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Abstract

The possibilities of fibre reinforcing traditional clay
based building ceramcs (floor and wall tile and
sanitaryware) have been experienced. The ppin results
achi eved are presented and discussed, and the pgin problens
to be faced in view of industrial application gre outlined.
It is shown how commercially available fibres gre npot fulily
suitable fur the reinforcing purpose under consideration. A
scientific and technical base is achieved, and future
research options are recommended.  *‘

1. | NTRODUCTI ON

1.1 - njectives of the research

The general objective of the project was that of verifying
and experinmenting the possibility of inmproving the
nmechani cal characteristics and performance of selected
ceramc materials for the building industry (ceramc floor
and wall tile and sanitaryware) by applying the nechani sm
of fibre reinforcenent.

This objective should have been pursued in the project
under consideration wusing a technical approach  which
I ncl uded:

i) the identification of existing fibres which can be
suitabl e for the reinforcing purpose, and

ii) the experinmentation, at both |aboratory and industrial
scal e, of the reinforcing effect, achieved by adding fibres
to the conventional bodies at present used for the products
under consi deration.

1.2 - General remarks on the conposite theory
Alimtation of ceramcs in general is that they are strong
but brittle. They require a high stress to initiate a crack

(i.e. high nodulus of rupture), put the energy required to
propagate the crack is low {i.e. | ow toughness)
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The incorporation of fibres into the ceramic matrix has
been found to inprove the toughness of several ceramc and
metallic mterials . An essential feature of these
conposites is that when stressed they fracture in the
matrix prior to the fibre. For this to occur the fibre nust
have a higher stiffness than the matrix. Thus fibres
increase the energy for fracture, and reinforcenent is
observed. The nechanism by which this occurs follows the
stages bel ow

.defl ection of the crack—along ‘the weak matrix/fibre
I nterface;

“ pull-out of the fibre after it has been debonded from the
mat rix;

.fibre bridging the crack and resisting its progress;
.fibre fracture

The fibre reinforcenent nechanism has been the object of
sever al st udi es [1+7]. After these studies, t he
requirements for a successful conposite can be summarised
as follows:

a) Fibres

i) having a strength of at l|east an order of nagnitude
greater than that of the ceramc matrix;

ii) having a snooth surface;

i) with a simlar thermal expansion to that of the
ceram c matrix;

iv) having a high Young nodul us;

v} being stable at the firing cycle of the ceramc matrix;
vi) having a length which is significantly greater than the
crystal phases or porosity in the ceramc matrix.

b) Strength of fibre/matrix bond

iy if a weak fibre/ceramic bond is fornmed, the fibre nust
have a low sliding resistance and therefore the fracture
surface nust be snooth. Experinentation has shown that the
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strength of the fibre/matrix bond should npnot exceed one
quarter of the fibre fracture strength;

ii) if a strong fibre/matrix bond occurs, the fibre nust
have a hi gh Young nodulus for strengthening to occur.

In the field of advanced ceram cs, several ceram c-ceramc
conposite materials have been developed, with different
matrices (for exanple, Al203, SIC, Si3N4), reinforced with
both ceramc fibres (e.g. siC) or whiskers. And outstanding
toughness increases have beenr achieved. Sone of thege = --’
experiences have shown sonme interesting aspects, re|ated
also to the mcrostructure of the conposite and the
preparation procedure. For exanple:

.the higher the anmount of fibre{or whiskers) added, the
higher is the increase of both strength and toughness, but
also the higher are the conpaction difficulties 1g].
Shorter fibres, and a nore narrow length distribution -
achieved subjecting the fibre additivated body to a

prolonged mlling - has been found as effective in this
case;

.a correlation seens to exist between fibre addition and
fibre length {or aspect ratio) [9] : qualitatively, the

higher is the fibre addition, the shorter the fibres should
be.

The application of these concepts to traditional, clay
based ceram cs was to be denonstrated, and this was the aim
of this research project. The concepts above have
represented the scientific base-line. Commercial ly
‘available fibres have been used.

