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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, V

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-
hanies of chemical attack on glasses in aqueous
solutions is considered. Finally, alkali-resis-
tant fibres are reviewed and alkali-resistant

evaluation tests described.

FIBRES RESISTANTES AUX ALCALIS: ETUDE DOCUMENTAIRE

par

S.8.B. Wang¥*

RESUME

Cette étude documentaire présente les
données de base sur le rdle 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 lt'attention sur les problémes

relatifs & de telles fibres et sur les avantages
de faire de la recherche sur d'autres matériaux
minéraux pouvant &tre 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
matidéres minérales premiéres 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.
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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
Alkali-

resistant fibres having high zirconia content (16~

lost their strengthening power quickly.

17%) were developed and are now commercially
The alkaline
durability of Cem-Fil fibres in the short term

available under the name "Cem-Fil",

appears satisfactory, but the long-term perform-
ance 1s 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 (). Cem-Fil fibres cost U.S.

$U4700/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;

(e) 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




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

Alternative Theoretical Oxides
Material name formula supplied Fraction

Alumina Calecined alumina 1\1203 A1203 1.00

Alumina hydrate Hydrated alumina A1203.3H20 .1\1203 0.654

Aplite (typical - - A1203 0.240
composition) - - Naz(Kz)O 0,100

- - SiO2 0.600
- - Cal 0.060
Feldspar Microline (com- 1(20.1\1203.651.02 A1203 0.180
position is of - ’ Kz(Naz)O 0.130
typical com- - 510, 0.680
mercial spar)

Nepheline syenite - - A1203 0.250
(typical com- - - Naz(KZ)O 0.150
position) . - - 8102 0.600

Calumite Caleium-aluminum 20ao.Mgo.25102 510, 0.380

silicate ZCaO.A1203.5102 A1203 0.117
2(Ca0.5102) Ca0 0.400
/ Mg0 0.080

Kyanite (90% - A1203.3102 A].203 0.567
concentrate) - - 8102 0.433

Kaolin China clay A1203.25102.2H20 A1203 0.395

- - 3102 0.465

Cryolite Kryolith Na:‘}AlF6 - _—

Antimony oxide - Sb203 Sb203 1.000

Barium carbonate - BaCO3 Ba0 0.777

Barium oxide Baryta Ba0 Ba0 1.000

Barium sulphate Barytes BaSOu BaO 0.657

Boric acid Boracie acld B203.3H20 B203 0.563

Borax - Na20.213203.10H20 B203 0.365

_ - - Na,0  0.163

Anhydrous borax ("Pyrobor") N320.213203 13203 0.692

- - Nazo 0.308

Lime, burnt Quick lime cal Ca0 1.000

Lime, hydrated Calciim hydrate CaO.H20 Ca0 0.757

Limestone Calcium carbonate Cautlo3 ca0 0,560

Calc:lur'n carbonate Whiting Ca\CO3 ca0 0.560

Lime, dolomitic Burnt dolomite Ca0.Mg0 Cal 0.582

- - Mg0 0,418

Dolomite Raw limestone €a0.14g0.2c0,, ca0 0.304

(dolomitic) - ) Mg0 0.218

l,ime, hydrated, _Finishing lime CaO.MgO.2H20 Ca0 0.423
dolomitic - Mg0 0.304

Bone ash Calecium 3Ca0.2P205+ cao 0.372

) phosphate XCaC03 P05 0.628

Potassium carbon- Calcined carbon- K2003 KZO 0,681 .
ate ate of potash ) i

G}.assmaker;a Potassium K2003.1.5H2’0 KZO 0.570
potash carbonate, hyd.

Sand Glass sand, 3102 8102 1.000

quartz

Soda ash Sodium _carbonate Na2003 i NaZO 0.585

Salt cake Sodium sulphate Nazsou Nazo 0.437

Sodium Sodium NaZSiFu - -
silicofluoride fluosilicate

Zine oxide - Zn0 Zn0 1.000



















shown' in Table 4. Wnen a basic oxide such as Ca0
is.added to silica it will introduce 0™2 ions into

and bﬁeak_the Si-0 network:

1
6 0 0 0
I 1 > [ " _ |
-0-8i-0~-8i-0- + Ca0 <« ~~=0-Si-0 + Ca +  0=Si-0-.
| : [ - o ' |
é ? 0. o]

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)

