1020
molccules will suffice, whercas our fibre-treating procedurcs normally involved toluenc
solutions containing about 100 ml of silane (about onc molc, or 6 x 1023 molecules). The
cxcess was cnormous, intended to saturatc the glass surface as quickly as possible.
Howevecr, if only a monolaycr of sil>nc was involved here, then there should be no direct-
coupling diffcrences between any of the solution trcatments used here. This was clearly
not truc for impact studics, lending additional support to our speculation above, about
cxcess adsorbed silanc layers on the glass surfaces contributing the results.

However, the role of the concentration variable (c) in the fibre-treating
process (or other influcnces the silane may have, as concentration is varied) is highly
ambiguous in the tensile data. In fact, the casiest interpretation of data in Table 8.1.1--for
Silancs 11 and 111 only, since we will have no further use for Silanc I—is that there is no c-
cffect at all. That is, the properties of the composites produced from fibres treated with
5% Silanc 11 and 10% Silanc 111 are virtually identical, within the normal data scatter. The
one cxception is E, the only parameter which drops for all silanes (relative to the untreated
compositc) and simply drops Icast for ¢ = 5% (and this could be independent of silane
type).

Thus, it appears from Table 8.1.1 that the three ultimate propertics reported
are independent of treatment-solution silane concentration and silane type, having in both
(bonding) cases the values o, = 45 MPa, &), = 0.89%, and T = 0.24 MPa. We should also
point out that these tests (Day 1) were carried out in air having RH = 53% and the



numerical results--since we are dealing with nylon—could change on other days having

diffcrent RH (sec below).

8.2.4. Further study of silanc type and concentration

In section 8.2.3, it was argucd that the production of identical results in the
failure properties of composites using glass trcated by two different silancs, at two very
different concentrations, could be due to both treatments merely completing the fibre
saturation coating and thosc coatings being functionally equivalent (in bonding to glass,
and compatibility with the surrounding nylon matrix). However, the clear c-dependence of
impact test results and their sensitivity to silane type encourages the further scarch for
such influences in tensile data.

For example, onc might also cxplain the Day I results by proposing that
Silane 11 was the more effective agent, since it did as well when deposited from 5%
solution as Silane I11 (hypothetically, now, less effective) did from 10% solution. Such an
argument, though seemingly unlikely, could not be ruled out from the Table 8.1.1 data.
Therefore, on Day 11 the c-roles were reversed: Silane 1l at 10% and Silanc J11 at 5% werc
used.

Resulits, displayed in Tabic 8.1.11, demonstrate that thc premise scems to
fail. The Silane 11 and 11 systems again produced virtually identical valucs of the failure
parameters (and E), within the data scatter. While this would scem to lay to rest the
questions about it. For example, in the Day | results, the lower-c silane treatme
produced a substantially high value of E, which has bearing on the silane influence on
matrix quality rather than on bonding. And, in the Day 11 data, there is a hint that the
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cmerge on Day I, below.

8.2.5. The rolc of humidity

The composite failurc parameters measured on Day Il are different from
those measured on Day I, being “poorer” in each case: weaker (ay, drops from 45 to 42
MPa), more brittle (g, drops from 0.89% to about 0.75%), and correspondingly less tough
(t drops from 0.24 to 0.18 MPa). Only the value of E, unrelated to microstructural change
upon spccimen deformation, scems to be about the same (= 7.7 GPa) on both days.

The fact that these parameter differences are individually distinct and
statistically significant is worth noting: that they occur together and collectively move in
the same direction (toward poorer performance) is worth investing some thought; and that
from solutions of two different concentrations, showed agreement with cach other so
physcal variable is at work and

closely on these points means that some independen
needs to be identified, controlied, and studied.
We believe this variable is the humidity. We are seeing here how a complex

agents) can respond to environmental factors that would normally be ignored in most
human activity. The changes in bumidity between Day 1 (RH = 53%) and Day Il (RH =
75%) arc definitcly large enough to have an influence on the nylon 6 matrix of these
expect from these composites, as aylon would sbeorb more moisture from the air



(bccoming plasticized, and weaker) and transmit more moisture to the glass fibre interface

(wcakening the bonding alrcady there, to permit interface failure at low strain).

All thesc tests were made at NAIT, using a different tensile testing machine
(Lloyds L600OOR Universal Testing Machine) which was highly automated and produced
the data analysis quickly. Thc major problem which cmerged iater was that the strain scale
of the Lloyd did not agree with that of the Instron in Room 704 CME at U of A. We now
believe the Lloyd instrument is corrcct and the Instron system (with extensomcter)
incorrect; arguments were advanced carlicr in this dircction, after comparing the e-related
material propertics of nylon 6 as mcasured with the Instron with thosc published in
reputable encyclopedias and trade literature. Since the Lloyd agreed with the literature,
and disagreed with the Instron in a consistent fashion, we feel thc material parameters
emerging from those measurcments arc accurate. Although a correction to the Instron ¢-
data (&, t, E) is possible, there seems to be little need for doing it now: no conclusions
based on Day I or Day 11 data would be altered in any way.

The other unique feature of the tests at NAIT was the usc of their
temperature/humidity-controlled testing laboratory. All Day Il tensilc specimens were
kept there for about 10 days for cquilibration at 22.5°C and RH = 40%. This low valuc of
RH was in a range where nylon is especially sensitive and composite propertics behaved
differcntly than at higher RH, both qualitatively and quantitatively. Whilc this initially
caused some confusion, it ultimately proved to be vital factor in defining the naturc and
scope of the humidity variable.

It was decided to do most of our final work with Silane 111. Its bebavior
seemed t0 be about the same as Silanc 11, and its cost was much less. (Silanc II:
$39/100ml; Silane I11: $9.55/100ml)



R8.2.6. Standardization and asscssment of the Lloyds data

An untreated disk and its five tensile specimens were used, in a sense, to
calibratc and cvaluate the laboratory facility at NAIT. It also served to give us a second

look at the untreated composite casc under different humidity conditions.
Equivalence of stress data between the Lioyd and the Instron is established

by the extremely closc agrcement of the two on the untreated samples. For example, the
Day ] test by Instron gave G, = 39.3 + 1.6 MPa and the Day Il test by Lloyds gave G, =
40.4 + 2.2 MPa. Even though these values arc so close as to be statistically equivalent,
onc could point out that the difference in their Gy is in the direction expected from
humidity considcrations: the dryer air on Day 111 would lcad to a lower moisture level in
the nylon and thus enhanced nylon properties, as well as less moisture at the nylon/glass
interfacc.

Disagreement on strain data between the two machines is established by the
consistent difference in all the material propertics related to the strain varisble. Tabie
8.1.111 gives &, = 1.88.% on Day I11, while Table 8.1.1 gave €, = 0.61% on Day 1. While a
skeptic could point out that this discrepancy might be explained on terms of sample non-
reproducibility, we doubt this very much, in view of the agreement on o, and the
consistent reproducibility shown throughout this study. One might also arguc that the RH
difference played a role—-except that the direction of change would then be opposite to
what is observed (6, on Day lil would then be smaller than &, on Day I, as dryness
reduces ductility and straining capacity). Finally, we note that if the ratio of the two strain
measurements is used as an Instron strain calibrator,

G _ 1.88%
) Tc.._))ﬂ,u o61% = 30 @.1)



then k can be applied also 1o the e-rclated properties of pure nylon 6 (Day 1 data) and

determined whether they would then agree better with published values:

Nylon6propeny | ~ Thisstudy(p=1.128) ____ Published

Comecied Dayl _Table2d

g% 7 71 _ k=213 | 25(forp=1.12)

t= |ode 2.99 ky = 897 n/a

E= (:)o' GPa 2.81 (RH = 53%) Eyk = 0.94 0.7 (RH = $0%)

Clearly, usc of the objective k-correction comes very close to bringing the Day | nylon
property data into agreement with accepted values. One could also work backward, noting
that k =4 does an even better job with the pure nylon 6 data, but would require (gy)y =
(ephn/k = 1.88/4 = 0.47% rather than the directly "measured” 0.61% with the faulty strain
scale. Use of the k-factor to compare the twice-measured e-related properties of the

untreated composite gives:

T, MPs _ 018 | ky=045

_EGPs 8.76 £ 0.50 _E k=29210.17




Here, the agrecment is perfect (using k = 3.0) for t but a bit short for E; usc of k = 4.0
would give E/4 = 2.19 and thus be an over-correction.

