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ABSTRACT

The effects of selected gases such as water vapor and CF^ on E-glass
fibers at high and low temperature were investigated.

Fine E-glass

fibers (3.5-5.8 wm diameter) drawn in these atmospheres were aged in a
controlled humidity atmosphere (36% R.H.) for certain periods of time
from one-half day up to 30 days and the tensile strengths were measured.
Losses of strengths of fibers drawn in both high humidity and CF^
atmosphere were observed.

The initial strength of E-glass fibers

fluorinated bv CF. in the drawing atmosphere was lower than that for
4
fibers drawn in humidity atmospheres.

However, the fibers drawn in the

CF^ atmosphere showed greater resistance to attack by water during aging
in a humid atmosphere.

1

INTRODUCTION

Freshly produced fine glass fibers manufactured and tested under
controlled conditions will have high breaking strengths approaching a
theoretical strength of one to four million psi.

Unfortunately, these

values are in general greatly reduced when the glass surface is damaged
either by physical or chemical attack.

For instance, weathering by expo

sure to atmospheric moisture results in rapid degradation of strength at
a rate depending on environmental conditions.
Modern glass technology has recognized the importance of surface
reaction phenomena from the standpoint of its influence on glass work
ability and devitrification.

The most dramatic examples of the impor

tance of glass-atmosphere reaction are to be found in the behavior of
glass fibers since surface corrosion problems are magnified in filaments
due to their huge relative amount of hydrophilic surface area.

Many

attempts have been made to study surface-atmospheric gas reaction phenom
ena including adsorpcion, difluwiuu aim ion c^chcngc.

These phenomena

are still generally poorly understood due to a complex combination of
physical and chemical reaction processes when glass fiber surfaces are
subjected to variable environmental conditions.

The rate of gas reaction

on a surface is governed by many variables such as temperature, concen
tration, time, surface area, molecular weight of gas, bonding energy of
surface materials and so forth.
One method for taking advantage of the high strength of commercial
glass fibers is to use coupling agents for fiber glass reinforced plastics
as means of stress transfer between the hydrophobic polymer and the

2

hydrophilic glass surface.

Even though many chromic and sllane coupling

agents have been developed to improve the fiber-matrix bond, the fiber
composite may lose strength by water penetration at the glass-resin inter
face.

The strength reduction by water penetration at the resin-fiber

interface is probably affected by compression at the glass-resin interface
and the thermodynamics of water adsorption at the interface.
The object of this investigation was to study the interaction of
various gases with the surface of glass at both high and low temperatures.
Glass fibers were used in order to obtain as much surface area as possi
ble,

Gas reactions on glass fibers during forming may contribute to

changes in surface composition and microstructure as well as properties
such as surface tension and viscosity which in turn may affect the drawing
conditions; final fiber diameter, cooling rate, jet shape, drawing force
and other parameters.

These drawing conditions are also factors affecting

the mechanical strength of glass fibers.
The procedures for this investigation were based on theories and
techniques obtained in the literature and from industry.

It consisted

essentially of drawing glass fibers under controlled atmospheric condi
tions (i.e., high and low humidity and Freon-14 gas atmospheres) and
evaluating the resistance of the fiber to corrosion by atmospheric water
vapor.

The effects of drawiug gas at=ospheres on the physical and chem

ical properties of glass fiber surfaces were determined by analyzing the
results of drawing conditions and the tensile strength after exposure to
corrosive environments.

3

LITERATURE SURVEY

Glass Fiber Drawing
Glass fiber drawing is by no means a recent discovery; it is older
than the technique of glass blowing because many Egyptian vessels were
made by winding coarse glass fibers.

In the 13th century the Venetian

glassmakers employed the technique of glass fiber drawing by drawing heatsoftened glass into fine fibers and they decorated glassware with bundles
of glass fibers (1).

Because of high flexibility and high strength of

fine glass fibers, Interest in using glass fibers for textile applications
developed in France.

In the early 19th century fine glass fibers were

used in textile industries, for example, woven with silk brocades.

In

Germany, during World War I, fiber glass was developed for use as thermal
insulation because of a shortage of asbestos.

As new applications devel

oped in other fields, demand led to rapidly increasing production.
There are many methods of commercial glass fiber production, which
can be categorized into two principal methods.

One is the continuous-

filament process in which molten glass flows from a number of orifices
and is drawn into fibers by mechanical means, such as winding on a rapidly
rotating drum.

The other is the wool and staple process in which jets of

high-velocity gas Impinge on streams of molten glass, and fibers are
formed by the frictional drag of the glass stream.

Recently Loewenstein

(2) reviewed the manufacturing technology of continuous glass fibers and
discussed the general technical problems in the fiber glass industry.
In the continuous-filament process, steady conditions prevail and the
configuration of the glass stream as it is drawn into a fiber can be

4

studied by static methods.

However, in the wool processes the pattern of

movement of the glass changes continuously and the motion is too rapid to
be followed by the eye or an ordinary camera,

de Dani and Jellyman (3)

established the mechanism by which fiberization of glass takes place in
the Owens-Corning wool process by use of a high speed camera.
The overall physical process during the drawing of a glass fiber is
extremely complex, because a huge surface area is created under conditions
of mechanical stress, viscous flow and rapidly varying temperature.

The

interactions of glass fibers with the drawing atmosphere will depend on
this complex physical process and will include such variables as cooling
rate (time), drawing temperature, drawing speed, mass flow rate and
drawing force.

Cooling rate and cooling time
In glass-forming processes, the cooling rates are often more
important than the drawing temperature Itself.

Glass is defined as being

in a supercooled liquid state so that different cooling rates, correspond
ing to different relaxation times in transition range, give rise to a dif
ferent configuration of the glass structure.
high strength glass fibers result

According to Bateson (4),

when cooling rates are so rapid that

Insufficient time is provided for relaxation of shearing stresses by
viscous flow.

The cooling time for a 5-pm diameter glass fiber, if de

fined as the time required for the glass to reach the final fiber diameter,
could be as little as 10 ^sec as compared with about 1/2 sec for 2-mm
diameter glass rod (4).
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The calculation of cooling rate is not too difficult from the heat
transfer point of view if certain simplifying assumptions are made
including the applicability of Newtonian conditions, i.e. Internal gradi
ents of temperature are negligible.

In general, heat transfer rates

vary greatly with different geometrical shapes (5); thus, the coding
rate

of the glass fiber during forming depends strongly on jet shapes.
Deeg and Dietzel (6), and Anderson (7) calculated that the time for

cooling fibers from the drawing temperature to ambient temperature
-4
is of the order of 10
sec, which is approximately the Maxwell relaxation
time.

By observing jet shapes, Kutukov and Khodakovskii (8) determined

the total cooling time to be 0,2 ~ 1.0 sec, depending upon the volume of
glass jet.

Arridge and Prior (9) found that cooling time in a coarse

silica fiber (4mm in diameter) was considerably longer than was predicted
by Anderson's calculation (7).

Subsequently, Manfre (10) calculated the

cooling time from photographs of the upper jet and found it to disagree
with Andersen (7), but t= be in, the ==2 range as reporte^ «y KiirtiVov and
Khodakovskii (8) and Arridge and Prior (9).
Glicksman (11) developed a cooling rate equation, which had the same
form as Anderson's equation except that he used the conductivity of air
instead of that of glass, an error in Anderson's work which was pointed
out by Manfre (10).

The equation for the cooling rate derived by

Glicksman is

.|i = i = _ (ï_ï^)

(1)
pc Ip
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He also computed the approximate cooling time for a constant diameter
fiber by using Equation 1 with an average Nusselt number, i.e.,

He found disagreement between his calculated values and those of other
workers (7, 9) at very low temperatures.

However, the cooling times for

fibers predicted from Nusselt number in his calculation agreed closely
with his experimental results and he concluded that actual cooling times
are much longer than previous workers had predicted in the region where
fiber is still attenuating (above about 870°C).

Under the assumptions

that heat losses by radiation are neglectable and that jet volume remains
constant, he also showed that cooling equation as a function of axial dis
tance (2) can be derived from the first law of thermodynamics and is
given by

,

wK . Nu
(i-V =

(3a)

P
T-T

or

(3b)
0

00

•

He also found that increasing flow rate or decreasing the drawing force
results in faster cooling of the fiber (i.e.,

at higher temperatures)

By using the experimental glass flow rate and measured upper jet
shape, Burgman and Hunia (12) used the following relationship to calcu
late the total fiber cooling time.

t = -^
w

f

r^(z)dz

(4)
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They found the time to vary from 0.2 sec to as much as 1.0 sec, depending
upon the drawing conditions.

They also showed experimentally that

cooling time has no effect on fiber breaking strength.

Drawing force
In the spinning process for continuous filament production hot
molten glass flows through a capillary nozzle into air to form a free
liquid glass jet at the nozzle exit.

The glass fiber is made by rapid

attenuation from the jet by contacting a rotating drum which maintains
tension on the jet due to the dynamic balance between the forces due to
surface tension and traction.

The analysis of the mechanisms of a similar

attenuation case can be found in the studies of polymer spinning phenomena
(13,14).

However, many assumptions used for the solutions of the rheology

of polymers are unrealistic for the glass fiber formation.
In a model of pulling of thread from viscous liquid, Bateson (4)
expressed the drawing force (F^) acting on the surface as a balance be
tween surface tension and traction, i.e.,
F = 2irrYsine
X
where 0 is a contact angle.

(5)

He added that this equation can be applied

in the drawing of a glass fiber only if gravity and the weight of glass
outside the orifice are neglected:

Accorriling to his hypothesis, i.e.,

vanishing shearing stress on a fine fiber drawn with sufficiently high speed
so that no radial temperature gradient exists, the tension in the fiber
as it is drawn is believed to influence the final strength of the fiber
due to the effect of thermal history on surface flaw formation.

8

Glickeman (15) calculated the magnitude of the net tensile force (F^)
acting normal to the glass cross-section at the nozzle exit.

He found

that it consists of two components; a viscous force and a surface tension
force.

Glicksman's force equation was derived from the momentum equation

for steady-state flow under assumptions of one-dimensional temperature
and velocity distribution.

F
0

= pr

^ + irry cos 0
dz
'

(6)
^ ^

where tan 0 = - ^ . He also showed experimentally that the tension in
the jet is approximately constant throughout the upper jet and affects
cooling times at high temperature (above 870°C), i.e., low tension showed
faster cooling of the fiber.
Manfre's work (16) on the main forces acting in the continuous
drawing of glass fibers described the external net force (F) as being
equal to the sum of four forces; the tensile force (drawing force; F^),
the surface tension force (F^), the gravitational force (F_) and the
aerodynamic force (F ).

These forces are balanced as follows.

F = F\ + F + F + F
d
s
g
a

(7)

He calculated the gravitational force and the aerodynamic force and found
that they are negligible compared to the surface tension force.

The

drawing force, therefore, was shown to be balanced mainly by the surface
tension force at the nozzle and was determined experimentally by a device
which measured the torque on the winding machine during spinning.

He

computed numerical values of F^ by using the following equation derived
from the balance between the surface tension component in the z-direction

9

and the forces due to both hydrostatic pressure and weight of the hanging
thread, i.e.,

2 2

,2
(8)

The surface tension and other data in his computation were obtained from
the literature and from measurements of the jet shape.

He concluded that

the surface tension plays an important role in the magnitude of F^, which
is the only important external force component acting in opposition to
pulling force.

The greatest influence of

is in the first part of jet

(z jc 0.3 cm).
Later Burgman (17) reviewed Glicksman's momentum equation for steady
state flow and discussed the relationship between the forces acting on the
element of the glass jet and the jet shape.

According to his analysis

of jet shape, in the upper part of a concave jet (See Fig. 2), the viscous
force at Lue uoiiiilc exit is the dcsinant fores.

The

fnrrm in

creases while surface tension decreases in order to maintain constant
normal force along the axis of the upper let.

He concluded that, from

the practical point of view, the strong dependence between glass viscosity
and temperature is the key to drawing glass into fine glass fibers.
Krishman and Glicksman (18) attempted to calculate the drawing force
more accurately by using a two-dimensional analysis of heated upper jet
solution.

However, inclusion of two-dimensional fluid dynamic effects

did not significantly improve the accuracy of the solution.

Glicksman's

recent paper (19) showed that the viscous force term in Equation 6
should be:

10

_

fi

F
"

* ,..dr .2^
l+(^>
'dz '

5r ^ âr)
"o

"Vt cosG

(9)

This equation demonstrated closer agreement with the experimental tension
data.
More recently Oh and Martin (20) derived the approximate drawing
force equation from Glicksman's one-dimensional flow differential equation
(15) with the assumption of the viscous force predominating, and noted
that the drawing force is independent of flow rate and depends most
strongly on viscous flow terms,
-Q/RTg
6irKNuQr| e

r^

Jet shape
As mentioned in the previous sections, numerous authors drew
attention to jet shape analysis to make possible the prediction of the
cooling rates and the forces acting on a glass fiber during drawing.

The

analysis of the dynamics of liquid glass jets is possible in principle,
but numerical techniques must be employed for practical solutions.

A

further difficulty is that jet shapes are governed by fluid flow at the
nozzle exit and will be influenced by the strong dependence of glass
viscosity on the glass temperature.
Glicksman (15) analyzed the behavior of variable viscosity jets and
predicted the jet shapes by simultaneously solving the momentum equation
for steady flow, the continuity equation and the energy equation.

To

perform his analysis he divided the glass Jet into three regions depending
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on the magnitude of slope (dr/dz); the upper jet region (dr/dz > 0.1),
the central jet region (dr/dz ^ 0.1) and the constant radius jet region
(dr/dz = 0).

Figure 1 shows schematically Glicksman's three jet regions

in glass fiber drawing.

1

Upper jet region

2

Central jet region

3

Constant radius jet
region

r=r
z=0

Figure 1.

Three jet regions of Glicksman's jet analysis.

He concluded that the assumption of one dimensional flow conditions in
the upper jet region, even though not physically justified, yields results
that are qualitatively correct.

He suggested that improved results in the

upper jet region may be obtained by taking into account the radial varia
tion in the temperature due to radiant heat transfer.
Subsequently, Manfre (21) investigated jet shape by observing
photographs of the glass jet, and developed a non-linear heat transfer
equation Tor deteïûïlûing the tespsraturs distribution in the alass jet.
It was also reported that Kutukov and Khodakovskii (8) analyzed jet shapes
by means of high speed photographs and found high speed oscillations of
the glass jet which did not affect the fiber drawing process.

However,

Manfre (22) found earlier that low speed oscillations which interrupt the
fiber process can be related to the gravity head of the glass in bushing.
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Burgman (17) observed three basically different jet shapes; concave
which is normally reported in the literature, convex, and a combination
of concave and convex.

He related these shapes to the Reynolds number

(Re) for flow through the drawing nozzle.

He actually divided the jet

types Into four categories as shown in Figure 2 and stated that the jet
shapes were independent of the nozzle geometry or fiber drawing speed for
surface tension ranging from 300 to 330 dyne/cm.

II

III

IV

T

Figure 2.

Four categories of glass jet shape by Burgman= (17)

He also stated that there is jet instability at low viscosity and high
Reynolds number, but at high viscosity (> 500 poise) the upper jet in
categories III and IV is stable, i.e., no noticeable change in jet shape
occurs with time.
In order to emphasize the important parameters of the drawing
process. Oh and Martin (20) used the assumptions of Glicksman (15) and
approximate integration techniques to develop closed-form solutions to
the fiber drawing equations.

Ihe drawing equations can be expressed In

terms of temperature or in terms of axial distance, and can be written;
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or

ki r/r^ = &n r^/r^ exp

-Q/RT^) g-pz ] ^

(ub)

Equation 11a indicates that the shape of the jet in temperature
coordinates depends only on the temperature and activation energy for
viscous flow with the logarithmic drawing ratio appearing as a scaling
parameter.

The equation

lib

can be approximated as follows and shows

good agreement between experimental and predicted jet shapes close to the
drawing nozzle, i.e., at small value of z,

&n £n r/r = to to r /r. ^
° ^

^^0

1 - — ) + l]
0

x— z (11c)
c r VP .
P

Flow rate
The rate of glass fiber production from a given bushing is entirely
a function of the flow rate of glass through nozzle.

In dealing with

transport processes in viscous liquids, the flow rate (w) is an important
parameter.

According to Poiseuille's equation, the flow rate of glass

through the nozzle is proportional to the fourth power of nozzle diameter
(D) and is independent of the rate of attenuation, i.e., of the diameter
of the fiber made (2).

The flow rata is giveu approximately by the

following equation;

"=

•r

(12)

Ap is equal to (p^ - p^) when p^ and p^ are the gravity head pressure of
glass above the nozzle and at the nozzle exit, respectively.

Tiede (23)
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measured glass viscosity by determining the relationship between
temperature and flow rate of glass fibers drawn through a single hole
bushing.

He pointed out that it is not possible to exactly predict the

flow rate from Poiseuille's equation due to the complicated situation in
the orifice, i.e., the increase of viscosity of glass during its passage
through the nozzle because of temperature drop.
Manfre (22) observed three different regimes in the outflow of molten
glass from a capillary which he referred to as drop formation* stationary
spinning, and oscillatory spinning.

He was partially successful in

establishing a relationship between the flow rates In these regimes
to interpret the oscillation phenomena.

He introduced an extrusion law

which is of the same form as Poiseuille's equation written as a function
of the gravity head (h),
w = dV/dt = Ah

(13)

4
where A =

and n is the Couette correction.

He found that in the

spinning process, the flow rate is constant and that the value cf the flow
rate for the onset of oscillation depends on the ratio between viscosity
and surface tension.

He could not explain physically this fact, and he

suggested that it is necessary to study vlscoelastic theory in order to
explain his results.
The radius of a glass fiber can be calculated from flow rate through
the continuity equation;

2

w = pïïr V

(14a)

If the cross-section velocity distribution is not constantj Equation 12
should be modified as follows;
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(14b)

27Tp/ rv(r)dr
o

If velocity is constant, i.e., the fiber is cold, the final radius can be
predicted from the mass flow rate and drawing speed by combining
Equation

12

and

14a ;

(15)

where K

is a drawing constant which can be determined experimentally.

Thomas (24) showed experimentally that fiber diameter varies as func
tion of bushing temperature and drawing speed.

For a fixed head of glass

and a fixed pulling speed the relationship between fiber diameter and
bushing temperature is linear.

It might be expected to show exponential

dependence on temperature due to the viscosity parameter.

He also found

that the slope of the diameter vs. bushing temperature curves increases
with a decrease in drawing speed, and that the fiber diameter decreases
parabolically with increase in drawing speed.
Many investigators (17,24) have shown experimentally that the flow
rate from the nozzle is almost independent of drawing speed.

Thomas (24)

found that, for a given nozzle diameter, temperature and drawing speed,
the flow rate varies linearly with the glass head.

The dependence of flow

rats on head was found to increase with increase in temperature.

Otto (25)

obtained different fiber diameters for a strength study by controlling the
drawing speed.

He suggested that the fiber diameter could also be con

trolled by varying the flow rate of glass through the drawing nozzle by
changing the glass head while holding the temperature and drawing speed
constant.
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Glass Surface

Reactions with Gases

Glass is widely employed In contact with gases.

