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Properties of textile glass fibers based on alkali- and boron oxide-free 
aluminosilicate glasses 
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The goal of this paper is to examine the possibihty of producing fibers from alkah- and boron oxide-free glasses with properties 
comparable to those of commercially available glass fibers. Various compositions from the Systems S i 0 2 - A l 2 0 3 - C a O - R O 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/1 
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 Alumosilicatgläser 

Das Ziel der Arbeit ist, die Möglichkeit der Realisierung alkali- und boroxidfreier Alumosilicatglasfasern zu prüfen, die vergleich­
bare Eigenschaften mit kommerziell erhältlichen Textilglasfasern besitzen. Verschiedene Zusammensetzungen aus den Systemen 
S i 0 2 - A l 2 0 3 - C a O - R O , wobei RO = MgO, ZnO, MnO und BaO mit Massenanteilen zwischen 0 und 10%, wurden untersucht. 
Die Fasern sind als Textilfasern und als Verstärkungskomponente für Verbundwerkstoffe geeignet. Die mechanischen Eigenschaften 
(Zugfestigkeit, Elastizitäts- und Schubmodul sowie Poisson-Zahl) sind vergleichbar und/oder teilweise besser als die der kommerziell 
produzierten Glasfasern. Die chemische Beständigkeit in 2 mol/1 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 Größe, da er sowohl die mechanische als auch die thermische Vorgeschichte der Fasern beeinflußt. Daher 
und aus Gründen der technologischen und realisierbaren Faserziehbedingungen wurden die Fasern mit vergleichbaren Faserdurch­
messern hergestellt. Trotz dieser Einschränkungen reichen die Ergebnisse für eine qualitative Beurteilung und für einen relativen 
Vergleich der Eigenschaften und strukturellen Interpretationen aus. Von besonderem Interesse ist die gegenläufige Abhängigkeit der 
Festigkeit und der elastischen Moduli vom Faserdurchmesser. Dies wird mit Hilfe von eingefrorenen Orientierungen und Deforma­
tionseffekten von Mikrokerben und Netzwerk-Anisometrien erklärt, 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 composi tes due to 

their elasticity and tensile strength. This is especially 

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 abou t 6 to 20 pm, whereas the glass fibers in the fiber 
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opt ics a n d c o m m u n i c a t i o n Systems are of the order of 

abou t 100 to 150 p m a n d are built u p by at least two 

glass compos i t ions . 

T h e goal of the present investigation is to p r o d u c e 

glass fibers of various compos i t ions from the Systems 

S i 0 2 - A l 2 0 3 - C a O - R O with R O = M g O , Z n O , M n O , 

BaO, i.e. w i thou t a lkah a n d b o r o n oxide. AlkaU-free o r 

a lka l i -poor glasses are of special impor t ance for m a n y 

appl icat ions because of their small coefficients of ther ­

ma l expans ion , g o o d t he rma l shock resistance, h igh 

softening t empera tu re a n d high chemical resistivity, bu t 

they need h igh mel t ing a n d forming t empera tu re s t o 

ob ta in homogenei ty . Therefore, these glasses usua l ly 

con ta in relatively large a m o u n t s of b o r o n oxide. In m o s t 

countr ies , however, b o r o n minerals are expensive a n d to 

be impor t ed from a l imited n u m b e r of sources in the 

World. Thus , large efforts have been underway t o deve lop 
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Figure 1. Phase diagram of the System Si02-Al203-CaO. 

Table 1. Chemical compositions of the base glass series 

glass no. Si02 AI2O3 CaO 

1 
' wt% 

mol% 
62.1 
64.94 

14.6 
8.99 

23.3 
26.7 

2 
• wt% 

mor/o 
60 
62.78 

15 
9.24 

25 
27.98 

• wt% 
mol% 

60 
61.98 

12.5 
7.59 

27.5 
30.43 

4 
• wt% 

mol% 
57.5 
60.03 

15 
9.22 

27.5 
30.75 

5 
• wt% 

mol% 
55 
57.70 

16.25 
10.02 

28.75 
32.28 

inexpensive alkali- and boron oxide-free Silicate glasses 

from readily available raw materals . T h e present work 

includes glasses of this type, wi th the addi t ional require-

m e n t tha t these glasses are easily spinnable to thin fibers. 

