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1. INTRODUCTION

Cha racte risa tion of the mechan ical beha viour of ceramic tiles is an important iss ue
considering the resistan ce to dama ge against various types of loading as ind uced d uring
nor m al use. As an examp le, the resistance agai nst impact loading is a cr itica l parameter
for ma ny applications. To be able to take into account the brittle behaviour of these
materials in a tool fo r ana lysi s of strength of these com ponents, some aspects of the
mechanical behaviour of bot h floor and wa ll tiles have been examined . In particu lar the
results of conv entional bend and fracture toughness tests are compared with results from
contac t load tests to assess their relati on . Also the in fluence of processin g histo ry ha s been
analysed in o rder to see w he the r this yields differences in mechanical properties th at can
be determined from me chanical tests.

2. MATERIALS AND METHODS

The ceram ic tiles used are from d ifferent prod ucers. The floor tiles labelled Fl -3 are
a class Bl tile. These tiles are normally p ressed at a pressure of 400 bar. To analyse the
influen ce of th is pressure also tiles were prod uced at pressures o f 200 and 300 bar w hich
are labelled FI -I and FI -2, respectiv ely. These tiles were pressed with a size of abou t
300*300 mm . Th e tiles labelled F2-I and F2-2 were also class BI floor tiles. F2-1 tiles were
pressed w ith a size of 200*200 rnrn, whereas F2-2 tiles were pressed w ith a size of 400*400
mm. The tiles labelled WI -l and WI-2 a re wa ll tiles. WI -l tiles had a size of 200*250 ru m ,
wherea s WI -2 tiles had a size of 250*330 mm.

From these ti les suitable samples for mecha n ical test ing w ere produced by sawing
and grind ing. Th e glaz e layer of the tiles wa s not removed . The su rface roughness of the
ground su rface s was typ ically 1 mm as de te rmined by contactin g profilom etry.
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The streng th of the materials was determined by 3-point (3I'B), 4-point (4I'B) and
ball-on-ring (BaR) bend tests"! The fracture toughness was determined by mean s of a
sing le ed ge not ched beam (SENB) test'", In the 3PB, 4PB and SENB tests the specime ns had
typi cal dimensions length*width*heigth 50*15*7 mm. The 31'B test was carr ied out with a
su ppor t span of 40 mm. The 41'B tes t had a su ppo rt spa n of 40 mm and a loading span of
20 mm . The SEN B tests was carried out in 3-po int bending with a suppo rt spa n of 40 mm.
The notch in the SENB sa mples had a width of ab out 120 mm and a depth of 1.5 mm.

The BaR tests were carried ou t on disks with a di ameter of 100 mm and a th ickness
of abo ut 7 mm . The support radius was 78 mm and the hardened stee l loading ball had a
diameter of 15 mm.

The contact load tests or ball-on-plan e (BO P) tests we re ca rried out to ana lyse the
influ en ce of su pport cond itions on the fracture behaviour. Thi s test wa s carried ou t by
loading a di sk-shaped sa mple (d iameter 100 mm and th ickn ess ab out 7 mm) using a steel
ba ll w ith a di am eter of 15 mm. The sam ple was placed on a harden ed steel sup po rt w ith
a va rying number of sheets of plain copier paper between sa mple and su p po rt. By
varying the number of sheets of pap er the stiffness of the supporting layer can be varied .
For a stiff suppor t bending of the sa mple will be supp ressed and fracture due to contac t
stresses near the load ing ball on the upper su rface of the sa mple can be expected (as in
case of impact loading on a stiff su pport!"). For a soft sup port the bending stresses can
becom e significant, causing fractu re to originate on the lower surface of the sample (as in
case of impact load ing on a soft sup port). In the tests carried ou t the number of sheets of
paper was se t to 1, 10 and 100.

All tests we re carried ou t on a un iversal testing mach ine at room temperature and
ambient humidity (abou t 50% RH). The crosshead speed was about 1 mm / m in in all tests.
To ge t a proper description of the statis tical di stribution of the strength va lues normally
abo u t 30 sam ples were tested in a test. The fracture toughness wa s d etermined from at
least 8 sa mples.

3. RESU LTS OF STRENGTH AND FRACTURE TOUGHNESS TESTS

3.1. ST RENGTH TESTS

The measu red fracture forces in the streng th test s were transla ted to maximum
ten sile stresses Sfat the su rface in ten sion using sta ndard formulae!". The stress d ata were
subseque ntly ana lysed using Weibull sta tistics!", resulting in the Weibull modulus m and
the average fractu re stress S f acco rd ing to the expression
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for the failu re probability P, at a frac ture st ress S, with (I / m )! as the ga m ma func tion. Figure
1 g ives a typ ical resu lt (Weibu.!! plot ) for the 31'B test on floo r tile F2-l and wall tile W I-I.
The average fractu re st resses Sj for the vari ous tests ca rried ou t are g iven in Table 1.