Certain gases such as

water vapor, hydrogen and oxygen, which dissolve molecularly In glass, can
react with the glass network and consequently modify the composition and
microstructure as well as physical properties such as surface tension and
viscosity.

Useful reviews of reactions of glass with gases will be found

in the treatises by Holland (26), Doremus (27) and Stanworth (28).
When a solid surface is in contact with a gas, an interaction may
occur which causes a concentration of gas close to the surface due to
attractive forces resulting from a different thermodynamic properties of
the surface and bulk phases.
cess (29).

This spontaneous behavior is a dynamic pro

In other words, the adsorbed molecules may return to the gas

(desorption), or they may either migrate to other sites on the solid sur
face (surface diffusion) or dissolve into the bulk (bulk diffusion).
Deitz (30) described the general reaction at a gas/solid interface in
terms of an adsorption complex, i.e.,
"Solid ^ "gal

^SSm- ^complex

The surface mobility of this adsorption complex is governed by many
variables such as temperature, concentration and molecular weight of the
gas.
The structure of glass is regarded as an open network of relatively
strong-bonded oxygen ions and glass forming ions, containing within its
holes relatively loose-bonded glass modifying cations.

The exchange of

these modifying ions with other ions by adsorption or diffusion at ths
glass surface may also result in changes in surface properties of glass.
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Gas reactions during the drawing of glass fibers are an extremely
complex combination of these reaction processes.

When analyzing gas

adsorption on a glass fiber surface mass transport processes such as
diffusion and ion exchange must be taken into account.

Large changes in

final properties and in drawing behavior may result from the. influence of
the gas reactions during the drawing of fibers.

Mechanisms of gas-glass reactions
Adsorption

Adsorption phenomena can be classified into two

categories depending on the magnitude of the attractive forces. Adsorption
due to weak bonding forces of the van der Waals type is called physical
adsorption (physisorption).

In contrast, chemical adsorption (chemisorp-

tion) involves considerable binding energies associated with a significant
modification in the electron charge distribution of the adsorbed molecules.
In general, chemisorption leads to monolayer adsorption at relatively high
temperature, whereas in physisorption, multilayer adsorption occurs at
lower temperature and may occur on top of a chemisorbed layer (30).
Two important descriptions of adsorption are the Gibbs adsorption
isotherm (31) and the Polanyi potential theory (32).
both are chemical potential theories of adsorption.

In a broad sense
Gibbs' description is

largely concerned with correlating changes in surface tension (Y) with
quantities adsorbed as shown in the following equation;
(dy)^ = -E rjdp^

or

-dy
„
-dy
B.Tdi,na^ " RTd.enC^

where Z is an operator signifying summation and

(17a)

(17b)

is the excess surface
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concentration which can be determined experimentally.

Using Equation

17a,

a number of equations for free energy change (AF) accompanying the process
of transferring saturated vapor onto a unit area of solid surface can be
derived.

The most convenient equation in terms of relative vapor pressure

II

U

was derived by Demlrel and Enustun (33);
p/p
AF =-Rl/
° q/q d'&n^
o
^0
Pg

(18)

This equation implies that the adsorption process is terminated when the
equilibrium pressure reaches p^.
Polanyi's theory correlates heats of adsorption and changes in "film
pressure" with the thickness adsorbed.

According to hiô theory, the work

done (E^) by adsorption is given by the following equation;

E,.A Vdp = A

where

and

SÎ ip =

KT

(1,)

are the densities in the adsorbed gas layer and in the gas

phcGC rccpcctivcly.

AnslyeÎR nf

ndsorptioH by uainE Tolanyi's theory

is particularly successful in predicting the temperature-dependence of
adsorption.
Physical or chemical adsorption is affected by a large number of
variables such as surface structure (roughness, capillarity), the nature
of interaction between adsorbent and adsorbate, and most importantly by
surface area.

The most common method for the determination of the surface

area by gas adsorption uses the BET theory, or one of its modifications.
The following equation is one of the modified BET equations expressed in
terms of mass of gas adsorbed (34);
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-y-E—^ = —
q(Po-p)
V

+

—
V

(20)

where q is the mass of vapor adsorbed at pressure p and
adsorbed at monolayer coverage of the adsorbent surface.

is the mass
The latter

quantity can be calculated from experimental data of q and p/p^.

Using

the known area occupied by a single molecule, the parameter q^ gives the
surface area covered by a monomolecular layer of adsorbate.
Since the treatment of adsorption kinetics is similar to diffusion
problems, corresponding to gas diffusion into a pore, a number of authors
(35,30,37) have developed theories of adsorption rate based upon diffusion.
The experimental observed rate of adsorption can be calculated by
considering the general form of equation (17);

^1
X + A gas ,: *

X

A complex

^3

» products

^2

The total rate of gas adsorption is given by the following equation;

^ = k^(l-0) - kgG - k^e

(21)

where 8 is the fraction of the surface covered by the adsorbed gas at
constant pressure, and k^, k^, and

are rate constants (38),

6 can be

determined by integrating with boundary conditions; i.e., 6=0 when t=0.
Then the specific rate of gas adsorption (V) can be expressed

where k^ is a number of active sites per unit area and v is the unit
volume.
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The equilibrium number (N) of molecules adsorbed per unit area can
be calculated for low coverage from the simple uumerieal consequences of
the Langmuir isotherm (37) and de Boer's work (39), i.e.,
N = nT

(23)

T is the mean time of sojourn and n is the number of molecules sticking
on each cm

2

per second given by;

3.52x10

(24)

Here p is the pressure in torr and M is the molecular weight of the gas.
Infrared spectra give direct information about adsorption phenomena
by analyzing molecular vibrations on the adsorbed layer; changes in spectra
show the effects of the surrounding on molecules, and band shifts and in
tensity changes indicate the chemical nature of the gases adsorbed onto
surfaces.

Gas adsorption phenomena on glass surfaces have been investi

gated using infrared analysis, and various investigators have found that
surface hydroxy! groups are the most important sites for gas adsorption
(27).

There are several types of hydroxyl groups for silica glass;

namely, isolated SiOH groups, hydrogen-bonded
groups and molecularly-adsorbed water.

groups, internal OH

Hydroxyl groups such as AlOH, BOH

and POH groups are likely to occur on the surface of complex glasses.

Due

to different surface free energy ittctoi's for the vsricus components; it in
probable that one glass former will appear preferentially at the surface.
This will give a distribution of surface hydroxyl groups which differs from
the bulk composition of the glass.
Band shifts after adsorption of a number of gases on or near hydroxyl
groups have often been reported (40).

Large band shifts for water indicate
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strong hydrogen bonds on SiOH groups (40).

Basils (41) showed a relation

ship between the band shift and the ionization potential of adsorbed gas.
Good correlation between the measured heats of adsorption and band shift
for a number of organic molecules adsorbed on silica was found by Kiselev
(42).
A number of adsorption isotherm equations as a function of pressure
for silica and other silicate glass have been proposed, but none is
entirely satisfactory.

Many results show disagreement with Henry's law,

which may result from heterogeneous adsorption sites In complfx glasses;
1.e., BOH, AlOH and POH rather than SiOH.
change with time and thermal history.

These adsorption sites may also

Deitz (30) stated that the influence

of pretreatment of the surface is probably the most important parameter
in determining the adsorption sites on glass.
The formation of SiOH and other hydroxyl group adsorption sites occurs
when a freshly formed glass surface is contacted with waiter vapor.

The

'..'iter chsnlsorbs rnpinry at sufface silicon atoms having unpaired electrons

(dangling bonds) thereby producing SIOH groups (27).

The density of

dangling bonds depends on the thermal history of the glass, relative
humidity of the atmosphere and surface treatment during melting and
cooling.
The effects of surface pretreatment on gas adsorption have been
reported by many Investigators,

tlikhail and Shebl (43) showed that a

heating pretreatment of silica gel produced surfaces that were partly
hydrophobic.

Kawasaki ^ al. (44) observed that the number of adsorption

sites on silica glass was decreaced by heat treatment and that there were
two states of water sorption, i.e., reversible and irreversible adsorption.
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It is possible that heating the sample to higher temperatures progressively
destroys the adsorption sites because of diffusion and reaction of atoms
from the interior of the glass.

Thuss a change in the adsorption capacity

is often observed after a glass is heated (26).
Young (45) studied water vapor interaction with silica surfaces at
higher temperatures (>AOO°C) and found that water vapor cannot be chemisorbed due to irreversible dehydroxylatlon of the glass following such
treatments.
The mechanisms of water vapor adsorption on glass surfaces at room
temperature have been extensively studied in the past.

Folman and Yates

(46) described that adsorbed water molecules are bonded to the hydrogen
atom on an SiOH group.

This hydrogen bonding is intermediate in energy

between physisorptlon and chemisorption.

Deitz (47) reported a study of

the interactions of water vapor with E-glass fiber and that there is a
strong, rapid chemisorption process accompanying or following physisorp
tlon of water on glass surfaces.
Recently Johnson (48) studied the effect of water vapor adsorption on
specific surface of E-glass fibers and found that water vapor contact in
creases the specific surface area of E-glass by surface corrosion.

It is

believed that successive prolonged contact with water vapor increases the
number of surface silanol groups wich removal of calciuir. and sodium ions.Huang et

(49) also studied the mechanisms of vapor sorption on E-glass

fibers and observed capillary type of adsorption in the E-glass-water
system.

They also determined the various properties of adsorption in the

water and benzene-E-glass systems.
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An Important observation about chemlsorptlon occurring on silica
surface is that surface hydroxyl groups can be replaced by halogen atoms,
which change some surface properties substantially.

Because of similarity

in chemistry between fluoride and hydroxyl ions (i.e., approximate same
size and valence) evidence for fluoride ion substitution for hydroxyl ion
can be found not only in nature; e.g., in Topaz, Al^tF.OHl^SiO^, but also
in synthesized minerals (50),
There are also many evidences for substitution of fluoride ions for
hydroxyl groups in glasses.

Sprecht (51) showed that fluoride ions in

aqueous solution are either adsorbed on the surface or bound on the lattice
of borosilicate glass.

In a study of wettability of soda-lime glass,

Bonders et al. (52) found that a glass surface which contains ions of high
polarizability, such as fluoride introduced by substitution for hydroxyl
ions, becomes hydrophobic.
Elmer et al. (53) observed that in infrared spectra analysis the OH
adsorption band

/ Titm can be eliniiiiated by the introduction of asmonium

fluoride in porous glass.

This fact indicates that fluoride ion substi

tutes for hydroxyl groups on the glass surface.

They found that succes

sively heating the fluorinated surface to 800°C causes complete removal
of hydroxyl groups and the resultant surface is hydrophobic.

Jorgensen

and Jensen (54) also reported that the hydrogen ions of hydroxyl groups
on partially-fluorInated glass and quartz surfaces are more easily ionized
because of neighboring SiF groups and this consequently increases surface
acidity.
The substitution of fluoride ions for hydroxyl groups will result in
a stronger effect on the hydrophilie surface properties of glass if the
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hydroxy1 groups are removed completely.

The corrosive effect of water on

a hydrophilic glass surface may be reduced by fluorine compound treatment.
Ion exchange

For complex glasses the modifying cations (R^),

such as the alkali ions, Na
other substances.
HgO

+

"I"
or K , can be replaced by ionc of metals and

For example, an ion exchange process with H^O is,
SiOR

-, SiOH

+

ROH

(25)

"I*
in which H ions diffuse into the glass to preserve the electrical
neutrality as the

ions diffuse out.

At higher temperature the silica network may also be disrupted by
OH

ions released in the water by dissolved R

ions.

Charles (55)

described this process occurring in the following steps.
Step 1.
'
+
[-Si-O-Na ] + H.O—

I

^

I
-SiOH

+
_
+ Na + OH

(26a)

I

Step 2.
it
[-Si-O-Si-] + OH
If
O

L -Si-O"] +

HGO

I
I
" -SiOH + -Si-0
II

(26b)

OH"

(26C)

I
I

(26d)

' -SiOH +

»

Step 4.

I

I

[-Si-O-Si-] + H.O
I

I

2

2[-SiOH]

The Step 1 is evidently an ion-exchange process which breaks the very
strong Si-O-Si bond.

As the first three reactions are completed, excess

hydroxyl ions are formed in an amount equivalent to each Na^ ion that is
no longer associated with silica.

A reaction such as Step 1 gives rise to

SiOH groups at the cation sites which leads to a tensile stress at the
"f"
glass surface due to the marked differences in atomic volume of the Na
and

ions.
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The chemical durability of glass is a crucial property In determining
the applicability of glass for uses in humid atmospheres.

The rate of

attack of glasses by water depends critically, and in some cases in com
plex ways, upon diffusion-controlled processes which are governed by
parameters such as time, temperature and dissolution of the silica reac
tion product from the surface (27).
The attack of water on an alkali silicate glass involves ionic
diffusion.

Thus, reducing the rate of this diffusion should increase the

chemical durability of glass.

Many of the effects of glass composition

on chemical durability can be understood from the changes in ion exchange
mechanisms and diffusion coefficients of alkali and hydrogen ions in the
glass (26).
On the other hand, when a large ion is exchanged for a smaller one
at a temperature below the glass transition, a stress builds up in the
exchange region, e.g., compressive stresses are set up on the surface of
the glacc "hen île

ior.s are TeplaroM ny a large loti such aa

Ion.

Therefore, an Ion exchange mechanism is one of the methods used to
strengthen glass as well as rapid cooling and surface crystallization in
order to produce compressive stress on the surface.

The amount of

strengthening by ion exchange depends on the glass composition, time, and
temperature of exchange (56).
Diffusion

Gas diffusion in glasses is characterized by high

values for diffusion coefficient (D) and low values for the activation
energy (0_) due to the open nature of the random structure, i.e., a low
density, relatively large interstices, and the distance of individual

diffusion jumps covering a range of values^

The large noies, about 3l
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diameter in the glass structure, allow the ready diffusion of small
molecules such as helium and the halogens.

Gas molecular diffualoii

is important in fining or removing bubbles from glass melts.

The amount

of gas dissolved in glass is proportional to the gas pressure at pres
sures far above that required for saturation of surface adsorption (27).
Many papers have dealt with the steady-state permeability (P) of
gases through glass.

The permeability of a gas in glass is equal to the

diffusion coefficient times the solubility (S).

(27)

P = Ap exp (^) = DS

where

is the activation energy of permeability.

The solubility of

gases in glass shows a small temperature dependence and a similarity be
tween different gases (57).
The well-known Arrhenius equation for temperature dependence of
diffusion, D=D^exp(-Q^/RT), does not adequately describe the temperature
dependence of gas diffusion in glass since the values obtained for
Qjj are functions of the temperature.

and

It has been suggested that the pre-

exponential term is temperature dependent while

is temperature inde

pendent and that the correct expression for the temperature dependence of
diffusivity is given by the following equation.
'

/

r\

/nrr\
/4VX/

where N is either 1/2 or 1 (58).
Diffusion of some gases in silica are complicated by reactions of
gases with the silica lattice.

For instance, water vapor reacts with

silica glass to form -OH groups and a proton jumps from SiOH groups to a
neighboring Si-O-Si bridge followed by a jump of -OH groups.

Because of
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this two step process a high activation energy is required.

Therefore,

it was emphasized that from a strictly statistical viewpoint more than one
model can satisfactorily describe the deviation from Arrhenius behavior
observed for gas diffusion in glass due to the effects of a distribution
of activation energies.
There are a variety of diffusion data in the literature which vary
with the glass composition and the experimental method.

Moulson and

Roberts (59), Stephenson and Jack (60) and Hetherington and Jack (61)
calculated the same order of magnitude for the diffusion coefficient of

= 10

water in silica at 1000 C, i.e. 10

2

cm /sec, while Doremus (62) gave

the molecular diffusion coefficient of water in fused silica at 1000°C
as 3.0

X

-9
2
10
cm /sec.

The activation energy at 1000°C for water diffu

sion varies from 15 Kcal/mole to 19 Kcal/mole.

Huang (63) calculated

•17
2
a water vapor diffusivity into E-glass of 10
cm /sec at room temper
ature from studies of adsorption rates.
In addition to temperature, the rate of diffusion depends cn the

interface between gas and glass including the geometrical shape of the
medium, the concentration of alkali and alkaline earth ions and the
character of diffusing gas and ions which occupy holes in the glass
structure.
Oh and Martin (20) solved the equation for the diffusion which
occurs at the surface of a glass fiber during drawing.

They assumed that

the diffusion coefficient was independent of concentration and was re
lated to temperature through Arrhenious equation.

The basic nonsteady

diffusion equation was formulated in terms of a reduced parameter, T,
given by
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' ° ° 7" ° ^ <

V

V

'

.

" 9 )

Near the fiber surface the diffusion profile could be expressed by
C-C
00

^o'^oo

JcL

(30)

2 v'?

r.
where Ç = — , the relative distance from the fiber axis. Equations 29
o
and 30 imply that the extent of diffusion at glass fiber surfaces during
drawing is independent of the detailed conditions under which the fiber
is manufactured.

The extent of diffusion which occurs at a glass fiber

surface is proportional to the fiber radius.

Effects of gas reactions on glass surface properties
The chemical composition of the surface of the glass is markedly
different from that of the interior because of the following processes in
complex glasses;
1:

Tn nr attempr. to maintain minisum surface energy species which

reduce the surface tension of the glass are concentrated in the
surface layer.
2.

Some constituents of glass are markedly more volatile than
others, so they are lost from the surface during the forming
process.

3.

There may be selective solution or gas adsorption at a surface
in contact with fluids or vapors.

An obvious example is water

which may form hydroxyl groups by ion exchange, direct reaction,
or diffusion.
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Considering process 1 the surface composition of a known bulk
composition can be estimated from the relationship between the excess
surface concentration in Equation

17a

and the surface tension factors for

the oxides proposed by Babcock (64) on a mole % basis and Dietzel (65),
Lyon (66) and Pavlish and Mockrln (67) on wt % basis.

Rubenstein (68)

estimated values for surface tension factors for the oxides at 1200°C from
a correlation between measured hardness and factors proposed by Lyon.
Evidence for process 2 can be found in the recent results of Auger
electron spectroscopy study of E-glass fibers by Rynd and Rastogi (69).
They found that E-glass fiber surfaces are low in Mg, B and Ca, but high
in F, Si and Al.
constituents.

These results were explained by high volatility of the

Process 3 should be very important in gas reactions with

glass and may not be limited to complex glasses.

Consideration of surface

composition changes by the above processes are Important in analyzing
adsorption and its effect on the surface properties such as surface ten
sion and surface viscosity.
The influence of surface tension on certain aspects of the glass
making processes is of considerable importance, i.e., in refining, in the
wetting of, and heat transfer between glass and mold materials.
by Equation

6

As shown

surface tension is one of the major parameters determining

the drawing force tor glass fibers.

Another Luportarit effect cf surfacc

tension can be seen in the fracture strength (S) of glass in accordance
with Griffith's equation (70);
S = [2EY/c]l/2

(31)

where E is the modulus of elasticity, y is surface energy (which is
equivalent to surface tension in glass) and c is the crack depth.
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Unfortunately very few attempts have been made to provide a theory
of surface tension of glass and its dependence on chemical composition
despite its technological importance.