Table 2. Chemical compositions of the first Variation; Substitu­
tion of CaF2 for CaO 

sample label Si02 AI2O3 CaO CaF2 

CaFl 
' wt% 

mol% 
62.1 
65.12 

14.5 
9.02 

22.3 
25.03 

1 
0.76 

CaF3 
' wt% 

mol% 
62.1 
65.54 

14.6 
9.07 

20.3 
22.97 

3 
2.41 

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

sample label Si02 AI2O3 CaO MgO BaO 

Mgl 
' wt% 

mol% 
62.1 
64.68 

14.6 
8.95 

22.3 
24.86 

1 
1.50 _ 

Mg5 
' wt% 

mol% 
62.1 
63.53 

14.6 
8.79 

18.3 
20.05 

5 
7.63 

-

Mg8 
' wt% 

mol% 
62.1 
62.76 

14.6 
8.69 

15.3 
16.64 

8 
12.03 

-

MglO 
' wt% 

mol% 
62.1 
62.19 

14.6 
8.61 

13.3 
14.27 

10 
14.93 

— 

Bai 
' wt% 

mol% 
62.1 
65.38 

14.6 
9.05 

22.3 
25.13 

- 1 
0.44 

Ba3 
' wt% 

mor/o 
62.1 
66.39 

14.6 
9.19 

20.3 
23.20 

- 3 
1.25 

Ba5 
' wt% 

mol% 
62.1 
67.30 

14.6 
9.32 

18.3 
21.24 

- 5 
2.15 

Ba8 
' wt% 

mol% 
62.1 
68.87 

14.6 
9.53 

15.3 
18.13 

- 8 
3.47 

The third Variation was done by Substitution of Z n O 

and M n O for C a O (table 4); Z n O in steps of 1, 5, 8 and 

10 w t% and M n O in steps of 1, 3 and 5 wt%. 

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

2.1 Selection of compositions 

T h e s tar t ing po in t of the selection of the glasses was the 

th ree -componen t eutectic compos i t i on (figure 1, glass 

no . 1). Fou r add i t iona l base glasses (nos. 2 to 5, table 1) 

wi th compos i t ions a long the field b o u n d a r y between 

ano r th i t e a n d pseudowol las ton i te were melted. The first 

Variation was carr ied ou t by Substitution of CaF2 for 

C a O (table 2). In a second series of glasses u p to 10 wt% 

M g O or u p to 8 w t % B a O were subst i tu ted for C a O 

(table 3). Glasses wi th h igher B a O conten ts required 

drawing tempera tures higher t h a n the limit of the cur­

rent equ ipmen t (see section 2.3). Glasses with 8 and 

10 w t % M g O exhibi ted crystal l izat ion below 1265 °C, so 

tha t the fiber drawing t empera tu re was fixed at 1300°C. 

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 P t / R h crucible. In order 

to obta in 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 (10 X 10 X 50) mm^ fol­

lowed by anneal ing at 850 °C and by a cooling procedure 

which guaranteed stress-free samples. The physical 

propert ies of the glasses (density, Tg, 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 Tg 

a n d drawing temperature and an increasing t rend for 

density and thermal expansion from glasses nos. 1 to 5. 



