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Properties of textile glass fibers based on alkali- and boron oxide-free
aluminosilicate glasses
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Institut fir Nichtmetallische Werkstoffe, Technische Universitét Berlin (Germany)

The goal of this paper is to examine the possibility of producing fibers from alkali- and boron oxide-free glasses with properties
comparable to those of commercially available glass fibers. Various compositions from the systems SiO,—Al,0;—CaO—RO are
investigated with RO = MgO, ZnO, MnO, BaO between 0 and 10 wt%. The fibers are suitable for application as textile fibers and
as reinforcement component for composites. The mechanical properties (tensile strength, Young’s and shear modulus and Poisson
ratio) are comparable to and/or partly better than those of commercially produced glass fibers. The chemical resistivity in 2 mol/l
NaOH is better than that of E-glass fibers.

Although the diameter of glass fibers is not the only parameter which determines fiber properties and structure, it is a very
important one because it influences both the mechanical and the thermal history of the fibers. For this reason, and in order to
approximate commercial fiber drawing conditions, fibers were prepared with roughly the same fiber diameters. Despite this restriction
the results provide information for qualitative ratings and for relative comparison of properties and structural interpretations. Of
special interest is the opposite dependence of strength and elastic moduli on the fiber diameter. This is explained by means of
frozen-in orientation and deformation effects of microcracks and network anisometries due to the mechanical and thermal history
of the fibers produced by the fiber drawing process.

Eigenschaften von Textilglasfasern auf der Basis alkali- und boroxidfreier Alumosilicatglaser

Das Ziel der Arbeit ist, die Moglichkeit der Realisierung alkali- und boroxidfreier Alumosilicatglasfasern zu priifen, die vergleich-
bare Eigenschaften mit kommerziell erhéltlichen Textilglasfasern besitzen. Verschiedene Zusammensetzungen aus den Systemen
Si0,—Al,0;—Ca0O—RO, wobei RO = MgO, ZnO, MnO und BaO mit Massenanteilen zwischen 0 und 10%, wurden untersucht.
Die Fasern sind als Textilfasern und als Verstarkungskomponente fiir Verbundwerkstoffe geeignet. Die mechanischen Eigenschaften
(Zugfestigkeit, Elastizitats- und Schubmodul sowie Poisson-Zahl) sind vergleichbar und/oder teilweise besser als die der kommerziell
produzierten Glasfasern. Die chemische Bestdndigkeit in 2 mol/l NaOH ist besser als die von E-Glasfasern.

Obwohl der Durchmesser der Glasfasern nicht der einzige Parameter ist, der die Fasereigenschaften und -struktur bestimmt, so
ist er doch eine wichtige GrofBe, da er sowohl die mechanische als auch die thermische Vorgeschichte der Fasern beeinfluit. Daher
und aus Griinden der technologischen und realisierbaren Faserziehbedingungen wurden die Fasern mit vergleichbaren Faserdurch-
messern hergestellt. Trotz dieser Einschrankungen reichen die Ergebnisse fiir eine qualitative Beurteilung und fiir einen relativen
Vergleich der Eigenschaften und strukturellen Interpretationen aus. Von besonderem Interesse ist die gegenldufige Abhdngigkeit der
Festigkeit und der elastischen Moduli vom Faserdurchmesser. Dies wird mit Hilfe von eingefrorenen Orientierungen und Deforma-
tionseffekten von Mikrokerben und Netzwerk-Anisometrien erklart, die durch die mechanische und thermische Vorgeschichte der
Fasern aufgrund des Faserziehprozesses entstehen.

1. Introduction and objectives

Thin glass fibers with diameters <25 pm are particularly
suited as reinforcement material in composites due to
their elasticity and tensile strength. This is especially

optics and communication systems are of the order of
about 100 to 150 pym and are built up by at least two
glass compositions.