In any cvent, it is rather conclusively demonstrated that aft the Day | and
Day Il strain-rclated data in Tables 8.1.1 and 8.1.11 arc in crror by a factor of about 3.0
and possibly as large as 4.0, (This information will be transmitted to other uscrs of the
Instron). Also dcmonstrated by this cxcrcisc arc (a) rcproducibility of composite
cmanating from commercial production sourccs, and (¢) rchiability of the Lloyd/NAIT

rcsource for such mcasurcments.

8.2.7. Concentration cffects revisited

A completc sct of data was obtaincd with Silanc 111 composites, over the
treatment range ¢ = 5%, 10%. and 15% (for the first time), all on the same day. Since the
5% and 10% cases had been tested before (Days 11 and |, respectively), they served as
useful sources of information about reproducibility and possible humidity effects.

Inspection of Table 8.1.111 shows that the functions oy, (c), &, (¢), and t (¢)
arc definitely not constants with some weak secondary dependence on humidity, as the
data sets on Day | and Day 11 have suggested. Instcad, the c-dependence appears to be
s in the vicinity of ¢ » 10%. (Recall

highly complex, with a minimum for all three function
that Ey(c) was just reaching its high platcau at ¢ = 10%, too ; sce Fig. 8.2). This behavior
is shown graphically in Figurc 8.6, along with E(c) which appears not to have a local
minimum at ¢ = 10% or clscwhere.

Figure 8.6 is drawn with the ¢ = 0 point taken to be the untreated sample,
low-c maxima as well as the minima near ¢ = 10%. One must be careful when assessing
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the surprisingly high sct of points at ¢ = 5%. Inspection also shows that a smooth

monotonic curve for the "failure” curves could be drawn downward to ¢ = 0 from the ¢ =

the argument that the 5% points arc simply wrong). However, the presence of E(e)
supports the validity of thosc points; E(¢) is the ong function which would not extrapolate
monotonically to the ¢ = 0 point, if the ¢ = 5% point were absent. It is alrcady heading
upward from at least ¢ = 15%, and the requircment that it go through a maximum at lower
¢ is already clear.

It remains to explain the physics responsible for the peculiar curve-shapes
in Figure 8.6. We suspect that the implicd maxima at very low ¢ (say, :m) will be found to
the coupling agent and no excess of that agent. For ¢ < ¢, complete coupling would
deteriorate until reaching the ¢ = 0 limit of virtually no coupling between fibre and matrix.
For ¢ > ¢y, the excess coupling agent can serve no positive purpose, cither: it mercly rides
along as a contaminant on the glass mat and is present as the caprolactam flows into the
mold and surrounds the fibres. There, it could scrve scveral negative purposcs: (a) shickd

the fibre-bonded silane from the polymerizing matrix and thus interferc with proper

nic compatibility at the surface; (b) form a layer of increasing thickness
around the fibre which could also make proper gripping impossible; (c) interferc with the
nylon crystallization next to the fibre surface, so whatever coupling occurs is very weak;
(d) ultimately, dispersion or dissolution into the hot caprolactam, interfering with
Pﬂymlﬂﬂﬁed!mﬂs@h@ﬂwm@l(c) icizati
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The presence of the mimmum value (at ¢y, say) for the failure curves is not
casy to understand. It implies that some strengthening mechanism cxists and is ultimately
going to become prominent at ¢ > ¢j. Possibly the transmitted excess silane film s
participating chemically in the polymerization or crystallization to make a better nylon, or
rcinforcement. This would definitely be a byproduct of the process and, though having a
positive naturc, would not be part of a commercial process. The major thrust in future
work should be to cxploit the lowest-c regime, both becausc it is cheaper and because the
potential for property improvement is far greater--if Figure 8.6 proves to be correct.
Fiberglass surface analysis should also be studicd in order to understand this phenomenon.

8.2.8. Tensilc properties of composites madc with Silanc IV

This silane is belicved (32) to function at a higher level than the others,
with its amino group participating is stronger interactions (perhaps chemical bonding) with
the surrounding matrix as well as bonding to the glass surface. While its performance in
impact tests was rather poor (partly because the one disk fabricated with Silanc IV was
unfortunately made with lower fibre content (V¢ = 25.4%), the potential for good tensile
performance from that sample remains, becausec of the commonly obscrved inverse
relationship between impact and tensile performances.

This potential is indeed fulfilled in the tensile tests of the Silanc 1V (10%)
(Vi = 25.4%) disk specimens. Tablc 8.1.111 shows that this matcrial outperformed all
others tested here, for tensile failure behavior, by a very wide margin. For example, in
relation to the next-best material (2Silane 111 (5%), V; = 33.9%). Its failure propertics can
be expressed by these impressive ratios: ay/og = 1.63, gy/eny = 1.31, and v/tg = 2.04,
where the "0" subscript means the reference Silane 111 material. The Silane IV specimens




did not do as well with E, which at 2.90 GPa was good but was exceeded by 2Silane III
(5% ) with a value of 3.93 GPa, and also one other on Day II1.

8.2.9. Alternate method for delivering coupling agent to fibre surface

In this work, glass fibres were usually treated as described in Chapter 6.
This method consumes an undesirable amount of time and solvent and silane agent. If, by
adding a small amount of silanc directly into the monomer solution the resulting composite
had propertics comparable to those obtained with the other method, it will be more
economical to add silane coupling agent directly into the monomer. Silane 111, chosen for
into the mold. The amount added, following Otaigbe (32), was computed as 1.5% of the
mass of glass fibre mat (150g), or 2.25 g. This corresponds to a silane concentration of
about 1.1 wt% in the molien caprolactam that entered the mokd. Because of the recipe,
this composite is designated as Silane III (1.5%). From Table 8.1.111, testing on Day III
showed that Silane III (1.5%) had the lowest wensile strength (except for a wet specimen,
the addition of the silanc t0 the monomer caused a plasticizing effect in the polymer. Other
mkmsd&nmh:hupmvedmhemfmumdmofm
composites. But, again, this material registered the highest E; of all that were tested for

omparing the Silane IV results of Owigbe (32) and this work allows
another sssessment of this in-situ fiber treatment; both works used the same chemistry of
polymerization and mold preparation, but different methods of fiber treatment (Otaigbe
delivered the silanc as 1.1% solution in hot caprolactam, while we cmployed a 10.0%




for easy considcration. However, one should keep in mind that the Silane IV composite m

this work contained V; of only 25.4% whilc in Otaighe's specimen V, = 3139,

Vf T k Ly
- (%) (MPa) |  (GiPa) (o)
Otaigbe's(0) | 33 954 N 37

This work (T) 25.4 95.2 2.9 X
RatioOT | 13 10 13 N

Although Silanc IV specimens in this work had V; = 25.4% (less than 75%
of Otaigbe's), the o, and &, had almost the same value in both works. If the V; of Silanc
1V disk in this work had been equal to Vi of Otaigbe's disk, the Silanc IV disk in this
work should have given higher oy, than the Otaigbe valuc and virtually the same for E (2.9
GPa x 33/25.4 = 3.77) (It is recommended to study the cffect of increasing V; for Silanc
1V in future work). These results showed that for a failure property like 6y, the treatment
method of immersing the glass fibers in a toluene and silanc solution is more cffective than
that of adding silanc into the monomer solution and making hot contact with the glass just

prior to polymerization. For E, a non-failure property, the silanc delivery system is
irrelevant; only V; (and V,) is significant.