The Weibull modulus was fai rly co nsisten t for all tests and amounted abo ut 20-25
fo r the floor tiles and about 15-20 for' the wall tiles.

3.2. FRACTUR E TOUG H NESS TESTS

The measu red frac ture fo rces in the SENB tes ts were transla ted to fra ct u re
toughness va lue K" using standa rd fo rm ulae!", The sca tter in the va lues thus determ ine d
for 8 to I0 sam ples was typically abou t 5%. The average values are g iven in Table 1.
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material -
K"Sf Sf Sf a

3P13 4PB BOR

1'1-1 5H 52 62 1.25 370

1'1-2 65 59 70 1.32 310

1'1-3 64 62 69 1.55 400

1'2-1 56 49 100 1.26 420

F'l_., 59 51 60 1.25 380

\VI- I , > 30 36 0.H3 480~ -

\V1 -2 30 26 34 0.75 520

I',b le I. A"erase / ,aoll,e M,,'" /,\l Pal,jradll'" t""S/lIIe,' /,\lP,IlI/ ,/
Il II/I calcli lated dtj t'd - izc 11 f um] f or l'Il r i!)// :-i ma!l 'l"ial:- a/ld feM.".

[2 1· J. SR.-\\n n . ~Vidt' r llllSt' .; fn·~ _,; iutcn .... it.lI [avtor.. vxprc«..j(Hb for AST:\ f £399 ... l llII .fll rd fractlm' /tIIlS'm'·..... ';l't'!"i lll t'l/ .';, In t. J. Pract uro
vtechan ics, 12 (197"), -l7:i · -l76.
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3.3. DISCUSSION OF STRENGTH AND FRACTURE TOUGHNESS TESTS

The 3P and 4PB strength values for the floor tiles as normally produced (Fl -3, F2-l
and F2-2) are comparable, although the streng th of tiles F2 is somewhat low er than that
of tiles Fl -3. The BOR streng th value for floor tile F2-l is remarkab ly high if compared to
Fl-3 and F2-2, for which no obvious explanation could be found as fractu re in all cases
orig ina ted from the surface load ed in tension .

From the resul ts for the floor tiles Fl -I, Fl-2 and Fl -3 it is obvious tha t an increase
in pressu re d uring pressing leads to an increase in strength, al though the d ifference
between Fl-2 and Fl-3 is not large ind icating that not mu ch di fference is obta ined by
increasing the pressure from 300 to 400 bar. The strength of the wall tiles is about half that
of the floor tiles.

The fractu re toughness values for the floor tiles Fl -I , Fl-2 and Fl-3 sho w a marked
increase with increasing pressure. Also there is a difference in fracture toughness between
Fl-3 and F2-l / 2. To analyse th is d ifference in more detail, use is made of the Griffith
relation between streng th: fracture tou ghness and defect size

with Y as a defect shape param eter and a as the typical defect size. Assu ming the defect
is semi-ellip tical in shape Y amounts 1.26. Then the above relation, the 4PB st reng th data
and the fracture toughness values in Table 1 result in the values for the average defect size
a as given in Table 1.

The defect size for the floor tiles Fl-3, F2-l and F2-2 is qu ite comparable (abo ut 400
micrometer ). This shows that the difference in streng th as shown in Table 1 between these
tiles can largely be explained by a d ifference in fracture toughness. For the wall tiles the
defect size is compa rable to tha t of the floor tiles. The refo re their relati vely low streng th
can be explained by the lower fracture toughness.

The Weibull mod uli for the di fferent mater ials are relatively high , indicat ing a
nar row defect size dist ribution. The defects from which fractu re origina tes in these
materials ha ve in some cases been identi fied by optical microscopy and appear to be large
pores or quartz particles. The size of these defects corres po nds well to the size as
calcu late d above. However, further fractographical analyses are required to substantia te
this.

4. CONTACT LOAD TESTS

4.1. WALL TILES

The results for the contact load tests carried out on the wall tiles are given in Table 2 as
the average fracture force FI and the Weibull modulus m according to the Weibull expression

I Fr
P = I- exp[ - (-, )III (...; )11I]
f III f j
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The th ickness for the Wl-1 sa mples w as 7 mrn and for the WI -2 sam ples 8 rn m .

material number of shee ts -

Ff m

WI-I I 2200 3

10 890 17

100 900 15

WI-2 I 3800 8

10 1240 21

100 1200 16

4.2. FLOOR TIL ES

The results for the contact load tests carried ou t on the floo r tiles a re given in Table 3
as average fractu re forces and Weibull modu li. The th ickness for the 1'1-1, 1'1-2, 1'1-3, 1'2-1
an d 1'2-2 samp les wa s 5, 5. 8, 6 and 8 mrn, respec tive ly.

