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ALKALI-RESISTANT MINERAL FIBRES - A REVIEW 

by 

S.S.B. Wang* 

ABSTRACT 

This literature review presents back-

ground information outlining the function of min-

eral fibres in cement and concrete mixes. Asbes-

tos fibres are currently used because of their 

alkali-resistant properties. Newly developed 

alkali-resistant man-made mineral fibres (MMMF) 

have been developed as possible substitutes. 

Problems relative to such fibres are noted along 

with the desirability of researching alternate 

fibre-forming mineral materials, e.g., asbestos 

tailings and diopside. 

The various types and grades of mineral 

wool and typical raw mineral materials are identi-

fied and reviewed as are the major mineral wool-

forming processes, furnaces and fiberization meth-

ods. Glass fibre properties and fundamental 

considerations of the nature of glass and glass 

fibre are then reviewed following which the mec-

hanics of chemical attack on glasses in aqueous 

solutions is considered. Finally, alkali-resis-

tant fibres are reviewed and alkali-resistant 

evaluation tests described. 

FIBRES RÉSISTANTES AUX ALCALIS: ÉTUDE DOCUMENTAIRE 

par 

S.S.B. Wang* 

RÉSUMÉ 

Cette étude documentaire présente les 

données de base sur le rôle des fibres minérales 

dans les mélanges de ciment et béton. Actuelle-

ment, on utilise les fibres d'amiante en raison 

de leur résistance aux alcalis, mais des fibres 

minérales synthétiques résistantes aux alcalis 

ont été mises au point comme des substituts pos-

sibles. On tire l'attention sur les problèmes 

relatifs à de telles fibres et sur les avantages 

de faire de la recherche sur d'autres matériaux 

minéraux pouvant être transformés en fibres, comme 

les résidus d'amiante et le diopside. 

On identifie et réexamine les divers 

types et qualités de laine minérale ainsi que les 

matières minérales premières et les principaux 

procédés de fabrication de la laine minérale, les 

fours et les méthodes de transformation en fibres. 

Ensuite, on réexamine les propriétés de la fibre 

de verre et les considérations fondamentales con-

cernant la nature du verre et sa fibre ainsi que 

les mécanismes de l'attaque chimique de verres en 

solutions aqueuses. Finalement, on passe en revue 

les fibres résistantes aux alcalis et les essais 

d'évaluation de résistance aux alcalis. 

*Research Scientist, Mineral Processing Labora-
tory, Mineral Sciences Laboratories, CANMET, 
Energy, Mines and Resources Canada, Ottawa. 

*Chercheur scientifique, Laboratoire du traitement 
des minéraux, Laboratoires des sciences minérales, 
CANMET, Énergie, Mines et Ressources Canada, 
Ottawa. 
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INTRODUCTION 

Cement and concrete products have high 

compressive strengths but are very weak in tension 

and lack toughness. To overcome these shortcom-

ings they have to be reinforced. Concrete is 

strengthened conventionally using steel rods, and 

cement using asbestos fibres. 

Asbestos cement, in which a firm bond is 

formed between fibre and cement, is strong, dura-

ble, rigid and resistant to freezing and thawing, 

humidity and fire. It has sufficient wet strength 

to allow molding into flat or corrugated sheets, 

pipe and a variety of other shapes. However, be-

cause of potential health risks, an attempt is 

being made to replace asbestos by other materials 

such as glass and organic fibres. The major re-

quirements of a suitable fibre for reinforcement 

are high strength and elastic modulus, a reason-

able bond at the interface, and good chemical 

stability. Organic natural and synthetic fibres 

have a high residual elongation and are poor in 

tensile strength and elasticity. Also, they do 

not bond well with cement matrix. The large dif-

ference in specific gravity between the fibres and 

cement causes a segregation problem in the mix-

ture. Conversely, glass fibres have reasonably 

high tensile strength, wear resistance, stiffness, 

and hardness. They have a low elongation and 

therefore ensure high dimensional stability. 

Glass fibres and cement mortar have comparative 

specific gravities. Cement-based matrices have 

very strong alkalinity (pH =12.5). Glass fibres 

made from soda-lime-silica or borosilicate compo-

sitions, which were tried as reinforcement, were 

corroded by the highly alkaline cement paste and 

lost their strengthening power quickly. Alkali-

resistant fibres having high zirconia content (16-

17)  were developed and are now commercially 

available under the name "Cem-Fil". The alkaline 

durability of Cem-Fil fibres in the short term 

appears satisfactory, but the long-term perform-

ance is unconfirmed. The product also has two 

main disadvantages: zirconia is costly, and its 

addition to silicate increases the melting and 

fiberizing temperatures, thereby increasing pro-

duction costs (1). Cem-Fil fibres cost U.S.  

$4700/t compared with U.S. $1000/t for asbestos 

fibres. In view of this, CANMET initiated a pro-

ject to develop alkali-resistant fibre composi-

tions from inexpensive and more readily available 

raw materials such as diopside and asbestos tail-

ings. This literature review is the first part 

of the ongoing project. 

MINERAL WOOL 

"Mineral wool" is a generic term covering 

a large group of fibrous products made from dif-

ferent mineral materials. These products are man-

ufactured mainly for thermal insulation and can 

be generally classified by the composition of the 

original furnace charge (2): 

(a) glass wool which is formed chiefly from mix-

tures of sand, soda ash, limestone, feldspar, 

barytes and, in some cases, scrap glass; 

(b) slag wool which is formed from iron, copper 

or lead furnace slags and fluxing or melt com-

position adjusting materials such as sand-

stone; 

(c) rock wool which is formed from naturally oc-

curring rocks. 