8.2.10. Pcrformance of a wet composite
The tensile curves of wet untreated specimens (Appendix D) showed
average tensile strength of wet samples was 6.3 MPa while that of the dry untreated oncs

was 40.4 MPa. This showed the effect of water to debond and deteriorate the already-
small adhesion at the interface. From the test results in Table 8.1.111, wet samples had



higher €. t. and E than thosc of thc dry samplcs. The higher g, was cxpected becausc
4

watcr plasticizes the nylon matrix, and the higher t = f ode was expected because g, is 5o

large, cven though o is diminished. The higher E, however, was a mild surprise, cven if

only by 12%.

8.3. Corrclation of impact tests, tensile tests, and humidity

The previously-mentioncd gencralization about impact test results and tensile test
can be put to the test here. Ten disks were
presentatives of the three bonding

results being related in some inverse fashion
involved, including pure polymer (nylon 6) and r
composites (Silanc I, I1l, and 1V). An additional variable, often perplexing to those
working with nylon systems, is the humidity on the test day. which certainly alters
mechanical properties. To our knowledge, there has never been an effort to correlate these
three material and environmental vaniables. As correlational variables, to represent the two

ical test types, we select E; and oy, as the two parameters of greatest interest. For
humidity, we use RH (%).

The final correlation is shown as Figure 8.7. The oy, vs. E, inverse relati
appears to be valid, but of differing stength and functionality depending on humidity. For
cxample, when the RH parameter (s line, on Figure 8.7) corresponds (0 40%, a nearly
pure hyperbolic inverse relationship between oy, and E; appears to exist. As humidity




3 88 8

Ob, Tensile strength (MPa)

S 8 8 8 8

b
o
L W L

n;lnjign;Li-liiiegLilLL._‘_ll

0 50 100 150 200 250 300
Es, Impact strength (J/m)

o

Figure 8.7. o, va. E, for the bonded composiees (Sitams 11, 111, and V) st different relative humiditi



In general. we can agree that the “inverse” relationship between oy and Eq
holds truc: through RH = 75", thc curves in Figure K.7 all have negative slopes. The
increase in humidity has a striking cffect, however. as the functional correlation weakens
to the point of being lost altogether. At RH = 75%.. for example, the line becomes almost

honzontal, and truc "corrclation” is lost. Instead, Figure 8.7 then becomes more like a map

or a phasc diagram.

It is noted that the corrclation is actually ind
since only the phenomenological material parameters (E,, o) are being correlated. Thus,
it is successful in linking the behavior of materials that may be homogeneous (pure
polymer, nylon 6). or polymer/fibre composites of different fibrc content (mostly 32%, onc

24%), or wet and dry forms of complex materials such as composites.



CHAPTER 9
CONCLUSIONS AND RECOMMENDATIONS

9.1. Conclusions

the uniformity of the mat, uniform fibre composites can be obtained. With fibres treated by
Silanes I1, 11, and IV, V, was consistently at the level of 2% or less.

In each composite disk, there were local variations in Vy, V,, and p. Indications
were that higher V, was found in regions of higher Vy. This may be because there was
higher resistance to flow and less penetration, especially around the area that most fibres
were highly packed, usually at the center of the mold. Voids can be reduced by improving
the wentability of the fibre, as was seen when using silanes which bonded covalently 10 the
glass surface to convert the fibre from hydrophilic to hydrophobic, making it compatible
with caprolactam and nylon 6. Thus, silane could improve the wettability of polymer to the
glass fibre (reduce . of fibreglass close to the ¥, of polymer). Silanes I, I and IV
therefore helped to keep V, < 2%, whereas without these V, was in the 3-8% range.

The p of nylon 6 was believed to change d 0 a change of crystal morphology
when giass fibre was present. From DSC asnal - ., pure nylon 6 in disks without
reinforcement showed higher crystallized structure than the nylon 6 in composite disks. Its
cal structure (without glass present) was more effective than in commerci
nylon 6, since our nylon 6 scemed to have higher 0y, than those in commercial samples at




the same range of density. This high and effective crystallization of our nylon 6 may result
from a very slow couling rate (air-cool), and from the contact of molten nylon 6 with the
mold's aluminium surface (some metal surfaces can nucleate the crystal structure of
polymer). However, fibreglass surface did not promote crystallization very well, as in this
case we found (with DSC) less crystallinity in the composite matrix than in pure aylon 6.

The mechanical properties (both impact and tensile tests) were affected by these
structural properties. Higher V, seemed to improve impact strength but, for tensile, it
depended on how good the adhesion was at the interface. If no bonding occurs,
"reinforced polymer” will give worse properties than unreinforced (pure) polymer; we
found lower oy, on untreated and Silane I composites than 6, with nylon 6 alone (no stress
transfer from matrix to the fibre at the interface, and even worse because there was less
matrix to support the load than in pure nylon 6). However, if the bonding is good it will
improve Gy, such as in Silane 11 (5%) and especially for Silane IV (10%). These displayed
a far higher 6, value than the unbonded filled system and even improved on oy, for pure
nylon (only slightly for Silane III (5%), but significantly for Silane IV (10%)--about a 67%
increase! Increases of E; for all the composites were more than an order of magnitude
over the unreinforced nylon. The improvement was due partly to the intrinsic strength of
glass and partly to fibre pull-out effects which apparently dissipated considerable energy
and made even the poorly bonded fibre sysiems effective (indeed, this seems to explain
much of the inverse relationship found between Eg and o).

The variation of void content also varied the mechanical properties, especially on
impact strength. In this study it did not show much effect on teasile properties, since 1U
(Vp = 32.36%, V, = 3.6%) had almost the same tensile strength (0, = 39.3 MPa) as the
U (V; =34.41%, V, = 3.9%) with o}, = 40.4 MPa.

But we have to consider the effect of RH too. Water can penctrate the matrix
(aylon is very hydrophilic, for a polymer), and from matrix to the giass interface.
Debonding at the surface can cause slippage and consequent higher breaking energy, E,.
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For our tensile tests, the debonding prevented stress transfer to the fibre and the
composite broke at very low tensile strength. The extreme case of the moisture effect was
observed from the wet untreated composite (6, = 6.30 MPa, E; = 235 J/m) compared to
the dry ones (0= 40.41 MPa, E; = 191 J/m) These also produced the inverse correlation
between impact and tensile strength; materials with high tensile strength tended to have
lower impact strength and vice versa,

Different kinds of silane had different effects on the fibre/nylon adhesion. Silane 1
was the least effective among all of them. It did not improve cither impact or tensile
properties. The physical adsorption between -Si-OR of Silane 1 and -Si-OH of the glass
surface scemed to be very weak, unlike the presence of a C1 group of Silane 11 and 111
which can react with the hydroxyl groups at the glass surface. The R-groups of Silane I
and III are very similar to each other, but Silane Il has a longer R-group than that of
Silane III. From the test results, Silane 11 showed obviously higher impact strength than
Silane 111 and almost the same @, in the tensile test (but slightly lower). There are two
possible mﬂuences that a long R-group can have. One is that long/ig R-groups can
entangle with the nylon 6 chain and improve by this mechanical effect adhesion 10 the
matrix (in this case the longer Silane Il should be better than Silanc Ill). The other
mechanism is that the big R-group prevents other silanc molecules from reacting with
nearby hydroxyl groups (in this case Silane HI should be better than Silane I1). In our case,
the latter effect may be the stronger one, since Silanc 111 had a littie higher 0, than that of
Silane I1.

By varying the concentration of silane in toluene, for impact strength, it was shown
excess silane (believed to be physically adsorbed nn the fibres) caused a plasticizing effect
in the adjoining polymer. In tensile tests with Silane 111 (at constant T and RH), we found
that all the properties (0, &, T, and E) at 5% were higher than at other concentrations used



here (c>5%). We are therefore led to expect better properties at concentrations less than
5%. From our rough calculation, ¢ = 5% is far greater than what is necessary for the

saturation fibre treatment, so the excess silane probably adheres to the silane that reacts to

is probably by physical adsorption, not the covalent bond, so that this excess silane creates
some weak bonding between silane itself. This hypothesis should be investigated in
further experiments.