4.3. DISCUSSION OF CONTACT LOAD TESTS

Th e resu lts for the con tact load test s on th e wa ll til es ca n be u nderstood ta king
int o account th e frac tu re pat te rn s . In case of 1 sheet of paper between sa m p le a nd
su p po rt frac ture is d ue to h igh con tact s tre sses on the u ppe r su rface of the sa m p le.
Th is resu lts in the forma tion of co ne cra cks accom pan ied by p lastic d efo rmation
beneath th e ind enti ng ba ll. For 10 a nd 100 sheets of paper frac ture is from the low e r
su rface of the sa m p le w h ich is subjected to tens ile st resses as in the st re ngth te s ts
di scu ssed in se ct io n 3. In th ese cases the a ve rage fra cture force and the We ibu ll
modu li a re compa rab le to th at ob ta ined for th e ba ll-on-rin g test. For W I -I the
av e rag e fracture fo rce in the BOR test was 800 N and fo r Wl-2 1000 i': . Also the
Weibull mod uli for 10 an d 100 sh eets o f paper agree fairl y well w ith th at for the BOR
(and 3PB a nd 41'B) test. The d iffe rence in fracture fo rce fo r 10 and 100 shee ts can be
exp la ine d by th e d ifference in th icknes s L The bending s tress a t the lowe r surface
w ill be proport io na l to Fit' . From Tab le 2 th e ratio FI t' fo r Wl- l and Wl -2 w ith 100
sheets is abou t eq ua l (18.4 vers us 18.7 l'vll'a ) which is in ag reemen t w ith the resu lts
o f th e bend te sts as these resu lted in abo u t th e sa me strength fo r th ese ma te r ia ls
(Table 1). The m u ch hi gher fracture force and much lo wer va lue for th e Weibull
mod ulus in ca se o f 1 sheet of paper must be exp la ined by co ns idering the tens ile
s t resses d eveloped ne ar th e load ing ball. Th is is no t w ithou t p roble m s g iven the
influence of th e su p p ort co nd it ions, g laze laye r, friction, pl ast ic d eforma tions etc.
and need s fu rth e r a nalys is.

For the floor tiles sim ilar results are obtained as for the w all tiles. For 1 she et of
paper (sti ff support) high fracture forces and a large scatter are obtaine d, w ith fracture
origi na ting at the upper su rface ne ar the loading bal l. For 10 and 100 sheets of paper the
results agree fairly well and the scatte r reduces to the value s found in the bend strength

P. GI - 22 9



II QUALI~98 CASTELLON (SPA I:-J )

tes ts (w ith a typical Weibull modulus of 20 to 25). The ratio F! t' for th e Fl -I, Fl-2, Fl -3,
F2-1 and F2-2 sam ples with 100 sheets of paper is 29.2, 33.2, 35.6, 29.2 and 33.3
res pectively. These data are in ag ree ment w ith the strength data gi ven in Table 1 and
abou t tw ice that of the rati o F! t' for the wall ti les as cou ld be ex pected from the stre ngth
values given in Table 1.

material number of sheets - mFf

FI-I I 1356 1.4

10 750 25

100 730 24

FI-2 I 1850 3

10 892 12

100 830 28

FI-3 I 5390 6

10 2569 10

100 2278 18

F2-1 I 860 II

10 950 17

100 1050 26

F2-2 I 1830 16

10 1980 20

100 2130 24

Tubl e 3. Ai:'cmge fracture fMC£' INJnnd \Veibull modl/III:.' 111 for contact hInd t{'~t::, OJI j100r tilt':; .

5. CONCLUS IONS

Stre ng th and fractu re toughness test s have been ca rried ou t on ceram ic floor and
wall tiles. Differences in mechanical properties in these britt le mate rials d ue to d iffe rences
in p rocessing his to ry can be determined as w as shown by an ana lys is of the influence of
the pressure app lied d ur ing press ing of floor tiles. Clea rly an increase in pressure leads
to stronger materials. Th is can la rgely be ex pla ined by an in crease in fracture toughness
as the average size of the streng th limiting defects is more or less cons tan t. Simila rly the
di fference in s trength be tween floor tiles and wall tiles can largely be ex p la ine d by the
difference in frac tu re toughness.

It was shown that the behaviou r under contac t load ing strongly depend s on
sup po rt cond itio ns . For a soft su pport frac tu re due to bending stresses becomes the
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dominant fa ilu re mechan ism . In this case strength d ata obta ined by bend tests are useful .
However, in case of a stiff support other aspects m ust be considered. High tensile stresses
in the vicinity of the con tacting mediu m ca n cause fa ilure. ln further research the relation
between the critica l load in these condit ions and relevant mate rial properties must be
es tablished .
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