The goal of the present investigation is to produce

valid for glass fibers produced by the nozzle drawing
process. The flexibility of thin fibers makes it possible to
produce woven textiles and filter material and allows use
as a substitute for asbestos in various products. Because
of the fact that the flexibility of glass fibers increases
with decreasing diameters it is possible to form thin
glass fiber yarns by means of textile machines to various
webs. The diameters of the so-called textile glass fibers
are about 6 to 20 um, whereas the glass fibers in the fiber
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glass fibers of various compositions from the systems
Si0,—Al,0;—CaO—RO with RO = MgO, ZnO, MnO,
BaO, i.e. without alkali and boron oxide. Alkali-free or
alkali-poor glasses are of special importance for many
applications because of their small coefficients of ther-
mal expansion, good thermal shock resistance, high
softening temperature and high chemical resistivity, but
they need high melting and forming temperatures to
obtain homogeneity. Therefore, these glasses usually
contain relatively large amounts of boron oxide. In most
countries, however, boron minerals are expensive and to
be imported from a limited number of sources in the
world. Thus, large efforts have been underway to develop
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Figure 1. Phase diagram of the system SiO,—Al,O3—CaO.

Table 1. Chemical compositions of the base glass series

glass no. SiO, Al,O3 CaO
1 wt% 62.1 14.6 23.3
mol% 64.94 8.99 26.7
5 wt% 60 15 25
mol% 62.78 9.24 27.98
3 wt% 60 12.5 27.5
mol% 61.98 7.59 30.43
. wt% SHES 15 27.5
mol% 60.03 9.22 30.75
5 wt% 55 16.25 28.75
mol% 57.70 10.02 32.28

inexpensive alkali- and boron oxide-free silicate glasses
from readily available raw materals. The present work
includes glasses of this type, with the additional require-
ment that these glasses are easily spinnable to thin fibers.

2. Selection of compositions, melting and
characterizing data of the glasses;
preparation of the fibers

2.1 Selection of compositions

The starting point of the selection of the glasses was the
three-component eutectic composition (figure 1, glass
no. 1). Four additional base glasses (nos. 2 to 5, table 1)
with compositions along the field boundary between
anorthite and pseudowollastonite were melted. The first
variation was carried out by substitution of CaF, for
CaO (table 2). In a second series of glasses up to 10 wt%
MgO or up to 8 wt% BaO were substituted for CaO
(table 3). Glasses with higher BaO contents required
drawing temperatures higher than the limit of the cur-
rent equipment (see section 2.3). Glasses with 8 and
10 wt% MgO exhibited crystallization below 1265°C, so
that the fiber drawing temperature was fixed at 1300°C.

Table 2. Chemical compositions of the first variation; substitu-
tion of CaF, for CaO

sample label Si0, Al,O3 CaO CaF,
Witk o6 st ea il

R { mol’s 6512 9.02 2503 0.6
wi% 621 146 203 3

i { mol% 6554  9.07 2297 24l

Table 3. Chemical compositions of the second variation; MgO-
and BaO-containing glasses

sample label Si0O, ALO; CaO MgO BaO
e wt% 621 146 223 1 =
g mol% 64.68 895 2486 150 -
ik wt% 621 146 183 5 =
g mol% 6353 879 2005 7.63 -
W wt% 621 146 153 8 =
& mol% 6276  8.69 16.64 1203 -
Al wih 621 M6 133 10 -
g mol% 6219 861 1427 1493 -
vl wi% 621 146 23 - 1
mol% 6538  9.05 2513 — 0.4
e wivh Tead “ide 263 - 3
mol% 6639  9.19 2320 — 1.25
i wt% 621 146 183 - 5
mol% 6730 932 2124 - 2.15
S wt% 621 146 153 — 8
mol”% 6887  9.53 1813 - 3.47

The third variation was done by substitution of ZnO
and MnO for CaO (table 4); ZnO in steps of 1, 5, 8 and
10 wt% and MnO in steps of 1, 3 and 5 wt%.