Hie measurement of the surface

tension of glass presents some difficulty even though a large number of
methods have been applied to glass at high temperatures.
Parikh (71) investigated the effects of various atmospheres on surface
tension of soda-lime glass in the temperature range 500-700°C by using a
simple method, fiber elongation, and showed that water vapor exhibited the
most pronounced effect, causing a lowering of the surface tension from
315 to 205 dyne/cm for a water vapor pressure of 16 lûûilîg.
The addition of other oxides to silica invariably lowers its
viscosity.

Oxides such as water in the form of -OH groups and alkali

oxides are particularly effective in lowering viscosity.

It is believed

that the infinite network with its strong silicon-oxygen bonds is broken
down by addition of impurity oxides which results in the glass becoming
more fluid (72).

The viscosities of different glasses vary enormously

with composition and are strong functions of temperature.

Present

theories are quite inadequate for theoretical calculations of glass vis
cosity.

The problems arising in measuring the viscosity of glasses

involve the variation of viscosity with time and with the applied force.
The exact structural nature of viscous flow is also uncertaiu (73).

Strength of Glass Fibers
Glass in the form of fibers is known to have physical properties that
differ substantially from those of laore massive speciscns of glass.

It is

characteristic of fiber glass to yield very high strength approaching the
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theoretical strength of glass.

There have been many discussions of the

reasons for this, but there is still controversy in this area.

In general,

the following distinct phenomena in glass fibers occur.
1.

The surface and axial temperatures have reached the same value
(room temperature) by high cooling rate, therefore, no thermally
induced stress gradients will be Introduced.

2.

The glass structure has

retained a high temperature configuration

due to the rapid cooling.

Consequently, the high strength of fine

fibers may be due to a stress free structure or the fact that the
glass maintains a high temperature configuration.
Various investigators (24,25) succeeded in producing high strength
glass fibers.

According to their data, the strength of flawless glass

fibers is between 400 and 700 ksi.

The variation can probably be explained

by differences in the composition and in the structure of original glasses.
However, the strength of glass fibers is affected by many factors deter
mined by Tnanufacturing

(nrawlng conditions; and testing con

ditions including drawing temperature, drawing atmosphere, thermal history,
cooling rate, testing temperature, loading rate, strain rate, heating,
aging, sample size, etc.

CrttnT%1 a a4 TA
According to Griffith's microcrack theory, glass will display a very
marked dependence of strength on sample dimensions such as diameter and
length due to a statistical distribution of flaws,

it was a general belief

that the strength of glass fibers increased significantly as their diameter
decreased in accordance with Griffith's work in 1920 (70).

Thomas (24)
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and Otto (25) found that glass fiber strength can be independent of
diameter in the range 5 to 20 ym.
and

In contrast with their work, Aslanova

Khazanov (74) reported that strength fell rapidly with increasing

diameter between 5 and 25 ym, and they concluded that glass fiber strength
is related to the rate of cooling in the glass fiber drawing through its
connection with the diameter of glass fibers.

The diameter of fiber glass

Is strongly dependent on drawing speed and viscosity (temperature), i.e.,
on the drawing conditions as shown in the previous review of the drawing
glass fibers.
Since few authors in the literature give data on the length of the
fiber samples, it is difficult to analyze the strength data from different
sources.

Thomas (75) investigated the factors affecting the strength of

glass strands and found that the average value of strength depends of the
length of strand tested, i.e., a 20% reduction with an increase in gauge
length from 1 inch to 16 inches.

Temperature
The effect of temperature on glass fiber strength can be discussed
from different points of view; namely, the temperatures used in the manu
facturing process and in the post-manufacturing process (i.e., heating
âûu testing at temperature and hsat treatment fcllowtd by testing at rooîn

temperature).
The effects of drawing temperature on strength is equivalent to the
influence of diameter on strength.

In other words, drawing ratio and

cooling rate are governed by the drawing temperature.

McKinnis and

Sutton (76) showed that E-glass preheated above the drawing temperature
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of 1200°C produces stronger fibers than fiber produced directly from a
1200°C melt.

Otto (25) also found that increasing the drawing temperature

of E-glass fiber from 1200°C to 1371®C increased the mean strength of the
fibers from 250 to 480 ksi.

Thomas (24) showed that the amount of scatter

in tensile strength of glass fibers was reduced to less than 1% of varia
tion by a slight increase of bushing temperature to 1340°C.

Cameron

(77) heated the E-glass melt above the drawing temperature (to about
1400*C) to condition the glass and produced fibers of uniform strength
(mean strength of 545 ksi with a 1% coefficient of variation).

He also

pointed out that the high scatter in strength values with lower strength
fibers resulted from the spontaneous creation of defects in the glass from
stagnating with nozzle of the fiber-forming apparatus during a pause in
the drawing operation.
The effects of elevated temperatures on glass fiber strength is not
at all clearly understood and few results reported are consistent.
Jurkcv (7S) ir. 1935 shcvred sr. increase i" Brrpnwt-n of horosilicaLê glass
fiber from room temperature upward to 400*C, a decline in strength at
still higher temperatures and no dependence of strength on diameter at
650°C.

Bartenev (79) reviewed the results of several Russian workers on

the temperature dependence of the strength of various glass fibers and
stated that the maximum strength at certain temperatures depends on the
composition.
Cameron (80) investigated the strength of glass fibers in nitrogen
gas atmosphere at various temperatures below room temperature and found
that the strength increased rapidly with decreasing teaperature, i.e.,
a 50% higher strength than the normal air strength at -190°C.

This
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Indicates that the moisture adsorbed on the glass has a very important
effect on strength.
Thomas (24), Cameron (81), Otto (82) and others reported that heating
in a certain range of temperature before testing caused a strength de
crease.

However, if mechanically damaged glass Is heated to a suffi

ciently high temperature below the vitrification range and then annealed,
the room temperature strength will increase with heating temperature
even though stress corrosion during testing may increase with temperature
(81).

The effect of heating is associated not only with temperature and

time, but also with surface conditions.

Time
The time is a very important parameter in determining the strength
of any solid material either with or without stress.

Its effect on

strength of glass include the effects of loading time (i.e., fatigue
effect), strain rate and aging.
It is known that the strength of glass increases with increasing
strain rate.

Slow strain rates enable a greater degree of water induced

flaw growth during stressing.

Thus, the variety of reported strength data

should take into account the strain rates used in the tests.
Thomas (24) tested the strength of virgin fibers within a fairly
narrow strain rate range and obtained strength values with very low data
scatter.

Recently, Thomas (75) found that the average value of strength

of glass fiber strand increases linearly with increasing logarithm strain
rate.

More recently, the effect of strain rate on E-glass fiber strength

was studied by Cameron (83) and he found that the mean strength increases
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as the strain rate Increases in the range 0.01 to 0,7 in/ln/min and
remains constant up to 1.0 in/ln/min; further increases In strain rate
above this value causes a strength decrease.
The dependence of the fracture stress of silicate glasses on the
time of loading, e.g., fatigue effect, results from a stress-dependent
chemical reaction between H^O vapor and the surface of the glass which
causes a pre-existing flaw to grow to critical dimensions for spontaneous
crack propagation.

In studies of the dependence of strength on the sur

rounding atmosphere in relation to the surface energy of glass, Orowan (84)
pointed out that the fatigue effect is caused by a slow extension of
Griffith cracks, this extension being dependent upon the diffusion of
adsorbed moisture along the crack.

Metcalfe and Schmitz (85) reported

that the mechanism of static fatigue In E-glass fibers Is ion exchange
between alkali metal ions in the glass and hydrogen ions from either ad
sorbed moisture or aqueous solution that generates tension in the surface
lavAT and noted the similarity cf the Static fatigue curves of fused

silica due to trace amounts of Na in E-glass.

Thus, many investigators

(86,87) have maintained that the fatigue of glass is dependent upon
environmental moisture and glass composition.
The effect of exposure to water vapor prior to stressing on strength
is called aging.
moisture couteat.

The aging effect is dependent on time and environmental
Thomas (24) and Cameron (81) observed that the strength

of E-glass fibers stored stress free in moist atmospheres (even very low
relative humidity in Thomas' work) decreased rapidly in the first few days
of storage and than gradually reduced.

They found little variation in the

strength of E-glass fibers stored under vacuum conditions^

They concluded
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that any damage to the surface of fiber by moisture attack would cause a
large reduction in the strength.

The depth of the corrosion layer as a

function of time can be estimated as Indicated by Charles (55) from
water in normal laboratory atmospheres diffusing into the glass.

According

to his corrosion rate calculations based on diffusion, a rate of 2-5 i per
hour was predicted.

Recently, Bartenev (88) showed from experimental

results that the depth of corrosion layer is less than the thickness of
the strong surface layer and probably does not exceed 0.01 Jim (100 1).
However, opposite effects of water on the strength of damaged
specimens were reported by a number of authors (87,89).

They believed

that high pressure steam decreases the severity of the surface flaws by a
rounding out process.

Proctor et al. (90) found no deterioration for pris

tine silica specimens after storage for 12 months in a normal laboratory
atmosphere.
Recently, Burgman and Hunia (12) found a significant effect of water
vtipujL iu Llic fiber forcing and tcatir-s sr-vlrorjnente "n rnm nrrenHth of the
fibers- i.e.. a decrease in strength with an increase in moisture in the
forming environment, but the data did not show the time dependence of fiber
strength.

Suuifflary of Review
It can be seen from the review of literature that gas reactions with
glass fibers are of both technical and scientific Importance even though
there are some qualitative disagreements on certain aspects of the experi
mental work conducted under different drawing and testing conditions.
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Glass surface reactions in the drawing atmosphere are extremely
complex, Involving both chemical and physical reaction processes.

The

mechanisms of gas-glass reaction include not only adsorption but also
diffusion processes.
a.

However, the following consaents may be made;

The final diameter of a fiber drawn from a constant diameter of
nozzle is the most important parameter controlling the history
of glass fiber.

The cooling rate which determines the trans

formation temperature in the forming process is a strong function
of final diameter and the mechanical strength measured in terms
of tensile strength may also depend on final diameter.
Therefore, accuracy in measuring the final diameter by using the
best methods of electron microscope was essential in this work.
However, the final diameter can be controlled by the strong
dependence of temperature on viscous flow.

Since the cooling rate

is also a function of heat transfer properties such as Nusselt
number and thermal conductivity of the drawing atmosphere, the
influence of various gas atmospheres on drawing glass fiber may
be seen in the observed jet shapes and by the measured strength
of glass fibers.

Thus, jet shape analysis in various gas

atmospheres is necessary.
b.

Due to large range of reaction tcmperatura, the sechanisss of
initial gas-glass reaction in the drawing atmosphere may be a
combination of chemical and physical adsorption.

The nature of

both chemical and physical adsorption is dependent on the surface
structure such as surface hydroxy1 groups which are formed rapidly
from dangling bonds of freshly formed silicate surface.

Thermal
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hiBtory and pretreatment of glass fiber surfaces play a most
important role in the study of gas adsorption behavior.

Thus,

adsorption isotherm and infrared adsorption analysis are very
helpful in analyzing the gas-glass reactions.
The process following gas adsorption is a gas diffusion process
which will depend strongly on the concentration differences be
tween the glass fiber and the gas atmosphere in the drawing and
testing environments, i.e., the gases may either diffuse into or
diffuse out of the glass.

Thus, the diffusion data for selected

gases and physical and chemical surface properties of glass
fibers should be determined.
Surface corrosion by the attack of water vapor depends on surface
hydroxyl groups formed by ion-exchange process, which leads to a
tensile stress on the glass surface.

However, these hydroxyl

groups can be replaced completely by fluoride ions at high tempoTflt-nrR makxTiK the Buifàce hydrophobic.

This fact indicates that

the surface corrosion can be either prevented or reduced by
fluoride treatment.
There are many controllable factors affecting the strength of fine
glass fibers.

However, in order to determine the effect of gases

on glass fibers variables of the manufacturing and post-manufac
turing conditions should be minimized, i.e., constant drawing
temperature, drawing speed, strain rate and moisture content for
aging and testing.

By this means significant discrepancies in

the measured strengths for different gas treatments will be
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reduced.

The resistance to corrosion as a function of time,

i.e., aging effect, will be influenced by the gas reactions.
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MATERIALS

E-glass Marbles
E-glass is a common type of glass used in glass fiber production.
"E" stands for electrical, as the composition has high electrical
resistance due to the nearly alkali-free composition.

It is known that

the strength of E-glass fibers is almost independent of diameter under
certain conditions (2).
E-glass in marble form of 2.5 cm diameter was provided by the
Owens-Coming Research Center at Granville, Ohio,

Its chemical composi

tion and selected physical properties are shown in Table 1. The volume
3
of an E-glass marble is about 9 cm .

Table 1.

1)

Chemical composition and selected physical properties of
E-glass (91)

Composition
o

Composition

wt%
54.5

wt7o

Na.-O
U.5

A1203

14.5

KgO

CaO

17.5

TiOg

0.5

MgO

4.5

Fe^O^

0.3

BgOg

8.5

0.3

"2
2.60 gm/cc

2)

Annealed bulk density:

3)

Surface tension:

4)

Viscosity (poise)

3310

1260

563

282

159

93

56

Temp. (°C)

1149

1204

1259

1315

1371

1427

1483

303 dyne/cm at 1200°C
313 dyne/cm at 1430°C
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A chemical analysis of the E-glass marbles used in this work was
also conducted by the Analytical Services Laboratory, Engineering Research
Institute, Iowa State University.

The results of the chemical analysis

are shown in Table 2.

Table 2.

Chemical composition of E-glass marble
Composition

wt%

Limits %

SiO^

53.98

- 0.15

AI2O3

13.90

± 0.20

CâG

18.10

* 0.60

MgO

3.80

± 0.08

0.63

± 0.02

5.50

± 0.30

0.42

± 0.02

^2

uxstijieu waLer

The distilled water used for the water vapor drawing atmosphere was
obtained from a laboratory distillation apparatus, F. J. Stokes Machine
Co,5 Philadelphia, Penn.
a constant

This distilled water was also used for making

solution of NaOH in the humidity-controlled aging chamber.

Freon-14 Gas (carbon tetrafluoride)
Freon-14 (CF^) gas was selected as a fluorine compound due to its
simple chemical formula,

Freon-14 gas was obtained from Hacheson Gas

Products Co.; Milwaukee, Wisconsin. Freon-14 is extremely stable,
reacting slightly even at the temperature of a carbon arc and is generally
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resistant to oxidizing and reducing agents except under very drastic
conditions.

Freon-14 reacts with alkali metals at about 400°C giving

the metal fluoride and carbon and reacts with carbon dioxide at tempera
tures above 1000°C giving carbonylfluoride.

Other chemical and physical

properties are available from the manufacturer (92).
ïhe spontaneous reaction of Freon-14 gas with silica glass at higher
temperature (i.e. 1000°K) can be predicted from the free energy of forma
tion for each of the participating compounds in the following equation

(93).
innnOy

f

t

SIO, (gla.,) + CF, .^21:
.
AF° = -137 Kcal/mole

Sodium Hydroxide
Since one effect of dissolving a salt in water is to depress the
vapor pressure of the water, sealed chambers containing constant solutions
of certain salts are often used as a simple method providing atmosphere
of known humidities.

A pure sodium hydiroAiJe aalL, icâgêat grade,

obtained from General Chemical Division, New York, was used for this
purpose and the vapor pressure of water over various solutions was
available in the literature (94).
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METHODS OF INVESTIGATION
Preliminary Work
Properties of E-glass
Thermal -Analyses

To investigate the thermal properties of the

marbles used for fiber drawing, TGA and DTA were conducted using a Rigaku
thermal analyzer, Rigaku Denki Co. Ltd, Tokyo, Japan.

In addition to

TGA and DTA a differential-thermogravimetric analysis (DTGA) curve was
obtained by plotting the loss in weight per degree rise in temperature
against temperature, \diich is essentially a plot of the slope of the
corresponding ther-uiogravinietric analysis curve.
A piece of an E-glass marble, ground in a mortar to about
100 mesh, was weighed in a platinum crucible.
marble powder was 51.3 mg.

The weight of the E-glass

It was heated in an air atmosphere at a

rate of 40°C/min but cooled at a lower rate since it was difficult to
cool at a constant rate greater than 28°C/min.

The temperature was

monitored by a platinel thermocouple.

Density

The bulk density (p^) of E-glass marble was measured

by employing the following water immersion method, wiiich is based on the
bulk volume (V^) (95)

Ph •

tjhere

= "a

(")

= Unsaturated (dry) weight of sample
Wg = Saturated weight of the sample
W

= Weight of the saturated sample vhen it is submerged
in the liquid Tjith a density
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The density of fiber glass was also measured accurately by the
pycnometric method (96).

A weighed amount of fiber (W^) was introduced

into a pycnometer of knovm volume (V^ = 25 cc but it was calibrated at
a different testing temperature) and distilled water of known density
(p^) was added to the reference mark.

Weighing of the empty (W^) and

filled pycnometer with liquid (W^) and fiber are used to compute the
density as follows;

"A
="

,3,,

+ «P + "s - «T

Viscosity and activation energy

The activation energy of E-giass

for viscous flow was computed from the manufacturer's data (91).

The

activation energy of E-glass can be calculated from the flow rate of
E-glass fibers drawn under known drawing conditions as shown in reference
(23).
The viscosity calculated from this method is the approximate

because of nonuniform temperature distribution.

The activation energy

was calculated from the flow rate by measuring the final diameter at
different drawing temperatures.

Glass Fiber Drawing
E-glass marbles cleaned by acetone were melted and fibers were drawn
from a special device known as a single hole platinum bushing.

This

platinum drawing crucible was designed in consultation with personnel of
the Oi-jens-Coming Research Center and technical personnel at Mathy-Bishop
Inc., Malvern, Pa.--the manufacturer of the crucible.

The drawing crucible
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or bushing (shown in Figure 3) idiich has a capacity of about 50 cc and
a nozzle of 0.132 cm internal diameter and 0.40 cm in length is heated
by resistance and is maintained at constant drawing temperature by an
automatic controller monitored by means of thermocouples welded near the
nozzle.

Since the thermocouples do not measure the actual glass tempera

ture, the actual drawing glass temperature at the tip of the nozzle was
calibrated by optical pyrometer (radiation type) as a function of thermo
couple temperature.

The results of this calibration are shown in the

AppendixAs the glass flows from the cylindrical nozzle within a temperature
range of 1100°C to 1300°C, it is attenuated into a solid filament and
wound on a rotating mandrel driven either by a variable or a single speed
motor.

A hand held fused-quartz rod was used to catch a small blob of

molten glass at the nozzle and draw it downwards.

It was then connected

to the double-stick taped drum vrtiich was already rotating beneath the
bushing.
In order to draw filaments in a controlled atmosphere, the drawing
crucible and mandrel were completely enclosed in a hermetically sealed
plexiglass chamber with suitable air locks and dry box gloves to permit
operation of the equipment.

A total of eight feed-throughs for gases

and eight electrical feed=tIioughs were incorporated into the chamber,
2
The total chamber volume was about 13 ft , but the actual gas-occupied
volume of the inside of the chamber was measured as described in the

Appendix.
The fiber glass drawing apparatus and its schematic diagram are
shown in Pigurac 4 and 5.

Figure 3.

Figure 4,

Platinum drawing crucible

Experimental apparatus for glass fiber drawing
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REFRACTORY COVER

COPPER PLATES

RUCIBLI
COOLING
WATER

THERMOCOUPLES
lELEMiCROSCOFE

AIR
LOCK

MOTOR
WINDING

STROBE

LIGHT

MANDREL

Figure 5.