The mineral wool manufacturing process 

essentially consists of two steps: melting the 

charge materials and fiberizing the melt. 

Raw Material Selection 
Common glass fibres can be divided into 

two main groups: soda-lime-silica and borosili-

cate. Typical compositions are shown in Table 1. 

Table 1 - Typical compositions of three different 

glasses (2) 

Soda-lime- Borosilicate 	Glass 

% 	silica glass 	glass "E" 	fibre "C" 

Silica 	 72.2 	 53.3 	62-65 

Lime 	 9.5 	 17.5 	 6 

Magnesia 	 3.5 	 4.5 	 - 

Alumina 	 1.8 	 14.5 	 1 

Soda 	 13.0 	 - 	11-15 

Potash 	 - 	 - 	 1-3 

Boric oxide 	- 	 10.0 	3-4 

1 
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Table 2 - Principal raw materials for glass making (4) 

Material  
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Alumina hydrate 
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composition) 

Feldspar 
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MgO 	 11.2 	 19.0 

LOI* 	29.1 	3.1 

Water leaches soda from the body of soda-lime-sil-

ica glass which greatly reduces the fibre 

strength. The borosilicate glass is alkali-free 

and consequently resistant to water and weather-

ing. A glass fibre "C" was also developed, which 

has high resistance to alkalis and acids, and is 

used in chemical applications such as filter cloth 

and anode bags (2). 

Silica (SiO2 ) is the principal glass-

forming oxide. It is used as sand or, in lump 

form, as sandstone. The second common ingredients 

are alkalis (Na2 0 and K2 0) which are added to low-

er the melting temperature of the glass batch and 

shorten the refining time; however, too high an 

alkali content in the glass fibres tends to de-

crease fibre strength and to increase their sus-

ceptibility to water attack. The third ingredient 

is lime (CaO). Calcium and magnesium oxide have 

a stabilizing influence when alkali-lime-silica 

glasses are attacked by water. Alumina is added 

to improve the durability and resistance to weath-

ering and to reduce devitrification (2). Boric 

oxide (B2 03 ) is used for fluxing. Progressive ad-

ditions of boric oxide significantly increase the 

melting rate of soda-lime-silica glass. Increase 

of B203 from 0 to 2.5% lowers the viscosity 

from 1400°C to a point between 602 and 625°C, de-

pending on the basic composition, below which the 

introduction of B2 03 progressively increases 

viscosity (3). 

Some of the principal raw materials and 

oxides for glass making are listed in Table 2. 

Table 3 - Chemical compositions of raw materials 

for rock and slag wool production 

Argillaceous 	 Blast furnace 

% 	dolomite 	Sandstone 	slag  

SiO, 	24.3 	88.5 	38.0 

Al
2
0
3 	

11.2 	1.1 	8.2 

Fe
2
0
3 	

0.8 	2.2 	0.6 

CaO 	 21.5 	5.2 	38.0 

*LOI - loss on ignition 

Rock wool is made from natural rocks or 

minerals such as self-fluxing argillaceous dolo-

mite. Slag wool is produced mainly from iron 

blast furnace slag with the addition of lime or 

silica-bearing materials, e.g., sandstone used as 

flux and to adjust the melt viscosity. Typical 

chemical compositions of raw materials for rock 

and slag wool production are given in Table 3. 

Melting Furnaces 
Conventional gas or electric melting 

furnaces for glass making are generally used for 

glass wool production, but the majority of slag 

wool and rock wool producers use cupolas (Fig. 1). 
.1•■• 

Fig. 1 - Steel-jacketed water cooled cupola fur-

nace (2). 

The cupola is usually water-cooled and not lined 

with refractory material. It is filled with al-

ternate layers of fuel (coke) and raw materials 

up to the charging door. The materials have to 

be in lump form to allow free passage of air and 

combustion gases and to reduce material loss up 

the stack. Reverberatory furnaces fired with oil 

or gas are also used. Reverberatory and electric 

furnaces allow the use of fine raw materials, thus 

recycling of waste shot is feasible (Fig. 2, 3). 

Fig. 2 - Electric arc furnace (2). 

3 
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Fig. 3 - Recuperative fired furnace (4). 

Fiberization 

There are two major fiberizing methods 

for mineral wool production: blowing and centri- 

fugal spinning. Long glass fibres may also be 

formed by drawing a filament from a glass melt. 

Regarding fibre quality and production rate, the 

centrifugal spinning process appears to occupy an 

intermediate position between the mechanical draw-

ing and the blowing methods. For example, the 

drawing method produces fibres characterized by 

uniform diameter while the opposite occurs in the 

blowing process. Spun fibres occupy a mean posi-

tion (2,5). 

Blowing Method  

A molten stream, tapped from the furnace, 

is subjected to a blast or jet of steam or high 

pressure air (Fig. 4). The impact breaks the melt 

into liquid globules which are propelled through 

the air. The air resistance during flight elon-

gates the globules into fibres with a bead (waste 

shot) attaching to the end. The shot is less than 

3 mm in diameter and cannot be recycled to the  

cupola. Thoenen suggests that shot was formed due 

to the premature cooling and solidification of the 

globule in its flight through the air (6). This 

could be remedied by manipulating the blowing op-

erations to produce smaller globules and by in-

creasing the steam pressure to raise the particle 

speed. Major variables affecting the fiberization 

are charge compositions, pouring rate, pouring 

temperature, molten stream temperature and thick-

ness, height of drop of the melt stream before 

fiberization, type of nozzle, blowing medium and 

blowing pressure. Melt viscosity greatly influen-

ces the average fibre diameter of the blown wool. 