Coordination
Tonic fraction number Character of
Oxide of bond 80lid-1liquid the oxide
Na,0 0.65 6 6 to8 O
BaO 0.65 8 8 to 12
Sro 0.61 8
Ca0 0.61 6 Network
" MnO o.h7 6 6 to8 breakers
FeO 0.38 . 6 6 or
Zn0 0.4y 6 basic oxides
Mg0 0.54 6
BeO O.44 y J
Cr, 0, 0.41 4 A
Fe203 0.36 y , Amphoteric
A1203 0.4y 6 4 tob oxldes
T10, 0.41 4 J
8102 0.36 y b } Network
P205 0.28 y y formers or

acid oxides

Table 5 - Influence of the addition of a basic

oxide on the structure of silicates (13)

0/8i Formula. Structure

2/1 3102 The tetrahedra form a perfect
‘hexagonal network

5/2 MO.ZSiO2

3/1 MO.SiO2

T/2 3MO.ZSiO2 Three vertex joints are broken

4/1  2M0.Si0,

One vertex joint breaks

Two vertex joints are broken

Four vertex joints are broken

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 compési—
tion and temperature. An increase in temperature
causes progressive loosening of the silicate net-
work structﬁre by thermal agitation. This action

will decrease viscosity according to:
n=A exp(En/RT)

where A is a constant and En 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 (SiOLI)"LI tetrahedra
causing a decrease in the size of the silicate
anions and consequently the activation energy and

the melt viséosity (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 nuec-
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 nucleOphil;c reagents
which always seek to attack positions where there
is an electron deficit:l
(a) Eléctrophilic attack may take place at nega-
tively charged non-bridging oxygen atoms by
3o‘“) and HC1 and
HZSOM in the vapour phase (Fig‘ 11).

electrophilic reagents H'(or H

S'i S’i — Si—
o~ wm+ . o~ M+ O M
H—X H-----x8- H x

initial state transition state final state

Fig. 11 - Electrophilic attack on non-bridging

oxygen atom (14).




(b) Nucleophilic attack may take place at network
silicon atoms by nucleophilic reagents O_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).

8t e () —— Sl —— ——S e Q= —s|\ 0 —8i—
[ ] A
initial state ranstion state final state
—_—Ci—— Qe S} —— ~——Spmems (e 5 —— —_—N 0 —— i —
off On- | ol |
initial staie transition state Tl state
P
i ——0 —— §i — — St O — ﬁ—s.é
/ : N /' \
pa=_ iiv [o LN 173 0 ﬁ

H* H H

initial stwe tramsition stte Fnal state

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
Tiib, GeOZ’ Zr*O2 and AlPOu was made for silica in
a soda~lime glass (17). Results showed substan-
tial improvement in water and alkali resistance
with ZPOZ. There was either no change or some de-~
terioration of resistance with GeOZ. TiO2 gener-
ally improved durability. AlPOu improved water
and alkali resistance, but the acid attack was
much increased. Equimolar substitution of A1203
for Fe203 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 A1203 in the alkaline region or to
Sji% having a lower activity in the A1203-Si02
system than in the Fe203-SiO2 system., Less soda

was extracted at pH 24 from the glasses containing

A1203 than from those containing Fe203.
3 hydrated A1203 is stable and is well known to

Above pH
chemisorb sodium ions. Hydrated iron oxides are
also capable of chemisorbing sodium ions, but less
effectively. Chemical durability of some silicate
glasses containing Ca0, FeO and MnO was investi-
gated (1). Molar substitution of FeQ, and partic-




ularly of Mn0 for Ca0 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% si0,, 1% Alé03 and
16% Zroz. The average reduction in diameter of
this fibre in saturated Ca(OH)2 solution at 100°C
after 4 h is <1% compared with 10% for A-glass and
9% for E-glass (20); Paul calculated the thermo-
dynamic stability of Zr'O2 in aqueous solution and

found the hydrated Zr0 surface formed on the

fibre was stable at allEZOnceivable pH ranges and
probably offered a very high activation barrier
for diffusion of other ionic species through it
(21).
" commercial development of Cem-Fil glass fibre by
Pilkington Brothers Ltd.