Schematic drawing of the experimental apparatus.
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Drawing Gas Atmospheres

Water vapor atmosphere
High humidity

High humidity atmospheres were created by means

of exposure of distilled water to air in the completely sealed drawing
chamber.

One hundred percent relative humidity was obtained from

distilled water stored in the chamber overnight.

To control the partial

pressure of the atmosphere during heating, the distilled water was held
in insulated containers with lids and all cooling water pipelines in the
chamber were wrapped by insulating materials.

The psychrometer was

calibrated by measuring wet and dry bulb temperatures as described in
the Appendix.
Low humidity

For the low humidity tests the glass fiber was

drawn in room air at a relative humidity ranging from 25 to 35 percent.
Freon-14 gas atmosphere
The chamber was typically dried for Freon-14 gas treatment by means
of CaSC^ dcciceczt driers, Drierif",

, «

Xenia. Ohio, vAiich had been baked up to 200°C.

M«mmnnn DrietiLe Co..
Very low relative humidity

was obtained and Freon-14 gas was introduced into the drawing chamber.

The desired concentration of Freon-14 gas in the drawing chamber was com
puted as described in the Appendix and was maintained at a constant
concentration during drawing of glass fibers.

Figure 6 is a schematic

diagram of the Freon-14 gas supply into the drawing chamber.
Since no information is available about the toxicity of Freon-14 gas
at higher temperatures (even though it is known to have a low order of
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POWER SUPPLY

EXHAUST PUMP

MOLTEN
GLASS

PLATINUM BUSHING
GLASS FIBER
MANOMETER

FLOWMETER

SEALED CHAMBER
WITH DRY BOX GLOVES
AIR
LOCK

EXHAUST FAN

Figure 6.

Freon-14 gas supply.

51

toxicity at room temperature),
treatment for safety.

Prior to

a gas mask was worn during this gas
the work white mice were Introduced

around the Freon-14 gas atmosphere chamber to insure safety.

Specimen Preparation and Measurement of Tensile Strength
In order to determine the effect of selected drawing atmospheres
on the strength of glass fibers, glass fibers in different atmospheres
were drawn under basically constant drawing conditions, i.e. drawing
temperature, drawing speed, head of glass and the diameter of nozzle.
If not held constant, these parameters may affect the mechanical strength
of the glass fiber due to different cooling rates.

However, one uncon

trolled variable was the environmental temperature in the drawing chamber,
which varied with the heating time of platinum crucible, i.e. environ
mental temperature varied from 25 "c to 35 °C in the case of closed chainber
atmosphere, but this should have a small effect on cooling rate.
The drawing temperature was decided by the relationship between
temperature and the desired fiber diameter from Equation 15.

The tempera

ture controller. West Instrument Co., Schiller Park, 111,, was set at
1200 "C which corresponded to 1265°C

actual glass drawing temperature

from the calibration of temperature as shown in the Appendix.

The crucible

was heated by manually controlling the current passing through the bushing.
The temperature was raised at a rate of approximately 200 "c every 5 minutes
until the desired drawing temperature had been reached.
To maintain constant drawing speed a voltage regulator, Stableline,
The Superior Electric Co., Bristol, Conn,, was used for the variable speed
motor, but there was still a 5 percent variation in speed when measured
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with a strobe li^t.

The fibers for tensile strength tests were drawn

by using a single speed motor, Bodine Electric Co., Chicago, 111., which
had a constant speed of 1850 rpm.

A constant drawing speed of 1046 cm/a

was obtained by winding on a 10.8 cm-diameter drum.
By measuring the depth of the crucible from the top edge to the glass
surface the head of glass above the base of the bushing was determined
and was maintained at a constant level by adding an amount of E-glass
powder confuted from the glass mass flow rate.
An undamaged single filament was collected by an I-shaped collecting
wood frame with two small arms faced with a strip of double stick Scotch

tape.

The frame was brought through the gap between the bushing tip and

the drum.

A fine single filament was visible under the lamp located in

the front of the drawing chamber.

The fine fiber filament collected by

hitting with the collecting frame from a constant position was placed
carefully with the collecting frame on the top of a slotted black paper
srrin so iriaL the filament was centrally positioned along the length
of the paper.

Then the filament was glued to the paper strip for the

tensile strength test specimens as shown in the following figure.
double stick tape

fiber filament
cut here to
form individual
specimen
Figure 7.

cut here before
stressing

Details of specimen paper mount
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Super Strength Adhesive "Scotch," 3M Co., St. Paul, Minn., was used
for zero-day aging specimen which was actually aged in the room atmosphere
for at least 1.5 hours due to the minimum setting time of the glue.
However, it Tzas not used for longer-time aging specimens due to the high
vapor pressure of the allyl isothiocyanate contained in the glue.

Epoxy

glue from the same source was used for long-time aging specim&ns and
the strip was stored in a chamber maintained at 36^ R.H. by means of a
constant NaOH solution for the desired aging periods (see Appendix).
After aging for the desired time the mounted fiber strip was cut
into 10 individual specimens and the tensile strength was measured for
each of the fibers drawn in different drawing atmospheres and aged for
certain periods.

To eliminate moisture attack on glass fiber from

breath during specimen preparation a mask covering the mouth and nose
was used.

The sample specimen preparation desk was equipped with a

fluorescent lamp with a magnifying lens so that heat from an ordinary

The measurement of tensile strength of glass fiber was conducted in
the temperature-humidty controlled testing room with a floor model

Instron Universal Testing Machine, Canton; Mass.

The room was maintained

at 21°C and 35% R.H. as described in the Appendix.

The strain rate was

set at 0.2 cm/min and a type CM load cell which has a tension load range
of 0-100 gm full scale was used.
each test.

The load calibration was checked before

An individual specimen with paper strip frame was inserted

into the screw action grips, type IB, and tightened.

Before cutting the

holder part of the paper frame x-7ith scissors the cross head was raised
to avoid the introduction of tension cn the fiber prior to stressing.
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Microscopic Observation
The accurate measurement of fiber diameter is very important in
determining the final properties of glass fiber such as cooling rate and
strength of fibers.

A Zeiss Microscope was used for this purpose with

both transmitting and reflecting polarized Images at magnification of
lOOOX, but it was hard to focus on the edge of the glass fiber due to
the limited depth of field even thou^ a drop of immersion oil (which
has a refractive index just slightly different from E-glass) was placed
on the fiber in order to reduce edge effects.
A scanning electron microscope (SEH), Model JSI'I-U3, Japan Electron
Optic Co., Japan, calibrated with a standard grid, was used to determine
the final fiber diameter with an accuracy of ± 0.15 p-m at a magnification
of 3000X.

Carbon-gold evaporation in an Edwards

Vacuum Evaporator, was

necessary to make the glass fiber conductive for SEM observation.

The

thickness of coated carbon and gold was estimated to be 500 k.
The glass jet was observed through a telemicroscope. American
Optical Co., vftiich has a long focal length with an eye piece containing a
7X lens.

The image was enlarged an additional 5 times, giving a total

magnification of 35X.

The jet was photographed using a polaroid camera

and the radius of the jet was determined in this experiment by enlarging
the negative from 5 to lOX.
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PRESENTATION OF RESULTS

Preliminary Work
Properties of E-glass
Thermal analyses

Thermal analyses, including TGA, DTA, and DTGA

were carried out in order to investigate the thermal behavior of E-glass.
The results of the thermal analyses are shown in Figure 8.

The heating

rate of 40 "c/min was the same as the heating rate of platinum drawing
crucible.

The cooling rate was set at 40 °C/min but it was found that

it was impossible to keep a constant high cooling rate by means of convective heat loss.

Because of slow cooling rate, the tests were terminated

after cooling to 500 "C.

The time-temperature curve indicates the cooling

rate was 28°C/min in the region of the glass transition.

The transforma

tion temperature at a heating rate of 40°C/min was estimated to be 730°C
but at a cooling rate of 28°C/min the transformation temperature was found
to be 700 °C.
The weight loss, as measured by an analytical balance after first
heating to 1000°C, was 1.56%; however, the TGA curve showed a weight gain
of 0.35% after heating to 1000"c and cooling to 500 C.
Density

The results of bulk density of E-glass marbles as

measured by vater immersion method are shown i" Table 3.

In order to

obtain a high degree of accuracy, the weighed test pieces were boiled in
distilled water for two hours for complete saturation.
of density is 2.558 gm/cm^ with a variation of 0.82%.

The average value
Also in Table 3

the bulk density of E-glass marbles is compared with the density of E-glass
fibers measured by the pycnometric method.

TGA

DTA

DTGA

HEATINC

100 "C
Figure 8.

Thermal analysis of E-gls.ss.

COOLING

1000

C

500 "C
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Table 3.

Densities of E-glass bulk and fiber (in gm/cc)

1

2

3

4

5

Bulk

2.537

2.597

2.547

2.542

2.568

Fiber

2.4493

2.5042

2.5120

2.4945

2.5026

Viscosity and activation energy

a

«(%)

2.558

0.021

0.82

2.5025

0.006

0.24

Avg.

The activation energy for viscous

flow of E=glass is 59,900 cal/mole x-Tith variation of about 10% determined
by plotting the manufacturer's data in Table 1 against the reciprocal
temperatures as shown in Figure 9. The viscosity equation for the E-glass
used in this experiment as computed by least squares method from the
manufacturer's data (91) was:

Ti (in poise) = 1.798 x 10^ exp(30,134.75/T °K).

(34)

The approximate activation energy for viscous flow in fiber drawing
can be determined from Equation 15, i.e.

= (^) = |-

eQ/ÉT = ^ exp(-Q/RT)

(35a)

or
log

=

log A + 2 303 R t °K

'

(35b)

By plotting the measured final diameters versus the reciprocal drawing
temperatures in Figure 10, the activation energy was found to be 58,400
cal/mole.
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4.8

Q/RT

4.4
2.303R

T
B= 1.3085x 10

= =30,134.75

3.7
LEAST MEAN SQUARE LINE

O/
3.3

log T]
2.9

2.5

6./

6.Î

/.I

1/T°K(10=^)

Figure 9.

Viscosity of E~glass as a function of temperature
(Manufacturer's data).

29.412
0.02

X

5,95

X

10-4

Q = 58, 441 cal/mol

6.5

Figure 10.

6.7

6.8

Data for activation energy calculation from the measured diameter.

6.9
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Drawing Conditions
Diameter of glass fiber

The drawing constant K' in Equation 12

was calculated from the measured flow rate under certain drawing con
ditions.

K' was 6.648 x 10 ^ gm. cm^/sec" lAen the head of glass was

1.70 cm.

Table 4 and Figure 11 show the final fiber diameters as

functions of drawing temperature and drawing speed.

For example, a 5[im

diameter fiber could be produced at drawing temperature of 1265"c with
a drawing speed of 1045 cm/sec (obtained by using 33.8 cm circumference
drum with 1855 rpm motor).

Table 4.

Calculated diameters of fiber as function of drawing temperature
and drawing speed at a glass head of 1.70 cm (in Pm)

Speed (cm/sec)

1207 °C

1218°C

1253"C

1278°C

1325°C

1045

3.34

4.00

4.62

5.40

7.13

946

3.51

4.20

4.86

5.68

7.49

844

3.72

4.45

5.14

6.01

7.93

742

3.97

4.74

5.48

6.41

8.46

The final diameters or glass fibers were measured by a Zeiâa micro
scope and a Jeol JSM-U3 Scanning Electron Microscope.

Figure 12 shows

typical micrographs of glass fibers used for measurement of diameter.
The results of measured diameters as a function of drawing temperature
and drawing speed are given in Tables 5 and 6 and are also compared tzith
calculated values.
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9.0

8.0
1325

C

7.0

6.0

1278 "C

i
1253 X

fS
UJ

S
<

1218"C

a
4.0

1207

C I

3.0

BUSHING HEAD:

700

800

1.70 cm

900

1000

DRAWING SPEED (cm/sec)

Figure 11.

Glass fiber diameter as a function of temperature and
drawing speed.

Figure 12.

Micrographs for glass fiber diameter measurement
a) Zeiss microscope (xiOOO)
(i) Transmitted image
(ii) Polarized reflecting image
b) SEM (x3000)
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Table 5.

Measured average diameters of fiber glass at a drawing speed
of 1045 cm/sec

1265°C

1245°C

1210°C

1180°C

Measured

4.91

4.53

3.60

2,90

Predicted

4.85

4.37

3.49

2.85

Diameter ((im)

Table 6. Measured average diameters of fiber glass at T^ = 1240°C

Diameter (fxm)

1045

946

Speed (cm/s)
844

742

Measured

4.47

4.63

4.77

4.82

Predicted

4.25

4.46

4.73

5.04

From the measured diameter data, the activation energy for viscous
flow was computed by plotting Aa r^ versus 1/T°K (as shown in Figure 10).
The computed activation energy was 58,400 cal/mole idiich is approximately
the same value as computed from the viscosity data which was provided
from the maker (Figure 9).
Flow rate

The mass flow rate of the glass was measuïed by weighing

the glass fiber produced per unit time.

Table 7 shows the measured

weight of fiber drawn in one minute at constant drawing temperature
(1225 t) as a function of drawing speed.

From the average weight of glass

fiber per minute, the average mass flow rates at different drawing speeds
were calculated and are shown in Figure 13, the results were independent
of the drawing speed.
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4.00

NOZZLE DIAMETER: 0.î32cm NOZZLE HEIGHT: 0.45cm
D R A W I N G T E M P E R A T U R E : 1 2 2 5 °C
ATMOSPHERE: ROOM TEMPERATURE (20% R.H.)
HEAD OF BUSHING = 1.70 cm

%
o

^3.00

2u.
700

800

900

1000

DRAWING SPEED (cm/sec)

Figure 13.

Mass flow rate as a function of drawing speed.
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Table 7.

Weight of drawn fiber per minute and average mass flow rate

Diameter
(M

Weight (10
1

2

3

gm)
4

Flow rate
5

Avg.

(10-4

1045

1.95

2.05

1.92

1.87

2.02

1.96

3.26

946

1.91

1.91

1.-88

1.90

2.00

1.92

3.20

844

1.91

1.96

1.92

1.91

1.92

1.92

3.20

742

1.91

1.92

1.95

1.98

1.93

1.94

3.23

Jet shape

The upper jet shapea observed in this experiment vcrc

concave as shown in Figure 14 and 15 and were independent of drawing
temperature and drawing speed even though the sizes varied with drawing
temperature at constant drawing speed.

As shown schematically in

Figure 16, the sizes of the jets decreased remarkably with drawing
temperature at constant drawing speed, vAiile at different drawing speed
at ccnotant drax-jing temperature the jet shapes remained constant.
The radii of the observed upper jet shapes as functions of axial
distance from the nozzle are tabulated in Table 8.

The actual locations

of the jet origins were determined by plotting in ^n r/r^ versus z as
shown in Figure 17 and Table 9. The drawing ratios at different drawing
temperatures were replotted as a function of actual axial distance as
shown in Figure 18.
The drawing ratios of the observed upper jet shape as a function of
the drawing temperature were compared with that of theoretical jet shapes
predicted from Equation 9c as shown in Figure 19.

The Nusselt numbers

(îîu) used in these calculations i-jere determined from the slopes of the

Figure 14.

Jet shapes for different drawing temperatures at constant
drawing speed (v = 1045 cm/s)
a)

= 1265 °C

b) T = 1245°C
' o
c) T

= 1210°C
o

fîi T

= 1.1Ô0°C
o
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Figure 15.

Jet shapes for different drawing speeds at constant drawing
temperature (T^ = 1265°C)
a)

V = 1045 cm/s

b)

V = 946 cm/s

c)

V = 844 cm/s

d)

V = 742 cm/s

—X

T o = 1 2 6 5 ° C rg = 4.91
To = 1245 "C rj = 4.53um
To = 1210 °C r. = 3.60mn

To = 1180 °C r, = 2.92

Jet shapes at differen; drawing temperatures.
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Table 8.

,Jet shapes with drawing temperatures (v - 1045 cm/sec)
2

1
T =1180*C
o
-3
z(xlO cm)

-4
r2=1.46 X 10 cm

T =1210°C

-4
r2=1.80 X 10 cm

r(xl0 ^cm)

z(xlO

r(xlO"^cm)

in-Èn r/r^

cm)

inXn x/x^

10.71

1.45

0

15.17

1.48

3.57

7.41

1.36

3.92

11.07

1.41

7.14

5.17

1.27

7.84

8.35

1.34

10.71

3.83

1.18

11.76

6.19

1.26

14.28

2.80

1.08

15.68

4.73

1.18

17.85

2.14

0.98

19.60

3.83

1.11

21.42

1.66

0.88

23.52

3.21

1.05

25.00

1.42

0.32

27.44

2.67

0.99

28.57

1.25

0.76

31.36

2.41

0.95

32.14

1.19

0.74

35.28

2.12

0.90

0.0

3
0

z(xl0 ^cm)

r2=2.265 x
r(xlO ^cm)

S

T =1245°C

o

1

4
T =1265°C
0

r/r^

0

21.60

1.51

5.0

14.82

1.43

10.0

10.67

15.0

z(xlO 3cm)
0

-4
r2=2.455 x 10 cm
r(xl0 ^cm)

jinXn xlx^

44.60

1.59

3.35

23.21

1.51

1.34

10.71

16.87

1.44

7.89

1.26

16.07

14.46

1.40

20.0

6.25

1.19

21.42

9.87

1.30

25.0

5.01

1.13

26.78

7.85

1.24

30.0

4.12

1.06

32.14

6.25

1.17

35.0

3.46

1.00

57.49

5.03

1.10

40.0

2.94

0.94

42.85

4.16

1.04

45.0

2.55

0.88

48.21

3.41

0.96
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0 To = 1265 C

D = 4.31 nm

A To =1245

D = 4.53 |im

• To = 1210

D = 3.o0 (jim

0 To=1180°C

D = 2.92 pin

In In —

\

\
\
V

Z( X 10
Figure 17.

cm) (apparent)

Drawing ratio as a function of axial distance and determina
tion of jet origin.
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Table 9.

T =1180°C
0
&nS,n r/r^

Drawing ratios as a function of actual axial distance

r^=1.46

K=24.998

z(10 ^cm)

Kz(10"^cm)
0

1.81

0

1.45

1.40

1.36

T =12i0°C
o
Jlnin r/r^

r^=i.80 [im

K=17.855

2(10 ^cm)

Kz(10 ^cm)

1.77

0

0

3.49

1.48

1.55

2.76

1.75

4.39

1.41

1.94

3.46

1.27

2.11

5.28

1.34

2.33

4.16

1.18

2.47

6.17

1.26

2.72

4.86

1.08

2.82

7.06

1.18

3.11

5.67

0.98

3.18

7.96

1.11

3.51

6.26

0.88

3.54

8.85

1.05

3.90

6.96

0.82

3.90

9.74

0.99

4.29

7.66

0.76

4.25

10.64

0.55

4.68

8.36

0.74

4.61

11.53

0.90

5.07

9.06

3
T =1245°C
o
^nj6n r/r.

r^=2,265 Jim
z(10 ^cm)

4
K=15.487
Kz(10 ^cm)

T =1265°C
o
Xn^n r/r^

r.=2,455u,m
f
_2
z(10 cm)
Q

K=13.332
_2
Kz(10 cm)

1/73

0

0

1.72

1.51

1.40

2.16

1.59

0.85

1.13

1.43

1.90

2.94

1.51

1.38

1.84

1.34

2.40

3.71

1.44

1.92

2.56

1.26

2.90

4.49

1.40

2.45

3.27

1.19

3.40

5.26

1.30

2.99

3.98

1.13

3,90

6,03

1.24

3.52

4.70

1.06

4.40

6.81

1.17

4.06

5.41

1.00

4.90

7.58

1.10

4.59

6.13

0.94

5.40

8.36

1.04

5.13

6.84

0.88

5.90

9.13

0.96

5.67

7.56

0

o

1265°C

d =4.91 um

A T o = 1245®C

d =4.53 mm

•

To=1210°C

d = 3.60um

OTo=1180°C

d = 2.92um

To =

In In FT

0.9

0.8

0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

z (x 10"^ cm) (CORRECTED)
Figure 18. Drawing ratio as a function of actual axial distance.
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T/C)
0 1265

2.455

0.603?