2.2 Melting and characterizing data of the
glasses

All glasses were melted at 1550°C in an electrically
heated furnace and in a covered Pt/Rh crucible. In order
to obtain homogeneous and bubble-free glasses, each
glass batch was melted three times for 2 h being crushed
between the melting phases. The final melting period
was 5 h for the fining process after which the melt was
poured into graphite forms of (10X 10X 50) mm? fol-
lowed by annealing at 850 °C and by a cooling procedure
which guaranteed stress-free samples. The physical
properties of the glasses (density, T, and the mean co-
efficients of thermal expansion between 40 and 485°C)
as well as the fiber drawing temperatures are provided
in table 5 for all four glass series.

The base glass series shows a decreasing trend of T,

and drawing temperature and an increasing trend for
density and thermal expansion from glasses nos. 1 to 5.
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parameters, such as drawing temperature, 7,, pressure
on the nozzle, p, drawing velocity, v,, and on the indirect
parameters, such as mass flow, m = f(p, T), fiber radius,
sample label Si0, ALO; CaO ZnO MnO r = f(m, v,), and drawing force, F, = f(m, T). From these
parameters the two most important structure- and

Table 4. Chemical compositions of the third variation; ZnO-
and MnO-containing glasses

Znl { wt%o 621 146 223 ! I property-determining prehistories of the produced fibers
i B T N e follow: the mechanical prehistory, characterized b
ollow e prehistory, characteriz y
Zn5 {Wt% 62.1 146 183 5 5 the drawing stress, ¢, = F,/(nr?), and the thermal
mol% 66.09 9.5 2086 390 - prehistory, characterized by the quenching rate,
7n8 wt%  62.1 T4l6HI153 8 = dT/dt = alr?, where a is an individual factor. It is seen
mol% 6682 925 1759 635 - that the radius of fibers is an important quantity, but
S R T R S S L ol not the only one, because it is possible to produce differ-
20 mol% 16725 '+ 19.31° 1543 801 = ent fibers with equal radii but with different properties
and structures due to the interacting parameters. These
Dt o B B e o ST e 1 connections are described in [5 to 7] and are best formu-
Mul mol% 6509 901 2502 - 088 lated in the appendix of [7].
=k wi% 621 146 203 i 3 It. %s no't possible to include all effects of forming
n3 mol% 6542 905 2286 — 2.65 conditions in the present study due to the large number
of compositions, and the requirement that fibers be
MnS5 { W Sod. M5 188 > prepared under conditions similar to those used com-
mol%  65.71 9.10 20.74 - 4.45

mercially. Therefore, forming was done to provide com-
parable fiber radii for the various glass series. The results
are, nevertheless, good enough to provide a relative rat-
ing for each composition, for comparison of properties,
and for structural interpretations. In order to get a fiber
with a distinct radius experimentally, the mass flow, 1,
and the drawing velocity, v,, were increased at a constant
temperature in such a way that equal fiber radii were
obtained at each mass flow:

r = [ml(v,mp)]"? (1)

2.3 Preparation of the glass fiber with v, = © - n - Dyq. Here p = density of the glass melt,
It is well-known from literature [1 to 5] that properties Dy = diameter of the drawing drum, and n = revolu-
and structure of glass fibers depend on the drawing tions per second of the drum where # is independent of

The reason is the decreasing concentration of SiO,. A
similar trend was found for the first variation series by
the incorporation of 2 F~ as substitution for O>~, which
causes a weakening of the network by increasing number
of non-bridging sites. No dramatic, and less systematic,
changes of the properties were found in the glasses of
the second (MgO/BaO) and third (ZnO/MnO) series.