As viscosity increases, fibre diameter and shot 

size increase. An increase of temperature de-

creases viscosity. Both the higher temperature 

of melt and a shorter height of drop of the stream 

reduce the cooling of the melt. More shot is 

formed when the wool is blown at low temperatures. 

Shot formation rapidly increases as the amount of 

molten material delivered to the blowing jet exce-

eds the potential energy of the jet to convert the 

fused material to fibre (7). Zhilin states that 

4 
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Fig. 4 - Steam blowing process (4). 

the molten stream should not exceed 15 to 20 mm in (b) The second group employs a combination of sev- 

thickness (8). Lowering the blowing pressure in- 	eral rotating wheels. The combination can be 

creases fibre diameter and shot content. 	The 

blowing pressure usually ranges from 

862 kPa. 

Centrifugal SpinninE 

There are variations of the spinning 

employing disks, wheels or cups, and 

multiple configuration arrangements of 

All are, however, based on the centri- 

3, 4 or 5 rotors. Figure 6 shows a 3-rotor 

310 to arrangement (9). Rotor 1 is termed the dis-

tributor roll and rotors 2 and 3 are fiberi-

zing rollers. Rotor 1 is so positioned and 

rotated to intercept the melt stream on a 

down-turning edge of its periphery. The 

stream is spread and accelerated by the dis-

tributor roll and discharged onto the fiberi-

zing rotor 2 which is rotating in a direction 

opposite to that of rotor 1. A portion of the 

material is further discharged from rotor 2 to 

3 which is rotating in the opposite direction 

to rotor 2. It is desired that no fibre be 

technique, 

single or 

spinners. 

fugal principle. The molten material is dispersed 

into fibres by the centrifugal force. In general, 

the diameter of spun wool depends chiefly on the 

rate of production, the fiberization temperature, 

the melt composition and viscosity. It is claimed 

that centrifugally spun wool contains less shot 

than that made by the blowing method (2). The 

spinning machines can be divided into three main 

groups: 

Figure 5 shows a typical example of the first 

group. The molten stream falls onto a rapidly 

rotating disk. The centrifugal force converts 

the melt into a fibrous mass. The fibres are 

driven into a box around the axle of the disk 

and then cut by knives (1) to a determined 

length and evacuated continuously by the ac-

tion of the radial air jet from a circular 

nozzle (2). 

(a) 

Fig. 5 - Centrifugal spinning, rotating disk (2). 

5 
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Fig. 6 - Centrifugal spinning, 3-rotor arrangement 

(9). 

formed by rotor 1 and consequently little or 

no material of the melt stream should adhere 

to its periphery. The surface of this rotor 

is very smooth. On the other hand, it is es-

sential for good fiberization that the materi-

al should bond to the peripheries of rotors 2 

and 3. Small grooves or other textures are 

on their surface. Rotor I may be rotated 

speed of 3000 to 4000 rpm, rotor 2 at 

to 5800 rpm and rotor 3 at 5000 to 6500 

The speeds, the relative sizes, and the 

positions of the rotors can be varied to im-

prove the production and quality of the min-

eral wool. 

(c) The third group uses rotary containers. Fig-

ure 7 represents a typical example. The fila-

ments of molten glass projected under the ac-

tion of centrifugal force from the periphery 

of a rotating body (1) are subjected to the 

attenuating action of a blast of gaseous prod-

ucts obtained by combustion in the chamber (2) 

and projected through the slot (3). 

The Tel process, shown in Fig. 8, com-

bines spinning and extrusion techniques (9). The 

melt stream is poured inside the rotor which has 

numerous fine perforations on its surface. A ring 

with a number of nozzles is placed around the 

rotor. The melt extruded through the perforations 

by the centrifugal force is subjected to a jet of 

hot gas from the nozzles and converted into long 

fibres by air resistance during flight. The shot 

content in this process is less than 1%. 

Fig. 8 - The Tel process (9). 

Continuous Filament Process  

The continuous fibre drawing method is 

shown in Fig. 9. Glass marbles are fed by gravity 

from a hopper into an electrically heated, plati-

num crucible having up to 200, 1-mm diam orifices 

in its bottom. The molten glass flows downward 

through the orifices. These fine streams of mol-

ten glass are gathered together and carried to a 

high speed winder. The molten glass streams can 

be attenuated by winding the filaments at a speed 

considerably faster than the stream flowrate from 

the melting crucibles. Some producers have melted 

glass directly in a larger furnace without the 

intermediate step of making marbles. Commercial 

alkali-resistant fibres are mostly made by the 

continuous filament process. 

Pmperties cd Gass Fibres 

The strength of glass fibres depends on 

both the glass composition and the method of fibre 

production. High alkali content generally de-

creases fibre strength, particularly under wet 

conditions, and increases susceptibility to water 

attack. Water leaches alkali from the glass, 

leaving a siliceous skeleton which shows a reduced 

made 

at a 

4000 

rpm. 
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Fig. 9 - The continuous filament process (2,10). 

strength. It is generally accepted that the rate 

of cooling and not the fineness of the fibre is 

the dominant factor affecting strength (11). When 

a glass fibre is formed, the glass is violently 

shock cooled. The time lapse, from the liquid 

glass to solid state in filament form cooled to 

room temperature, may be less than 0.01 s. The 

shock-cooled glass retains a frozen-in structure 

which is approximately that of the molten state. 