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

sample label Si02 AI2O3 CaO ZnO MnO 

Znl 
' wt% 

mol% 
62.1 
65.17 

14.6 
9.02 

22.3 
25.05 

1 
0.76 _ 

Zn5 
' wt% 

mol% 
62.1 
66.09 

14.6 
9.15 

18.3 
20.86 

5 
3.90 

-

Zn8 
' wt% 

mol% 
62.1 
66.82 

14.6 
9.25 

15.3 
17.59 

8 
6.35 — 

ZnlO 
' wt% 

mol% 
62.1 
67.25 

14.6 
9.31 

13.3 
15.43 

10 
8.01 -

Mnl 
' wt% 

mol% 
62.1 
65.09 

14.6 
9.01 

22.3 
25.02 

- 1 
0.88 

Mn3 
' wt% 

mol% 
62.1 
65.42 

14.6 
9.05 

20.3 
22.86 

- 3 
2.65 

Mn5 
' wt% 

mol% 
62.1 
65.71 

14.6 
9.10 

18.3 
20.74 

- 5 
4.45 

The reason is the decreasing concentrat ion of Si02. Α 

similar t rend was found for the first Variation series by 

the incorpora t ion of 2 F " as Substitution for 0^~, which 

causes a weakening of the network by increasing number 
of non-br idging sites. N o dramatic , and less systematic, 

changes of the properties were found in the glasses of 

the second (MgO/BaO) and third ( Z n O / M n O ) series. 

2.3 Preparation of the glass fiber 

It is well-known from literature [1 to 5] that propert ies 

and structure of glass fibers depend on the drawing 

pa ramete r s , such as drawing tempera ture , Γη, p res su re 

o n the nozzle,/?, drawing velocity, v^, a n d on the indi rec t 

Parameters , such as m a s s flow, m = f(p, Γ ) , fiber r ad ius , 

r = f{m, Ό^, a n d drawing force, = f(m, T). F r o m these 

p a r a m e t e r s the two m o s t i m p o r t a n t s t ruc ture- a n d 

proper ty -de te rmin ing prehis tor ies of the p r o d u c e d fibers 

follow: the mechanica l prehistory, charac te r ized by 

the drawing stress, = FJinr^), a n d the t h e r m a l 

prehistory, character ized by the quench ing rate, 

dT/dt = a/r^, where α is an individual factor. I t is seen 

tha t the radius of fibers is an i m p o r t a n t quan t i ty , b u t 

n o t the only one, because it is possible to p roduce differ­

ent fibers wi th equa l radi i bu t wi th different p rope r t i e s 

a n d s t ructures due to the in teract ing pa ramete r s . T h e s e 

connec t ions are descr ibed in [5 t o 7] a n d are best f o rmu­

lated in the appendix of [7]. 

I t is no t possible t o include all effects of fo rming 

condi t ions in the present s tudy due to the large n u m b e r 

of composi t ions , a n d the requ i rement tha t f ibers be 

p repa red unde r condi t ions similar to those used c o m ­

mercially. Therefore, forming was d o n e to provide c o m ­

parab le fiber radii for the var ious glass series. T h e resul ts 

are, nevertheless, g o o d e n o u g h to provide a relative rat-

ing for each compos i t ion , for compa r i son of p roper t i e s , 

a n d for s t ructura l in terpreta t ions . In order to get a fiber 

wi th a dist inct rad ius experimentally, the mass flow, m, 

a n d the drawing velocity, v^, were increased at a c o n s t a n t 

t empera tu re in such a way tha t equa l fiber rad i i were 

ob ta ined at each mass flow: 

1/2 (1) 

wi th Ό^ = π ' η · D^. He re ρ = density of the glass mel t , 

= d iameter of the drawing d r u m , a n d η = revolu-

t ions per second of the d r u m where m is i n d e p e n d e n t of 

Table 5. Physical properties of the glasses 

sample label density in g/cm^ Tg in °C coefficient of thermal 
expansion (40/485 °C) 
in K-^ · 10-6 

fiber drawing 
temperature in °C 

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 
CaFl 2.609 768 4.48 1300 
CaF3 2.598 749 5.12 1250 
Mgl 2.606 788 4.34 1300 
Mg5 2.598 773 4.03 1300 
Mg8 2.584 776 4.97 1300 
MglO 2.568 779 4.92 1300 
Bai 2.623 790 5.30 1300 
Ba3 2.646 792 4.74 1300 
Ba5 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 
ZnlO 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 