Silane IV is undoubtedly the best one in this experiment, as confirmed by
the tensile test results. Silane IV has three ethoxy groups which can be hydrolyzed by
water to form three silanol groups. One silanol group can form a covalent bond to the
glass surface and the other two silanol groups can form bonds to the silanol groups of the
neighbor silanes on glass surfaces. This gives a strong network of silane. Moreover, the R-
group of Silane IV has NH; which can react with the nylon 6 molecule. The covalent bond
produced by reaction between the NH, group of Silane IV and C=O of nylon 6 was
observed by Jenneskens et al. (33). In their work glass beads were immersed in the

solution mixture of toluene, water, and silane; in our work, no water was added to the

toluene solution, but we also got very good results. It is possible that there was some
water adsorbed to the glass fibre surface since glass fibre is very hydrophilic. It would be

interesting for a future experiment to treat the fibreglass in toluene solution with and

3.2.1. Mold improvements
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remaining small bubbles in the feed tube (silicone rubber), even afier degassing. which
cannot be eliminated. These voids may also come from the remuining air in the mokd, or
because access to small crevices in the mat is prevented by the poor wettability of
monomer to the fibreglass surface. These problems are possibly solved by applying
addirional pressure to the monomer solution, forcing the remaining air (if it is there) to the
edge of the disk (which will be cut off anyway). This increased pressure will also force the
monomer to flow into the microcracks in the fibre surface and into the small crevices
between crossed fibres. We recommend that the reaction vessel and connector tube be
made with metal in order to stand up to high pressure and to avoxd cold spots. High power
vacuum pump is also recommended to climinatc the remaining gas in the mold, together
with an ejection space at the upper corners of the mold, for the residual gas to move into,
as the caprolactam rises.

bind.sothemldc:nnmupenglﬁmmewhokmdmnuslbemvsmdgmjniado:nce
more: loosen all screws, use C-clamps to close the mold, tighten screws, release C-clamps,
and then repeat the opening sequence. This process is wasteful of time and is potentially
damaging to some parts of the mold, since aluminum is soft and could be harmed by the
metal-to-metal binding and use of force. The mold closing procedure is also awkward,
requiring struggle with the large ungainly C-clamps. For many reasons, then, a redesign of
preferred. If mold g by hand is preferred, using the four-screw sysiem is still an
appropriate method. However, to make this an ecasily managed step (i.e. to reduce the
mmxﬂzm‘nﬂmumloﬂndmmeexmbuf&mﬁ
where the male part and fermale part make a flush contact with each other. In this work,
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this point would be needed in an upgraded design.

The connection between the glass reaction vessel and mold is another weak point
of this design. This connector (silicone tube) gets cold easily, allowing the molten
caprolactam to freeze and block the flows. In our operation we used a heat gun to melt the

caprolactam in the tube and also some upper part of the flask above the isomantle that is

The valve between mold and vacuum pump was redesigned as part of this project,
as shown in Appendix F, and this improvement should be incorporated in any new overall
design of the mold. The silicone o-ring seal inside this valve should be checked each time
before making a composite,

Because the chemical reaction is accelerated and completed over a small
temperature range (somewhere, not exactly known, between 100°C and 150°C), it is
possible that the relatively small iemperature variations across the upper and lower mold
surfaces--and between upper and lower surfaces--could be creating some problems of
matrix inhomogeneity, internal stress and separation of matrix from fibre. An effort should
be made to reduce these internal iemperature variations AT(r,z) still further, to less than 1°
C. Better external insulation should be used, and with an entirely new mold insulating
placement could be altered--i.e., use more of them, spaced more uniformly (especiall
around the rim)--in order to reduce the temperature gradients that now exist.

9.2.2. New experiments

We have found that Silane IV is the best silane in this work, but it needs t0 be
tested much more. It should be used in experiments that vary V;, vary the concentration

of silane in toluene solution, and vary the method of treating the glass fibre susface.



Several different methods should be used: treating in sotution of toluene and silance, in
mixture of tolucne, silane, and water. and adding Silane 1V directly in the monomer
solution (to repeat Oraigbe's experiment but with different higher concentrations).

Next, find new silanes that arc similar to Silane IV ( HaN(CH3)Si(OCH;3);) but
potentially better because of having a C=0 and perhaps more NH, groups, and also with a
longer chain and branches to enhance entanglements. One candidate o try is (3-
Chloropropyl)trimethoxysilane, CI(CH3)3Si(OCH3)3, which has three methoxy groups to
bond with the glass surfaces (as does Silane 1V) and also one O group which can react
with the NH group in nylon 6 chain or with the glass.

By this method, the other variations in the full composite structure will be eliminated,
leaving only the interfacial adhesion to be measured without complication. Use other
methods to measure voids, such as optical image analysis or acoustical analysis, and
compare the results with the value obtained from calkculation with measured densities.

There is no ev:dence that the thermal program used here for polymerization and
post-reaction trcatment is anywhere close to optimal. While good reasons exist for
keeping T < 150°C (or some ceiling below T,y= 223°C) until polymerization is completed,
there is a wide range of heating and cooling and anncaling programs that remain to be
explored and should be. Improvements in product performance might then emerge from
better nylon crystal development, relief of inernal stresses caused by too-rapid
post-reaction annealing). Coupled to such a study would be also a better fundamental
understanding of the chemical reaction and crystallization processes both of which are
functions of time and tempers y. In view of such
(end pechaps also catalyst concentrstion) would be cerain to produce composite
specimens with superior properties.
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APPENDIX A

Table A-1.  Temperature Upper Part of Mold (°C)

Table A-2.  Temperature Lower Part of Mold (°C)
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Table A-]. Temperature upper part of mold (°C )

Tt Uy b 7 W Wy WUiie
100.00 103.24 102.71 102.17 _102.66 102.01 _
102.99 102.71 102.17 10241 102,01 _
103.24 10296 | 10242 | 10266 102.26
103.24 102,71 102.17 102.66 102,01
103.24 102.96 102.42 ___102.66 102.26
| Average 103.19 102.81 10227 102.61 102.11
150.00 153.64 152.94 152.40 152.74 152.24
15239 15169 | 15090 | 149 152.49
152.89 15244 ___15168 152.24 151,
152.89 152.69 151.90 152.24 151.49
153.64 152.94 __152.40 152.74 15199
L__Average 153.09 152.54 15185 | 15229 151.54
Table A-2. Temperature lower part of mold (°C )
T | L | "o | o | 'w | Lin | Mo | Mg | Tw
10000 | 10173 | 10099 | 10121 | 10042 | 9861 ! 10141 | 10068 | 101.01
10273 | 10124 | 10146 | 10042 | 9986 | 10141 | 10068 | 101.01
10248 | 101.74 | 10071 | 10067 | 99.36 | 10191 | 101.18 | 101.51 |
10273 | 10099 | 10121 | 100.17 | 9961 | 10116 | 10068 | 101.01
10223 | 101.74 | 10196 | 10092 | 99,11 | 10091 | 10118 | 10851
[ Average | 10238 | 101.34 | 10151 | 10052 | 99.31 | 101,56 | 100.88 mél
150.00 . 15064 | 15094 | 149.15 | 14728 | 15074 | 14971 | 15024 |
. 150.89 | 151.19 | 149.40 . 15099 | 15021 | 13049
. 15089 | 1SL19 | 14965 . 15124 | 15021 | 150.74
. 15099 | 151.19 | 149.90 e ] 15124 | 15021 | 15034 |
. 15099 | 15119 | 14965 | o 15099 | 15021 | 130.
LAversge | o 15084 | 151.04 | 149.55 | 14728 | 151.04 | 130.11 | 150.59
¢ Thermocouple was brokea




Table B-1.
Table B-2.
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Figure B-1.
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Tabic B-S.
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Dimensions of iest specimens

Average Breaking Energies from 1z0d Type Impact Tests, RH=44 %, T = 24.5 °C
1zod Impact Tests on All Specimens

Average Mechanical Properties

Mechanical Properties from All Tensile Tests on Day I, RH=53 %, T = 25°C
Mechanical Properties from All Tensile Tests on Day II, RH = 75 %, T = 25°C
Mechanical Properties from All Tensilc Tests on Day 11, RH = 4042 %, T = 22.5°C
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Table B-1. Density measurement

w, | W ) P
Types of samph: Sample Wi. of sample | WL of samplc Density Avg.density
n, in air in liquid (gfcm?) (g/cm¥)
@ | @ -
1.079 0.321 A L

0997 | 0303 1.129

— INylon 6

- " 08% | 0.269 1126 |
N 0.812 0.244 23 |

e L (G | e
T :Fw\.