The structure is more uniform and perfect than 

that of the bulk glass, because flaw formation is 

greatly decreased. This results in much higher 

strength and lower density and modulus. Flexibil-

ity depends mainly on fibre diameter. The smaller 

the diameter, the greater the fibre flexibility. 

Glass fibres are non-cellular and tend not to ab-

sorb moisture. Surface moisture is less than 0.5% 

(2). Ordinary glass fibres are inert to oils, 

organic solvents and most acids but not to alka-

line solutions. Glass fibres are also very resis-

tant to mildew, moths, bacteria and rotting. 

FUNDAMENTAL CONSIDERATIONS 
OF GLASS AND GLASS FIBRE 

Mineralogically, mineral wool is formed 

as a glass in fibrous form on cooling from a sili-

cate melt. The basic building block in silica 

based glasses is the (SiO 4 ) -4 tetrahedron. Each 

Si
+4 

is coordinated by four 0
-2 

ions. The tetra- 

hedral coordination satisfies both the bonding re-

quirements of covalent directionality and the rel-

ative size ratio (12). Because of the high charge 

on the Si
+4 

ion and its low ligancy or coordina-

tion number, the tetrahedra (SiO4 )
-4 

are joined 

corner to corner to form an extended three-dimen-

sional network with certain discontinuities. 

These discontinuities take the form of singly 

bonded oxygen atoms, each bearing a negative 

charge. To achieve electrical neutrality, cations 

such as Na
+ 

and Ca
+2 

are situated adjacent to 

those discontinuities. The glass network, how-

ever, lacks the long-range order of crystals and 

the lattice is distorted. Figure 10 shows the 

structure difference between crystal and glass. 

(b) 

Fig. 10 - Schematic representation of (a) crystal-

line lattice and (b) corresponding glassy network 

(13). 

The oxide components in glass can be 

classified as basic, amphoteric and acidic as 

7 



shown.in,Table 4. Whén a basic oxide such as CaO 

is added to silica it will introduce 0-2  ions into 

and break the Si-0 network: 

The number of broken joints depends on the ratio 

0/Si as indicated in Table 5. 

Table 4 - Types of bonding and character of the 

oxides (13) 

Ionic fraction 

of bond  

0.65 

0.65 

0.61 

0.61 

0.47 

0.38 

0.44 

0.54 

0.44 

0.41 

0.36 

0.44 

0.41 

0.36 

0.28 

6 	6 to 

8 	8 to 12 

8 

6 

6 6 to 8 

6 	6 

6 

6 

4 

4 

4 

6 	4 to 6 

4 

4 	4 

4 	4 

Network 

breakers 

or 

basic oxides 

Amphoteric 

oxides 

Network 

formers or 

acid oxides 

Coordination 

number 	Character of 

solid-liquid the oxide  
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Table 5 - Influence of the addition of a basic' 

oxide on the structure of silicates (13) 

2/1 SiO
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M0.2SiO2 
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3M0.2SiO 
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A direct result of this network-breaking 

action is the decrease of the softening and fusion 

temperatures of the glass. Another result is the 

viscosity decrease of the molten glass. Glass 

melt viscosity is a function of chemical composi-

tion and temperature. An increase in temperature 

causes progressive loosening of the silicate net-

work structure by thermal agitation. This action 

will decrease viscosity according to: 

n = A exp(E /RT) 

where A is a constant and E is the activation 

energy of viscous flow of the melt which depends 

on its composition. The addition of .a basic oxide 

breaks the bonds between the (SiO
4

) -4 tetrahedra 

causing a decrease in the size of the silicate 

anions and consequently the activation energy and 

the melt viscosity (13). 

Chemical Attack of Glasses in Aqueous Solutions 

Glass can be chemically attacked by water 

and aqueous solutions of acids, alkalis and salts. 

Budd postulated two general types of chemical at-

tack on silicate glasses: electrophilic and nue-

leophilic (14). Attacking reagents are classified 

into two groups - electrophilic reagents which 

always seek to attack positions where there is an 

excess of electrons, and nucleophili2 reagents 

which always seek to attack positions where there 

is an electron deficit: 

(a) Electrophilic attack may take place at nega-

tively charged non-bridging oxygen atoms by 

electrophilic reagents H+ (or H
3
0+) and HC1 and 

H2  SO, in the vapour phase (Fig. 11). 

Fig. 11 - Electrophilic attack on non-bridging 

oxygen atom (14). 
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(b) Nucleophilic attack may take place at network 

silicon atoms by nucleophilic reagents 0-2  and 

OH- . The water molecule itself can act as a 

weak nucleophilic agent by virtue of the par-

tial negative charge carried by the oxygen 

atom (Fig. 12). 
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Fig. 12 - Nucleophilic attack on network silicon 

atom by (a) oxide ion (b) hydroxyl ion (c) water 

molecule (14). 

El-Shamy et al investigated the reactions 

of glasses with aqueous solution and the effects 

of solution pH and glass composition (15). They 

found that there is a complicated physiochemical 

reaction between water and silicate glasses, not a 

simple dissolution of glass into water. The reac-

tion comprises several individual processes such 

as hydration, dealkalization, and depolymeriza-

tion, which occur simultaneously and influence one 

another to varying degrees. When a soda-silica 

or a soda-lime-silica glass is placed in water, 

changes occur in the glass and the solution. Two 

main reactions take place in the glass: extrac-

tion of alkali ions, with replacement by protons 

from the solution, and dissolution of silica by 

breakdown of the siloxane bonds at the interface 

between the solution and the attacked glass. The 

removal of silica usually lags behind the alkali 

extraction, thus leading to the formation of a 

silica-rich leached layer on the surface of the 

glass. This layer reduces the rate of alkali ex-

traction by forming a barrier through which fur-

ther alkali ions must diffuse before they can be 

extracted into solution. On the other hand, the  

water in contact with the glass changes very rap-

idly into a solution of alkali and silica. The 

pH of the solution, in turn, depends on the con-

centration and the relative ratio of alkali to 

silica. Both the concentration and ratio change 

with time therefore the pH of the solution is also 

expected to change accordingly. 