2 0 -

15-

10-

5 -

1350°C 

/ 1300°C 

/ 
1250<̂ C / 

/ / 

^ V 

20 40 60 80 
Pressure on nozzle in m b a r - ^ 

Figure 2. Mass flow, m, linearly dependent on the pressure on 
the nozzle. Example: glass no. 1; parameter: temperature in 
the nozzle. 

[8] and , thus , the mass flow, m, de te rmines directly the 

fiber rad ius a n d depends directly on the pressure, /?, on 

the nozzle. A n example is given in figure 2. 

In add i t ion to the large n u m b e r of chemical compo­

sitions being investigated, there are physical and instru­

men ta l l imitat ions due to the fiber drawing process: 

- To avoid crystal l ization, a n d a t endency toward ellip-

tical fiber cross-sections, the lower limit of drawing 

t empera tu re was 1250 °C. For all cases the Hquidus 

t empera tu re has to be lower t h a n the drawing tem­

perature . 

- T h e uppe r limit was given by oscillations of the gob 

a n d by forming of d rops a n d / o r by the instrumentally 

given limit of 1350°C. 

- Roughly speaking the spinnabil i ty ränge was between 

10^·^ a n d lO '^dPas depend ing on the glass compo­

sition. 

- Α further limit was given by a mass flow of 25 mg/s 

due to the m a x i m u m of the d r u m revolution of 

5500 r p m = 120 m / s fiber drawing velocity. 

- As a result of these l imiting condi t ions the following 

drawing tempera tures were selected: 1250, 1300 and 

1350°C (see figure 2). 

Conce rn ing the equ ipmen t of the fiber drawing 

appa ra tu s it is referred to [1 to 3 a n d 5]. 

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

T h e freshly d rawn glass fibers were cap tu red and caught 

by a special magnet ic device dur ing the spinning process, 

a n d were glued on eight-segment V-shaped paper Strips 

in such a way tha t the fiber only con tac ted the glue, and 

tha t eight individual 2 c m long fiber pieces were still 

pristine. The paper strip was cut in to eight Single 

samples which were at tached to the fiber testing machine 

(Zwick 1402A, Zwick G m b H & Co., U l m (Germany)) 

a n d measured within 5 min. Each value of the tensile 

s trength 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 (lOOX) and an ocular lense (16X) 

equipped with an ocular scale. While the fiber length for 

measur ing the tensile strength was 2 cm, the fiber length 

for measur ing the Young' modulus , E, in the same fiber 

testing machine was 15 cm. The me thod is based on 

force elongation diagrams. In order to subtract the con­

t r ibut ion 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 apparen t specific elongation of 

0.092 m m / N was determined and accounted for in cal­

culations. 

The shear modulus , G, was measured by the dynamic 

me thod of torsional vibrations within a glass cyhnder in 

order to eliminate air mot ion . 

F r o m the two modul i , Ε and G, the apparent Poisson 

ratio, //* = E/(2G)-l, was determined. is only the 

formalistic equivalent to the Poisson ratio, μ, for Iso­

tropie bodies because the fibers are usually anisotropic 

[1 to 7 and 9]. 

As ment ioned in section 2.3, the fiber diameter is 

only one characteristic which influences the fiber pro­

duct ion process and properties, but it is a very im­

por tan t , if no t the mos t impor tan t 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 propert ies of the fibers 

and vice versa. 

3.1 Glass fibers of the base series 
SiOg-AlsOs-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 t rue for the 

tensile strength, the Young's modulus , the shear modulus 

and also for the apparent Poisson ratio. This is hkely due 

to the fact that the S i 0 2 content decreases in the same 

sequence (table 1). The roles of AI2O3 and C a O are not 

clear from the results. The average strengths of fibers 

with a diameter of 5 p m are 3100 M P a for glass no. 1 

and 2500 M P a for glass no. 5. 