1.3 - Technical approach adopted

In general terns, the technical approach adopted can be
summari sed as foll ows:

.some reference bodies, representatives of the products
under consideration (ceramc floor and wall tiles and
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sanitaryware) , and several comrercial fibres, identified as
potentially suitable for reinforcenent, have been sel ected;
conposites (fibre additivated test pieces) have been
produced in different and predefine fabrication
conditions, wusing the conventional formng nethods for the
products under consideration {in particular, dust pressing
and slip casting) ;
.the possible reinforcing effects {in term of increased
nmodul us of rupture or fracture toughness) have been studi ed

and correlated to i) type, anmount , dinensions  of t he
fibres; ii) type of body; iii) fizino cumraraure and other
fabrication paraneters ; iv) matrix and composite

m crostructure

Experi ments have been carried out gt | aborat ory level. For
sone products, on the base of the results achieved, also
industrial tests on pilot production |jnes have been
carried out.

2.  TECHNI CAL DESCRI PTI ON

2.1 - |Materials
BODIES : Reference bodies have been selected, in order to
cover all the comrercial products on which the fibre

reinforcing experinments were scheduled, according to the
proj ect objectives. These bodies have been supplied by the
industrial partners, with their respective technical and
manufacturing specifications. |n the following the bodies
under consideration are identified with reference to the
respective product. The technical and manufacturing
specifications are not indicated here.

Bla: porcelain stoneware (Dust pressed tiles, Jass BIa
according to |SO 13006 [10}, Water Absorption < 0.5 %)

BI: single fired low porosity floor tiles (Dust pressed
tiles, Cass Bl according to EN 87, Wter Absorption
ranging fromO0.5 to 3 %)
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BII: single fired nedium porosity floor tiles (Dust
pressed tiles, Class BIl according to EN 87, Water
Absorption ranging from3 to 10 %)

BIII : double fired high porosity wall tiles (Dust pressed
tiles, Class BlIll according to EN 87, Water Absorption > 10
%)

VCS: vitreous china sanitaryware

FIBRES : Several types of fibres have been considered, as
fromthe following |ist: '

.Alum na fibres: different types have been experienced,
such as saffil LA sSaffil RF, nmanufactured by 1|d ,
containing around 96+37 % alumna, in the form of a wool
(average length around 2.5 mm; average dianeter 3 umj}, or
supplied as mlled (average |length around 100 um} . Also
other particularly expensive types of alumna fibres have
been experienced. In particular:

— Saffimax, by ICl, which. has a simlar conposition to
Saffil fibres, but is spun so that continuous fibres are
produced;

“Saphikon”, which is a pure alumna single crystal fibre,
available as a continuous filanent, having a 125 um
di anet er .

Alumino-silicate fibres: different types have been
experienced, such as Kertec 412, Kertec 432 and Zirlane,
manufactured by S.E.P.R.-Kerlane, or ZXaowool Bulk A
Standard and Bulk A Zirconia, manufactured by Morgan
Thermal Ceramcs. {(zirlane and Bulk A Zirconia contain
around 15-18% Zxr02) . All these fibres are available in the
form of a wool (average length ranging from 200 to 600+750
um, average dianeter around 2-3 um).

» Zirconia fibres, such as that manufactured by Zircar
Products Inc. , containing 22 %ZxCy, in the formof a wool
(average length 1.6 nm average diameter 3-5 p.m

.Gl ass fibres, such as E-glass and S-glass by Owens
Corning. These fibres are available in continuous and
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chopped strands. Different lengths can be nade avail able
(from 3 mm up).

2.2 - Met hods for the ©preparation of fibre
additivated test pieces

W thout entering in a detailed description of the
techni ques used, for the specific purposes of this paper it
is advisable to report only the basic principle of the
nmet hods adopt ed.

Method 1: MIlling nmethod. The fibres, as "supplied,” have-
been added to the body in the due proportions. The fibre
additivated body has been wet milled in a laboratory mll

{in general, a ball mill} for different tinmes, in order to
achieve both a suitable dispersion of the fibres and a
suitable reduction of fibre length (when required) . The
slip has been either used as such, jn the slip casting
experinments, or dried and granulated, in the dust pressing
experi ments.