The various factors affecting glass cor-

rosion kinetics can be divided into two groups - 

sample states and corrosion conditions (16). 

Sample states include glass composition, mole 

fraction of a crystal phase, internal or applied 

stresses, surface roughness, phase separation, 

homogeneity and the form of the material, e.g., 

powder or bulk. Corrosion conditions include 

ranges of relative humidity, sulphur dioxide and 

other gas phase surface reactants, pH, the start-

ing and final compositions of corrosion solutions, 

pressure and temperature of leaching, and the 

ratio of the solution volume to the surface area 

exposed. 

Attempts have been made to study the in-

fluences of glass compositions and the addition 

of different oxides on the chemical durability of 

silicate glasses. A systematic substitution of 

TiO2' Ge02' 
Zr0

2 
and AlP04 was made for silica in 

a soda-lime glass (17). Results showed substan-

tial improvement in water and alkali resistance 

with Zr0
2
. There was either no change or some de-

terioration of resistance with Ge0
2
. TiO

2 
gener-

ally improved durability. AlPO 4  improved water 

and alkali resistance, but the acid attack was 

much increased. Equimolar substitution of Al
2
0
3 

for Fe 2O3 in a silicate glass was found to reduce 

silica extraction in the alkaline region (18). 

This might be due either to the greater passivity 

of hydrated 
Al203 

in the alkaline region or to 

SiO
2 

having a lower activity in the Al
2
0
3
-Si0

2 
system than in the Fe

2
0
3
-S1O2 system. Less soda 

was extracted at pH >4 from the glasses containing 

Al
2
0 than from those containing Fe 2 O3 . Above pH 

3 hydrated A
l203 

is stable and is well known to 

chemisorb sodium ions. Hydrated iron oxides are 

also capable of chemisorbing sodium ions, but less 

effectively. Chemical durability of some silicate 

glasses containing CaO, FeO and MnO was investi-

gated (1). Molar substitution of FeO, and partic- 
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ularly of MnO for CaO in all these glasses in-

creased the durability at pH 9 to 12. However, 

durability at pH 0 to 2 was found to deteriorate 

when this substitution was made. The acid and 

alkaline durability was satisfactorily correlated 

to the thermodynamic stability of the different 

oxides. The durability decreased with increasing 

soda content. 

ALKALI-RESISTANT  FIBRES  
A variety of alkali-resistant fibres 

which cover a wide range of mineral compositions 

have been developed since the late 1960's when 

Building Research Station (BRS) in the UK pioneer-

ed research in making alkali-resistant fibres. A 

zirconia-containing fibre was produced by a 

simple glass-fibre drawing apparatus at BRS (19). 

The apparatus used a platinum crucible having a 

small orifice (2-3 mm diam) at the bottom to hold 

the glass melt. A glass thread was drawn through 

the orifice and attached to a winding drum to form 

fibre. The glass contained 71 1  SiO2' 11  Al203 and 

161  Zr02. The average reduction in diameter of 

this fibre in saturated Ca(OH) 2  s
olution  at 100°C 

after 4 h is <1 1  compared with 10 1 for A-glass and 

9 1 for E-glass (20). Paul calculated the thermo-

dynamic stability of Zr02  in aqueous solution and 

found the hydrated Zr02  surface formed on the 

fibre was stable at all conceivable pH ranges and 

probably offered a very high activation barrier 

for diffusion of other ionic species through it 

(21). The pioneering research at BRS led to the 

commercial development of Cem-Fil glass fibre by 

Pilkington Brothers Ltd. Similar fibres have also 

been produced in the USA by Owens-Corning Fiber-

glass Corporation. The long-term durability of 

cement composites incorporating these fibres is 

being investigated in several countries (22). 

An alkali-resistant fibre was produced 

based on a glass composition of an E-glass modi-

fied by adding zirconia or zirconia and titania 

(23). The preferred proportion of titania is from 

1 to 6% by weight of the total glass composition, 

and that of zirconia from 2 to 6 1. The total ad-

dition of zirconia and titania preferably should 

not exceed 81. Examples of fibres having the fol- 

lowing compositions by weight are: 

Al203 13.25 1 ; CaO 15.5%; MgO 4.81; 

TiO2  4 '
%. and Zr0 2 

4%. The glass was drawn from 

the melt at 1210°C into fibres, which exhibited a 

tensile strength of 0.91 GPa. After treatment in 

boiling saturated calcium hydroxide, the fibres 

retained about 651 of the original strength com-

pared with 351 for the unmodified E-glass fibres. 

A Japanese process provides alkali-resis-

tant glass fibres having not more than 5/ solubil-

ity in 101 NaOH at 100°C for 1 h, and not less 

than 80 1 of strength-retaining percentage (24). 