The pioneering research at BRS led to the

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 zirconiavoﬁ_zircqnia and titania
(23). The preferred proportion of titania is from
llto 6% by weight of ﬁhe total glass composition,
and that of zirconia from Z'to 6%. The total ad-
dition of zirconia and titania preferably. should
not exceed 8%. Examples of fibréé having the fol-
510, 48.7%,

9.75%;

lowing compositions
A1,0 13.25%;

by. weight are:

3 CcaQ 15.5%; MgO 4.8%; B203

10

~glass fibre.

both P_Q

TiO2 bgs and Zr'O2 44, The glass was drawn from
the melt at 1210°C into fibres, which exhibited a
tensile strength of 0.91 GPa. After treatment in
the fibres
retained about 65% of the original strength com-

pared with 35% for the unmodified E~-glass fibres.

boiling saturated calcium hydroxide,

A Japanese process provides alkali-resis-
tant glass fibres having not more than 5% solubil-
ity in 10% NaQOH at 100°C for 1 h,
than 80% of strength-retaining percentage (24).
The fibres (mol %) 510, 56-76, Zro0
8-16; R20 1.5~-25; P205 0.1-33 B203
0-10; Sn0, 0-7.5; other metal oxides
CaF2 0-2,

Sr, Ba,
Al,0

273
paste

and not less

consist of: 5
0.5-7; R'O
0-10; and

Li, Na or K, R!' is Ca, Mg,

2
where R is

Be, Zn or Pb, and other metal oxides are

Fe203, TiO2 or Ce02.

found to bond with P205

fibre to form a thin film of water and alkaline

Ca ion in the cement
is in the glass
insoluble calcium phosphate on the surface of the
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 P205
exceeds 3 mol %, the alkali resistance of the
glass fibre is considerably deteriorated. ZrO2

is effective in alkali resistance but its addition
is limited to 11 mol % to obtain glass forming
ability and stable melt spinnability. However, if
205 and By03 are used, Zr0, can be added in
amounts exceeding 11 mol % and up to 16 mol %,
still with a good spinnability.

Corning Qlaés 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% zro, (25).
Better chemical durability may be achieved where a
basalt of 1low alkali metal oxide (<5%) is used.
The addition of Zro2 to the basalt causes a phase
separation when the melt is cooled. Although the
exact funption of the phase separation is not ful-
ly understood, it is believed. that its presence
is responsib;e for the greatly improved chemical
An

tainly further improve alkali resistance but in

durability. increased ZrO2 content will cer-

considering cost and increasing difficulty in
melting and forming, the addition of more than 15%
ZrO2 is impractical.




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
zine oxide,

zirconium oxide, chromium oxlide and

titanium oxide (26). The fibres are suitable for
Fibres
containing 2-5 wt % zinc oxide and having a compo-
sition in wt % of 15-50 CaO, 40-65 SiOZ, and 1-20
A1203
environment of concrete.

use in cement-based building materials.

are especlally resistant to the alkaline

A Swedish 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 A1203, pre-
than 35%.

fibres can be produced having the following compo-

ferably less Good alkali-resistant

sitions:

wt %
SiO2 tseassesseteseaseanansassass U2=U8
A1203 tessssasesssssstsnsssscsass 10=15
€80 soesonveseseccsanssoessasosans U=b
MEO <vvenvonnnsassarseseossesasss 30-35
Iron oXides s.cuivieeseevancsennears 2=l

Alkali metal oxides max.

Cereenan 1

teeteetieesaane 1

Other oxides max.

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 Na2003,
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.

11

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;
The

whether information is required on the intrinsic

in this case on the produced
fibres. choice would normally depend on
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, (b) ratio of the glass weight to the
leaching solution volume, (e¢) 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 NayP,0..10H,0 in 4.94 L
distilled water, buffer solutions of saturated
boric acid solution at 25°C + KOH solution (pH
9-12),
of 2 parts NaOH and 1 part Na2003 by weight,
(1,23,27-28,30-32).
The saturated Ca(OH)2 solution 1is believed to

saturated Ca(OH)2 solution, a solution

and cement extract solution

correlate reasonably well with the actual water
plus cement mixture found in the cementitious mass
(25).
ding 500 g to 2.5 L distilled water in a polyeth-

Cement extract solution is prepared by ad-
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




diameter and strength after alkaline leaching

treatment. The diameters are measured by optical
microscope using a Watson image-shearing eyepiece,
a scanning electron microscope and an interference
fringe technique (33). A scan'ning electron micro-
scope can also be used to directly observe the

surface of the corroded glass fibre (34). The

12

strength of the fibres after alkaline treatment
is f‘r‘equently__so low that they cannof be measured
easily using a standard tensile testing machine
such as Instron. A simple apparatus based on a
double-pan analytical balance was designed for

this measurement (33).
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