While the strength and the Poisson ratio decrease 

with increasing diameter the Young's and shear modul i 

increase. This interesting poin t will be discussed 

separately in section 5. 
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Figures 3a to e. Tensile strength, Young's and shear moduli, 
apparent Poisson ratio versus fiber diameter of different glasses, 
a) glass no. 1, b) glass no. 2, c) glass no. 3, d) glass no. 4, 
e) glass no. 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) C a F l , b) CaF3. 

3.2 Glass fibers with partial Substitution of CaFg 
for CaO 

T h e fibers of this series (table 2, Variation 1) have the 

advan tage tha t the mel t ing a n d drawing t empera tu re s 

are lower t h a n those of the base series, bu t the d i sadvan-

tage are the reduced values of their mechanica l p rope r ­

ties except those of the appa ren t Poisson rat ios which 

exceed par t ly the value of 0.5 (figures 4a a n d b) . T h e 

larger the f luoride concent ra t ion , the smaller are the 

viscosity a n d the ne twork s t rength due to the increase 

of non-b r idg ing sites: 1 O^"" ^ 2 F ~ . 

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

T h e M g O - c o n t a i n i n g glass fibers (figures 5a t o d) show 

largest values for tensile s t rength, Young's a n d shear 

m o d u l i and for the appa ren t Poisson ratio. Fo r the M g 5 

fibers the values are: tensile s t rength of the 5 p m fibers 

3100 M P a , Young 's m o d u l u s 85 G P a , shear m o d u l u s 

20 G P a and Poisson rat io near 0.5. 

Α similar behavior is ob ta ined for the B a O - c o n ­

ta in ing glass fibers (figures 6a to d) with largest Young 's 

a n d shear modu l i for the Ba5 sample wi th a slight de­

crease to Ba8 glass fibers. T h e tensile s t rength reaches 

values u p to 3410 M P a . As is seen from tables 1 a n d 3 

the concen t ra t ions of S i 0 2 and AI2O3 on m o l % basis a re 

increased in the same direct ion due to the large molec ­

u la r weight of b a r i u m . This may be par t ly the r eason for 

the increase of the values from B a i to Ba5 . 

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

In the Z n O - c o n t a i n i n g series, the highest s t rengths 

a n d modu l i are ob t a ined wi th the Zn lO glass fibers 

(at = 3320 M P a for 5 p m fibers, £" = 84 G P a , G = 
= 2 9 G P a ) . T h e o p t i m u m proper t ies in the M n O - c o n -
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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) MglO. 

Figures 6a to d. Tensile strength, Young's and shear moduli, 
apparent Poisson ratio versus fiber diameter of different glass 
fibers, a) Bai, b) Ba3, c) Ba5, d) Ba8. 

ta ining series are found for the M n l glass fibers 

{σ, = 2950 M P a for 5 p m fibers, Ε = 19 GPa, G = 
= 27 G P a ) . It is r emarkab le tha t the values do no t 

change within these series significantly m o r e than those 

in the d iagrams of figures 5a to d a n d 6a to d. Thus, the 

smallest values are in the Z n O series: = 3128 M P a , 

Ε = 61 G P a , G = 23 G P a ; a n d in the M n O series: 

cTt = 2800 M P a , Ε = 63 G P a , G = 22 G P a . 

4. Chemical resistance of glass fibers with 
selected compositions in 2 mol/1 NaOH 
Α survey on the m o s t i m p o r t a n t m e t h o d s for determin-

ing chemical durabi l i ty of glass p roduc t s is given in the 

repor t of the G e r m a n Glass Society [10] as well as in the 

Standards D I N 12111 [11] a n d D I N 12116 [12]. There 

does not yet exist any recognized Standard procedure to 

de te rmine the chemical resistance of glass fibers. Thus , 

the fibers were investigated directly, i.e. in the as-formed 

condit ion, by the weight loss of fiber bundles relative to 

their original weight as a function of the leaching time. 