6 1245

2.265

0.5919

1210

1.800

0.4236

0 1180

•

1.460

0.3838

)+ 1
L

T
0

0

2
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V
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m
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Figure 19=,

Comparison of theoretical and experimerital jet shapes.
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lines in Figure 17 under the assumption of constant heat transfer proper
ties such as specific heat and thermal conductivity of environmental
atmosphere (air).
Gas effects on E-glass fiber
Adsorption isotherm analysis

Adsorption isotherm analysis

is useful to evaluate the effects of gas drawing atmosphere on the
adsorption of water in a controlled aging atmosphere.

The adsorption

isotherm analyses for this work, including the determination of weight
of adsorbate and BET surface area, were done by Mr. Mufit Akinc,
Engineering Research Institute, Iowa State University.

By employing

basic gravimetric systems such as Cahn type R. G. Electrobalances the
weight of adsorbate was determined as a function of the pressure of the
adsorbate.

Figure 20 shows the experimental adsorption kinetics of

water on fibers drawn in different gas atmospheres, i.e. the weight
gained plotted as a function of aging period at constant vapor pressure.
Table 10 summarizes the rcsultc cf cclculctsd BET 2re° end he?t of
adsorption for E-glass fibers drawn is the different atmospheres.

The

geometrical surface areas were calculated from the knoxm fiber diameters.

The results of adsorption isotherm analysis

Drav;ing
atmosphere

No. exposure
to p/po = 1

o

n

Room atmosphere

0.35 H^O)
CF^ atmosphere
(p/p^=0.02

H^O)

Gccmctrical
Area
OQ

Table 10.

BET
Area

AH(cal/mole)
for monolayer

0.65 m^/g

2400

11

0.76 m^/g

2600

ÏI

0.80 m'/g

2350

3.42 m'^/g

3550

1

0.347

2
3

2,
0 An m /g

RELATIVE WEIGHT GAIN VERSUS TIME
AT CONSTANT H^O VAFOR PRESSURE

*1%

DRAWING
CONDITIONS

T = 20°C
ÛO

LOW HUMIDITY

,,u

AA

A

A

CF. ATMOSPHERE
4

HIGH HUMIDITY
I

I

I I

100
HOURS

Figure 20.

Weight gains due to adsorbed water as a function of aging time.
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Tensile strength

Filaments of E-glass fibers were Individually

mounted on a paper strip lAich provided 10 individual testing samples
for the Instron Testing Machine.

It took about 30 minutes to prepare

sample specimens and the minimum setting time of "Super Strength" glue
used for zero-day aged samples was 1.5 hr so that total time of prepara
tion of specimens for zero-day aged groups was about 2 hours.

Other

groups of sample specimens were stored in the humidity control chamber
(36% R.H.) for the desired aging period from one-half day to 30 days.
Tensile strengths of the glass filaments for each group were calcu
lated from the maximum breaking load measured in the Instron Testing
Machine at a strain rate of 0.2 cm/cm/min.

Most individual sample speci

mens were broken completely throughout the gauge length of specimen at
maximum breaking load in a manner similar to tempered glasses.

However,

one or two of 10 individual specimens did not show the complete break
and had the lowest breaking load among the group of specimens.

This

fact indicctec that those specimonc mind nave been acciJetitally damaged
during the preparation of specimen, such data were not used in this work.
The most significant variable of this experiment Is the measurement
of fiber diameter since any error in diameter measurement will seriously
influence the calculated strength (load divided by the cross-section
area of the fiber, e.g. a 0.5 micron error for a 5 micron fiber changes
the strength by 20%).

The measured diameters of fibers drawn in different

atmospheres and aged for different periods vary from 3,5 to 5.8 microns
(SEM, 3000X) even though the main diameter controlling parameters such
as drawing speed and drawing temperature were kept constant throughout
the experiment.

Diameter is not uniform along a single filament.
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The smallest diameter measured from the micrographs of the broken fiber
filament vas used in calculating the stress.
The slopes of stress and strain curves in the measurement of the
tensile strengths were not uniform as shown in Figure 21.

The elastic

modulii of E-glass fibers in different groups were calculated from the
curves and some groups showed high variation in calculated elastic
modulii.

This may be due to nonuniform gauge length of the specimens or

different fiber diameters.
The summaries of data for all experiments are presented in the
Appendix.

The data are also presented, v^ere possible, in a graphical

form in Figures 22 through 24, including comparisons between the present
writer's work and that of other authors.
Jet shape

To determine the effect of selected gas atmosphere

on glass forming conditions, the upper jets at the bushing nozzle tip
were observed.

Constant drawing conditions were employed during the

observaLiuii (I.e.

- 1265 C and v -

c=/s).

Figure 25 shows the upper jets observed through the telemicroscops
in the different drawing atmospheres (i.e. high humidity, low humidity
and CF^ gas atmospheres) during glass fiber drawing.

No noticeable

changes in upper jets with the different atmospheres were observed in
this experiment.

6.0

5.0

4.0
S(ksi)

3.0

HIGH HUMIDITY DRAWN

2.0

LOW HUMIDITY DRAWN
CF, ATMOSPHERE DRAWN

0.0
0,0

1.0

3.0

4.0
e(X 10"^)

Figure 21. Typical stnîss and strain curves.
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Figure 22.

Tensile strength as a function of aging time.
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AGING PERIOD (DAY)

Figure 23.

Tensile strength versus the log aging time.
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Thomas ( 24)
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100% R.H.

Â Thomas ( 24 )
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0% R. n.

•

Cameron (81 )

Room atmosphere

No Condensation

S

Cameron (81)
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#
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36 % R.H.
High Humidity (100% R.H.) 36 % R.H.

_ù

\f

10

20

AGING TIME (DAY)

Figure 24.

Comparisons of this work and other work.
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Figure 25.

Jet shapes in the different drawing atmospheres
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Low humidity
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High humidity

c)

CF^ gas
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DISCUSSION OF RESULTS

Properties of E-glass
Thermal analyses
E-glass, characterized by an alkali oxide content of less than 1%
by weight, contains two volatile constituents, B^O^ and
Tables 1 and 2.

as shown in

The losses of these volatile constituents during glass

melting are likely to be considerable, so that batch calculation of
E-glass should be carried out by considering these losses (2).

In

general, during melting of E-glass the losses are 15-25% of B,0, from
the batch mixture and on the order of one-half the F^, which is evolved
as SiF^.

The exact amount of losses of these volatile constituents

during remelting process is unknown since this will depend on the melting
conditions.

However, a number of investigators pointed out that the

volatilization weight loss for E-glass or aluminoborosilicate glass
heated up to 2500°F (1371°C) is small, less than 1% (83, 97).
To eliminate inhomogeneity in molten glass used for drawing fibers,
E-glass is first premelted and formed into marbles.

During melting,

water may be introduced into the E-glass marble from the combustion
reaction of fuel such as a natural gas.

The other source of water intro

duced into E=glcisE marbles is moistyre in the raw materials, even though
there are maxintum manufacturing limitations of allowable water contents
in raw materials for E-glass.
The alkali components such as NagO, CaO and MgO are also volatile
constituents.

By using Auger electron analysis Rynd and Rastogi (69)

found that the E-glass fiber surfaces are low in magnesium, boron and
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calcium which may be evolved from the surface.

Thus, it may be concluded

that the weight loss of 1.56% in this experiment is primarily due
to the weight loss of the volatile constituents, and water.

A slower

heating rate in a continuously dry vacuum system may provide appreciable
weight loss of water (26).
An abrupt change in the slope of the DTA curve during heating repre
sents the rearrangement of intermolecular bonds in the open structure
of glass which gives rise to changes in the properties of glass such as
specific volume, heat capacity and elastic modulus.

Transformation

due to rearrangement in the glass structure depends on the glass composi
tion and heating and cooling rate.

The DTA has become established as a

technique for finding glass transformation temperature.

It is designed

to measure relatively high enthalpy processes with chemical reaction or
first order transition and thus is marginally useful for observing the
low energy transition phenomena.
or glass and polymars has

Recently, the transformation temperature

been determined using a more sensitive simple

heat flow apparatus (98).
The first slope change in the endothermic DTA curve occurs at 350»C
and it may be caused by the rearrangement of glass structure due to either
the dehydration of chemically bonded water or volatilisation of B20g, or
to the transformation of a high
at about 350°C.

phase since

has a glass transition

Tlie most remarkable change in the slope of the DTA curve

during heating occurs at 730°C, ;Aich represents the transformation
temperature of E-glass at a heating rate of 40°C/min.
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Density
The density of E-glass reported in the literature ranges from 2.50
to 2.60 gm/cc (99, 100, 101).

The massive annealed form of E-glass has a

higher density than that of fiber from E-glass.

The annealed bulk density

of E-glass marbles used for fiber drawing in this work was reported to
be 2.60 gm/cc by the manufacturer (91).
The reason for the difference in density between bulk form and fiber
form is evident from the following considerations.

The glass density

depends on the glass composition and thermal history (e.g. transforma
tion temperature).

A number of formulae for the calculation of density

from the glass composition have been proposed (102),

The composition of

E-glass fiber surfaces is different from that of E-glass bulk as shown
by Rynd and Rastogi (69).

The different cooling rate gives a different

transformation temperature, i.e. the massive annealed form of E-glass has
a structural configuration representing thermal equilibrium at soma
lowet Lempci.allure than that fcr the fiber ±cr=

Trms. rne value

of density of E-glass fiber is lower than that of bulk E-glass.

The density of fiber glass is subject to change by heat treatment
due to densification as reported by Otto (99).

He found that the density

of fiber increases with the temperature of the heat treatment.

However,

as a parameter in the drawing equation and cooling rate equation, the
density of E-glass fiber used throughout this work was taken to be con
stant value of 2.50 gm/cc.

This value is based on the measured value

from the pycnometric method, even though the bulk density of E-glass
marbles was found to be 2.558 gm/cc.
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Viscosity and activation energy
The viscosity of a glass varies greatly with temperature and composi
tion.

The activation energy for viscous flow is almost independent of

temperature over certain ranges of temperatures, but is dependent on
the glass composition.

For example, the activation energy for vitreous

silica is about 170 Kcal/mole (1100°C ~ 1400°C), and the activation
energy for vitreous BgO^ is much lower than for vitreous silica, but a
wide range is reported, i.e. 12-83 Kcal/mol between 300-1200°C (27).

The

viscosity of a pure oxide glass is found to be decreased by the presence
of small amounts of non-glass former impurities.
The lowering of BgOg content in E-glass by lengthening the dwell time
yields higher viscosity of the E-glass melt because of reduction the
amount of the low activation energy component

as discussed before.

Thus, it is very important to control the volatile BgOg content in con
tinuous drawing process of E-glass fiber.

In this experiment BgO^ content

was asSuiùÊu to be kept Constant by additions of pondered E-glass to the

crucible during fiber drawing in order to maintain a constant gravity
head which probably offset B^Og and F2 loss during the experiment.
The calculated activation energy for viscous flow from the flow rate
method in the drawing temperature range (1180°0-1265"C) agreed approxi
mately with the value computed by least squares ziaihod from the manu
facturer's data (91) in a wide range of temperature (1149*C-1483°C).
However, a large discrepancy between the measured and the computed value
was found when only the manufacturer's data in the drawing temperature
range was considered; the activation energy calculated from the manu
facturer's Qafca was highej: than that obtained experimentally.

This
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discrepancy is believed to be due to either some error in the measure
ment of drawing temperature or final diameter; it could also be
due to temperature drop in the nozzle as pointed out by Tiede (23), or
to errors in the manufacturer's data.

Drawing Conditions
Diameter of glass fiber and flow rate
Tlie fini.1 fiber dianeter is a very important factor affecting
dynamic processes such as cooling rate, cooling time and stress on the
fiber.

The most significant effect of diameter is on the stress (a) and

cooling rate (T) which are dependent on the square of the diameter as
shown by Oh and Martin (20), i.e.

° = I
(To" -»)

and

exp[-§((!.I)in^]
f

(36)

.
K(T -TJ
r
T = —
exp[-#(Q,T)4n —-]

(37)

4
where K is cooling constant and i (Q,T) is a function of temperature
and activation energy for viscous flow.
The control of final fiber diameter in a drawing process can be
accomplished by using Equation 15, which was derived from the Poisulle'
eqyation and continuity equation, by controlling drawing temperature
and drawing speed as reported by Thomas (24).

The drawing constant K'

calculated from the measured flow rate for a given nozzle geometry in
this work is acceptable only xnien the bushing head is kept at a constant
level since the flow rate is proportional to the whole of the gravity
head at any given temperature.

The other factor to be con-
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sidered in determining final diameter from the flow rate in Poisuille's
equation is the viscosity of glass in the nozzle. The viscosity of the
molten glass undoubtedly increases during its passage down through the
nozzle due to nonuniform temperature distribution throughout the nozzle.
As pointed out by Tiede (23), it is thus not possible to predict the exact
final diameter from the flow rate as a function of drawing temperature
and drawing speed.

Only the approximate value of the final diameter

can be predicted.
The viscosity of glass is also dependent on its composition as
discussed in the previous section.

Aiiy change in the glass composition

during drawing will result in a viscosity change.

For example, the

volatilization of BgOg from the melt will cause a viscosity increase.
This change in viscosity will affect the final diameter.
The measurement of fiber diameter by using microscopes also involves
problems.

The diameters of fibers were found to be nonuniform.

One

single filament as observed by SEM at high magnification (3000X) showed
a variation of 5 ~ 10%, but such variation was not ordinarily observed.
Glass head in bushing
As reported by other workers (17, 24) and discussed earlier, the
flow rate of the molten glass at a given temperature is independent of
drawing speed.

Thus the flow rate at a given temperature is constant

if the nozzle geometry and gravity head of the molten glass is constant.
However, the geometry of a given nozzle is always constant and the
temperature can be easily controlled by using a calibrated temperature
controller.

The gravity head usually changes with drawing time so that

a constant gravity head can be maintained by adding ths cmount of glass

93

consumed by drawing.

When the flow rate is low compared to the total

volume of molten glass the gratvity head change is in general negligible
for short drawing periods.
Jet shapes
The jet shapes observed in the drawing conditions of this experiment
are concave since the slope of jet surface continuously decreases until
the final diameter is reached.

The apparent base diameters of glass

jets are smaller than the nozzle exit diameter depending on drawing
conditions such as drawing temperature.

However, it is difficult to

determine the actual base diameter of the glass jet frca the photographs
of jet shapes.

The initial jet radius of the jet shapes is not the

nozzle radius as observed by Burgman (102).

However, at higher tempera

tures the initial jet radius seemed to be close to the nozzle diameter
as shown in Figure 14.

A discontinuity in slope of jet radius at apparent

basal line was observed at lower temperatures, which is not physically
reasonable.

There are two possible reasons for this phenomena.

One

is that the initial jet radius is equal to the inside nozzle radius, but
it starts at z

4

0, i.e. inside orifice as shown by the dotted line in the

following figure.

The other is that the initial jet radius starts at

2=0, but the roughness of the nozzle edge hides the initial jet radius.
Thus the location of initial jet radius (i.e. origin) v/a» deteruilned by
using the draxjing ratio equation v^ich was derived under condition
that the critical jet radius is assumed to be equal to the nozzle radius.
The results of the photographic jet shape analysis indicated that the jet
origin was higher in the nozzle for low temperature
high tesçerature drawings

drawing than for
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X,

High temperature
roughness of
nozzle

Low temperature

r 2
Figure 26.

The possible jet origins

The upper jet shapes as described by Glicksman (15), i.e. dr/dz > 0.1,
were observed in detail by teleraicroscope.

The concave type upper jet

shapes observed belong to either Burgman's category I or II (17).
Reynolds numbers were usually within the category I range.

The

The

calculated Reynolds numbers for the different drawing conditions
are tabulated in Table 11,

Table 11.

Reynolds numbers for the various draining conditions

n
( °C) (poise)

v(cm/s)

r^(10 ^cm)

Vio"^cm/s) Re(10 ^)

Burgman's
jet shape
category

1265

580

1045

2.455

1.44

8.19

I or II

1245

751

1045

2.265

1.23

5.40

I

1210

1200

1045

1.800

0.77

2.13

I

1180

1826

1045

1.460

0.55

0.92

I

1240

802

946

2.315

1.16

4.77

I

1240

802

844

2.385

1.10

4.52

I

1240

802

742

2.410

0.99

4.06

I
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As reported by Burgman (17) and predicted by the drawing ratio
Equation 9c, the shape of the upper glass jet is dependent on the flow
rate.

Thus the effect of drawing temperature at constant drawing speed

on the size of the upper jet is large as shown in Figures 14 and 16.
The control of drawing temperature is very important in dealing with
jet shape analysis because of the strong dependence of flow rate on
temperature.
The upper jet shape is independent of the drawing speed since the
flow rate is also independent of the drawing speed as discussed in the
previous section.

No noticeable changes in the shape of the upper glass

jet with different drawing speeds were observed in this work.

The

upper jet shapes observed were the same for drawing speeds between 742
and 1045 cm/sec at constant drawing temperature as shown in Figure 15.
Burgman (17) found that upper jet shape changes for drawing speeds
greater than 4060 cm/sec and he regarded this change as an error in
risnsurenier.t.

He concïv^p" rnnr thp basic characfcer of thé Uûûer let

shape is independent of the drawing speed for a given glass flow rate,
glass viscosity and nozzle geometry.

This can be shown by the drawing

equation. Equation 11c, which can be rewritten as follows;

.ivJ-n r = Pn Anr

o

K*
w

% c

(38)

The radius of upper glass jet as a function of axial distance is dependent
on the mass flow rate.

Thus, constant flow rate which is independent of

drawing speed at given temperature cannot affect the jet shape.
Neither oscillation nor insfcability of jet shape which ware reported
by a number of investigators (8, 21) were observed.

It was often
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observed that the glass jet tended to move to the center of the nozzle
even though it started off center.

A stable off center jet as shown

in Category I of Burgman's analysis was not observed.

This phenomenon

may result from a winding drum which is not in the same axial position
as the orifice or to pertubations from starting the glass fiber with
a quartz rod.

Gas Effects on E-glass Fibers
General considerations for measured strength
Before the results of gas effect on the fiber strength are analyzed
it would be well to discuss certain factors which could possibly influence
the results of the measured strength.