Method 2: Mxing nethod. Shorter fibres as supplied
(“mlled” fibres, as indicated above) or fibres previously
cut at the required lengths have been used wth this
method. A stirrer or a shearing mxer have been wused in
this case, to inprove fibre dispersion in the body slip.

Also in this case, the slip has been either used as such,

in the slip casting experinments, or dried and granul ated,

in the dust pressing experinents.

In all the experinents, reference not additivated bodies
have been prepared, subjected to the same operations as the
fibre additivated bodies. The purpose of such a procedure
was to identify in a nore reliable way the effects of fibre
addi tions, separated by the effects of the actual
preparation nethod.

Test pieces have been then formed either py gust pressing
(at specified pressures) or pressureless g|jp casting in

SYNTHESTS REPCRT - Version 1971796 Page 7



Contract N* BREU/CT91-0471 - Project N BE4666-90

plaster moulds. The test pieces have then been dried in
| aboratory drier, and fired (at specified tenperatures and
firing schedules) in |aboratory or industrial Kkilns.

Also industrial trials, wth production of actual
conponents (tiles or sanitaryware articles) have been
carried out in the framework of the project.

2.3 - Characterisations carried ocut on both wunfired
and fired test pieces:s - ~ - . . . . .

Several neasurenents have been carried out on both slips
and unfired and fired test pieces. Attention is focused, in

the following, on the specific nethods adopted to neasure
and characterise the properties nore directly related to

the reinforcing effects.

Fibre length distributions in the fibre additivated slips
have been determned with a |light m croscope connected with
an i mage analyser.

The follow ng neasurenents have been perfornmed on unfired
test pieces:
- Modul us of Rupture {MCOR}, 3-point |oading test.

— Wrk of Fracture (wor), calculated from the load-
di spl acenent curve obtained in a 3-points |oading test.

Finally, the follow ng neasurenents have been perforned on
fired test pieces:

- Water Absorption (WA) (EN 99}

— pore size distribution - mercury porosi meter

- Modulus of Rupture (MOR), 3-point |loading test (EN 100
test conditions)

— Work of Fracture and/or D splacenent at rupture (see

above) ;
- Fracture toughness, Krc — SENB technique;
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- Mcrostructure has been examned using |ight mcroscope
and scanning electron mcroscope.

3. RESULTS AND DI SCUSSI ON

3.1 - Fibres and fibre reinforcenment nmechanism

A review has been made of the fibres avail able worldw de
and attenpts have been nmade to identify fibres that may be
suitable for ceramcs. The properties considered were
strength, thermal expansion, dispersibility in water
probable reaction with the glassy phase of the ceramc,
stability at the peak firing tenperature of the ceramc,
resi stance to oxidation, etc.

Alumina fibres (Saffil, in particular) were identified as
havi ng the best possibility of success. Saffil LA fibre was
selected for study. This is regarded as the best fibre
produced (with the exception of single crystal fibre, which
is prohibitably expensive} . 1t has the disadvantage that it
Is only available as a wool.

Experinments were undertaken to separate the fibre into
filaments. Techniques used were mlling, sjieving and
pressing. a1l had the disadvantage of potentially damaging
the fibre.

Attenpts were nmade to classify the length of the fibre by
hydrocyclone, aircyclone and precipitation techniques. pnone
of the methods were effective.

Starting from several negative results achieved in the
experinments on fibre reinforced bodies (as discussed in the
next sections) , a fundamental study of fibre reinforcenent
has been undertaken. This identified reasons for the poor
reinforcenent of the fired. bodies. This theoretical study
was tested using Saphikon single crystal fibre .
Rei nf orcenent was obtained using this fibre (Table 1)}, and
thus confirned the hypothesis.