Since the chemical at tack depends on the surface area, 

it is impor tan t to select fibers with the same diameter 

(20 pm). 

The fiber bundles were pulled through a polymer 

ring of 5 m m diameter and 5 m m width by means of a 

wire, cut at bo th ends for a length of 50 m m , 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/1 N a O H Solution. 
After a dura t ion 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 

at tack. Therefore, the curves in figure 7 are convex. With 
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Figure 7. Weight loss of selected fibers, 20 pm in diameter, 
chemically attacked in 2 mol/1 N a O H Solution versus time. 

respect to the chemical composi t ion the following 

sequence of the chemical resistivity may be given: 

Ba8 < Ba5 < M n 5 < ZnlO < Zn5 < 1 < M g 5 . 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 obta ined with glass fibers 

of the composi t ion (in wt%): 62.1 Si02, 14.6 AI2O3, 

(23.2-x)CaO, x R O and xCaF2 , respectively, with χ = 0 

to 10 and with R = M g O , Z n O , M n O and BaO: 

a) F rom the base System S i 0 2 - A l 2 0 3 - C a O the highest 

values of mechanical propert ies are: 3100 M P a tensile 

strength (σ), 84.6 G P a Young's modulus (E), 21.6 G P a 

shear modu lus ( G ) and 0.5 apparent Poisson ratio (//*). 

b) The highest values from the Subsystem S i 0 2 -

- A l 2 0 3 - C a O - C a F 2 are: σ = 3000 M P a , Ε = 19 G P a , 

G = 26 GPa , //* = 0.5. 

c) Op t imum results were obta ined from the two Subsys­

tems S i 0 2 - A l 2 0 3 - C a O - M g O and - B a O , respectively: 

σ = 3400 M P a , ^ = 84 G P a , G = 29 GPa , //* = 0.46. 

d) The fibers of the Subsystems S i 0 2 - A l 2 0 3 - C a O -

- M n O and - Z n O , respectively, showed values u p to 

σ = 3320 M P a , E=U G P a , G = 29.6 GPa , //* = 0.45. 

e) All fibers of the three- and four-component Systems 

exhibited a better chemical resistivity against 2 mol/1 

N a O H 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

posi t ion in wt%: 64 to 65 Si02, 24 to 25 AI2O3, 10 M g O ) 

which has a significantly larger a m o u n t of AI2O3. The 

values of those fibers are [13]: σ = 4600 M P a , Ε = U 

to 88 G P a . However, there are several disadvantages, in­

cluding a very high hquidus temperature (1500°C), as 

well as high fiberizing (1565 °C) and anneal ing 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 AI2O3 up to silica-free 

compositions of 50 to 80 wt% AI2O3 (rest: CaO) have 

led to high-modulus glass fibers up to 160 to 180 GPa 

[14], but it was not possible to produce fibers longer 

than 30 cm and thinner than 100 pm in diameter, de­

pending on the composition. The continuous fibers pre­

pared here are a reasonable compromise between prep­

aration conditions and fiber properties. 

Α 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 in earlier 

investigations [3 and 6]. 

After the well-known relation of Griffith [15] the real 

strength of an elastic body is given by: 

σ = (2Ey/(KC,)) 1/2 (2) 

where Ε is the Young's modu lus , γ is the surface energy 

a n d Ci the long axis of a microcrack idealized as a r o t a r y 

ellipsoid, thus , σ is p ropo r t i ona l to the Square r o o t of E: 

σ - Je. 
After Bar tenev a n d Sandi tov [16] σ is even directly 

p r o p o r t i o n a l to E: 

σ = ( 1 - 2 / ^ ) ^ / ( 6 ( 1 + / / ) ) , (3) 

where μ is the n o r m a l Poisson rat io for Isotropie m a t e ­

rial. 