0.576 0075 |  1.129 __L12s
0. 0.286
0.588 0283 1.515
0.685 0.341 1.565
0.623 0.306 1.544 _
0.341 1.56 1
0631 0.312 1.554 1.542

0,673 0.319 1.492
0.749 0.360 1.513
| 075 0.362 1.502

|U‘1N L [} EC T N [P] LR PR PN
=

|
|
[
=
LA
o
[ [
-
A
=3

(Y (7 (Y 7N (7Y P 190Y ] S PN Y
I
sis(ololo|s|o|o] ‘ | o|
=1 1 S e
@ ‘
=
a2
&
—
i
3

0.837 0.419 1.573 1.529
0875|042 1.518
o 0.876 0427 1.533
_ 3 0.904 0.443 1.547 _
N 0.898 0439 1,542 ;fiff
1l 5 0.881 0435 | 1552

s | ‘\n“}‘ ]

oo

-3 FY ;bl‘uqn [




Table B-1. Density measurement (continued)

Types of sample

Sampic no.

W,
Wi of samipic
in air
(F4)

W,
Wi of sample
in liguid
B

P
Density
(ghmH

5
Avgadensity
TN )

"~ ZSilanc LI (5%)

0.7

0.401

K

— - 083 | oae Lal ]
— 0826 0421 L6 o ,4
i} — 0815 0413 | 1s91 ]

0.404

1578

0.393

1.556

__ 0403

1,452

TSilane 111 (10%)

0432

1.8312

__0447

1.575

0434

1.562

0429

1561

O L | B diand NG e RO T o | it [ | e

0442

1573

" ZSilane 111 (10%) _

T

. 0.396

— 1622

~ 0.400

1.632

" 0.378

1.567

0.758 _ 0383 1.588 __ _

0377

i
T
3
4
— 5 —— - = — = —— —
[ 0.778 0.394 1.592 160
“Silane 111 (15%) 1 073 | 0375 1.525
2 0811 0414 1.607 -
3 0.819 _0415 1.594 _
1 4 0.834 0432 1627 -
- 1 s 0855 | 0443 | 1629
6 0.828 _).424 1609 1.59%
1 0.833 0422 1.594
I 0.866 0445 1606 |
_ 3 0.848 0425 _ 1.577_
4 0847 0430 1.598
s 0.8 0419 1.580
— 6__ 0.841 0422 1875 __1.590
[ Tsitaneiv(io®) | 1 0.787 0.379 1515
2 0.843 0.410 1.529
3 0.810 0381 1.48S ] ]
4 0858 | 042 1.553 .
7 S 0.876 0.446 1.599 ,
L __6 0.851 0.430 1.589 1.545
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Table B-2. Volume fraction of fibee

Types of sunples Sample wi. ol Wi ol wi!;l;‘iim Wi, fraction of Volume fraction

no. composite | fibre of matnis fibee of fibwe

(g (#) (%)

, ag ) | O O v ] i)

0.592 0.9 49 49 50.51 .23

0S8R | 0303 | 4axa7 | 5153 W74
0.685 0.379 44.67 §5.33 _ .09

'l!nuu:glg'gl s

] 4 | o6 o6l 4607 | 5393 3278 ,:
0689 | 0373 | 4586 | s4.14 3117

0342 | 4580 | 5420 | $327 | 3346 | 3236
0673 | 03712 | 4473 | 877 3247
D.) B |

S
3
=
3
g3
&
3
:

S
8
Si
Y
2
{
)
3
b~

. i“'N e A I Y ™ M}‘ -
=]
2

ISilanc I (10%)

}M—i o
o o
i
1~ =
Eizlafs
Siaisle
;B‘ 1 uwi
] 2
® 8

%
3
e o
b 4
>

Silane 11 (S%)

Ff% S|
BE

31el;
'3

3
g
2l
o |

[~ —10‘! e ‘“Fﬂw el - (7Y .uiun

2lele
37
SRR
H‘ |

I..- ‘
1

i~

‘

3
Bk

YSitanc 11 (10%)

o
3
E
f
3
2
s

SE|

g
=]

fs
|
8

T o | |
bt
S
oIS
S
]
o
:

ISilane 111 (5%)

:
2

[

33

!
i
=

g
EE
E

O s i i i v
5 |

 TSiame M(S%) |

s

LT
i
F}EE




Table B-2, Volume fraction of fibee (continued)

Types of samples

Sample
.

Wi ot

composile

i

1 “m
Wi of | Woinwtiem
tibre of matns

o 0

Wi e ton ol
tibue

Vaslume traw i
of Tibwe

Uk ()

l!!l “il' !

\-’, (M)

'vl ‘lﬁ)

_USitane 10 (10%)

(LX7%

AN

. = o

3804

(.X07

—. e
0450 | 4740

0892

0472 | 41w

IETHY
AL

sIa1

0.%73

0.461 47.19

BXTH

.864

D444 4%.61

51

A

e - em e

T
wi

0

"0.883

0.467 47.11

52.89

12.75

0.768

D42} | 4492

SS.08

.17

0.771

0.430 442y

$8.77

T s

- 0759 | 0409 | 4611 | sin9 3125
0758 | 0400 | 47.10 52.90 ) ]

0.740

_0.395 46.62

5338

31164

0.778

04IR 46.0

53.7%

11.68

0773

0374 | 51.62

48.38

2.04

I Tsitanc 11 (15%)

I | o B P h‘u\u—‘mu;‘-“ P
| ]

0811 _

0445 45.13

54.47

U.71

0819

0.449 45.18

54.82

14.40

0.834

0478 42.69

57.31

1672

0.855

0486 43.16

56.84.

36.45

{.828

0457 44.81

55.19

14.97

0.833

0440 47.18

 §2.82

335

TSl N (15%) |

_ 0866 | 0478 44.80 55.20 - 35.12
- . 0.848 0475 41.99 s6.00 | M |
- - 0847 | 0460 45.69 54.1) .11
_ 0834 | 0446 46.52 53.48 31.27 _

0.841

0444

5.9

3274

I TSilane IV (10%)

o‘im

0.291

36.98

urw - PN P S urm‘-— o]

,&.,. .|

0.876 _

0.360

4L10_

0843 | 0352 | S84 | 4176 25.14 |
— _ 0810 | 0.384 5259 | a741 | nn |
, 0.858 0.377 5606 | 43.94 _26.87
] i 25.87

0.851

034,

19.25

4174 |
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Table B-3. Void volume fraction

o - Oy Gy Pc
Types Sample | Wipercent | wipercent |  Density void | Avg.void

of samples no. of matrix | of fibee (gkem’) volume volume

(%) (%) fraction fraction

TUntrested 949 | 5051 | 1s0 | 2907

48.47 s1.s3 | 1518 3992 |

4467 | 5533 1.565 3.768
4600 | 5393 1544 3989
45.86 414 | 1.5% 3404 |

[ e (80 |

TUntrcated M7 | ssy | 149 | 8214

42,50 57.50 1428 13.727 -
46.77 53.23 1.529 4,392 _

: ‘ru‘hrwru‘ -]L.:m uurm _.g.f
e
8
3
:

et
¢;
RRC
il
&
|
-
s
-
'
|
|

w|a wlu F PN P T 7Y eq A PN VY P Y|

=
-
]
i |
7] XY mi

T

}ﬁ

o frm &‘
!