SYNTHESI S REPORT - Version 1971796
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Table 1 — Unfired and fired mechanical properties of conposites
with Saphikon fibres

Body: BIII; Fibre: Saphikon, 3 mm length: ribre addition: 5% w/wW;
Body preparation: Method 2: Mixing method; Forming methog: dust

pressing at 300 kg;’cmz; Firing temperature: 1150 °o¢

[BR]
MOR (MPa) Bul kK Density

Unfired sanple )

.Standar d L1 3.2 172

.5% Saphi kon 0.7 18.8 1.73
Fired sanple 1

. Standard 12.7 45.0 1,61

.5% Saphikon 10.9 107.7 1.62

It was concluded that fired ceramcs could not Dbe
reinforced to acceptable levels (from the technical and
econom ¢ points of view) by any of the fibres which are
currently commercially available. The possibility of
produci ng a purpose—nmade fibre has been experienced. A test
sanple of a zirconia fibre has been produced and tested,
but the expected reinforcenment 1levels have not been
achi eved.

3.2 - Fibre reinforcement experiments on tiles

Several types of fibres have been experienced with all the
relevant bodies. dass fibres have found to be quite
unsuitable for any reinforcement in the fired state, sjnce
they are dissolved in the liquid phase at the firing
t enperat ure. The nost interesting results have been
achieved using the alumna fibres (saffil) ; this has been
attributed to the better quality’ of these fibres, which,
conpared to the commercial alumino-silicate fibres, have no
bl obs of shot, and are characterised by a nore uniform
diameter. Therefore, despite the high cost (which
represents, however, a heavy obstacle for the industrial
application) , the attention has been focused on Saffil
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fibres . Fibres additions ranging from5 to 15 % w w have
been experienced [11].

Any fibre addition has always lead to increased porosity
levels, i.e. to higher water absorption values, conpared to
the reference body. Fibres have been found to introduce
pores and flaws into the body, and bad microstructure are
soneti nes obtained, especially when |onger fibres are used.

Wth Bla body the objective of achieving fibre additivated
pieces with WA £ 0.5 %- a basic requirenment for porcelain
stoneware tile - has been pursued through a prolonged
mlling of the fibre additivated body. In this way also
fibres have been milled and reduced in length: fibre [ength
di stri butions have been achieved with nore than 90 % of
fibres shorter than 20 pm and a large anmount, nore than 20
%, With an aspect ratio (length to diameter ratio) |ower
than 3 (the fibres under consideration have an average
dianeter of 3 um, as reported above) . Thus, a |ot of
alum na “particles”, rather than fibres, are produced in
this way. The water absorption of a 10 % fibre additivated
body pressed at 500 kg/cnfand fired at 1220 °c was 0.07 %
(against 0.04 % of the reference body, processed in the
same way) , but the effects on nechanical characteristics
were rather Iimted: MR is increased from55.5 to 60.0 MPa
{(+ 8.1%, while Krc is increased from 1.28 to 1.33 (+3.9

)

o

For BI body, fibre additivated test pieces with the sane WA
as reference body have been produced jncreasing both
pressing pressure (from 300 to 400 kg/cm?) and firing
tenmperature (from 1190 to 1230 °c) . The results achieved,
in terns of MOR increase, are reported in Figure 1. The

strengthening result iS interesting (note that the
reference material, al though produced in different
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condi tions, nevertheless has the sane porosity. Therefore
the observed strengthening can be attributed to fibres) .

Figure 1~ Strengthening effect in fibre additivated bodies, wth the
same WA as the reference bodies.

Body: BI; Fibre: saffil LA MIlled; Fibre addition: 5% w/w; Body P, .P..t i..
Method 1: Milling method; Pressing pressure: reference body: 300 kg/cmz; fibre
additivated body: 400 kg/cm?; Firi ng tenperature: reference body 1190 o~. fibre
additivated body: 1230 “c ’
[Société Frangaise de Céramigue]

M.O.R (MPa}
807 + 68 %
29, 7 MPa —> 49,86 MPa
50 -
40 SAFFIL " MITLED ™ 7
+ 5 Y —
—
30 .
WA=24% WA=22%
20 - | —
Bl GL 0300 1190 B! GL 5.2.4001230
BODIES

Figure 2 -Strengthening effect in fibre additivated bodies, wth the
sane WA as the reference bodies.