The fibres consist of: (mol %) Si0 2  56-76, Zr0 2 

 8-16; 14
20 1.5-25; P 2

0
5 

0.1-3; B2
0
3 0.5-7; R'a 

0-10; Sn02  0-7.5; other metal oxides 0-10; and 

CaF2 0-2, 
where R is Li, Na or K, RI is Ca, Mg, 

Sr, Ba, Be, Zn or Pb, and other metal oxides are 

Al20 3' Fe 20 3' TiO2 or Ce02. 
Ca ion in the cement 

paste is found to bond with P 205  in the glass 

fibre to form a thin film of water and alkaline 

insoluble calcium phosphate on the surface of the 

glass fibre. This thin film acts as a protective 

film against alkaline solution. In addition, the 

presence of the thin film serves to improve the 

adhesion between the glass fibres and the cement 

matrix. However, when the concentration of P 20 5  

exceeds 3 moi 1, the alkali resistance of the 

glass fibre is considerably deteriorated. Zr02 

 is effective in alkali resistance but its addition 

is limited to 11 mol % to obtain glass forming 

ability and stable melt spinnability. However, if 

both P2 05  and R 203  are used, Zr02  can be added in 

amounts exceeding 11 mol % and up to 16 mol %, 

still with a good spinnability. 

Corning Glass Works in the US has made a 

glass fibre from a batch comprising, by weight, 

from 85 to 99% basalt and from 1 to 15 1 Zr02  (25). 

Better chemical durability may be achieved where a 

basalt of low alkali metal oxide (<5 1 ) is used. 

The addition of Zr02 to the basalt causes a phase 

separation when the melt is cooled. Although the 

exact function of the phase separation is not ful-

ly understood, it is believed that its presence 

is responsible for the greatly improved chemical 

durability. An increased Zr02  content will cer-

tainly further improve alkali resistance but in 

considering cost and increasing difficulty in 

melting and forming, the addition of more than 15 1 

Zr02 is impractical. 

SiO2 48.7 1 9 
 B

20 3 9.75 1 ; 
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In Germany, calcium silicate fibres have 

been made from phosphorus slag by adding 0.1 to 

1% of at least one modifying oxide selected from 

zinc oxide, zirconium oxide, chromium oxide and 

titanium oxide (26). The fibres are suitable for 

use in cement-based building materials. Fibres 

containing 2-5 wt % zinc oxide and having a compo-

sition in wt % of 15-50 CaO, 40-65 3i0 2 , and 1-20 

Al
2
0
3 
are especially resistant to the alkaline 

environment of concrete. 

A Swediàh method produces alkali-resis-

tant fibres by melting olivine alone or a mixture 

of olivine with clay minerals such as chamotte and 

possibly other minerals such as dolomite, quartz 

sand and sandstone (27). The clay minerals used 

should contain no more than 40 wt % of 
Al203' 

pre-

ferably less than 35%. Good alkali-resistant 

fibres can be produced having the following compo-

sitions: 

wt %  

SiO2 	  42-48 

Al203 	  10-15 

CaO 	  4-6 

MgO 	  30-35 

Iron oxides 	  2-4 

Alkali metal oxides max.  	1 

Other oxides max.  	1 

One such mineral wool was produced by melting a 

mixture of 60% olivine-30% chamotte-10% dolomite. 

After soaking for 3 h at 100°C in a solution com-

prising 2 parts by weight NaOH and 1 part Na2CO3 , 

the wool had a weight loss of 2.2% compared with 

42.5% for a commercial glass wool. 

Experiments were conducted at the Univer-

sity of California, Los Angeles, to determine the 

feasibility of using mixtures of waste slate and 

limestone to produce glass fibres as a substitute 

for asbestos (28,29). The alkali resistance of 

the fibres is superior to that of zirconia-con-

taining glass fibres. Fibres made from an approx-

imately equal mixture of slate and limestone give 

the best alkali resistance. The other advantages 

claimed are low cost, ready availability of raw 

materials, low melting point, and ease of render-

ing into glass fibres. 

Alkali-Resistance Tests 
Paul observed that there is no absolute 

or explicit measure for the chemical durability 

or resistance of a glass towards attack by aqueous 

solutions (21). Glasses are usually graded rela-

tive to one another after undergoing similar ex-

perimental conditions. Tests can be performed on 

carefully prepared graded glass grains or on a 

finished product; in this case on the produced 

fibres. The choice would normally depend on 

whether information is required on the intrinsic 

durability of a certain composition or on how the 

finished product will stand up to attack. Factors 

affecting chemical durability measurements of 

glasses are (a) weight of glass sample and surface 

area exposed, (h) ratio of the glass weight to the 

leaching solution volume, (c) nature of the leach-

ing solution and frequency of replenishing it, and 

(d) temperature of leaching. 

In general, a weighed amount of graded 

glass grains or glass fibres is put in a definite 

volume of a leaching solution and digested at a 

controlled temperature for a certain period. The 

digestion is usually carried out at elevated tem-

peratures to accelerate leaching reactions. The 

weight loss of the sample and/or the solubilities 

of the different glass component oxides in the 

leaching solution are measured to determine the 

chemical durability. Various leaching solutions 

are used which include 5% NaOH (pH 12.0), 10% 

NaOH, a solution of 260 g Na 4 P207 .10H20 in 4.94 L 

distilled water, buffer solutions of saturated 

boric acid solution at 25°C + KOH solution (pH 

9-12), saturated Ca(OH) 2  solution, a solution 

of 2 parts NaOH and 1 part Na 2CO3 by weight, 

and cement extract solution (1,23,27-28,30-32). 

The saturated Ca(OH) 2 
solution is believed to 

correlate reasonably well with the actual water 

plus cement mixture found in the cementitious mass 

(25). Cement extract solution is prepared by ad-

ding 500 g to 2.5 L distilled water in a polyeth-

ylene container. The container is inserted in a 

drum which is rolled at 19 rpm continuously for 

16 d. The mix is filtered to obtain a clear solu-

tion having pH -13 (32). 