Table 5. Physical properties of the glasses

sample label density in g/cm? T, in °C coefficient of thermal fiber drawing
expansion (40/485°C) temperature in °C
inK™1-10°¢
glass no. 1 2.610 786 4.44 1300
glass no. 2 2.663 785 5.19 1300
glass no. 3 2.660 784 5.43 1250
glass no. 4 2.703 784 5.48 1250
glass no. 5 2.731 780 6.03 1250
CaF1 2.609 768 4.48 1300
CaF3 2.598 749 312 1250
Mgl 2.606 788 4.34 1300
Mg5 2.598 773 4.03 1300
Mg8 2.584 776 497 1300
Mgl0 2.568 779 4.92 1300
Bal 2.623 790 5.30 1300
Ba3 2.646 792 4.74 1300
Ba5s 2.652 796 4.70 1300
Ba8 2.674 797 4.63 1300
Znl 2.633 789 4.30 1300
Zn5 2.653 780 4.06 1300
Zn8 2.662 779 3.98 1300
Zn10 2.665 780 3.76 1300
Mnl 2.614 785 4.62 1300
Mn3 2.619 785 4.58 1300
Mn5 2.621 784 4.53 1300
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Figure 2. Mass flow, 1, linearly dependent on the pressure on
the nozzle. Example: glass no. 1; parameter: temperature in
the nozzle.

v, [8] and, thus, the mass flow, n2, determines directly the
fiber radius and depends directly on the pressure, p, on
the nozzle. An example is given in figure 2.

In addition to the large number of chemical compo-
sitions being investigated, there are physical and instru-
mental limitations due to the fiber drawing process:

— To avoid crystallization, and a tendency toward ellip-
tical fiber cross-sections, the lower limit of drawing
temperature was 1250°C. For all cases the liquidus
temperature has to be lower than the drawing tem-
perature.

— The upper limit was given by oscillations of the gob
and by forming of drops and/or by the instrumentally
given limit of 1350°C.

— Roughly speaking the spinnability range was between
10%® and 10*dPas depending on the glass compo-
sition.

— A further limit was given by a mass flow of 25 mg/s
due to the maximum of the drum revolution of
5500 rpm = 120 m/s fiber drawing velocity.

— As a result of these limiting conditions the following
drawing temperatures were selected: 1250, 1300 and
1350°C (see figure 2).

Concerning the equipment of the fiber drawing
apparatus it is referred to [1 to 3 and 9].

3. Mechanical properties: tensile strength,
Young‘s modulus, shear modulus and
apparent Poisson number versus fiber
diameter

The freshly drawn glass fibers were captured and caught
by a special magnetic device during the spinning process,
and were glued on eight-segment V-shaped paper strips
in such a way that the fiber only contacted the glue, and
that eight individual 2 cm long fiber pieces were still

pristine. The paper strip was cut into eight single
samples which were attached to the fiber testing machine
(Zwick 1402A, Zwick GmbH & Co., Ulm (Germany))
and measured within 5 min. Each value of the tensile
strength is a mean value of 21 single measurements. The
diameters of the fibers were measured by means of a
light microscope (Leitz, Wetzlar (Germany)) with an
immersion objective (100X) and an ocular lense (16X)
equipped with an ocular scale. While the fiber length for
measuring the tensile strength was 2 cm, the fiber length
for measuring the Young’ modulus, E, in the same fiber
testing machine was 15 cm. The method is based on
force elongation diagrams. In order to subtract the con-
tribution of elongation produced by the force measuring
device of the machine, a very thick fiber (or rod, i.e. very
stiff) was used and an apparent specific elongation of
0.092 mm/N was determined and accounted for in cal-
culations.

The shear modulus, G, was measured by the dynamic
method of torsional vibrations within a glass cylinder in
order to eliminate air motion.

From the two moduli, £ and G, the apparent Poisson
ratio, u* = E/(2G)— 1, was determined. x* is only the
formalistic equivalent to the Poisson ratio, u, for iso-
tropic bodies because the fibers are usually anisotropic
[1 to 7 and 9].

As mentioned in section 2.3, the fiber diameter is
only one characteristic which influences the fiber pro-
duction process and properties, but it is a very im-
portant, if not the most important parameter, because it
influences the quenching rate and therefore, the thermal
history as well as the frozen-in anisotropic structure pro-
duced by the drawing stress, and therefore, the
mechanical history of the fiber. Therefore, the fiber di-
ameter may be regarded roughly as a measure of the
parameters which determine the mechanical properties,
because the thinner the fibers, the larger is the influence
of the thermal and mechanical prehistory and therefore,
the influence on structure and properties of the fibers
and vice versa.