Body: BIII; Fibre: Saffil LA MIlled; Fibre addition: 5%w/w;Body preparation:
Method 1: MIling nethod; Pressing pressure: reference body: 300 kg/cm2; fibre
additivated body: 400 kg/cm?; Firing tenperature: reference body: 1150 “C, fibre
additivated body: 1190 *C

[Société Francaise de Céramique]

M.O.R (MPa}
30 ~ .o
9,9 MPa + 20,6 MPa
20 ‘
SAFFIL " MILLED ~ N
+ 5 Y m———

10 WA =16 %

}:“ '} W.A = 75,3 %

0
Billt GL 03001150 BIGL 5.2.4001190

BODIES
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Simlar results have been achieved with the Bj|| body
(Figure 2) . However, in both fibre additivated bodies no

appreciable variation 1in fracture behaviour has been
observed.

For Bll body, the effect of fibre addition on porosity is
confirmed. For the sanme fabrication conditions (pressing
pressure: 350 kg/cm?; firing tenperature: 1050 “C), a 7%
fibre addition has increased wa from 10.6 to 12.2 % while
a 10 % addition brings wa to 15.9 % But, despite these
appreci ably increased porosity Ilevels, the fibre
additivated products have a higher strength and a higher
deflection at fracture.

The nost promsing results have been obtained in
experinents of £fibre addition., by the Method 2 - Mxing

met hod, to bodies for nedium-high porosity tiles produced
by slip casting.

A suitably nodified conposition of the Bla body has been
used for these experinments. Test pieces containing 10 % and
5% Saffil RF mlled fibres have been prepared with the
“Mxing nmethod”, cast in plaster moulds, dried and fired at
different tenperatures, ranging from 1080 to 1220 °C.

Any fibre addition leads to porous products for any firing
tenmperature : conposites have been produced wth water
absorption ranging from around 7% to over 26 % As a
consequence, the conposites are characterised by |ower
val ues of both MOR and Xrc, compared to the |ower porosity
reference test pieces, fired at the same tenperature.

SYNTHESI S REPORT - Version 1971796 Page 13



Contract N° BREU/CTS1-0471 - Project N° BE4066-90

Figure 3 - Mechanical properties (MOrR and Rrg) of conposites vs Water
Absorption, conpared to conventional products (represented by the
shaded areas)

Body: Bla; Fibre: Saffil rr Milled; Fibre additions: 5 apng 10% w/w,- Body
preparation: Method 2: Mixing method; Forming method: slip casting: Firine
tenperatures: as specified

[Centro Ceramico]

T MoR. (MPa)|

JR(3) 0

80

JR()

Legends:

E——
0 3 6 10 14 18 22

WATER ABSORPTION (%) R(l }»+R{4) = Not fibre
additivated bodies

2nd Campaign
2.0 {10 % fibre add.)

1=RF MILLED (1)
2 = RF MILLED (2}

15 3 = RF MILLED (3}

3rd Campaing
(6% fibre add.)

1.0

© 4 = RF MILLED (4)
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WATER ABSORPTION (%)
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However, these decreases are in part counterbalanced by the

effect of fibres (in particular, by the bridging effect
brought about by fi bres)

In Figure 3 the main results achieved are summarised as a

function of water absorption, and conpared to the
mechani cal characteristics of conventional, commercially
avai |l able products (ceramic floor and wall tiles),

represented by the shaded areas. |Interesting increases of

both MOR and KIC have been observed, with respect: ww: ..
conventional products wth the sanme porosity, and the
materials devel oped have, in effect, jnnovative |evels of
mechani cal performance, conpared to the conventional
products at present available. These reinforcenent |evels
can be considered interesting and worth of further
devel opnent from an industrial point of view

However, if the reinforcenent |evels achieved are conpared
to the predictable cost of the fibre additivated product
(on the basis of fibre cost and fibre addition envisaged),
it nust be concluded that the conditions to pass to the
pilot industrial experinmentation did not exist, since the
cost/benefit ratio of the proposed technology was
unacceptable from an industrial point of view

3.3 - Fi bre rei nforcement experiments on
sani taryware

In the framewor k of the sub-task “Laboratory
experimentation” , ceramc bodies were prepared using the

Saffil fibres and evaluated both in their fired and unfired
state. No significant reinforcenent was achieved in the
fired state.