The results of the experiments,

tabulated in the Appendix, show high dispersion of strength data
with coefficients of variation ranging from 2.4 to 13.6 °L,

The

reasons for the high data scatter in measured strength can be explained
by considering the following factors which may affect the measured
strength either internally or externally.
External factors

Since fine glass fibers are particularly suscept

ible to surface damage, accidental damage to the fiber during specimen
preparation may seriously influence the results of strength investiga
tions c

If the freshly formed fine fibers were touched accidentally

during catching, mounting, aging and cutting operation, undesirable
stresses or flaws introduced could lead to low strength vith high data
scatter.

Stress introduced before mounting of filament on tl e paper

strip (i.e. during catching and handling of single filament on the
collecting wood frame) is unfavorable for the strength since stress
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would be distributed throughout the whole fiber filament.

This may

result in low breaking strength with low standard deviation for a single
group of fibers (e.g. the tensile strength of 10-day aged group of
high-humidity drawn fibers).

However, after mounting of the filament on

the paper strip the stress introduced during aging and mounting on the
testing machine would be limited to an individual specimen and result in
high data scatter.
Another significant factor is nonuniform fiber diameter.

The diameter

used in the measurement of tensile strength of each group was assumed to
be constant.

Figure 27 shows the different values in diameter along the

single filament, i.e. 0.3 p,m variation in diameter.

This example is

extreme and such variation was not often found in this experiment.
Generally, the variation of diameter was less than 0.3 p,m which would
lead to a variation of 12% in strength for a 5|J.m diameter fiber.
As discussed in the literature survey, the effect of gauge length
cn the ctrer-sth shovln "p rnnsldered lot the data scatter.

From the

statistical point of view, the distribution of pre-existing microcracks
on the freshly formed fiber is dependent on its length.

For low dispersion

in measured strength data a uniform gauge length which gives the same
probability of a major flaw should be used.

The specimen mounting paper

strip was designed to form one-half inch gauge length specimens as
shown in Figure 7.

The positions of the glue on the paper strip varied

within 0.2 cm which could have changed the gauge length by 15%.

Little

work has been carried out on the effect of gauge length on the strength
of single filament glass fibers.

Metcalfe and Schmitz (103) did, however,

study the effect of gauge length of E- and S-glass fiber (about 10 micron

Figure 27.

SEM micrograph of glass fiber having nonuniform diameter
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diameter) on the strength.

They found that the logarithmic strength-

length plots were not linear over the entire length range from 0.025 to
30 cm, i.e. a slope change occurred at a critical gauge length (about
1.1 cm for E-glass fiber), vjhich implies varying contributions of
mixed flaw populations to failure strength.
two types of flaws.

In other words, there are

One is the severe flaw which involves the second

control mechanism of failure such as an accidental damage at long gauge
length.

The other is less severe flaws at short gauge length (1.0 cm).

The former type is more probable as the diameter decreases.

They also

found that Weibull type analysis (104) is not adequate to describe
failure in glass fiber since it excludes such a second type flaw.

Thus,

the effect of gauge length on strength in this work may be important
because of the small diameter (5 ^m) and gauge length (i.e. bigger than
1.0 cm).
Accurate measurement of the maximum breaking load also affects

dztz scatter,

in

nrmemnr r.p.sr-îTig macniné Laê maxiuiUui breaking load

can be read to ± 0.1 gm.

A variation of ± 0.1 gm in breaking load may

seriously influence the calculation of strength for weak glass fibers
(e.g, 0.1 gm error for zero-day aged fibers drawn in high humidity
changes strength by 1.6%, but for 2-day aged fiber drawn in CF^ atmos
phere by 4.5%).

Thus, data scatter is also caused by the inaccurate

measurement of the maximum breaking load.
The selection of glue for attaching the fiber filament to the paper
strip is also an important factor which may affect the data scatter.
The physical and chemical reactions of a glue with a glass fiber depends
on its composition and properties.

If glue contains water, ifc ceiftaitily
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may influence the strength by stress corrosion.
glass should not be contained in the glue.

Chemicals corrosive to

"Super Strength" glue used

for zero-day aged specimens in this experiment contains allyl isothiocyanate (CH2=CH CHANGS) and may have reacted with the glass surface due to
its high vapor pressure.

It was difficult to find a good glue.

Wax

used for this purpose by other investigators must be heated, which
results in heat treatment of the fiber.

Epoxy glue used for the aged

specimens was satisfactory even though it had a long setting time.

The

other consideration in the selection of glue is the physical properties.
For instance, tension may be produced on the fiber filament by shrinkage
of glue with setting time.

This tension produced before testing may also

affect the measured strength.
If a fiber specimen was not mounted on the stress axis, i.e. some
deviation from the loading axis, the actual strength of fiber would
depend on the tilt angle due to shear stress involved.

For example, the

deviation of lû" from the normal axis changes the actual strength by 1.5%
for 5 micron diameter fiber.

In addition, complex stress states would

be generated due to bending moments.
The final factor to be discussed is the technique of catching the
fiber from the drawing apparatus.

It was difficult to obtain undamaged

virgin fibers from the present drawing apparatus.

By using a collecting

frame, the fiber filament which has a tension balanced by the drawing
force and whose temperature is still not at room temperature is caught.
The most serious stresses may be introduced by one finger of the collect
ing frame striking the glass fiber before the other finger does even
though it occurs ir. a very short time period.
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Discussions have been presented concerning the external factors
affecting the high data scatter in the measured strength, \^ich may be
caused by experimental error.

The probable error (P.E.) can be estimated

from the consideration of above critical factors and it was estimated
be 12.9%, i.e.

P. E. = [Z(Ei)2]%
Internal factors

(39)

A number of investigators have pointed out that

a higher drawing temperature reduces the data scatter in measured strength.
Thomas (24) obtained low variation in strength data by using high bushing
temperature and he found that below a bushing temperature of 1220°C it
was very difficult to form a suitable fiber and large variations in
diameter were possible in a short length of fiber.

According to

Cameron's work (77) scatter in the strength of E-glass fibers can be
reduced from about 18% to 1% by simply increasing the temperature by
300°F (170°C), and then decreasing to the drawing temperature.

He could

not logically justify the reason for the high "cookout" temperature
since it was just recommended by industry for thermal equilibrium of
glass.
Considering the stress equation developed by Oh and Martin (20), the
stress along the fiber during the drawing process can be expressed as a
strong function of drawing temperature as shown in Equation 36.

According

to Equation 36 the stress at high temperature is low while the opposite
is true for low drawing temperature.

But increasing drawing temperature

may be accompanied by two unfavorable phenomena as pointed out by Cameron
(77).

One of these is the possibility of the occurrence of reboil from
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the dissolved gases and from the decomposition of glass components.

The

second phenomena is the change of glass properties by changing the composi
tion due to volatile components of E-glass composition.

Thus, this

operation requires some caution.
As discussed before, different final diameters give different cooling
rates which may influence the room temperature properties.

It has been

shown that the glass transformation temperature depends upon the cooling
rate of glass.

The rapid cooling rate in the glass fiber forming process

may be related closely to the strength of fibers.

Burgman and Hunia (12)

studied the effect of cooling time on the filament breaking strength of
E-glass fibers.

They found no effect of the total cooling time on break

ing strength with fiber diameters in the range of 7-17 microns.

Both

cooling rate and cooling time are governed by many parameters such as
draining temperature, environmental temperature, diameter and jet shape
as shown in Equations 1, 2, and 37.

The cooling rate in the region of

glass ctcttiaiLiuu increases vith drawing tcr-per^t-ure and decrea***
fiber diameter.
There is an unusual strength behavior observed experimentally by
Cameron (77), i.e. labeled the "second fiber anomaly," vdiich leads to
high data scatter due to poor quality of glass fiber.

This anomaly is

associated with the condition of the glass in the nozzle.

After several

drawings of fiber, defect formation occurs in the glass in the bushing
nozzle.

These defects are the result of devitrification due to different

temperature distribution between the nozzle and bushing body.

Tliia

anomaly can be eliminated by completely xdping the stagnated molten glass
from the nozzle.
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Water vapor atmosphere
A number of investigators (24, 81) studied the effect of moisture
on the strength of glass fibers and found that water vapor has a signifi
cant effect on the strength of the fibers.

However, few investigators

have examined the effect of water vapor in the drawing atmosphere.
Recently, Burgman and Hunia (12) found a decrease in the strength of
fibers xjith an increase in specific humidity of drawing and testing
atmosphere, i.e. a reduction of about 15% in strength by increasing
specific humidity, defined as the ratio of mass of water vapor to mass
"3
"3
of dry air, from 4 x 10
to 11 x 10 .

According to their data the

strength of unaged fibers drawn in high humidity should be low (less
than 450 Kpsi) even though they did not test the high humidity atmosphere
as much as this work.
The main differences between their work and this work are the
experimental conditions including different fiber thermal history.
Fiuerà liavirig dissictcrc 1» the rcr.£2 11-13

(ccspared to

S um in

this work) were dravm in a humidity controlled room and the strengths
were tested in exactly the same atmosphere as the drawing atmosphere
45 minutes after forming (105),

Howver, if, is difficult to compare

their work with this work because of lack of sufficient experimental
information.

For example, they determined the specific humidity from

wet-dry bulb temperatures, but the exact location of the psychrometer in
the drawing room was not known.

The temperature distribution of the

laboratory room might not have been uniform, e.g. the temperature close

to the drawing apparatus might have been higher than room temperature.
Thus, the relative humidity would vary with location in the laboratory.
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Since there is a lack of sufficient data from the literature con
cerning the effect of water vapor in the drawing atmosphere on strength,
the possible reactions of water with E-glass at both high and low tempera
tures should be considered.
glass fiber drawing.

The following reactions might occur during

The first one is the reaction of water with silica

glass to form hydroxy1 groups in the following way:
I
I
I
I
-Si-O-Si- + H„0 —» -Si-OH HO-SiI
»
I
I

(26d)

Water reacts with the strong silicon-oxygen network of silicate glasses,
breaking it up and consequently modifying the glass properties such as
strength.
react

The dangling bonds of freshly formed silica glass surface

rapidly with atmospheric moisture to form silanol groups.

Such

a reaction can also occur when water vapor is adsorbed on the freshly
formed surface or water molecules diffuse into the glass.
The hydroxyl groups provide adsorption sites for water molecules and
are partially responsible for the hydrophilic character of glass surfaces.
Hydrogen bonds can be formed by the reaction of water with these hydroxyl
groups i.e.
I
-Si- OH + H„0
t

2

I
-Si - OH — 0

(40)

I

These hydrogen bonded groups are relatively stable but tbe reveraê reacLlou
of this can be made easily by just heating to around 200°C.

Physically

adsorbed water molecules are also apparently bonded to the hydrogen-bonded
molecules on SiOH groups as shown in Equation 40 but the bonding energy is
considerably smaller so that it can be easily removed from the surface
by pumping or just heating to 100 °C,

These water molecules can also
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diffuse into glass.
The most important reaction of water with a complex glass is the ion
exchange vAiich results in stress corrosion of most glasses, i.e.,

-Si- OR
,

+ H,0
"2"

• -Si- OH + r + OH .
I

(41)

The rate of water attack by ion exchange involves ionic diffusion
such as self diffusion or interdiffusion of alkali, protons, and OH

ions

in the glass, and is dependent on diffusion coefficients for such ions,
time and temperature.

Thus, the rate of ion exchange reaction depends

on the glass composition.
The temperature is an important parameter in the interaction of
water vapor with glass v^en considering the possible reaction mechanisms
such as adsorption, diffusion and ion exchange.
High temperature

At high temperature the interaction of water

vapor with glass is complex since the structure of glass is sensitive
to the tcnpcratura.

Young (^5) and Bemett end

(10%) nnren

that at temperatures greater than 400°C the dehydration of silica surfaces
is irreversible and water vapor can not be chemisorbed following dehydra
tion so that such a high temperature should be avoided if subsequent water
vapor adsorption is desired.

Young (45) thus suggested that the surface
I

•

formed by dehydration of silanol sites at high temperature (-Si-O-Si-)
I
* \
differs from the surface formed at lower temperature (-Si-Ô-Si-),

-si- OH HO -Si-SI- 0-à.
-f-O-JI
I
low temp. I
I
high temp. '
'

The structure of glass at high temperature could be changed by rearrange
ment,

Salmang and Becker (107) also found that water could not be intro-
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duced into small batches of glass melted on a laboratory scale under
humid conditions.

In the fiber industry water (deionized water or steam)

is sprayed onto the fiber filament on their way from the bushing to the
applicator in order to provide lubrication and protection of the filaments
during conversion into strands from the interfilament abrasion and also
to avoid electrostatic charge build up.

The quantity of water vAiich is

deposited on the fiber is very small (2).

There is more evidence for

removal of water from the glass during heating (26).

The conclusion has

been reached that at high temperatures adsorption (e.g. Equation 40)
can not occur at low water pressures due to loss of water molecules from
the surface.
Surface attack by reaction (Equation 41) is entirely responsible for
the extraction of soluble components such as modifying alkali ions.

At

high temperature the rate of ionic diffusion is so high that stress
corrosion is accelerated.

However, at temperatures greater than 250*C

silica is also çoU'HIp in water (ZC) and reaction (Equation 26d) can then
occur by diffusion or chemisorption of water, and will be governed by the
diffusion coefficient and solubility of water in the glass.
The diffusion coefficient of water is certainly strongly tempera
ture dependent while solubility has a small temperature dependence at
high temperature.

However, both the diffusion coefricieut and solu

bility of water in silica glass were found to be a dependence of thermal
history of glass below the transformation temperature (108).

Also, the

diffusion of water molecules is proportional to the concentration of
SiOH groups (27).
The solubility of water is generally proportional to the cqusrs root
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of water vapor pressure and follows Henry's law.

Thus, the dissolved

water is present in the glasses in the form of OH groups and not as HgO
molecules (due to reaction as shown in Equation 26d).

The solubility

of H2O is very strongly dependent on the glass composition as shovjn by
Franz (109).
Low temperature

At low temperature rapid, strong chemisorption

followed or accompanied by physical adsorption occurs as the glass is
cooled, as described by Deitz (47).

Adsorption, a reaction depending on

the surface hydroxy 1 groups, is a preliminary step for the reaction as
shown in Equations 26d and 41.

The rate of adsorption is governed by the

water vapor pressure and time.

The effect of gas adsorption from the

environmental atmosphere on the cohesive strength of solid material
was described by Metcalfe and Schmitz (85) as follows.

The gas adsorption

causes a decrease in the surface energy required for fracture and hence
a reduction in strength according to the Griffith-Orowan equation.
Farikh (7i) demonsi-rateJ Luai ilia siiiface tension of ccda-liss gliss
reduced by about 22% by water vapor at 400°C-700°C.
At lower temperature (<250"C) a continuous ion exchange reaction
(Equation 41) by adsorption and diffusion of water results in surface
attack even though rate of ionic diffusion is slow.

Reaction (Equation 41)

is dependent on the glass composition because acid substances such as
boric oxide ^ich are present in the glass tend to be extracted and
neutralize the alkali ion.

Thus, surface attack by ion exchange can be

reduced by control of glass composition such as boric oxide In E-glass
even though it has a low alkali content.

It is generally believed that

successive prolonged contacts with water vapor corrodes E-glass surface
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by removing Ca^ and Na^, and increases the number of surface eilanol groups
which provide additional OH

sites for water vapor adsorption (47, 48, 49).

Surface corrosion by such ion exchange is governed by wide range of con
ditions including pH, alkali-to-hydrogen ion ratio, strain rate, tempera
ture, availability of water, and glass composition.
As reported by Metcalfe et

(110), spontaneous cracking of glass

filaments can occur in the absence of externally applied stress.

Water

reaction at a crack tip can accelerate crack propagation (26), %hich may
result from the adsorption and diffusion of water vapor.

The surface

attack by stress corrosion is certainly a diffusion-related process since
water molecules can diffuse into glass.

If a diffusion coefficient is

independent of the concentration, the thickness of the corroded layer (6)
is a parabolic function of diffusion time, i.e.

6 = (4Dt)%

(43)

At loMpr i-pmperartire the time is a very iraiiortant parameter govern

ing the surface corrosion by water since the diffusion coefficient of
""i7
2
water is very low (e.g. 10
cm /sec for E-glass at room temperature) (62).
Consequently, the interaction of water vapor with glass In the
drawing atmosphere is an extremely complex phenomena involving adsorption,
diffusion and ion exchange and depends on the thermal history.

Thus,

it is difficult to predict the predominating one of the reactions dis
cussed above

and to define the exact boundary temperature at wiiich it

can occur due to lack of high temperature thermodynamic data for the re
actions ,
In order to . justify the degradation of measured afcretiguhs by
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increasing the humidity in the drawing atmosphere, all possible reactions
of mechanisms discussed should be considered.

The degradation of strength

is regarded as a result of water attack ^ich depends mainly on the
diffusion coefficient and solubility of water in glass (i.e. permeability
of water).

If the penetration depth of water molecules as a corrosion

layer is proportional to the permeability of water, the ratio of the
permeability in a high humidity atmosphere
humidity atmosphere

equivalent to the ratio of crack depth of

high humidity drawn fiber

^low

^ ^2° ^low

^high

\o ^high

to that in a low

to that of low humidity drawn fiber

_

(low) 1 ^

^ ^low

(44)

(Ph^O (high))

The water vapor pressure in high humidity atmosphere p^ ^(high), (i.e.
85% R.H. 35°C) was 35.84 mm Hg with 11.1 mm Hg in low humidity atmos
phere, p„

\, (i.e. 35% R.H.; 30°C;.

However, the calculated ratio

of crack depth from Equation 44 did not agree with the ratio of crack
depth in the Griffith equation from the measured strengths.

This result

implies that the other factors should be considered in surface attack by
water relating to the measured strength.

One possible factor is that

the diffusion coefficient of water is net independent of water concentra
tion since the effective diffusion coefficient is directly proportional
to the concentration of SiOH groups %Aiich depends on thermal history,
humidity and surface treatment (27).
The other factor is the contribution of adsorption at low
temperature,

A number of investigators (26, 47) found that the rate of
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surface corrosion by ion exchange accelerates with increasing humidity.
From the gas kinetic point of view, the number of water molecules striking
the unit area of glass surface per unit time is also proportional to
the water vapor pressure as shown in Equation 23.
As an alternative justification for the strength degradation in
high humidity drawing atmospheres, adsorption isotherm analysis such as
BET surface area is helpful in analyzing the results of strength data of
unaged E-glass fibers.

The BET surface area \^ich is covered by mono-

molecular layer depends on the shape and numbers of cracks.

Under the

assumption that the BET surface area is proportional to the square of
crack depth for three dimensional cracks, the following relationship
between BET surface area and crack depth would be

%i^h

l^low J

(45)

'^low

where A . , and A,
are the BET surface areas of high husidity dravjn
IlXgll
iOw
fiber and of low humidity drawn fiber respectively,
are the crack depths.

c^^^^ and c^^^

If this is true, the square root of crack ratio

is equal to the reciprocal ratio of the measured strength (S) only if
the surface energy is constant in the Griffith equation, i.e.

.^highv% = ^low
low

,

(46)

high

The BET surface area of high humidity drawn fiber could not be obtained
due to experimental problems but fortunately the data of BET surface
area for No. 3 in Table 10 can be used since the sample specimens were
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saturated with water after drawing in the adsorption isotherm apparatus
(i.e. 100% R.H.) even though it was not drawing atmosphere (111).