3.1 Glass fibers of the base series
SiOZ—A|203—CaO

The results of investigations of the mechanical properties
are shown in figures 3a to e as a function of the fiber
diameter. The largest values are obtained from glass
no. 1, the smallest from glass no. 5. This is true for the
tensile strength, the Young’s modulus, the shear modulus
and also for the apparent Poisson ratio. This is likely due
to the fact that the SiO, content decreases in the same
sequence (table 1). The roles of Al,O3 and CaO are not
clear from the results. The average strengths of fibers
with a diameter of 5 um are 3100 MPa for glass no. 1
and 2500 MPa for glass no. 5.

While the strength and the Poisson ratio decrease
with increasing diameter the Young‘s and shear moduli
increase. This interesting point will be discussed
separately in section 5.
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Figures 4a and b. Tensile strength, Young’s and shear moduli,
apparent Poisson ratio versus fiber diameter for two glass fibers,
a) CaFl, b) CaF3.

3.2 Glass fibers with partial substitution of CaF,
for CaO

The fibers of this series (table 2, variation 1) have the
advantage that the melting and drawing temperatures
are lower than those of the base series, but the disadvan-
tage are the reduced values of their mechanical proper-
ties except those of the apparent Poisson ratios which
exceed partly the value of 0.5 (figures 4a and b). The
larger the fluoride concentration, the smaller are the
viscosity and the network strength due to the increase
of non-bridging sites: 1 0>~ — 2 F~.

3.3 Glass fibers with partial substitution of MgO
and BaO for CaO

The MgO-containing glass fibers (figures 5a to d) show
largest values for tensile strength, Young’s and shear
moduli and for the apparent Poisson ratio. For the Mg5
fibers the values are: tensile strength of the 5 um fibers
3100 MPa, Young’s modulus 85 GPa, shear modulus
20 GPa and Poisson ratio near 0.5.

A similar behavior is obtained for the BaO-con-
taining glass fibers (figures 6a to d) with largest Young’s
and shear moduli for the Ba5 sample with a slight de-
crease to Ba8 glass fibers. The tensile strength reaches
values up to 3410 MPa. As is seen from tables 1 and 3
the concentrations of SiO, and Al,O; on mol% basis are
increased in the same direction due to the large molec-
ular weight of barium. This may be partly the reason for
the increase of the values from Bal to Ba5.

3.4 Glass fibers with partial substitution of ZnO
and MnO for CaO

In the ZnO-containing series, the highest strengths
and moduli are obtained with the Znl0 glass fibers
(o = 3320 MPa for 5 pm fibers, E = 84 GPa, G =
= 29 GPa). The optimum properties in the MnO-con-
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Figures 5a to d. Tensile strength, Young’s and shear moduli,
apparent Poisson ratio versus fiber diameter of different glass
fibers, a) Mgl, b) Mg5, c) Mg8, d) Mgl0.

taining series are found for the Mnl glass fibers
(o, = 2950 MPa for Spum fibers, E = 79 GPa, G =
= 27 GPa). It is remarkable that the values do not
change within these series significantly more than those
in the diagrams of figures 5a to d and 6a to d. Thus, the
smallest values are in the ZnO series: g, = 3128 MPa,
E = 67GPa, G = 23 GPa; and in the MnO series:
o, = 2800 MPa, E = 63 GPa, G = 22 GPa.