Thus , there is the following cont rad ic t ing Situation: 

theoretically: σ = f(E) , (4) 

experimental ly: (5) 

where r is the fiber radius. This m e a n s tha t a ( l / r ) is less 

de te rmined by Ε in equa t ion (2) bu t in a d o m i n a t i n g 

m a n n e r by Ci: 

(6) 

i.e. the smaller Ci, the larger is σ a n d the smaller r, t he 

smaller is Ci. In which m a n n e r is this possible? T h e r e 

is the wel l -known a r g u m e n t tha t the probabi l i ty for t he 

critical a m o u n t of Ci (weakest po in t in a solid) decreases 

wi th the vo lume per uni t of the fiber. Thus , σ increases 

wi th decreasing radius. But this mus t be a second-o rde r 

effect because Ε is decreasing wi th decreasing r. Thus , 

the first-order effect ha s to be seen in equa t ion (6) a n d 

in the anisot ropic s t ruc ture of glass fibers as c o m p a r e d 

wi th the Isotropie bulk glasses, indicated by the values 

for the real Poisson rat io, μ, for Isotropie bodies a n d by 

those of the appa ren t Poisson rat io, //*, for t he fibers. 

Thus , the origin of the high tensile s t rength of glass 
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fibers is their an iso t ropic s tructure. T h e structural aniso-

t ropy includes an axial or ien ta t ion of microcracks along 

the fiber direct ion, as was already a rgued by Griffith 

[16]. Thus , it is n o t the largest of the long axes, Ci, of the 

ellipsoidal flaws tha t de te rmines the s t rength in uniaxial 

tension, bu t the largest of the shor t axes, Cj. These 

are m u c h smaller t h a n ci due to the elongation of the 

ellipsoids dur ing the fiber drawing process (mechanical 

h is tory) . This, coupled wi th addi t iona l s tructural aniso-

tropy, in form of a deformed ne twork structure, gives 

rise to the σ = f{\lr) dependence [9]. T h e reason for 

Ε = f{r) is the Isotropie p a r t of the o p e n network struc­

ture due to the t h e r m a l his tory of the fibers. This t e rm 

domina tes the mechanica l h is tory wi th increasing r. 

T h e ques t ion which k ind of flaws, surface or bulk 

flaws, are responsible for the s t rength cannot be an-

swered, because these flaws are of the o rde r 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 t h a n was pos tu la ted by Griffith and by the 

theory of fracture mechanics which works with the te rm 

stress intensi ty factor, Κχ, a n d critical intensity factor, 

^ i c , 

^ i c = σ(πα) 1/2 
(1) 

where α is half of the crack length of a flaw at the surface 

which is stressed perpendicu la r to α in the bulk glass. 

But this is n o t relevant for the prist ine glass fibers inves­

t igated here a n d in [6 a n d 15] where the oriented flaws 

are stressed paral lel to a. Therefore, the au thors believe 

tha t n o effects of slow crack growth m a y be observed. 

6. Conclusion 

T h e results of this s tudy show tha t the mechanical and 

chemical proper t ies of b o r o n - a n d alkali-free fibers p ro­

duced from aluminosi l icate glasses wi th various concen­

t ra t ions of C a O , a n d addi t ions of R O (RO = M g O , 

BaO, M n O , Z n O ) are suitable for apphca t ion as textile 

fibers a n d as reinforcement c o m p o n e n t for composites, 

par t icular ly for the reinforcement of polymers. The op­

posi te dependence of s t rength a n d elastic m o d u h on the 

fiber d iamete r is explained to be due t o the combined 

effects of an or ien ta t ion of e longated microcracks and 

anisot ropic ne twork s t ruc ture due to the mechanical his­

to ry of the fibers, a n d to an Isotropie m o r e open net­

work s t ruc ture due t o their t he rma l history. 
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