The

ratio of square root o£ BET surface area was to be 1.10 and is almost
equal to the ratio of the reciprocal square of measured strength data
g

((•~^)^ = 1.07). This result satisfies the above hypothesis and also
low
implies that the interaction of water vapor at low temperature in the
drawing atmosphere contributed to corrosion of E-glass fibers.
The thickness of corroded layer during the half day aging at 36% R.H.
reaches about 150 A. (calculated from Equation 43).

This Indicates a

complete break of so-called strong surface layer (100 Â) of Bartenev's
model (88).

Thus, the mean strength of half day aged fibers dropped

rapidly from 550 to 450 Ksi for high humidity drawn fiber and from 590
to 540 Ksi for low humidity drawn fibers.

The high reduction in the

strengths of fibers drawn in high humidity by one-half day aging indi
cates more corrosion due to complete saturation with water vapor obtained
by 5 hotfr aginp as shm/n in the kiuetic adsorption analysis in Figure
20.

But low humidity drawn fibers reached complete saturation with water

vapor 10 hours later than high humidity drawn fibers.
After one day passed the rate of corrosion by water is slow so that
the reduction in the strength is small as shown by other investigators
(24, 81) (see Figure 24).

It is noted that the initial surface attack

for several hours including the drawing time, is severe and depends on
the water vapor pressure.

Thus, the initial surface attack determines

the strength level of the glass fiber in this work, and the pre-existing
microcracks act as stress raisers (112) and the water reaction at the
crack tip accelerates the crack propagation (26).
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However, a significant effect of aging on the strength vas found
in this work.

The relationship between the measured strengths and the

logarithmic aging time is almost linear within the individual data scatter
of each

group as shown in Figure 23.

This linear relationship of the

mean tensile strength for each group was confirmed by the least squares
method and showed at least a 93% correlation coefficient.

Both the fibers

draw, in the high and low humidity atmospheres have the same slope which
means the same rate even though they have different strength levels due
to initial water attack, i.e.

jgn t

=

A

-

KS

(47)

xdiere t is aging time and K is the corrosion rate.

This kind of behavior

is often observed in the study of static fatigue of glasses (36,
113).
Freon-14 gas atmosphere
E-glass surfaces flourinated by Freon-14 gas (CF^; tetratluoromethane)
during fiber drawing results in degradation of fiber strengths compared
to that of water-vapor atmosphere drawn fibers.

However, flaorinated E=

glass fiber surfaces showed a reduction of sensitivity to atmospheric mois
ture as shown in strength data for aged fibers»

This was expected

from the literature survey, i.e. the surface character of E-glass fiber
shifted from hydrophilic to hydrophobic due to fluorine adsorption.
The initial lowering of fiber strengths of fluorinated E-glass is
contrary to the expected increase in strength associated with the eciaplete removal of surface hydroxyl groups by replacement by fluorine ions
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(52, 53 ).

However, the unexpected results in this work are reasonable

if the following possibilities of CF^ reaction with the glass are
considered.
Similar phenomena can often be observed as a result of chemical
etching.

For example, etching in hydrofluoric acid reduced the strength

of flaw-free alumina bolosilicate glass fibers (i.e. about 30% strength
reduction) (98).
It is evidently true that the surface layer of glass can be
removed by hydrofluoric acid reaction, i.e.

SiO„

+

SIO2

4.

L

4HF _
gas

SiP/ +
4

L

' (H^SiPg) +

(48a)

(48b)

The strong Si-0 bond can be easily broken by fluorine and form a gas
of tetrafluorosilane which is very stable even at very high temperatures,
(of the order of 2000°C) (114).

It has been observed that the complete

removal of the microcracked surface layer by HF etching increases the
strength of bulk glasses (26, 27),

But for the glass fibers it shows

contrary results, i.e. a derease in strength,,

The reason for the

decrease in strength by removal of the surface layer can be explained
by jjartenev's model (85).
According to his model, the strength of glass fibers depends
primarily on a

strong surface layer of about

100 A, x-Aiich has a

different structure than the core of the glass fiber.

This strong

surface layer could be destroyed by KF acid etching so that the strength
of fiber glass would be decreased.
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It was found that the reaction of CF^ gas with the glass surface
could be similar to that of HF as shown in reaction Equation 48a.

The

freshly formed glass fiber surface reacts spontaneously with CF^ gas
giving SiF^ gas and CO^ gas, i.e.

SiO^

+

CF^

> SiF^

+

(32)

This reaction occurs more more spontaneously by increasing the temperature
due to the negative free energy of formation of the SiF^.

The carbon

dioxide gas produced can also react with the alkali in the glass even at
room temperature (ion exchange) and this is an initial stage of the
stress corrosion if water is present as described by Tichane (115).
If the glass surface has some hydroxyl groups, the possible reaction
might be

I
-Si-OH

I
+

CF^

-Si-F

t

t

+ CO + HF + F^

(49)

The by-products such as a HF react again with glass to form SiF^ gas
by the reaction Equation 32.

Evidence for existence of HF was observed

visually in this work, i.e. the surface of glass containers in the
drawing chamber became opaque.
Since the replacement of hydroxyl groups in the glass by fluoride
ions requires elevated temperature and low water vapor pressure system,
complete removal of hydroxyl groups can not be expected in this work.
The humidity was so low (about 2% R.H.) that the number of water
molecules striking the fluorinated glass surface was one order of magni
tude lower than the water atmosphere drawn fibers.

The time for ccaplete

removal of hydroxyl groups was short because the fiber was exposed for
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*•3

less than lO"

sec at temperatures greater than 800°C.

Thus, reaction by

Equation 48a is regarded as a predominating reaction in CF^ drawing
atmosphere.
The dissolution of glass surface layer in CF^ atmosphere depends
on the concentration of CF^ gas.

The rate (R) of dissolution of amorphous

silica film in acid fluoride solution was studied by Judge (116) who
expressed the rate as follows,

R
or

X

R =

A[HF] + BLHFg] + C
A'[ H'^][F"] +

(50a)

[F"]^

+ C.

(50b)

The dissolution rate thus depends on the pH in addition to the fluoride
concentration.

The concentration of CF^ used in this work was two orders

higher than the value calculated from the Equation 24 based on the
number of surface hydroxyl groups.

This may result in degradation of

the measured strength but it is doubtful that such a high dissolution leads
CO Luc icuuCuiOii of final diCZCtCr to 3.5

3.8 -= a? njoannrRn.-

Probably other drax-jing parameters, viscosity (drawing temperature or
composition change) or drawing speed may have changed during the opera
tion.
BET surface area of fluorinated E-glass fiber is very large (i.e.
about 5 times that of water vapor atmophere drawn fibers) even though it
has a slightly larger geometrical surface area.

The large BET surface

area represents the more corroded surface produced by CF^ attack.

If the

BET surface area (A) is proportional to the square of crack depth (c),
the strength degradation by CF^ treatment was justified on the basis of
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Griffith's theory, i.e

2
(51)

^H20

where S_„

and S„ _ are the measured strengths of CF, treated and water
"2

vapor treated fibers respectively.

The crack ratio calculated is almost

equal to that calculated from the measured strength data. This agreement satisfies the hypothesis
The other reason for the high degradation in strength by CF^
treatment can be explained as follows.

As reported by Chapman and Hair

(117) the hydroxyl groups on the fluorinated surface play a role as crack
ing catalyst, i.e. the electronegativity of the fluorine atom replaced
for hydroxyl ion is such that it could cause an electron shift in the
neighboring atoms lAich would culminate in the weakening of the hydroxyl
bond in the silanol groups and a consequent increase in surface acidity
and a nigh Surface area.

It is generally accepted that the efficiency

of the cracking catalyst is dependent upon the acidity of the surface

(118)
The initial degradation (about 10%) of CF^ treated fibers strength
by half-day aging is believed to be due to water attack in the aging
atmosphere aa shovm in the adsorption kinctic analysis (In u'igure 20),
i.e. the quantity of water adsorbed increased rapidly in half an hour
with high adsorption rate and it continued to gain weight up to 5 hours.
Then it no longer gained water from the aging atmosphere.

The strength

also remained constant throughout the aging period up to 30 days in this
work.
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This is a significant result in this work, which implies that CF^
treatment in drawing atmosphere results in degradation of strength

due

to complete destruction of the strong surface layer of Bartnev's model,
but it evidently reduced the sensitivity to atmospheric water vapor by
replacement of hydroxyl groups vAiich could provide adsorption sites for
water vapor.

Consequently, the initial attack by CF^ is exactly same

mechanism as water attack even though the reactivity of fluorine is
quite different from that water.
Elastic modulus
The elastic (Young's) modulus of glass depends greatly on the
glass composition and it varies from 7.2 x lO^psi for borosilicate glass
to 12.5 X lO^psi for aluminosilicate glass (119). As with many properties
of glass fibers

which differ from those of massive bulk glass, based on

the thermal history, the elastic modulus of glass fiber is lower than
that of bulk glass, i.e. 15% lower than that of the annealed bulk glass
(105).

The typical value of E-glass fibers is 10.5 x lO^psi (2).

The elastic modulus data of this work, \Aiich was determined by

6

measuring the deflection in tension, varied from 6.8 x 10
psi.

psi to 9.8 x 10"

There are several factors affecting the elastic modulus of glass.

nr.7r.hsr of scthcds can bs used to measure

the elastic modulus of glass,

wiiich correspond to different orders of frequency and determine whether
the modulus represents adiabatic or isothermal conditions (102).

The

deflection in tension is normally measured under static load but in this
work under a slow dynamic load.
A number of investigators (4, 120) reported the dependence of

A
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elastic modulus on fiber diameter.

Murgatroyd (120) observed that the

modulus decreased rapidly below about 30 ^m diameter.

But Norman and

Oakley (121) could not find the modulus dependence for fiber diameters
xdiich varied from 10 ^m to 200 |j,m, but observed that the modulus decreased
rapidly below about 10

diameter.

They pointed out that the dependence

on the diameter depends on the method of measurement in a certain range
of diameter. No data in the literature were available for diameters less
than 5 ^m.
For most glasses except silica glass the modulus decreases with
increasing temperature.

However, the modulus of glass fiber increases

with increase of heat treatment temperature since the modulus tends to
return to the value of bulk glass (101).

Thus, thermal history such as

fictive temperature influences the modulus of glass.
in fixed conditions has uniform modulus.

Fiber glass drawn

The measured value of modulus

of the groups in this work showed low variation but large, apparently
random variation between groups.
No correlation between modulus and any other parœneter such as
diameter, strength or strain was found in this work.

But the testing

group which had high variation in the measured strength usually showed
a high variation in the modulus data.

This implies that damage to the

fiber surface by accidental touching during specimen preparation may
affect the modulus.

It was found by investigators that unannealed glass

vmich has thermal stress showed a smaller elastic modulus than armealed
glass (101), i.e. fibers strained by stress Introduced before testing
should have a low value of elastic modulus.

The other possible reasons for
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this variation are nonuniform diameter and/or the gauge length as dis
cussed in the external affecting factors.

It was also noted that the

fibers of groups lAiich were drawn on the same day showed approximately
the same elastic modulus.

Therefore, the elastic modulus of glass fiber

may depend strongly on the details of the drawing conditions.

The concave-type jet shapes observed in this experiment, which
belong to Burgman's category X or II, showed a good agreement with the
jet shapes predicted frcm the dra'^ing equation. Equation 11c j as dis
cussed earlier.

This fact implies that the assumptions made for the

drawing equation are acceptable for the upper jet analysis.
One important assumption used in the derivation of the drawing
equation is that the surface tension component in the drawing force is
negligible compared to the viscosity component.

A gas such as a water

vapor reacting with glass can affect the surface tension of glass surface
as reported by PariKh (71).

However, as long as the surface tension

force is much smaller than the viscous force
will be observed in the upper jet.

no change in jet shape

According to the drawing equation,

the upper jet shape depends on the temperature, activation energy for
viscous flow and the heat tranofer properties such as thermal conductivity
and heat capacity.

The environmental temperature in the closed chamber

was usually little higher than that in the open chamber during the observa
tion, the activation energy for viscous flow may also be influenced by
the different gas atmosphere.
effect on the drawing equation.

All these parameters will have a small
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However, It cannot be concluded that the drawing atmosphere had
effect at all on the jet shape In this work because It was difficult
observe the lower jet region in detail.
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CONCLUSIONS

The following conclusions have been reached on the basis of the
results obtained.
1.

DTA curve indicates the possibility of existence of inhomogeniety
in E-glass in the form of a high BgO^ phase which has a glass
transition at about 350°C.

More work on the microstructure of

E-glass (such as phase separation) should be conducted by using
a TEM.
2.

The basic character of observed jet shape at low Reynolds number
-7
-6
(10
~ 10 ) is concave and is independent of the drawing condi
tions, but the dimensions of jet depend strongly on the tempera
ture.

This implies that the viscosity component is the pre

dominating force in the drawing force.
3.

The upper jet shapes in this work appeared to be Burgman's
category II based on the observation but category I based on the
calculation of Reynolds numbers.

Therefore, Burgman's analysis

is not exact 0
4.

The effect of water vapor in the drawing atmosphere on the
strength of glass fibers is significant.

Initial water attack by

stress corrosion in the drawing atmosphere reduces the strength
of a glass fiber.

The strength level of a glass fiber depends on

the water concentration in the drawing atmosphere.
5.

Under the hypothesis that the specific surface area of the glass
fiber is proportional to the square of crack or flaw depth of the
glass surface, good correlation exists between the BET surface
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area from the adsorption isothermal analysis and the measured
strength.

The strength reduction by water attack can be justi

fied from the Griffith's microcrack theory.

However, a more

extensive study should be conducted to confirm this hypothesis.
6.

The strength of fine glass fibers (4.5 ~ 5.Sum) drawn in the water
vapor atmosphere tended to decrease exponentially with increasing
aging time in certain aging conditions, i.e., a linear relation
ship between the measured strength and log aging time as is ob
served in the static fatigue behavior of glass»

Both high and

low humidity drawn fibers have almost the same corrosion rate in
the same aging atmosphere, even though they have different
strength levels due to initial water attack in the drawing
atmospheres.
7.

The high loss of strength of glass fibers drawn in a CF^ gas
atmosphere is believed to be due to the initial attack of glass
surface by fiimrinp.

This surface attack is similar to the mech

anism of stress corrosion by water vapor, even though the severity
of attack is different due to the high reactivity of fluorine.
The initial attack by CF^ results in microfissuring which is
shown by the relatively large BET surface area.
8.

The E-glass fiber surface fluorinated by CF^ in the drawing
atmosphere is characterized as having a low sensitivity to atmos
pheric moisture during aging due to replacement of fluoride ions
for the surface hydroxy1 ions which provide the adsorption sites
for water vaoor.

To confirm this conclusion surface analyses

such as infrared absorption analysis or Auger electron analysis
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are necessary.
The mean elastic modulus of fine E-glass fibers (d < 6vim) drawn
in different drawing atmospheres and aged at 36% R.H. varied
widely from 6.63x10^ ~ 9.68x10^ psi.

No correlation existed be

tween the elastic moduli and parameters such as diameter, stress
and aging time.

However, there seemed to be some relationship

between the modulus and the drawing day.

This implies that the

elastic modulus of glass fiber as well as other glass properties
is dependent on the details of the drawing conditions.
No observation of noticeable changes in the upper jets during
glass fiber drawing in the selected gas atmospheres indicates
that gas reaction with glass surface during glass fiber forming
has small effect on the upper jet shape and that the concave jet
shape analysis is valid for the temperatures and flow rates used
in this study.
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APPENDIX

Determination of Drawing Temperature
The measurement of exact actual temperature of the molten glass at
high temperature under dynamic conditions is difficult by current tech
niques.

The measurements of temperature with common methods such as

thermocouples and optical pyrometer do not exclude errors which are dif
ficult fn take Into account because of complex phenomena of combined
conduction and radiation in a molten, nonisothermal, semitransparent glass.
Especially, in the glass fiber drawing process, it is extremely
difficult to determine the actual drawing temperature at the nozzle exit
because of rapid temperature drop due to the high flow rate and exposure
to environmental air.

It has been reported that the temperature of the

bushing tip, determined by optical pyrometer, is generally about 200°F
(110°C) lower than the body temperature during fiber drawing (83).

The

temperature of the bushing tip is generally regarded as the drawing
temperature in this work.
Since thermocouples cannot be inserted into the glass flow in the
nozzle of the resistance-heated plstinuis cruciblc due to the small dimen
sions and blocking of the glass flow, thermocouples were welded close to
nozzle as shown in the following figure.

ThermoCD
(to recorder)
Figure Al^

optical pyrometer

Drawing temperature measurement.
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According to Wien's law, the actual temperature (T^) can be estimated
by the brightness temperature (Tg, optical brightness temperature) (73),
-

.

X^E,

Here X is wave length (0.65x10 ^cm), c^ is a constant (l.AAcm'K) and
is emissivity.
and

For a long, narrow platinum tube, E^ is equal to unity

= Tg, but a correction must be made for reflection loss at the glass

surface and transmission loss through the glass.
For nonblackbody case, the effective emissivity (E^^g) which is the
product of black body emissivity and transmission factor (ï) should be
used instead of E^ in equation (Al), i.e.,

'V
T =

(A3)

where R is reflection factor and is given by the refractive index
<'1^ = 1.47) (122),

a is the absorption coefficient (a = Or 3/cm) and x is the thickness
of the nonblackbody, which can be calculated from the nozzle geometry
and the refracting angle of incident beam»
The actual temperature in the nozzle tip during fiber drawing was
calculated by correcting optical pyrometer measurements and the results
are plotted as a function of the recorder temperature as shown in

O CALCULATED ACTUAL TEMPERATURE
A OBSERVED BRIGHTNESS TEMPERATURE

1300

J 200

UJ

0£
3
I—

11OO

1050

1100

1150

1200

THEROMOCOUPIE RECORDER TEMPERATURE (°C) AT WELDING POINT

Figure A2.

Drawing temperature as a function of recorder temperature.
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Calculation of Freon-14 Gas Concentration
First of all, in order to compute the volume of a selected gas
such as Freon-14 gas In the drawing chamber, the actual volume of the
drawing chamber should be knovm accurately.

The approximate geometrical

chamber volume can be easily calculated simply by measuring its dimmensions
but the chamber contains a lot of items such as the drawing drum with
motor, the platinum crucible with refractory covers and several kinds of
containers#

The actual volume occupied by gas is therefore smaller than

the geometrical volume of chamber.

Actual volume of drawing chamber
By using a simple method, i.e., by measuring the pressures of
chamber after changing the volume, the actual volume of the drawing chamber
can be calculated, i.e.,
Pl^l = P2^2
where p, and

(A5a)

are the pressures of volume V. and V« respectively.

Let

be the actual volume of the drawing chamber and Vg a total volume ^ich
is the chamber actual volume (V^) plus the known extra volume (V^).
Rewrite the Equation A5a as follows:
Pl^l = Pz^^l + ^ex)

or

V. =
1
Pi-Pg
Here

(A5c)

and p^ were measured by manometer and computed by the

following equations, i.e.,
p^ + pghy = pg + pghg

(A6a)

P., = Pt - pg(h.., - h^)

(A6b)

140

where h^^ and h^ are measured heads of manometer at

and p^ respectively.