4. Chemical resistance of glass fibers with
selected compositions in 2 mol/l NaOH

A survey on the most important methods for determin-
ing chemical durability of glass products is given in the
report of the German Glass Society [10] as well as in the
standards DIN 12111 [11] and DIN 12116 [12]. There
does not yet exist any recognized standard procedure to
determine the chemical resistance of glass fibers. Thus,
the fibers were investigated directly, i.e. in the as-formed
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Figures 6a to d. Tensile strength, Young’s and shear moduli,
apparent Poisson ratio versus fiber diameter of different glass
fibers, a) Bal, b) Ba3, c) Ba5, d) Ba8.

condition, by the weight loss of fiber bundles relative to
their original weight as a function of the leaching time.
Since the chemical attack depends on the surface area,
it is important to select fibers with the same diameter
(20 um).

The fiber bundles were pulled through a polymer
ring of 5 mm diameter and 5 mm width by means of a
wire, cut at both ends for a length of 50 mm, blown free
from broken fibers by an air jet and weighed. After that
the fiber bundles were suspended by a Nylon fiber into
a polyethylene cup containing a 2 mol/l NaOH solution.
After a duration of 48, 72, 96 and 120 h the samples
were washed in slowly agitated distilled water for 10 min,
dried by freely hanging in a drying cell at 80°C for 1 h,
and then weighed again.

The results are summarized in figure 7. It may be
seen that the reproducibility of the measurements is
good because the error is usually below 10%. The
chemical resistivity is improved during the chemical
attack. Therefore, the curves in figure 7 are convex. With
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Figure 7. Weight loss of selected fibers, 20pm in diameter,
chemically attacked in 2mol/1NaOH Solution versus time.

respect to the chemical composition the following
sequence of the chemical resistivity may be given:
Ba8 < Ba5 < Mn5 < ZnlO < Zn5 < 1 < Mg5. It is
remarkable that the resistivity of all fibers investigated
here is better than that of E-glass fibers.

5. Discussion

The following results were obtained with glass fibers
of the composition (in wt%): 62.1 Si02, 14.6 Al203,
(23.2-x)Ca0, xRO and xCaF2, respectively, with x = 0
to 10 and with R = Mg0O,ZnO,MnO andBaO:

a) From the base System Si02-A1203-CaO the highest
values of mechanical properties are: 3100 MPa tensile
strength (o), 84.6 GPa Young's modulus (E), 21.6 GPa
shear modulus (G) and 0.5 apparent Poisson ratio (//*).

b) The highest values from the Subsystem Si02-
-Al203-Ca0O-CaF2 are:c = 3000 MPa,E = 19GPa,
G = 26 GPa, //* = 0.5.

c) Optimum results were obtained from the two Subsys-
tems Si02-A1203-Ca0-MgO and -BaO, respectively:
0 = 3400 MPa,” = 84GPa, G = 29GPa,//* = 0.46.

d) The fibers of the Subsystems Si02-Al1203-CaO-
-MnO and -ZnO, respectively, showed values up to
0 = 3320 MPa,E=U GPa, G = 29.6GPa,//* = 0.45.

e) All fibers of the three- and four-component Systems
exhibited a better chemical resistivity against 2 mol/1
NaOH Solution than E-glass fibers.

The mechanical and chemical properties of these
fibers can be compared with other boron- and alkah-
free glass fibers, for instance, the S-fiber glass (com-
position inwt%: 64to 65 Si02, 24to 25 Al203, 10 MgO)
which has a significantly larger amount of AlI203. The
values of those fibers are [13]: 0 = 4600 MPa, E = U
to 88 GPa. However, there are several disadvantages, in-
cluding a very high hquidus temperature (1500°C), as
well as high fiberizing (1565 °C) and annealing tempera-
tures (810°C). Therefore, the advantage of the large ten-

sile strength and the boron- and alkah-free composition
is reduced by the high melting and fiber drawing tem-
peratures. Still larger amounts of AI203 up to silica-free
compositions of 50 to 80 wt% AI203 (rest: CaO) have
led to high-modulus glass fibers up to 160to 180 GPa
[14], but it was not possible to produce fibers longer
than 30cm and thinner than 100pm in diameter, de-
pending on the composition. The continuous fibers pre-
pared here are a reasonable compromise between prep-
aration conditions and fiber properties.