The resistance of glass fibres to alkali 

attack can also be measured by the reduction in 
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diameter and strength after alkaline leaching 	strength of the fibres after alkaline treatment 

treatment. The diameters are measured by optical 	is frequently so low that they cannot be measured 

microscope using a Watson image-shearing eyepiece, 	easily using a standard tensile testing machine 

a scanning electron microscope and an interference 	such as Instron. A simple apparatus based on a 

fringe technique (33). A scanning electron micro- 	double-pan analytical balance was designed for 

scope can also be used to directly observe the 	this measurement (33). 

surface of the corroded glass fibre (34). The 

12 



REFERENCES 

1. Paul, A. and Youssefi A. "Alkaline durability 

of some silicate glasses containing CaO, FeO 

and MnO"; J Mater Sci 13:93-107; 1978. 

2. Carroll-Porczynski, C.Z. "Inorganic fibres"; 

London, National Trade Press Limited; 1958. 

3. Allison, R.S. and Turner, W.E.S. "Further in-

vestigation upon the influence of boric oxide 

on the rate of melting of the batch, and on 

the rate of refining and setting of commer-

cial glasses of the soda-lime-silica type"; 

J Soc Glass Technol 38:297T-364T; 1954. 

4. Tooley, F.V. "The handbook of glass manufac-

ture"; Vol. 1; New York, Ogden Publishing; 

1974. 

5. Pryl, A. "The influence of the method of pro-

duction upon the number of glass fibres and 

other properties"; J Soc Glass Technol 

40:76A; 1956. 

6. Thoenen, J.R. "Mineral wool"; Information 

Circular 6984R; U.S. Bureau of Mines; 1939. 

7. Kenworthy, H. and Moreland, M.L. "Laboratory 

results of testing mineral-wool raw materi-

als"; Report of Investigations 5203; U.S. 

Bureau of Mines; 1956. 

8. Zhilin, A.I. "Factors influencing the process 

of slag wool production"; C R Acad Sci USSR  

53:39-41; 1946. 

9. Punj, R.P. "Utilization of blast furnace slag 

in the manufacture of slag wool and its pro-

ducts"; Symp on Utilization of Metallurgical 

Wastes; edited by R.M. Krishnan; March 10-13, 

1964; Jamshedpur, India; 233-238; 1964. 

10. Staff, "Mineral fibres - a general review"; 

Industrial Minerals 133:19-31; 1978. 

11. Slayter, G. "Strength of glass"; Am Ceram  Soc 

 Bull 31:276-278; 1952. 

12. Moffatt, W.G., Pearsall, G.W. and Wulff, J. 

"The structure and properties of materials"; 

vol. 1; New York, Wiley; 1967. 

13. Coudurier, L., Hopkins, D.W. and Wilkomirsky, 

I. "Fundamentals of metallurgical processes"; 

Toronto, Pergamon Press; 1978. 

14. Budd, S.M. "The mechanisms of chemical reac-

tion between silicate glass and attacking 

agents, part 1, electrophilic and nucleophi-

lic mechanisms of attack"; Phys Chem Glass  

2:4:111-114; 1961. 

15. El-Shamy, T.M. Lewins, J. and Douglas, R.W. 

"The dependence on the pH of the decomposi-

tion of glasses by aqueous solutions"; Glass 

Technol 13:3:81-87; 1972. 

16. Sanders, D.M. and Hench, L.L. "Environmental 

effects on glass corrosion kinetics"; Am 

Ceram  Soc Bull 52:9:662-669; 1973. 

17. Baak, T., 	Rapp, C.F., 	Hartley, H.T. 	and 

Wiens, B.E. "Chemical durability of a soda-

lime glass with TiO 2 , Ge0 2 , Zr02 , and A1p04  

partially substituted for Si02"; Am Ceram Soc  

Bull 47:8:727-730; 1968. 

18. Paul, A. and Zaman, M.S. "The relative influ-

ences of Al203 and  Fe203 on the chemical dur-

ability of silicate glasses at different pH 

values"; J Mater Sel 13:1499-1502; 1978. 

19. Devekey, R.C. and Majumdar, A.J. "A simple 

glass-fibre drawing apparatus"; J Sci Instrum 

44:864 -866; 1967. 

20. Majumdar, A.J. and Ryder, J.F. "Glass fibre 

reinforcement of cement products"; Glass  

Technol 9:3:78-84; 1968. 

13 



30. Chung, C.H., Mizuno, T. and Mackenzie, J.D. 

"Iron recovery and glass fibre production 

from copper slag"; Proc 6th Mineral Waste 

Utilization Symp;  May 2-3, 1978, Chicago; 

144-148; 1978. 

21. Paul, A. "Chemical durability of glasses; a. 

thermodynamic approach"; J Mater Sol 12:2246- 

2268; 1977. 

22. Majumdar, A.J. "Fibre cement and concrete - a 

review"; Composites 6:1:7-16; 1975. 

23. Atkinson, A.W. and Hodgson, B.P. U.S. Patent 

3,966,481; 1976. 

24. Kimura, I. and Yoshimura, T. U.S. Patent 

3,861,927; 1975. 

25. Corning Glass Works, U.S., Brit. Patent 

1,505,609; 1976. 

26. Rauschenfels, E. Brit Patent 1,494,408; 1975. 

27. Rockwool Aktiebolaget, Sweden, Brit. Patent 

1,572,141; 1977. 