Table B-3. Void volume fraction (continued)

Om wy Pe Vy Vo
Types Sample | Wi.fraction | wyfraction |  Density Vuid Avg. voul
of samples no. of matrix of fibee (gAmY) volume volume
(%) (%) fraction fraction
. x)_ ()
"Silanc 111 (10%) 1 55.69 44.31 1452 | 2793 ,
2 47.40 52.60 1532 | 372
3 4109 5291 1578 | 1266
4 47.19 52.81 1.562 2,003
5 48.61 51.39 1.561 0.968 .
6 47.11 52.89 1573 | 1315 | 2022
Lsilanc N1 (10%) | 1 44.92 55.08 1622 | 0086 —
2 4.3 55.77 1632 | 0009
3 46.11 53.89 1.567 2521
4 47.10 52.90 1,588 0434 _
s 46.62 53.38 1.601 | 003 o
6 46.21 53.73 1.592 0.840 0.048
ISilane I11 (15%) 1 51.62 48.38 1,528 1.004 _
2 | 451% 54.87 1607 | 0840
3 45.18 $4.82 1.9 | 1610 |
4 42.69 57.31 1.627 1.531 _ .
S 43.16 $6.84 1629 | 1068
6 44.81 $5.19 1609 | 0947 1.167
ISilanelll (1.5%) 1 47.18 52.82 1.599%¢ | 0008 o
2 44.80 53.20 1616 | 0512
3 43.99 56.01 1577 | 3566 |
4 4569 | 3431 1.595 1.109
] 46.52 53.48 1.0 | 13 |
6 47.21 $2.79 1.575 1.166 1.289
ISilanelV (10%) L 63.02 36.98 151 | 6941 |
2 S8.24 41.76 1529 | 438 | 0
3 52.59 4741 1,485 28 |
4 56.06 43.94 153 | 422 | 00
S | s89% 4100 1 159 | 991 |
6 1 6075 39.28 1.589 -10.346 -5.431
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2

B = 20 mm,Lo=150mm,L.=60mm,r=60mm.a=4 mm.axb 2 40 mm

i

(n) Temalle

«

4

k "=~ orecTion oF
IMPACTED ENO —0 w COMPRESSION

T b—o

A 10.16 = 0.05

8 32.00 max
31.50 min

C 63.50 max
€0.30 min

O 025R = 0.08

E 12702 0.15

:_1
WIDTH OF
SPECIMEN SHMALL
in. BE IN ACCORDANCE
0.400 = 0.002 WITH SECTION
1.200 max
1.240 min
0.500 + 0.008 () Inad type impoct tost
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Table B-4. Average breaking encrgies from 1zod type impact tests
(Ve=32%,RH = $2-46%. T = 24.5°C)

Silane type Sample RH Breaking encrgy (average), Eg,
(%) pet notch width
(J/im)
. Nylon 6 - 46 16.7
1Untreated 46 1339
- 2Untreated (dry) 42.5 190.6
2Untreated (wet) 42.5 2354
1 1Silane 1 (10%) 45 91.8
(| iSilane I1 (S%) 45 190.2
1Silane 11 (10%) 44 217.6
1Silane U1 (5%) 44 142.7
L 2Silame 111 (5%) 43 161.3
m I1Silame 111 (10%) 44 202.9
2Silane 111 (10%) 43 203.8
1Silane I (15%) 43 225.0
1Silame 111 (1.5%) 43 282.0
v ISilame IV (10%) 43 114.1*
* Vez=24%
Table B-S. 1z0d impact tests on all specimens
Table B-5.0. Pure nyloa 6
A E Width C . Breaking T RH
Samplc | (mm) | (mm) | (mm) | (mm) | Failure | cmergy.Eq | (°C) (%)
code (Yfm)
11 10.00 12.66 4.00 63.50 C 14.1 4 46
2 10.20 12,70 4,00 63.60 C 16.9 24 46
n 10.00 12.60 4.00 63.60 C 19.8 24 46
M 10.00 12.66 4.00 63.50 C 19.8 24 46
1S 10.10 12.66 4.00 63.64 C 16.9 ) 46
16 10.00 12.56 4.00 63.78 C 12.7 24 42.5
Table B-S.1. lUntrented
A B Widih C . Breaking T RH
Samplc | (mm) | (mm) | (mm) | (mm) P;r encrgy. B | (°O) (%)
L u 9.52 1240 410 | 6340 P 126.8 A 46
2 10.10 12.56 4.10 63.40 P 137.8 4 46
100 | 1264 4.10 63.40 P 137.8 24 46
" 10.0 12,36 402 | 6.9 P 1124 24 46
99 12.20 4.10 63.40 P 1488 24 46
9.8 12.30 4.04 63.30 P 198 24 46
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Table B-5.2. ISitane 1 (10%)

A
{(mm)

1 Widih

{mm)

{mm)

[
Failure
code

Bmzilréiing
cnergy. Es
(J/m)

" RH

(%)

10.10

YT

633

10,7

s

12

10.20

_4.00

63.40

104.5

45

i

10110}

_4.00

6144

93.2

45

14

10.20

A0

63.50

9.4

45

15

10.10

X0

6144

79.1_

45

6

10.20

4.00

63.44

nlaijnle|el

81.9

45

Table B-S.3. ISitane 11 (§%)

=
{mm)

A
{mm)

Width
{mm)

(mm)

Breaking
encrgy. Ey

&

. iO.;i) -

12,80

_4.00

63.80

161.0

12

10.20_| 12.%0

4.00

"63.60

192.1

‘l \Ew :g

13

1030 | 12.70

4.00

63.60

173.1

10.20 12,70

4.00

oy

15

1020 | 12.70

400

63.70

220.3

b
L [Ln Jin fin i

1020 | 12.80

400

63.60

©|v|w|v|v|v JE_

I

Tabie B-5.4. 1Sitane 111 (10%)

= )
(mm)

A

(mm)

g &
ﬁ'i *

2 | 1270

_4.00

-

ez

1220

‘im

x| 3-

12.80

4.00

12.70

400

_12.74

_4.00

1270

4.00

Table B-5.5. 1Siane 11 (10%)

o|s|v|v|v|v|

wkmww]

|
[elele|eiels

—
(am)

e

~%T 1290 | 402

(am)

g}.

I
!

3

£}

!

4,10
402

9.96

10.00
9.92

11 wiwiwv "‘i

ST

2303034842 32
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Table B-5.6. ISilane 11 (5%)

Sample

A
{mm)

E
(mm)

“Width
(mm)

(mm)

Breaking
emergy, by
J/m)

(..‘i,

RH
R

.70

12.46

4.10

63.50

1240

12

992

12.50_

4.02

631.66

154.6

s
245

1n

1000

12.56

4.16

63,50

1249

4.5

14

9.96

12.40

4.10

_63.54

141.3

M8

15

10.00

12.40

4.10

63.60

1295

245

715'777

10.08

12.54

4.08

_63.66

180.0

24.5

Table B-5.7. 2Sitane 111 (%)

A
(mm)

E

(mm)

Width
{mm)

Breaking

encrgy, Eg

_(J/m)

©0)

RH
%)

10.10

12.70

135.0

43

10.10

1626

-

10.06

12.70

_183.7

%

10.10_

_12.720

152.3

43

10.06

12.80

177.2

4}

10.10

12.96_

4.10

157.1

a

Table B-5.8. 2Silane 111 (10%)

A
(mm)

E
(mm)

(mm)

RH
(%)

10.00

1020 |
10.10

13.04_
13.00

400
4.00

12.80

4§m

10.00

12.86

4.00

10.10

12.90

4.00

Table B-5.9. ISitane 111 (15%)

_| 1000

4.00

13.00

e —

—

N

Width

(mm)
3.94

4.10 |

| 4.00 |

4.00

4!.0
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Tuble B-5.10, VSilune 111¢1.5%)