A very interesting behavior observed here is the
opposite diameter dependence of strength and Poisson
ratio on the one hand, and Young's and shear moduli
on the other hand. While strength and Poisson ratio
decrease with increasing diameter, the Young's and shear
modulus increase. This was also observed
investigations [3 and 6].

in earlier

After the well-known relation of Griffith [15] the real
strength of an elastic body is given by:

o = (2Ey/(ke,) 12 ()

where E is the Young's modulus, y is the surface energy
and Cithelong axis of a microcrack idealized as a rotary
ellipsoid, thus, o is proportional to the Square root of E:

s - Je.

After Bartenev and Sanditov [16] o is even directly
proportional to E:

0= (1-2/MM(6(1+11)), 3)

where p is the normal Poisson ratio for Isotropie mate-
rial.

Thus, there is the following contradicting Situation:

theoretically: o =f(E) , (4)

experimentally: (5)

where r is the fiber radius. This means that a(l/r) is less
determined by E in equation (2) but in a dominating
manner by Ci:

(6)

i.e. the smaller Ci, the larger is ¢ and the smaller r, the
smaller is Ci. In which manner is this possible? There
is the well-known argument that the probability for the
critical amount of Ci (weakest point in a solid) decreases
with the volume per unit of the fiber. Thus, o increases
with decreasing radius. But this must be a second-order
effect because E is decreasing with decreasing r. Thus,
the first-order effect has to be seen in equation (6) and
in the anisotropic structure of glass fibers as compared
with the Isotropie bulk glasses, indicated by the values
for the real Poisson ratio, y, for Isotropie bodies and by
those of the apparent Poisson ratio, //*, for the fibers.
Thus, the origin of the high tensile strength of glass
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fibers istheir anisotropic structure. Thestructural aniso-
tropy includes an axial orientation of microcracks along
the fiber direction, as was already argued by Griffith
[16]. Thus, itisnot thelargest of thelong axes, Ci, of the
ellipsoidal flaws that determines the strength in uniaxial
tension, but the largest of the short axes, Cj. These
are much smaller than ci due to the elongation of the
ellipsoids during the fiber drawing process (mechanical
history). This, coupled with additional structural aniso-
tropy, in form of a deformed network structure, gives
rise to the ¢ = f{\lr) dependence [9]. The reason for
E =f{r) isthe Isotropie part of the open network struc-
ture due to the thermal history of the fibers. This term
dominates the mechanical history with increasing r.

The question which kind of flaws, surface or bulk
flaws, are responsible for the strength cannot be an-
swered, because these flaws are of the order of nanomet-
ers [17]and are extremely elongated and oriented paral-
lel to the fiber axis in the bulk as well as at the surface.
Thus, the Situation of geometry of the flaws is a totally
different one than was postulated by Griffith and by the
theory of fracture mechanics which works with the term
stress intensity factor, Ky, and critical intensity factor,

Nic,

o(na) 1/2 (1)

nNic =
where a is half of the crack length of a flaw at the surface
which is stressed perpendicular to a in the bulk glass.
But this isnot relevant for the pristine glass fibers inves-
tigated here and in [6 and 15] where the oriented flaws
are stressed parallel to a. Therefore, the authors believe
that no effects of slow crack growth may be observed.

6. Conclusion

The results of this study show that the mechanical and
chemical properties of boron- and alkali-free fibers pro-
duced from aluminosilicate glasses with various concen-
trations of CaO, and additions of RO (RO = MgO,
BaO, MnO, ZnO) are suitable for apphcation as textile
fibers and as reinforcement component for composites,
particularly for the reinforcement of polymers. Theop-
posite dependence of strength and elastic moduh on the
fiber diameter is explained to be due to the combined
effects of an orientation of elongated microcracks and
anisotropic network structure due to the mechanical his-
tory of the fibers, and to an Isotropie more open net-
work structure due to their thermal history.
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