28. Mackenzie, J.D. "Development of substitutes 

for asbestos"; Open File Report 124-82; U.S. 

Bureau of Mines; 1981. 

29. Staff "Alkali-resistance of slate-limestone 

fibres probed"; Chem Eng News 61:3:47; 1983. 

31. "Standard test methods for alkali resistance 

of porcelain enamels"; ASTM C614; Annual Book 

of ASTM Standards, p 17 (1982); Am Soc Test 

Mater;  Philadelphia, Pa. 

32. Larner, L.J., Speakman, K. and Majumdar, A.J. 

"Chemical interactions between glass fibres 

and cement"; J Non-Cryst Solids 20:43-74; 

1976. 

33. Majumdar, A.J., West, J.M. and Larner, L.J.•

"Properties of glass fibres in cement envi-

ronment"; J Mater Sci 12:927-936; 1977. 

34. Velpari, V., Ramachandran, B.E., Bhaskaran, 

T.A., Pai, B.C. and Balasubramanian, N. 

"Alkali resistance of fibres in cement"; J 

Mater Sci 15:1579-1584; 1980. 

14 



OPINION POLL  

The opinion of concerned readers may influence the direction 
of future CANMET research. 

	

We invite your assessment of this report - No. 	 
Is it useful? 	 Yes 	No 

	

Is it pertinent to an industry problem? Yes 	No 
Is the subject of high priority? 	Yes 	No 

Comments 

Please mail to: CANMET Editor, EMR, 555 Booth Street, 
Ottawa, Ontario, KlA 0G1 

A complimentary copy of the CANMET REVIEW describing CANMET 
research activity will be sent on request. 



CANMET REPORTS 

Recent CANMET reports presently available or soon to be released through Printing and Publishing, 
Supply and Services, Canada (addresses on inside front cover), or from CANMET Publications Office, 
555 Booth Street, Ottawa, Ontario, KlA 0G1: 

Les récents rapports de CANMET, qui sont présentement disponibles ou qui le seront bientôt peuvent 
être obtenus de la direction de l'Imprimerie et de l'Edition, Approvisionnements et Services 
Canada (adresses au verso de la page couverture), ou du Bureau de vente et distribution de CANMET, 
555, rue Booth, Ottawa, Ontario, KlA 001: 

81-13E MA-2: A certified gold reference ore; H.F. Steger and W.S. Bowman; 
Cat. No. M38-13/81-13E, ISBN 0-660-11149-7; Price: $2.50 Canada, $3.00 other countries. 

82-1E 	Silica fume in concrete - preliminary investigation; G.G. Carette and V.M. Malhotra; 
Cat. No. M38-13/82-1E, ISBN 0-660-11181-0; Price: $6.50 Canada, $7.80 other countries. 

82-2E 	Impact of excessive aromatics in oil sand syndrudes on production and quality of middle 
distillate fuels; M.F. Wilson; 
Cat. No. M38-13/82-2E, ISBN 0-660-11157-8; Price: $2.75 Canada, $3.30 other countries. 

82-4E 	The chemistry, generation and treatment of thiosalts in milling effluents - A non-critical 
summary of CANMET investigations 1976-1982; edited and compiled by M. Wasserlauf and J.E. 
Dutrizac; 
Cat. No. M38-13/82-4E, ISBN 0-660-11276-0; Price; $9.00 Canada, $10.80 other countries. 

82-6E 	BL-2a and BL-4a: Certified uranium reference ores; H.F. Steger, W.S. Bowman and 
G. Zechanowitsch and R. Sutarno; 
Cat. No. M38-13/82-6E, ISBN 0-660-11179-9; Price: $4.95 Canada, $5.95 other countries. 

82-7E Small-scale continuous selective flotation of a New Brunswick massive sulphide ore; 
A.I. Stemerowicz, T.F. Berry, R.H. Bredin and G.W. Leigh; 
Cat. No. M38-13/82-7E, ISBN 0-660-11247-7; Price: $5.50 Canada, $6.60 other countries. 

82-8E 	Canadian R&D studies of partially briquetted coke oven charges; J.T. Price, J.F. Gransden 
and W.R. Leeder; 
Cat. No. M38-13/82-8E, ISBN 0-660-11217-5; Price: $4.50 Canada, $5.40 other countries. 

82-9E 	CANMET Review 1981-82; Staff of Technology Information Divison; 
Cat. No. M38-13/82-9E, ISBN 0-660-11310-4; Price: $5.00 Canada, $6.00 other countries. 

82-9F 	Revue de CANMET 1981-82; Staff of Technology Information Divison; 
Cat. No. M38-13/82-9F; ISBN 0-660-91054-3; Price: $5.00 Canada, $6.00 other countries. 

82-11E Summaries of CANMET energy research contracts; compiled by T.P. Lanzer; 
Cat. No. M38-13/82-11E; ISBN 0-660-11327-9; Price: $6.75 Canada, $8.10 other countries. 

82-14E MP-la: A certified reference ore; H.F. Steger and W.S. Bowman; 
Cat. No. M38-13/82-14E; ISBN 0-660-11234-5; Price: $2.50 Canada, $3.00 other countries. 

83-3E 	Certified reference materials; compiled by H.F. Steger; 
Cat. No. M38-13/83-3E; ISBN 0-660-11338-4; Price: $5.25 Canada, $6.30 other countries. 

83-3F 	Matériaux de référence; compilé par H.F. Steger; 
Cat. No. M38-13/83-3F; ISBN 0-660-91047-0; Price: $5.25 Canada, $6.30 other countries. 