Pj^ was about 1 atmosphere and P^was found to be 0.9932 atmosphere.
actual volume (V^) was calculated to be 12.428 ft
(= 0.08474 ft^) by connecting

3

when

The

was 2.4&

an evacuated bottle (about 10 ^ torr) to

the chamber.
This computed actual volume of drawing chamber is smaller than the
3
geometrical volume calculated from its dimmensions, which was 12.912 ft .
However, this computed actual volume is still an approximate value with a
variation of 8% because of variation in reading the head (+ 0.1 cm due to
the flexibility of dry box gloves attached to the drawing chamber)=

Concentration of Freon-14 gas
The minimum concentration of Freon-14 gas required in the drawing
chamber was based on gas kinetics.

In other words, at least one CF^

molecule should strike the glass fiber surface while the surface was hot.
The number of molecules on the glass surface was calculated based on the
adsorption results.

The number of surface hydroxy! groupa pet Cm

2

was

02
computed from the literature; i.e., one hydroxi'l group occupies 10.8 Â
(123).

Thus, the number of hydi'oxyl groups per cm

2

was found to be

9.25x10^^ OH molecules/cm^.
The number of CF,_ molecules should be larger than the number of
hydroxyl groups for complete glass-CF^ reaction.

Thus, the concentration

of CF^, which corresponds to the partial pressure of CF^ gas in
Equation (23), can be calculated for one impact molecule per surface OH
ion in 10~^ sec.

The required partial pressure of CF^ gas turned

-9
out to be 7.795x10 "mm Hg, which corresponds to a concentration of CF^ gas
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less than 1%.

In order to achieve complete reaction of CF^ gas with the

glass surface, a sufficient amount of CF^ (2%) was introduced to the
drawing chamber.

Humidity Control
Calibration of psychrometer
Since the wet-dry bulb hygrometer is the best available tool for
general humidity measurement, it is often the standard for calibration
of psychrometers in the laboratory.
By using the following equation the relative humidity (R.H.) of the
testing room was measured (124), i.e.,
p - a(T_-T )
R.H.(%) = —
X 100

where

(A7)

p^ = the saturation vapor pressure at
Pp = the saturation vapor pressure at 1'^
= wet bulb temperature
Tp = dry bulb temperature
a

= psychrometer constant depending on the ventilation
rate,

(e.g., for laboratory air with air conditioner

a = 4.382x10 ^ atm/^F and tor aging chamber
a = 6.583x10 ^ atm/®F).
The results of measurement R.H. as a function of wet-dry bulb
temperature were shown in Figure A3.

Aging chamber
The most reasonable method of humidity control for an aging chamber
is control by mèans of salt solutions.

A number of salts suitable for this
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100
RELATIVE HUMIDITY vs Tp, & T
D

90
t.H. =

w

(b-V

w

X 100 (%)
D

80

O HIGH VENTILATION RATE
a =4.382 X 10"^atm/°F
A LOWER VENTILATION RATE
a = 6.DB3xlU

aim/°F

R.H.(%)
50

70

66

67

68

69

70

71

72

73

74

T/F)

Figure A3.

The measurement of relative humidity by using wet-dry
bulb temperatures.
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purpose are available but sparingly soluble and volatile salts can not
be used, nor can those be used that cannot be obtained in a sufficiently
pure state to warrant such humidity control.
Relative humidity is the ratio of the vapor pressure of water vapor
present to the pressure of saturated water vapor at the same temperature.
The vapor pressure data of certain salt solutions as a function of con
centration and temperature are available in the literature.

For this

purpose NaOH was used and the vapor pressure data were obtained from the
International Critical Table, (Vol. 3, p. 370) (94), i.e..

Table Al.

Cone.

Vapor pressures of NaOH aqueous solution at 20°C

n
100 g HgO

p (mm Hg)

:

:

0

17.539

5

16.90

10

20

30

16.0

13.90

11.30

40

50

8.70

6.30

A typical calculation of relative humidity at 20°C with 50 g NaOH/lOOgmH^O
is shown as follows

R.H. =

^ X 100 = ^7^539 * 100 = 35.9% (36%)

(A8)

'o

Testing room
The huaiidity of the resr^jjig room vlnôtrori Testing Machine) ess
controlled by using a cold vaporizer and two dehumidifiers.
control device was developed as shown in Figure A4.

An automatic

The relative humidity

set point control of the testing room was kept at 35% but the actual
relative humidity varied from 33% to 42% with the outside temperature of
the building because of adsorption and desorption from the building walls.
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WATER

oo

OUTPUT
00

WATER

INPUT
HONEYWELL HUMIDITY RECORDER

VAPORIZER

FISHER TRA sISISTOR RELAY

DEHUMIDIFIER

Figure A4.

DEHUMIDIFIER

Schematic diagram of humidity control.
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Data of Tensile Strength
Table A2.

High humidity-atmosphere drawn fibers

Aging day

No.

L (gm)

0

1
2
3
4
5
6
7
8
9

8.50
8.70
8.30
7.80
7.30
8.90
8.90
7.30
7.40

5.80
5.94
5.66
5.33
4.98
6.08
6.08
4.98
5.05

5.63
5.63
5.96
5.63
5.46
5.63
5.63
5.63
5.02

10.27
10.50
9.44
9.44
9.09
10.74
10.74
8.81
10.03

M
a
a

8.15
0.67
8.37

5.54
0.46
8.37

5.58
0.24
4.30

9.89
0.72
7.28

1
2
3
4
5
6
7
8

6.20
6.00
6.00
5.80
6.00
5.90
6.00
6.00

4.73
4.58
4.58
4.42
4.58
4.50
4.73
4.73

5.27
5.56
5.41
5.41
5.27
5.71
5.56
6.04

8.89
8.11
8.46
8.14
8.70
7.87
8.46
7.79

M
a

Of

5.99
0.14
2.39

4.60
0.11
2.39

5.52
Û.23
4.52

8.30
G.39
4.69

1
2
3
4
5
6
7
8.

5.60
5.60
5.90
5.20
5.90
5.50
5.70
6.00

4.16
4.Iv
4.38
3.85
4.38
4.08
4.23
4.45

5.27
5.25
5!O8
5.71
5.56
4.92
5.71
5.08

7.91
7.91
8.62
6,73
7.87
8.26
7 =40
8.74

M

5.66
0.26
4.63

4.21
0.19
4.63

5.32
0.30
5.63

7.93
0.65
8.19

(d =5.15)j,m,
R.H.=877o,
T =32°C)
00

0.5
(d=4«87|j,m,
R.H.=80%,
T =34°C)
00
'

1
(d=4.94|j,m,
R.H.=80%,
T =35°C)
CO

'

a
cc

S (loVi)

e (10"^

E (10*psl)

146

Table A2 (Continued)

Aging day

(d=4.70|j,ni,
R.H.=85%,
1^=33"C)

(d=5,18p,m,
R.H.=86%,
T =33°C)

10
(d=5.75^m,
R.H.=85%,
T =34* C)

No

L (gm)

1
2
3
4
5
6
7
8
9

4.30
5.00
5.30
5.60
4.40
4.40
4.30
4.80
4.90

3.52
4.09
4.34
4.59
3.60
3.60
3.52
3.93
4.01

5.08
4.77
5.71
5.08
4.59
4.59
4.44
5.08
4.44

6.92
8.54
7.55
9.02
7.80
7.80
7.91
7.71
9.02

M
a
a

4.77
0.46
9.84

3.91
0.38
9.84

4.86
0.41
8.43

8.03
0.69
8.59

1
2
3
4
5
6
7
8
9

5.80
5.80
5.80
5.30
6.20
5.20
6.00
6.20
5.20

3.91
3.91
3,91
3.57
4.18
3.50
4.04
4.18
3.50

5.23
4.77
4.45
4.45
4.75
4.32
5.41
5.41
4.42

7.44
8.15
8.78
8.03
8.77
8.07
7.44
7.72
7.91

M

5.72
V.40
7.03

3.85

a
a

r\
n -T
V • A» /

4.80
m /./.

7.03

9.16

8.03
0 4^
6.10

1
2
3
4
5
6
7
8
9

6.20
6.50
6.20
6.10
5.90
6.20
5.SO
6.50
6.50

3.39
3,55
3.39
3.34
3.23
3.39
3,17
3.55
3.55

4.78
4.78
5.41
5.33
5.21
5.46
4.83
6!O4
5.84

7.08
7.40
6.25
6.25
6.18
6.18
6.53
5.86
6,06

M
a

6.21
0.24
3.95

3.40
0.13
3:95

5.29
0.45
8.50

6.41
0.50
7.78

Of

S (lofpsi)

e (10"^)

E (lofp

Table A2 (Continued)

Aging day
30
(d=5.56^m,
R.H.=80%,
T^=32°C)

No

L (gm)

S (lO^psi)

e (10"^)

E (lofpsi)

1
2
3
4.
5
6
7
8

7.00
5.50
5.60
7.00
5.20
6.50
6.00
5.90

4.10
3.22
3.28
4.10
3.04
3.80
3.51
3.45

4.06
3.37
3.37
4.14
3.17
4.14
3.81
3.66

10.08
9.52
9.68
9.88
9.56
9.17
9.21
9.41

M

6.08
0.68
11.20

3.56
0.39
11.20

3.71
0.38
10.24

9.56
0.31
3.24

a
a

Table A3. Low humidity-drawn fibers

Aging day

0
(d=4.46wm,
R.H.=27%,
T==29*C)

0.5
(d=4.53 m,
R» H.—25%g
T^=29°C)

No

L (gm)

S (lO^psi)

G (lO'Z)

E (lofpsi)

1
2
3
4
5
6
7
8

6.40
6.80
6.90
6.80
6 • 4C
6.40
6.30
6.30

5.82
6.19
6.28
6.19
5 S2
5.82
5.73
5.73

6.37
6.37
7.16
6.98
7.95
6.37
6.37
6.05

9.09
9.68
8.74
8.85
7 = 28
9.09
8.97
9.45

M

a
a

6.53
0.25
3.87

5.94
0.23
3.87

6.70
0.62
9.25

8.89
0.72
8.09

1
2
3
4
5
6
7
8

6.40
6 = 10
6.40
6.30
6.20
6.10
5.90
5.90

5.68
c oo
5.68
5.56
5.47
5.38
5.20
5.20

7.16
7.16
8.28
6.99
7.16
7.49
7.49
8.28

7.93
7 = 51
6.85
7,95
7.60
7.18
6.94
6.28

M

6.16
0.21
3.49

5.43
0.19
3.49

7.50
0.51
6.80

7.28
0.57
7.82

0
a
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Table A3.(Continued)

Aging day

(d=4.63 m,
R.H.=30%,
T =28°C)

(d=4.53 m,
R.H.=26%,
T =29°C)

No

L (gm)

1
2
3
4
5
6
7
8

6.00
5.60
6.00
5.90
5.90
5.60
5.40
5.30

5.06
4.73
5.06
4.98
4.98
4.73
4.56
4.47

5.99
5.89
6.68
6.04
6.04
5.89
5.89
5.61

8.45
8.03
7.57
8.24
8.24
8.03
7.74
7.96

M
0
a

5.71
0.27
4.77

4.82
0.23
4.77

6.00
0.30
5.00

8.03
0.28
3.48

1
2
3
4
5
6
7
8
9

5.70
5.40
6.10
6.30
5.30
5.20
5.20
5.60
5.60

5.02
4.76
5.38
5.56
4.67
4.58
4.58
4.94
4.94

6.35
5.21
6.05
6.98
6.53
6.35
6.04
5.33
5.28

7.91
9.13
8.89
7.97
7.15
7.21
7.58
9.26
9.35

M
0

5.60
0.38
6.96

4.94
0.34
Ô.55

6.01
0.62
X U * JIM

8.27
0.89
10.76

5.70
5.90
5.90
6.00
5.30
5.80
5.90
5.1Û

4.81
4.98
4.98
5.07
4.48
4.90
4.98
4.30

6.04
6.35
6,98
6.68
6.42
7.31
6.83
6.35

7.97
7.84
7.13
7.58
6.98
6.70
7.29
6=77

5 70
0.32
5.71

4.31
0.27
5.71

6.62
0.40
6.04

7.28
0.47
6.45

a
1
(d=4.63 m,
R.H.=30%,
T =28°C)

2
3
4
5
6
7
o
M

a
a

S (lO^psi)

e (10 ^)

E (lO^psi)
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Table A3 (Continued)

Aging day

10
(d=4.60 m,
R.H.=28%,
T =31°C)

30
(d=4.60 m,
R.H.=25%,
T =29°C)

No

L (gm)

S (lO^psi)

e (10 ^)

E (lO^psi)

1
2
3
4
5
6
7
8

5.10
5.10
5.10
5.90
5.10
5.50
5.10
5.10

4.36
4.36
4.36
5.04
4.36
4.71
4.36
4.36

5.56
6.05
6.05
6.32
5.41
5.56
6.35
6.35

7.84
7.21
7.21
7.97
8.05
8.47
6.87
6.87

M
a
a

5.25
0.29
5.65

4.49
0.25
5.55

5.95
0.39
6.57

7.56
0.59
7.80

1
2
3
4
5
6
7
8

5.10
5.10
5.70
5.10
4.90
5.40
5.70
5.20

4.36
4.36
4.87
4.36
4.19
4.62
4.87
4.44

4.88
4.73
5.02
4.87
4.63
4.76
5.48
5.18

8.77
9.05
9.52
8.77
9.01
9.56
8.74
8.46

M

5.27
0.29
S. nû

4.50
0.25
5.60

4.94
0.27
r rr

8.98
0.38
/. 01

a
m

Table A4. Freon-14 atmosphere drawn fibers

Aging day

(d=3.57 m.
R,H.=2%,
T*.=37°C)

No

L (gm)

S (lO^psi)

e (lO"^)

E (10%3i)

1
2
3
4
5
6
7
8
9

2.50
2.60
2.60
2.80
2.60
2.50
2.50
2.50
2.80

3.55
3.69
3.69
3.97
3.69
3.55
3.55
3.55
3.97

4.77
4.59
4.77
4.92
4.77
4.44
4.14
4.59
5.08

7.44
8.03
7.73
8.06
7.73
7.99
8.57
7.73
7.81

M

2.60
0.12
4.71

3.69
0.17
4.71

4.67
0.27
5.78

7.89
0.31
3.92

0

a
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Table A4 (Continued)

Aging day

0.5
(d=3.60|i,m,
R.II.=2%,
T^=37°C)

No

CO

.

2
(d=3o53|j,m,
R.H.=2%,
T =31= C)
CO

c (10"^)

E (lO^psi)

2,50
2.40
2.30
2.70
2.50
2.50
2.00

3.49
3.35
3.21
3.77
3.49
3.49
2.79

5.41
4.77
4.44
5.56
5.56
5.08
4.77

6.45
7.02
7.23
6.78
6.27
6.87
5.84

M

2.41
0.21
9.10

3.37
0.30
9.10

5.08
0.44
8.66

6.63
0.47
7.08

2
3
4
5
6
7
8

2.20
2.50
2.70
2.60
2.60
2.60
2.10
2.60

2.89
3.28
3,55
3.42
3.42
3.42
2.76
3.42

3.65
3.81
3.96
3.90
4.01
3.81
3.81
4.14

7.92
8.60
8.96
8.76
8.52
8.97
7.24
8.26

M
a
a

2.48
0.21
8.74

3.27
0.28
8.74

3.89
0.15
3.85

8.40
0.58
6.90

1
2
3
4
5
6
7
8
0

2.40
2.30
2.30
2.30
2.40
2.30
2.30
2.00
2.20

3.48
3.34
3.34
3.34
3.48
3.34
3.34
2.91
3J9

4.14
3.81
4.29
3.81
4.14
3.81
4.29
3.66
3.78

8.40
8.76
7.78
8.76
6.41
8.76
7.78
7.95
8.43

M

2.27
0.11
5.18

3.30
0.17
5.18

3.97
0.24
6.04

6.33
0.40
4.80

1

(d=3.71^a,
R.H.=2%,
I =35°C)

S (lO^psl)

1
2
3
4
5
6
7

a
a
1

L (gm)

a
a
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Table M (Continued)

Aging day

(d=3.88|j,in,
R.H.=1%,
T^=35°C)

10
(d=3.88jiin,
R.H.=2%,
T =37°C)

No

(d=3.64^m,
R.H.=2%,
T =35°C)
03

S (lO^psi)

2.80
2,80
2.50
3.00
3.00
2.60
3.20
2.30

3.36
3.36
3.00
3.60
3.60

M

2.77

G

3.33
0.35

a

0.29
10.66

1
2
3
4
5
6
7
8
9
M

1
2
3
4
5
6
7
8

e (10 ^)

E (lO^psi)

4.54
4.44
4.34
4.57
4.64
3.47
5.40
4.03

7.40
7.56
6.90
7.87
7.75
8.99
7.11
6.84

10.66

4.42
0.54
12.21

7.55
0.69
9.13

2.30
2.70
2.90
2.70
2.70
2.80
2.70
2.80
2.80

2.77
3.24
3.48
3.24
3.24
3.37
3.24
3.37
3.37

3.02
3.47
3.81
3.53
3.96
3.81
3.32
4.14
4.06

9.19
9.34
9.13
9.17
8.18
8.84
9.75
8.14
8.30

2.71

3.12
3.84
2.76

3.25

nia

3.68

8.89

n 20

Of

6]l8

6]l8

0: ^7
10i05

6.29

1
2
3
4
5
6

2.00
2.80
2.70

2.73

V

30

L (gm)

•7

g

8
M

0
a

3.82
3.69

3.57
4.31
4.06

2.00

2.73

3.62

2.80
2.50
2 "*0
2!30

3.82
3.41
3.69
3.14

4.38
4.14
4 = 28
4.82

2.47
0.33
13.60

3.37
0.46

4.14
0.40

13.60

9.66

0.56

7.64
8.86
9.08
7.54
8.72
8.23
8.62
8.21

8.36
0.56
6.69
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Table A5.

Summary of strength data

Drawing
atmosphere
Low humidity

High humidity

CF^ gas

Aging
day

K

d (|j,m)

0

8

4.46

5.94

0.23

3.87

0.5

8

4.53

5.43

0.19

3.49

1

8

4.63

4.82

0.23

4.77

2

9

4.53

4.94

0.34

6.96

5

8

4.63

4.81

0,27

5.71

10

8

4.60

4.49

0.25

5.65

30

8

4.60

4.50

0.25

5.60

0

9

5.15

5.54

0.46

8.39

0.5

8

4.87

4.60

0.11

2.39

1

8

4.94

4.21

0.19

4.63

2

9

4.70

3.91

0.38

9.84

5

9

5.18

3.85

0.27

7.03

10

9

5.75

3.40

0.13

3.95

30

8

5.56

3.56

0.39

11.20

0

9

3.57

3.69

0.17

4.63

U.3

/

3.Ô0

3.37

G,3G

3.10

1

8

3.71

3.27

0.28

8.74

2

9

3.53

3.30

0.17

5.18

5

8

3.88

3.33

0.35

10.66

10

9

3.88

3.25

0.20

6.18

30

8

3.64

3.37

0.46

13.60

S (lO^psi)

a (lO^psi)

a (%)