The study on the commercially available fibres presented
above lead to the conclusion that fired sanitaryware podies
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could not be reinforced by any of the fibres which are
currently commercially available.

The possibility of reinforcing sanitaryware in their
unfired state, through the addition of glass fibres cut at
a specified length, has been considered {as a neans to
prevent or reduce production |osses during drying)

The results achieved in laboratory and 1little pilot
i ndustri al experinments using conventional casting were
encouraging. A summary of these laboratory results, when
conventionally casting a saniteryware:body :centdining S-
glass fibres in different anounts and lengths, is as
fol | ows:

.the fibres were readily dispersed in the sanitaryware
slip provided that a suitable sizing was used (sizing is a
coating applied to the fibre to aid dispersion) ;

.the fibres did not affect the long term stability of the
rheol ogy of the slip;

.small additions of fibre considerably increased the work
of fracture of an unfired sanitaryware body (Table 2);

Table 2 - Unfired nechanical properties of conposites with S gl ass
fibres, for different lengths and £ibre additions

Body: VCS (sanitaryware}; Fibre: S-glass; Body preparation: Method 2: M xing
met hod; Forming nethod: slip casting

“Ceram Research]

Body Work of Fracture (MPa) MOR (MPa) ]
Standard 16 3.6

*0.1%, 1 mmfibre 44,4453 41, 4.1, 4.4
.0.2%, 3 mm fibre 47 3.0
.0.5% 6 nmfibre 23 2.9

.the fired strength of the conposite was simlar to that
of the standard body ;
.increasing the amount or length of the fibre decreased

the slip viscosity. There is a mnimum slip viscosity
required to avoid | oss due to draining the excess slip from
the cast. Furt her experiments have shown that the maxi mum
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addition of fibre that could be used w thout conprom sing
the slip viscosity was 0.5% 1.5mm fibre and 0.1% 3mm fibre;
.the fired conposite did not contain any evidence of
microstructural disturbance.

Since the |aboratory findings were encouraging, a pilot
plant scale evaluation of the conposite containing g 5o
1.5mm long S-glass fibre was conducted

Two pilot industrial experiments "havée bEen“ca¥risgd gyt °
using pressure casting. It has been found that the
conposite had increased cracking |osses. This may be due to
using unsuitable casting paraneters for the conposite: in
ot her words, the conposites developed are unsuitable for

the pressure casting procedure. However, further
experimentation is required to verify this conclusion

4. CONCLUSI ONS

The objectives of developing fibre reinforced traditiona

ceram cs have not been achieved at a satisfactory level: in
particular, the industrial objectives, represented by the
devel opment and the industrial production of such
rei nforced products (floor and wall tiles and sanitaryware)
have fail ed.

However , in front of this disappointing situation,

I nportant experiences have been gathered, and basic
concepts have been discovered and understood, which ensure
a significant progress with respect to the state-of-the-
art, fromthe scientific and technical point of view

In fact, the |aboratory experinentation carried out in the
framework of this research project led to a deeper
conprehensi on and awareness about several basic concepts
regarding fibre reinforcement of traditional ceram cs.

Al the results achieved, even the negative results, |ead
to a coherent picture of the basic role of fibres and of
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their properties: fibres are the “controlling factor”, with
respect to the objective of nechanical reinforcenent of

traditional ceramcs.

On the basis of the experiences developed in the framework
of this project, and in particular of the results discussed
in this paper, it can. be concluded that the main problem is
not to adapt the ceramc technology to the fibre additi on,

but rather that of developing suitable fibres for the
reinforcenment of traditional ceramcs. The results achi eved
represent a sound basis:fer-facing- this problem i.e. .
devel opnent of suitable fibres for the reinforcenent of
traditional ceramcs in the fired state.
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