A | E Widih ¢ . Breaking | T
Sample | (mm) (min) {intn) tmm) | Failure energy. Ey (“C)
code __UJ/m)

| wdo | oo | 4ai0 | 63.64 P 292.1 1 4

12 ] 1000 | 1280 | 400 | 63.40 P 264.3 24§

1] 990 | 1270 | a0 ]| 6340 | P 2514 24.5

4 | oy | 120 | a0 | 6340 P 281.1 45 | 43

15 | 990 | 1240 | 400 | 63.50 1 ¥ 1248 | 245 |

16 992 | 1280 | 4.10 T 63.40 P 274.2 245

Table B-5.11. Sitane IV (10%)

A | E | Widh] C . Breaking T
Sample | (mm) (mm) (mm) (mm) | Failure | energy. Eg (°C)

— 0| 1002 | 1270 | 410 | 63.60

12 1000 | 1260 | 410 | 63.74

13| 1000 | 1260 | 410 | 63.50 |

15| 1000 | 1264 | 4.10 | 6354 187 | 245

c
C
e e —— C = —
i4 1000 | 1264 | 410 | 6354 | C 115.7 X
C
C

16 1000 | 1280 | 410 | 6364

Table B-5.12. 3Untreated

A | E | Widh | C « | Breaking

-

Samplc | (mm) | mm) | m) | mm) | Failure | encrgy.Eg

li(wet) | 10.20 | 1270 | 400 | 63.60

12.60 4.00 63.60

1260 | 4.10 | 6360

1276 | 4.00 | 63.60

gode
? P |
1260 | 400 | 6354 | P | 2062
P
P
P
P

£
[efelefelele] -

1270 | 400 | 63.64

Note:  Testing Machinc used:  TINIUS OLSEN Testing Machine Co., Willow Grove, PA
Capacity: 200 Ibs.

Pendulum weight = 25 Jbs
*Code P : Partial break




Table B-6. Summary of tensile testing results

Silanc Sample . JRH* ] V; | W on PR T —
e * % g (MPa) | (MP) | Gis

none Purc nylon 6 3 | o [ o 56.9 7.1 W [ 2R

" 1Untreated 3 | R4 3.0 9.8 | 061 01s | K76

-
. 2Unircaied ()" | 40 | 344 [ 89 4040 | Lxee | oase [ 2w

. 2Untreated (w)* | 40 | - ow |y os¥ | 2"

1 ISilanc 1 (10%) | 53 | 325 | 49 3.2 | 08l 017 | 1n

M ISilanc 1L (5%) | 53 1 322 | 314 454 | 08K 0.24 %36

ISilanc 11 (10%) | 75 | 320 | 15 | ai8 | o] oo | 78

iSilane [11 (5%) 75 | 317 13 ] 4285 | o3 0.17 _1mn

T 2Silane 111 (5%)* 33.5 14 sk | 267 ox2¥ | 393

1Silane 11T (10%) | 53 KN 20 | 457 0.90 0.24 mn

2Silanc L (10%)* ] 40 1341 | 06 | 42w [ 207" 0a9¥ | 249F
ISilane 11 (15%)* | 40 | 344 | 12 | 4as2e |23 o6l | 2417

ISilanc 1 (1.5%)*] 40 | 339 | 13 | 357w | 204" [ 04" | 295 |
v ISilanc IV (10%)* | 40 | 254 | . | osow | 3sof | 16" | 2000

¢ Measured at NAIT. with Lloyds L6000R (Universal Testing Machine),
All other measurements made with Instron, U of A, CME

¢¢ RH = relative humidity. This also diffcrentiates the days of testing: Day | (RH = S3%) st U of A,
Day Il (75%) at U of A, Day 111 (40%) at NAIT.

# These values, recorded by computer operation of the Lloyds instrument at NAIT, incorporate a strain
measure which appears larger than the £ scale s U of A by a factor of 3. The scakes for loading
(hence, G}) appear {0 agree.

(RH =53%,T = 25°0)

** Using Instron muchine

Tabie B-7.9. Nylon 6

Nylon 6 o & E Toughncss
(MPa) (%) (GPa) (MPa)
Tl 59.60 6.10 279 | 2m
57.58 73 | 2985 | 31m

0 i . 273}
2.55 1.51
0 | em | 290 [ 271 |
_average | 3690 | 7.08 2.81 299

S.E 108 | 045 0.09 0.17

1313
3l
15313

T4

d

19



Table B-7.1. Untreated

Untreated

Eh
()

(GPa)

Ti

_ 678

T2

057

“aom

T

0.50

934

T4

057 |

9,34

TS

- 0.68

934

_061

8.76

S.E

0.04

050 _

Table B-7.2. Silane | (10%)

~Silanc |
(10%)

(GPa)

Toughness
(MPa)

TI

7.12

_ 022

7.90

0.12

7.48

0.18

T4

8.34

0.15

,T,S, _

~average

_11

0.17

SE

0.26

0.02

« Reconding l;p;r moved

backward,

Table B-7.3, Silane Il (5%)

Silane I
L__(5%)

~TI
™
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Table B-7.4. Silane I11 (10%)

(0%) _

Oh
(MPy)

€h
(%)

E
(GPa)

Toughness
(MPa)

T

4891

0.70

ROL

T2

46.71

(.67

A

046

T3

45.26

0.9

71.67

025

T4

45.37

1.35

1.8

.43

Ts

4226

(.88

623

.20

_average |

45.71

0.90

.71

024

, S._,Ei

1.09_

0.12__

_0.42

(.05

Table B-8. Mechanical properties from temsile tests on all specimens on Day 11

Table B-8.1. Silane 11 (10%)

(RH =75%, T = 25°C)

“Silanc 11
(10%)_

E
(GPa) _

Toughncss
_{MPa)

6.00

024

,7fj_!

979

023

7.74

020

R23

004

T2
T3
T4
__T5

523 7 —

0.16

7.80

019

0.62

0.02

Table B-8.2, Silane 111 (5%)

Silane Il
(5%)

Toughness
_(MPa)

—n

019

0.22

013 _

0.9

0.21

0.17

002
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Tabie B-9. Mechanical properties from tensile tests on all specimens on Day 111
(RH = 40%, T = 22.5°C) |

*¢ Using Lloyds LL68OOR Universal Testing Machine

Table B-9.1. Untreated

Unitreated Oh b E | Toughness
(MPa) (%) (GPa) (MPa)
644 | 254 ___281 0.47

_ 593 2.8 247 054
6.54 3.96 281 | 077
63 | 31l 2.70 0.59

019 | o043 | ol 0.09 _

38.23 _ 1.81 2.86 041
42.58 1.94 1.90 0.49
4041 1.88 238 045
2.18 007 | 048 | 004

Silanc 111 o»n | e | E Toughness
(5%) (MPa) (%) _(GPa) (MPx)
TI__ | 6113 2.99 2.53 __ 094
T2 55.87 267 | 457 0.76

T3 5476 | 27 __286 0.74
T4 569 | 22 _* 0.77
TS 6258 | 267 5.76 6% |

| aversge | 35826 2.67 _ 319 0.82

L_SE 152 0.11 0.76 0.04

* Error

Table B-9.3. Silane 111 (10%)

Silane I 05 b
|U0%) | owpw) | (%)
Tl 44.94 2.23

T2 42.20 ’
B 1 .13
T4 4249

, 42.74
42.3

093




Table B-9.4, Silane 11 (15%)

~ Silane I11
(15%)

oh
{MPa)

th
{%)

E
G

Toughness
(MPa)

Tl

46.36

2.36

195

.60

T2

46.07

2.49

L9}

0.70

TS

489

T

I

0.75

T4

_44.12

212

07

0.50

TS

410

_2.08

411

0.50

average

45.25

238

241

.61

8B

120

0.12

043

(45

Table B-9.5. Sitane 111 (1.5%)

Silanc 111
(1.5%)

b
MPa)

€h
(%)

E
(GPa)

Toughness 7
(MPa)

Ti

3532

168

2.85

0.3%

36.80

2.19

4.91

045

3453

236

2.23

041

a4l

23

2.84

0.56

3046

1.64

191

0.3

1870

2.9‘ -

041

L7

__0.16

0.52

0.4

Table B-9.4. Silane 1V (10%)

Silanc IV
(10%)

%
P

b
(%)

Toughness
(MPa)

TI

106,10 |

4.01

2.00

T2

_94.17

176

T3

3193
3.44

1.74

T4

84.30

— 303

T 1M

93.09

3.24

1.54

93]

"31.53

1.67

356

0.19

T
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C-1.

C-3.
C-4.

APPENDIX C

Mechanical Properties of Composite Samples Determination
Density Determination
Fiber and Void Volume Fraction Determination

Standard Error of Mcan Determinaticn
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C-1.1. Tensile properties

The tensile properties were determined according to ASTM DO3X. Using
the Instron tensile tester to perform the tensile tests on the dumb-bell shaped specinxens

with the dimensions as shown in Figure B-1 under the following conditions of testing:

cross-head speed = 5 mmy min (0.2 in/ min)
gauge length = 60 mm (2.36 in.)

0.5 % strain / 1 in. of chart paper.
8.0 % / min (i.e, cross-head speed / gauge length * 100)

clip gauge caalibration

strain rate

the narrowest portion of all the specimens before testing. For each sample, record load -

strain data on the X-Y plotter of the Instron. Record load ranges, capacity of load celletc.

C-1.3. Analyze load ()-strain (€) data for the matcrials as follows:

Stress, o

Load, F =
Young's modulus, E
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where g =
(‘ =

A =

toughness

C-1.4. Sample calculations

slope of tangent to the curve at zero limit strain
stress, MPa

strain, %

cross sectional area of specimen, m2

area under the curve , MPa

C-1.4.1. Tensile stress at ultimate point, Oy

Sample:

Fb. load at breaking point =
A =

Oh =

Untreated (tensile specimen T1), Uty

365 Ibs
4x107} m?2
208 sum N
4x107m ) lb[
40.59 x 106 -N—2

m
40.59 Pa

C-1.4.2. Strain at ultimate point, €,

Strain was determined by measuring distance from 0 to breaking

point on x-axis, &,

1 inch of graph paper =

For sample 1UT):¢p, =

eb =

0.5% strain
0.00S strain

1.5 inch of graph paper
0.7x0.008

0.0075
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C-1.4.3. Young's modulus, E

dely o
= slope of tangent to the curve at limit of zero sirain
. 305 X 4. 4482
For sample Ut E = 305 x4. Pa

4 %1073 x 0,005
E = 6.78x1(¥ Pa
= 6.78 GPa

C-1.4.4. Toughness

Toughness is measured by measuring the area under the stress-

strain curve from zero to breaking point.

Cross sectional area of the specimen, Uy = 4x10°3 m?
From chart paper at x-axis, | inch = %’E Pa
at y-axis, strain at 1 inch = 0.005
I in2 of graph paper = 55602.5 Pa
For sample 1U7y:
A (area under the the curve) = 3.6) in?
& toughness = 3.61 xS55602.5 Pa
= 200725 Pa
= 0.20 MPa
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C-2. Density Determination

The density of composite was determined in accordance with ASTM D792-66 by
using small wires tied the samples and weighed the samples in air and in liquid, then
weighed only small wire in air and in liquid (Acetone, density of 0.7857 g/em3 at 25°C).
Record the room temperature. The density of the samples was calculated by the following

equation.
o= M5
Pc Wy =W, Pliquid
where w) = weight of tied sample in air - weight of wire in air
wa = weight of tied sample in liquid - weight of wire in
liquid
For sample !Untreated (at position 1), 1U;:
wp = 0.592 g
w2 = 0.2859 g
0.592
= 0.78
Pe 0.592-0.2859 - 0%
= 1.520 gicm3
C-3. Fil { Void Volune Fraction D N

Fiber and void volume fraction were determined by bumning the known weight of
samples (using crucible as comtainers) in the muffic fumace at 600°C for 30 minwees,
putting the crucible into a desiccator, and allowing the heated samples to cool down to
room temperature before weighing.



C-3.1. Fiber volume fraction, Vi (%)

The fiber volume fraction was calculated by the following equation:

Vi = E(--pt. x 1K)
Pr

where \'/i = fiber volume fraction

Wy = fiber weight fraction

Pr = fiber density =2.54 g/em? (ASTM:D 2734 - 70)
Sample 1y,: Wi = 05051

pc = 1.520 g/em?

Ps = 2.54 giem?

Vi = O;;’: 11,520 100

= 30.23 %

C-3.2. Void volume fraction calculation, V(%)

The void volume fraction was calculated by the following equation:

vV, =  100- pc(!‘-‘-+!f-) x 100
Pm Pt
where W = weight fraction of matrix, %
Pm = density of matrix (nylon 6), g/cm?3
Pe = density of composite, gicm?
ForSample IU;: W, = 0.4949
P = 1.125 gieom3



S.E.

]

]

1.520 p/emd
100 - 1.520 x(

L9 03081)
1.125 2.54
2907 %

set of data

total frequency (number of sample)
sample mean

standard deviation

i(yi -y



APPENDIX D

Figure D-1.  Stress-Strain Curve of Fibreglass/Nylon 6 Composites
(Using Instron Machine)
Figure D-2.  Stress-Strain Curve of Fibreglass/Nylon 6 Composites

(Using Lloyds L6000R Universal Testing Machine)



Figure I)-1. Stress-Strain Curve of Fiberglass/Nylon 6 Compusites
(Using Instron Machine in Room 712, CME, Uof A)

x axis: Load, F, Ib scale: 100 Ib/in. of chart paper

y axis: strain, €

scale: 0.005/in. of chart paper
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Figure D-1.2. ISilane I (10 %)



Figure D-1.3. 1Sitane 11 (5 %)

Figure D-1.4. 1Silane 11 (10 %)
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Figure D-1.5. 1Silane 111 (5 %)
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Figure D-1.6. 1Silane ITI (S %)
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(h)
{
{
' I
x-axis: Strain (€), % scale: 1: 1.67
y-axis: Load (F), N scale: 1: 1500

Figure D-2. Stress-strain curve of fibergiass/nylon 6 compasites (Using Lioyds
L6800R Universal Testing Machine) (a) Dry specimens (b) Wet specimens
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E-l.

APPENDIX E

Calculation of Number of Silane Molecules (Approximately) Saturated

with the Glass Fiber Surface



Silanc Il molecule :  (CH3)3SiCl

Molar mass, M = 108
A, = (4:&)2 =16 AI(I molecule of silane/area 16 AE)
Nesat = ﬁ:;"‘
where Ngo = number of silane molecules saturated to glass-fiber surface

Typical surface treatment (5%): 100 ml silane/2000 ml toluene

N, = number of silane molecules in the solution (silane/toluene)

SilanellL,p = 0.856 g/ml
100mi )Mgf X llm x 6 x 1023 gﬁyﬂﬁy les

ml 08g e
N, = 4.76 x 1023 molecules (= 1male )
Amat = Liber X Diiber 7€
where Dfines = 13tm (E-glass)

Mass of mat, M;,,, = 150 g

M, R
Vma = p—!:: = ?Dzﬁha X L.y
M, 4
= .._..mﬂ..
e Pglass 2D fiber
Amat = ﬁ“ 4 XD, MMy
plllii ‘D'[ PSD[
4 10
= [2.568/cm?) 13x10~4cm
= 0.2x108cm?
0.2x10%¢cm?
Nesa = — S
2 - om
16A x(m"—.sJ
A
= 1.25x102° molecules
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4.76x1023

, = 3.8x103
N/ s 1.25%10%0

- Silanc NI (5 %) 3.8 x 103 times N,gyurated

These values for Ng o, and No/N¢ o, depend on the specific number chosen for A,.

projecied outward from the glass surface at the point of connection to the surface oxygen
(hydroxyl) group. It is possible that the molecule actually collapses down onto the surface,
covering a larger arca (dependent on its full size), which would make A, larger and Ny o

from 3800 to a still larger number.



APPENDIX F

Valve redesign



Sikieons
0-nng

'Figure F-1. Valve redesign
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